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Magnetic reconnection is a plasma physical process in which a magnetic field is topologically
rearranged, releasing free energy and imparting it to plasma matter. Though seemingly ubiquitous
as a magnetic energy conversion channel in laboratory, space, and astrophysical settings, magnetic
reconnection is by no means the same in these diverse environments. Astrophysical reconnection,
in particular, is quite different from the type that occurs in the solar system. This difference stems
from several unique and extreme properties of astrophysical plasmas. While plasmas on Earth
and in nearby space are often non-relativistic, made of electrons and ions (e.g., protons), and non-
radiative, astrophysical plasmas are quite frequently relativistic (in both the special and general
senses), made of electron-positron pairs, and highly radiative — exhibiting non-trivial radiation-
matter (e.g., QED) interactions.

In this dissertation, I focus on radiative relativistic reconnection regimes that prominently
feature many of the above extreme effects. Here, the initial magnetic energy per particle exceeds
the electron rest mass, enabling reconnection to accelerate relativistic particles. These particles go
on to suffer strong radiative losses, emitting photons that may later be absorbed inside the system
to produce pairs. Feedback from both direct radiative cooling and pair production contributes to
a rich collective interplay between reconnection and high-energy radiative physics.

Throughout this work, I treat reconnection as an idealized physical process without explicit
reference to many aspects of the global astrophysical environments where it unfolds. Instead,
I obtain astrophysical relevance through the relativistic and radiative physics and through the
parameter space that I explore. These mimic reconnection conditions in blazar jets — collimated
relativistic outflows from active galactic nuclei traveling toward the observer. Adopting a simplified

microphysical perspective enables me to model the plasma (including radiation) with high fidelity



iii
and from first principles, especially in the large portion of this work based on numerical simulations.
In addition to revealing the nature and observable features of reconnection in blazar jets, the
resulting insight sometimes actually constrains the global features of the jet itself, illustrating the

utility of a bottom-up, physics-first approach.
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Chapter 1

Introduction

This Introduction begins very broadly in order to orient the uninitiated reader (for example,
an advanced undergraduate or beginning graduate student in physics). Plasma physics experts

without strong astrophysics background may wish to begin in section plasma astrophysics

practitioners may skip to section [L.5] or

1.1 Magnetic reconnection: a microcosm of the plasma universe

Plasmas, often called the ‘fourth state of matter’, are by far the most abundant type of
ordinary matter (excluding dark matter and dark energy) in the visible universe (e.g., Gurnett
& Bhattacharjee, [2017). As one might expect from this fact, a thorough grasp of fundamental
plasma physics is essential to understand many of the most fascinating and important systems in
the universe. In nature, such systems include: the interior and exterior of our Sun; the launch
and propagation of the solar wind — including its interaction with the Earth’s magnetosphere (one
consequence of which is the aurora borealis) — and some of the most extreme astrophysical objects:
neutron stars, black holes, and their accretion disks and jets. The applications of plasma physics in
the lab and in high technology are equally varied and important. These include the development of:
nuclear fusion (a potentially abundant source of clean energy); plasma-based particle accelerators;
new experimental facilities to probe the interaction of radiation and matter in extreme uncharted
regimes; plasma etching of integrated circuits; and plasma surface sterilization against biological

contaminants (National Academies of Sciences, Engineering, and Medicine, [2021)).



In addition to its many societally and scientifically impactful applications, plasma physics is
also a highly fascinating discipline from a purely intellectual perspective. A plasma is essentially
a gas that has been ionized, may therefore conduct current and, as a result, both produces and
responds to electromagnetic fields. The long range electromagnetic forces that couple to a plasma
give rise to complex and fascinating collective behavior, and plasma dynamics are hence much
richer than those of ordinary gases. In fact, so interwoven is the interplay between the material of
a plasma and the fields in which it is immersed, that it is arguably more appropriate to use the
term ‘plasma’ to refer to the matter and the fields as one collective object (rather than just to the
current-carrying charged-gas component).

The study of magnetic reconnection, one particular plasma process, very much reflects the
spirit of plasma physics as an overarching discipline: in its pursuit one finds both a wealth of
practical applications and rich fundamental insight. As a physical process, magnetic reconnection
prominently features the nonlinear collective interactions characteristic of plasma physics. At a
glance, reconnection occurs when two magnetized plasma regions of opposite polarity (magnetic
field direction) come into close proximity. The plasma current sheet that self-consistently forms
between the spatial polarity domains (satisfying Ampere’s Law) is unstable. Often, it quickly
evolves into a configuration with one or more X-points where the current-perpendicular magnetic
field goes to zero. At these cites, the magnetic field lines that originally belonged to one or the
other polarity domains come together and reconnect (Fig. . This relaxes the magnetic field to
a lower energy configuration and transfers much of its initial free energy to the plasma matter.

Besides being an intrinsically interesting collective plasma process in its own right, reconnec-
tion turns out to have ubiquitous applications in many of the laboratory, space, and astrophysica]lﬂ
plasma systems already mentioned (e.g., Zweibel & Yamadal, [2009). Either the system is configured

at a large scale to produce reconnecting current sheets, or they form as the inevitable result of mi-

1 T adopt the standard terminology that space physics generally refers to studies of regions of space close enough
to Earth to feasibly be probed in situ with spacecraft. Space physics is therefore generally restricted to inside of, or
at least very close to, the heliosphere, which is the Sun’s domain of magnetic influence. Astrophysics, in contrast,
refers to phenomena that are generally so far away that they can only be observed remotely.



Figure 1.1: Cartoon diagram of reconnection centered around a single X-point. Plasma material
and antiparallel magnetic field lines are carried toward the midplane with velocity ui,. The field
lines are bent toward the separatrix (dashed lines), which distinguishes the regions of unreconnected
flux (where, in the diagram, the field lines bear a single color) from the region of reconnected flux
(where the field lines each possess two colors). At the X-point where the dashed lines cross, the
in-plane magnetic field vanishes, and two field lines that were once separate come together and
reconnect. Field lines leaving the X-point carry plasma material at the outflow velocity uous > tin
and have two ‘halves’: one that was reconnected from the upper (red) domain, and another that
was reconnected from the lower (blue) domain.



crophysical turbulent dynamics. In both cases, the resultant change in the topology of the magnetic
field as well as the plasma matter energization — despite happening at very localized, microscopic
locations — directly affect the global structure and evolution of the system. This underscores the
need for detailed, rigorous, microphysically grounded theories of reconnection to build up a confi-
dent understanding of how this process impacts the global properties of the plasma systems where
it occurs.

This need is very poignantly felt in the quest to understand the astrophysical systems of
interest to this work. In order to more thoroughly elucidate the relationship between reconnection
plasma microphysics and global astrophysical dynamics, I now turn to some of the unique theoretical
challenges faced in the study of astrophysical plasmas. Very much emblematic of the discussion
thus far, these challenges are both intrinsically interesting and highly rewarding in terms of the

applied astrophysical insight that stands to be gleaned.

1.2 Extreme high-energy astrophysical plasmas

(This section, especially its technical notions of ‘extreme’ and ‘traditional’, borrows heavily
from [Uzdensky et al.|2019.)

Many of the traditional thrusts in plasma physics — especially the development of fusion
energy and research into space and solar physics — explicitly deal with plasmas that share a number
of common traits. Usually, these plasmas are non-relativistic, comprise electrons and ions, and
are non-radiative (in the sense that radiation does not significantly impact the plasma dynamics).
By contrast, because the objects of interest to high-energy astrophysics — particularly neutron
stars, black holes, their accretion modes, outflows, and mergers — imbue their environments with
high material and electromagnetic energy densities, the plasmas they host are often extreme and
exotic in several ways compared to those encountered in traditional laboratory and space settings.
Astrophysical plasmas must very often be treated using a relativistic formalism, which frequently
includes general relativity, especially where black holes are concerned. In addition, the high energy

densities permeating astrophysical plasmas can render them highly radiative, with strong cooling



losses significantly modifying the plasma behavior. However, radiative cooling is by no means
the only channel through which astrophysical plasmas interact radiatively. The energy scales near
relativistic compact objects are often high enough to spark (i.e., are above threshold for) a number of
quantum electrodynamics interactions, including pair production. Thus, the photons emitted by the
radiating particles come into their own as a fundamental, dynamically important ‘particle’ species,
significantly contributing to the rich collective plasma behavior. The reality of pair production
in astrophysics also means that one often deals with plasmas containing (if not composed solely
of) electron-positron pairs that do not, in general, satisfy particle number conservation, as do
traditional electron-ion plasmas.

All of these departures from traditional plasma physical regimes, with the exception of general
relativity, are of critical importance in this dissertation. However, they are not the only compli-
cations to the story. Besides their extreme properties, the plasmas encountered in this work also
possess a number of more common (e.g., that may also be encountered in more traditional settings)
but still nontrivial properties that need to be addressed.

Plasmas found in neutron star and black hole environments are usually highly magnetized
and quite tenuous, with mean-free-paths to Coulomb collisions commonly exceeding the macro-
scopic system size. This deprives the plasma particles of a direct mechanism through which to
thermalize, and means that it is unknown a priori what the distribution of particle velocities will
be at any given point in space. Thus, one cannot treat the plasma as a conducting fluid (e.g., as in
magnetohydrodynamics, or MHD), which entails assuming the particle velocity distribution. One
instead needs a kinetic paradigm in which the density of particles is not just calculated dynamically
in real space, but in full 6-dimensional phase space.

The need for a kinetic paradigm is actually twofold in high-energy plasma astrophysics. Be-
sides that it is required for a realistic physical description, it also provides a critical connection point
to two of the main diagnostics available from observations: the time variability and frequency spec-
trum of received light. Unlike laboratory and space plasmas, which can be highly spatially resolved

when observed remotely, and even probed in situ at individual points in space, astrophysical sources



often appear point-like on the sky. This places enhanced burden on timing data, which take the
form of lightcurves — plots of received radiation power as a function of time — and spectral data,
which take the form of spectral energy densities — distributions of received radiation decomposed
by photon frequency. Because the spectrum of emitted light depends directly on the distribution of
radiating particles, a kinetic plasma description allows one to construct a theory with predictions
that may be compared against critical spectrum-oriented diagnostics. When it comes to lightcurves,
a kinetic paradigm also enhances one’s ability to make frequency-resolved timing predictions.

A powerful computational tool for studying, at a kinetic level, extreme, magnetized, colli-
sionless astrophysical plasmas is the particle-in-cell (PIC) technique (e.g., |Birdsall et al., [2005). In
PIC codes, Maxwell’s equations are solved on a computational grid, the resulting fields are used
to update the positions of a large number of particles, and then the charges/currents produced by
the particles are deposited back onto the grid, enabling Maxwell’s equations to be solved again at
the next timestep. Hence, PIC codes self-consistently account for feedback between the plasma
particles (including their velocity distribution) and the electromagnetic fields. The method is also
massively parallelizable and can be straightforwardly decorated with extreme plasma physical pro-
cesses like radiation-reaction and pair production. For these reasons, PIC simulations, along with
analytic theory, form an integral component of this dissertation.

To summarize, astrophysical plasmas are often highly magnetized and collisionless, and they
commonly possess a number of extreme properties (e.g., relativity, radiation, and pair production).
A kinetic description is needed both to accurately model the plasma behavior and to calculate
observable characteristics of the radiated light. The required kinetic description can be implemented
numerically using the PIC technique, and PIC simulations constitute one of the main tools I use

to study astrophysical plasmas in this work.

1.3 Reconnection couples microphysics to macrophysics in blazars

Having overviewed some of the basic properties of astrophysical plasmas, I now introduce

blazars, the primary type of astrophysical system of interest to this work. I then bring magnetic



reconnection back into the picture, discussing some of its important roles in these objects.

A blazar is an observational manifestation of an active galactic nucleus — a supermassive
black hole at the center of a galaxy that is actively accreting matter — launching counterpropagating
relativistic jets, one of which travels almost parallel to the observing line-of-sight. These jets are
vast and powerful, both in ways that strain the imagination. Though launched from black holes
that would fit comfortably within our solar system, ~ 1 AU in size, they can remain well-collimated,
in the most extreme cases, out to almost ~ 1 Mpc, i.e., well beyond their host galaxy and even
bordering on typical intergalactic distances (Blandford et al., 2019)E| Considering, in addition,
that the microphysical plasma length scales near the black hole where the jet is launched can
be about 107 times smaller than the black hole itself (Crinquand et al., [2020), the total scale
separation — from microscopic plasma physics to the size of the jet — is ~ 107 Mpc/1 AU ~ 10'8. To
put this in perspective, blazar jets dwarf the microphysical length scales governing their operation
by even more than macroscopic human-sized objects (typical size 1 m) dwarf atomic nuclei (typical
size 1071 m). Equally large (in a literal sense) is the breadth of the electromagnetic spectrum across
which blazars are observed: all the way from radio (upwards of hundreds of MHz) to TeV gamma-
rays, giving a total frequency range of 1TeV /100 hMHz ~ 10'®, where h is Planck’s constant
(Begelman et al.l 1984; [Madejski & Sikoral 2016} |Blandford et al., 2019)). Because blazar jets
are relativistic and pointed almost directly toward the observer, their emission is strongly Doppler
boosted. This enhances both their apparent brightness — a blazar can outshine its entire host galaxy
— and the energies of the emitted photons — as a class, blazars dominate the point-like sources on
the extragalactic gamma-ray sky (e.g., http://tevcat.uchicago.edu/; Abdollahi et al., [2020).

Some of the main mysteries surrounding blazars, most of which are still outstanding research
questions, include (but are by no means limited to): how the jet is launched; where along the
jet axis most of the emission is produced; how energy is transported and dissipated along the jet
(which is related to the previous question); how the radiation at the highest energies is produced;

and what the jet is made of.

2 For reference, 1 AU = 1.5 x 10*® cm, 1 Mpc = 10° pc, 1pc = 3.3cyr = 3.1 x 10*® cm and ¢ is the speed of light.


http://tevcat.uchicago.edu/

As for the first question — how the jet is launched — one common paradigm involves the
advection, by the accretion flow, of magnetic fields onto the rotating supermassive black hole central
engineEl Once the field lines are planted onto the black hole, the rapid rotation of spacetime twists
them up into a kind of spring/slinky configuration. Then, like a compressed spring, the magnetic

field lines expand, driving counterpropagating outflows along the black hole spin axis (Blandford

& Znajek, [1977; Davis & Tchekhovskoy, 2020)).

As for the rest of the blazar questions mentioned above, it turns out that magnetic recon-
nection may play a critical role in each of them. When it comes to the issue of energy transport
and dissipation along the jet, reconnection comports nicely with the magnetic launch mechanism
of Blandford and Znajek and the requirement for some in situ particle acceleration process to off-

set adiabatic expansion and radiative cooling of the particles that shine all along the jet’s length

(Blandford & Konigl, 1979; Begelman et al., 1984). For example, magnetic reconnection between

‘striped” domains of opposite field polarity — imprinted within the jet at its launch point — may

gradually dissipate energy along the jet as it propagates (Giannios & Uzdensky, 2019).

Local jet reconnection further provides an attractive explanation for the observed emission.
Reconnection occurs naturally within a moderately-to-highly magnetized jet, and the current sheets

that cause it may not only form as the result of large-scale plasma motion (as in the picture of

|Giannios & Uzdensky, 2019) but also as the result, at small scales, of turbulence (e.g., Zhdankin

et al., 2013], [2020; [Comisso & Sironil 2018, [2019; [Loureiro & Boldyrev, 2020} Boldyrev & Loureiro),

2020; [Nattila & Beloborodov, 2020; Sobacchi et al., 2021). Additionally, magnetic reconnection

may explain the non-thermal (e.g., power-law) spectra that are generally observed from blazars

(e.g., [Fossati et al., [1998; |Ghisellini, 2011). This is because collisionless relativistic reconnection

tends to yield non-thermal distributions of accelerated particles (a phenomenon called non-thermal

particle acceleration, or NTPA) as found by numerous PIC simulation studies of both pair plasmas

3 In highly conductive media, including plasmas, magnetic field lines are carried along with, and twisted up by,
the bulk flow. In turn, the field lines exert pressure (they do not like to be bunched together) and tension (they
prefer to be straight rather than bent — much like guitar strings) on the underlying material. Thus, in plasma physics,
magnetic field lines are, in some sense, more than just a convenient tool for visualizing the underlying field; they take
on genuine material properties of their own.



(Zenitani & Hoshino| [2001, 2007}, |2008; Jaroschek et al., 2004} [Bessho & Bhattacharjee, 2007} [2012;

[Lyubarsky & Liverts|, [2008; [Cerutti et al., [2012b] 2013, [2014a/b} |Guo et all, [2014] 2015] 2019,
2020} [Sironi & Spitkovskyl 2014} [Sironi et al.l [2016; Werner et al., 2016} [Werner & Uzdensky, 2017}

[Petropoulou & Sironi, 2018} [Schoeffler et al., [2019}; [Werner et al., 2019} [Sironi & Beloborodovl, [2020}

Hakobyan et al., 2021; |Ortuno-Macias & Nalewajko, 2020; Mehlhaff et al., |2020) and electron-ion

plasmas (Melzani et al., [2014alb; [Dahlin et al.l 2015, 2017} |Guo et al., 2016} Ball et al.,[2018} [Werner|

, 2018). Finally, shock acceleration, a potential alternative NTPA mechanism, is likely to be

suppressed in the magnetized, relativistically propagating jet (Sironi & Spitkovskyl |2009; [Sironi|

G ] 2015).

As far as the material composition of the jet is concerned, reconnection may mix material

from a geometrically thick accretion flow into the nascent jet, feeding in electron-ion plasma at

its base (Ripperda et al., 2020; [Wong et al. 2021). Then, farther downstream, reconnection may

contribute to in situ pair production (Mehlhaff et al., 2021).

All throughout this (very truncated) list of ways that reconnection may influence critical
global properties of blazar jets, microscopic kinetic plasma physics plays a decisive role. As dis-
cussed already, the spectrum of radiation produced by reconnection in collisionless plasmas requires
a kinetic description in order to compute. But even more than that, crucial issues, such as the
influence of pair production, depend sensitively on the distribution of radiating particles and on the
distribution of photons that those particles produce — information that can only be self-consistently
calculated in a kinetic plasma description. Likewise, reconnection-mediated material mixing be-
tween the accretion flow and the young jet, as well as how far the jet propagates before dissipating
most of its initial magnetic energy, depend on how fast collisionless reconnection proceeds.

Thus, it is simply not the case that reconnection microphysics can be studied in isolation from
the macroscopic dynamics of the overarching system. On the contrary, this fundamental plasma
process plays a critical role in deciding key global properties. Hence, there is a poignant need for
self-consistent, rigorous, first-principles theories of reconnection in extreme astrophysical regimes.

In this dissertation, I aim to address this need in ways it has not yet been confronted. To
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do so, I start at the level of the fundamental plasma physics of magnetic reconnection. Then,
using insight gleaned there, I extrapolate outward, pointing out the implications for the global
host system, especially its observable features. The type of reconnection that occupies the main
focus of this dissertation is one that is highly relevant to blazar jets: radiative relativistic magnetic

reconnection. Next, I discuss the general properties of reconnection as it proceeds in this regime.

1.4 Radiative relativistic magnetic reconnection

In a scenario where magnetic reconnection powers observed blazar emission, the magnetic
field is often envisioned to dominate the overall energy budget of the jet (over the energy contained
in matter and radiation) until reconnection liberates this energy, delivering it to particles which
may then radiate the light that is seen (e.g. Giannios et al., 2009, 2010; Nalewajko et al., 2011}
2012; Giannios, 2013; Sironi et al., 2015; Petropoulou et al., 2016} |Werner et al.| [2018). The plasma
feeding reconnection is thus magnetically dominated, but not just in the traditional (e.g., solar,
space, and laboratory) plasma physical sense, in which the plasma magnetic-to-kinetic energy
density ratio is large. In addition, the magnetic energy per particle exceeds the electron rest
mass. Thus, reconnection proceeds in the relativistic regime (Blackman & Field, 1994; [Lyutikov &
Uzdensky, 2003; [Lyubarskyl, 2005)), in which it accelerates relativistic individual particles and bulk
flows. However, relativistic motion is far from the only extreme feature of reconnection in blazar
jets. In addition, radiation can also dramatically impact the qualitative features of reconnection.
In fact, radiative processes are always at work by necessity in astrophysical reconnection: there
must be at play some radiative mechanism(s) that channel(s) the kinetic energy delivered, through
reconnection, to particles into observed light. The question is whether the two steps in this energy
conversion process — from the magnetic field to plasma through reconnection, and from plasma to
light through radiation — can be imagined as happening separately. This is certainly the case, for
example, if the plasma radiative cooling time is longer than the characteristic time-scale on which
reconnection occurs. The plasma particles are first energized by reconnection and subsequently

radiate. In such circumstances, the observable signatures of reconnection are, in some sense, simple
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to compute: one first characterizes the particle energy distribution produced by reconnection in the
absence of radiative cooling. Then, as a second and independent step, one may use this distribution
to compute the radiation spectrum.

If, however (as is often thought to occur at X- and gamma-ray energies, especially in blazars),
the emitting particles cool on time-scales comparable to — or even much shorter than — the recon-
nection dynamical time, then radiative and reconnection physics are inseparable. The coupling
between them may, furthermore, be facilitated by much more than just optically thin radiative
cooling, where the emitting particles suffer radiative drag but the produced photons passively es-
cape the system. In some situations, the optical depths to various processes, including Thomson
scattering and pair-creation, may exceed unity, affording the emitted photons further opportunity
to impact the ongoing reconnection process. Even when these optical depths are small — but es-
pecially when they are not — a self-consistent approach that models radiation and reconnection
simultaneously is required to capture the modifications that the various radiative interactions may
make to the reconnection-powered photon spectrum. In this dissertation, I term any regime of this

kind, in which reconnection and photon processes are inextricably coupled, as a ‘radiative’ regime

of magnetic reconnection (Uzdensky & McKinney, 2011} |Uzdensky), [2016).

Although blazars provide the main astrophysical impetus to this dissertation, it is worth
mentioning that the desire to understand radiative relativistic reconnection more generally, be-
cause of its broad applications in astrophysics, has spurred a large number of recent studies on

this type of reconnection regime. Some of the astrophysical contexts for this work have been:

pulsar winds (Pétri, 2012} |Cerutti & Philippov, 2017, Cerutti et al., 2020), pulsar wind nebulae

(Uzdensky et all [2011} |Cerutti et all, 2012al [2013, [2014alb; [Yuan et all [2016), pulsar magneto-

spheres (Lyubarskiil |{1996; Uzdensky & Spitkovsky, 12014: [Philippov et al.| [2015} |Cerutti et al. |2016
P Ly ,11996; | y & Sp v pp

[Philippov & Spitkovsky, [2018; Hakobyan et al., 2019)), magnetar magnetospheres (Schoeffler et al.,

2019), gamma-ray bursts (McKinney & Uzdensky, |2012), accreting black holes (Beloborodovl, 2017}

Werner et al., [2019; Sironi & Beloborodovl, [2020; [Mehlhaff et al., 2021)), blazars (Nalewajko et al.,

2011}, 2012, [2018}; [Ortuno-Macias & Nalewajkol 2020; [Sobacchi et all [2021; Mehlhaff et al., [2020),
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2021)), and black hole magnetospheres (Parfrey et al., 2019; |Crinquand et al.l [2021). There have
also been several recent radiative reconnectionlﬂ studies that have not focused on a single object
class, but have still been motivated by some combination of the above systems (e.g., Jaroschek &
Hoshinoj, 2009; Uzdensky & McKinney, [2011; [Uzdenskyl, 2011} 2016} [Hakobyan et al., [2021; [Nattila
& Beloborodov, 2020).

Let me now discuss some of the specific cooling mechanisms that may facilitate radiative
reconnection, honing in on those that are the main focus of this study. Two common emission
mechanisms in astrophysics are synchrotron and inverse Compton (IC) cooling. Cooling as a result
of these processes can be strong in its own right, initiating radiative reconnection by causing the
emitting particles to lose their energy rapidly. Additionally, these mechanisms may enable radiative
reconnection by supplying photons that go on to feed back on the evolving plasma (e.g., through
pair production).

In the context of blazars, both the synchrotron and IC channels, as well as secondary photon
interactions, can all be important. I focus in this work on radiative reconnection mediated by IC
cooling, including pair production that may be initiated by the high-energy IC-produced photons
(Mehlhaft et al.l 2021)). This specialization constitutes a crucial and necessary simplification, nar-
rowing this dissertation to a feasible scope. However, the results are still applicable to a broad class
of blazars (namely, the flat-spectrum radio quasars, which I discuss in more detail in chapters
and [§) where IC cooling is expected to dominate.

In brief (I supply more technical discussions in chapters [2| and @, inverse Compton cooling
occurs when a relativistic particle (in this work, an electron or positron) traverses an ambient soft
radiation field — a bath of low-energy seed photons. This radiation is assumed not to be beamed to
within a tighter half-opening angle than the inverse of the particle’s Lorentz factor (quite reasonable
for highly relativistic particles). The particle suffers Compton collisions with the ambient photons

as it travels, and, due to its motion, the photons tend to impart momentum in the direction opposite

4 From here onward, I sometimes refer to radiative relativistic magnetic reconnection as just ‘radiative reconnec-
tion’. Although reconnection does not, in general, have to be relativistic in order to be radiative, all instances of
radiative reconnection in this work are also relativistic.
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its initial velocity. Thus, the particle loses energy on average, upscattering the background photons
to higher energies than they originally possessed.

At low energies (defined by the product of the scattering particle and seed photon energies
normalized by the square of the electron rest mass energy), Compton scattering in the particle’s
rest frame reduces to Thomson scattering. Then, the particle does not suffer appreciable recoil in
a single scattering, and radiative losses become essentially continuous. On the other hand, at high
energies (defined in the same sense) — the Klein-Nishina regime — each photon collision causes the
particle to lose an order-unity fraction of its energy and thus IC losses are essentially discrete. 1
treat both the Thomson and Klein-Nishina IC regimes in this work.

Additionally in this dissertation, I specialize to IC cooling where the soft seed photons are
static, homogeneous, isotropic, and roughly monochromatic. They are envisioned to impinge on
the reconnection layer from some external, time-independent source. Like the specialization to IC
cooling in the first place, this is both a helpful simplification and is also highly relevant to a wide
range of blazars. Within this general framework, it turns out that, at approximately the same
energies where IC losses become discrete, pair production also kicks in between the Comptonized
photons and the ambient radiation field. I therefore treat pair production, together with the
self-regulating effect that the produced pairs have on reconnection, when considering high-energy
Klein-Nishina Compton losses.

Before getting to a concrete roadmap for this dissertation, I now recapitulate and consolidate
the main motivational and introductory material discussed so far. With this summary, I hope to
provide large-scale conceptual pillars that can help anchor one’s reading of the detailed technical

discussions to follow — aids against missing the forest for the trees.

1.5 The story so far

At this point, I have introduced all of the key players that underpin this dissertation. These
players come in essentially three main varieties.

(1) First, I have summarized a small sample of general ideas that motivate, and lay out the
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general landscape for, studies of astrophysical reconnection and astrophysical plasmas more broadly.
In this category, I have pointed out several ways that astrophysical plasmas are ‘extreme’ relative to
their more traditionally studied counterparts found in the laboratory and in space. Though these
extreme aspects — which include relativity, radiation, and QED (in particular, pair production) —
are highly intrinsically interesting from a strictly intellectual perspective, giving rise to exotic new
collective plasma physical effects, they also present a promising landscape for illuminating, from
first principles, the inner workings of many astrophysical systems. Thus, though the physics itself
is novel with respect to conventional plasma studies, the combination of both fundamental and
applied insight is very much in the spirit of plasma physics as a broader discipline.

(2) T have introduced the main plasma description and physical process relevant to this work.
As for the former, a kinetic plasma description, in which the full 6D phase-space density of the
plasma particles is evolved self-consistently, is essential. The particle velocity distribution needs to
be calculated from first principles both to faithfully describe collisionless and often-radiative astro-
physical plasmas and to calculate realistic radiative signatures. With respect to physical processes,
this dissertation focuses entirely on one plasma physics phenomenon, magnetic reconnection, but
in the relativistic radiative regime where it is decorated with extra, extreme (in the sense described
above) radiative processes: IC cooling and pair production. These significantly alter the reconnec-
tion dynamics and must be included in order to properly interpret astrophysical observations.

(3) I have introduced the main astrophysical object that motivates, and provides the primary
application for, this study: blazars. In the process, I have also described how magnetic reconnection
— though a fundamental plasma physical process involving scales that are microscopic relative to
the size of the blazar host system — is essential to understand (in a radiative relativistic regime) in
order to answer many basic questions concerning the global nature of blazars.

With these basic background ideas in tow, I turn now to concretely outline the remainder
of this dissertation. Here, I summarize both the particular observationally oriented questions that
I confront and the additional, more specific aspects of IC radiative reconnection I investigate in

order to address those questions.
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1.6 Outline

One of the main observational mysteries I seek to address in this work is rapid gamma-ray
blazar flares: flares where the characteristic variability time-scale is shorter than the light crossing
time of an important macroscopic system length-scale, such as the radius of the supermassive black

hole central engine’s event horizon or the transverse width of the jet. A number of such flares

have been observed from blazars (Aharonian et al., [2007; Albert et al., [2007; Aleksi¢ et al., 2011;

|Ackermann et al., |2016; Britto et al., [2016; MAGIC Collaboration et al.,[2019) and also from pulsar

wind nebulae (in which context the relevant light crossing time is usually taken to be that of the

nebula itself; Abdo et al.,[2011} |Tavani et al.,2011}; Buehler et al., [2012) and radio galaxies

et al., 2009; |Abramowski et al., 2012; |Aleksi¢ et al., [2014)).

Reconnection offers a compelling potential explanation for rapid flares from all three of these
diverse object types. They are all expected to host magnetized collisionless plasmas that, as
discussed earlier, are prone to dissipation through magnetic reconnection. Furthermore, and also as
previously mentioned, reconnection-powered NTPA may explain the observed non-thermal flaring
spectra. In addition, a reconnection scenario offers an attractive explanation for the dramatically
short flaring time-scales, including the rigid constraints these imply on the underlying driving
mechanism for the flares. This latter capability for reconnection to deliver rapid flaring variability
relies on an aspect of the reconnection process that I have not yet introduced, but that is very
important to this work. That aspect is kinetic beaming.

Kinetic beaming as the result of reconnection was originally discovered and studied in the

context of the Crab Nebula flares. |Cerutti et al. (2012b) showed that, near reconnection X-points

(spatial locations where the magnetic field reconnects and goes to zero; see Fig. , particles
are both accelerated and collimated. The acceleration and collimation are correlated in the sense
that the particles that receive more energy are focused more tightly than those that receive less.
Thus, the collimation is inherently kinetic — it can only be described within a kinetic plasma

framework — hence the name kinetic beaming. Focused via this mechanism, a beam of high-energy
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particles may sweep across the observer’s line of sight, and the synchrotron or IC emission of the
bunch — also emitted as a beam — may then create a short blip in the measured lightcurve: a
‘lighthouse effect’. As a result, for the most energetic radiation, the lightcurve can change on time-
scale as short as one-tenth the light crossing time of the reconnection layer (Cerutti et al., [2013]
2014allb). Moreover, kinetic beaming predicts faster variability at higher energies, and is therefore
observationally distinguishable from Doppler beaming (e.g., Rees, 1966, where relativistic bulk
motion focuses emission achromatically.

Several lines of evidence suggest that kinetic beaming may also underlie rapid gamma-ray IC
flares from blazars (unlike the synchrotron Crab flares, gamma-ray emission in blazars is typically
thought to be furnished by the IC process; e.g.,|Madejski & Sikoraj, |2016|). For a 2010 outburst from
PKS 1222421 (Aleksi¢ et al. [2011; |Tanaka et al., 2011]), kinetic beaming relaxes the energy density
required to feed the emission region to a level accessible in the blazar’s jet (Nalewajko et al., [2012).
On the observational side, there have been at least two TeV events with approximately symmetric
rise and decay times (consistent with a sweeping beam of light) and for which the TeV variability
increases with photon energy (Aharonian et al., |2007; H. E. S. S. Collaboration et al., [2010). Yet
another line of evidence, from numerical simulations, suggests that kinetic beaming at reconnecting
current sheets may naturally occur within the turbulent environment of a magnetized blazar jet
(Zhdankin et al., 2020, 2021)), and may be mediated by the strong radiative cooling to which the
emitting particles are likely subjected (Mehlhaff et al., 2020).

I focus here on the last aspect: the connection between radiative cooling and kinetic beaming.
As first argued by [Kagan et al. (2016), strong radiative losses may play a critical role in allowing
kinetic beaming to manifest observationally. Without them, particles may radiate most of their
energy well after their momentum distribution — initially collimated during X-point acceleration —
has been isotropized by the magnetic field external to the acceleration site. However, when strongly
cooled, particles are likely to radiate their energy before dispersing, leading to sweeping beams of
light that may manifest as rapid flares.

This is potentially quite important as far as reconnection models for rapid gamma-ray flares
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are concerned: it means that reconnection may need to operate in a highly radiative regime in order

to deliver the observed flaring time-scales. Indeed, as one expects from the logic of

(2016), large simulations conducted by |Sironi & Spitkovsky| (2014) and |Sironi et al| (2016), which

did not incorporate radiative losses, showed little to no anisotropy in the momentum distributions

of the high-energy particles. Additionally, [Yuan et al. (2016]) observed beaming to cease at late

times in radiatively inefficient simulations. These results contrast starkly, however, with highly

radiative simulations (Cerutti et al., [2013] [2014al]b)), tailored to the Crab Nebula flares, that showed

prominent kinetic beaming in angular distributions of high-energy emitted photons.

Thus, kinetic beaming appears to be a generic byproduct of the reconnection acceleration

mechanism (Uzdensky et all, 2011} [Cerutti et al., 2012a]bl [2013] 2014alb)), but it may not always

be observationally relevant (Sironi & Spitkovsky, [2014; Kagan et al.,|2016; |Sironi et al., 2016; Yuan|

. The particles emitting synchrotron or IC photons at the energies of interest must
do so efficiently. Otherwise, the observable signatures of kinetic beaming (i.e., rapid lightcurve
variability) may become washed out by particle isotropization. Moreover, the issue of what level of
radiative efficiency is required for kinetic beaming to yield rapid flares is of tremendous astrophysical
importance. It decides whether and under what conditions a kinetic beaming scenario may be

exported to other astrophysical contexts (beyond pulsar wind nebulae), such as blazars, in which

it also holds promise for explaining fast outbursts (Nalewajko et al., |2012; |Zhdankin et al., 2020,

2021} Mehlhaff et al., 2020).

The initial chapters of this dissertation are therefore dedicated to exploring the dependence of

observable kinetic beaming in reconnection on radiative cooling, and they mainly concern material

first published by Mehlhaff et al.| (2020)). The research proceeds in two main thrusts. The first of

these thrusts focuses on the plasma physics of radiative reconnection in the Thomson IC regime.
Here, reconnection-energized particles IC-scatter externally supplied soft seed photons purely in
the Thomson limit. I detail some the basic physical parameters, cast as energy scales, governing
Thomson IC radiative reconnection in chapter Also in that chapter, I classify some of the

radiative reconnection regimes that one may expect based on the ordering of these scales. This
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exercise provides foundational notions of radiative efficiency to anchor the subsequent discussion.
Thereafter, in chapter 3|, I describe PIC simulations of Thomson radiative reconnection run using
my research group’s in-house code, ZELTRON ((Cerutti et al., [2013; (Cerutti & Werner, 2019). By
analyzing these simulations, I explicitly show that efficient cooling is required in order for kinetic
beaming to imprint itself upon the observed light.

After presenting the numerical findings, I shift to the second main thrust of the part of this
dissertation dedicated to exploring kinetic beaming in radiative reconnection (as first presented
by [Mehlhaft et al., |2020): astrophysical implications of the plasma physical results. I move, in
chapter [ to discuss how a strong radiative efficiency requirement for reconnection-based flare
models, in the context of blazars, can constrain the transverse structure of the jet. Within a
Thomson IC framework, the most appropriate global system configuration involves a structured
jet (for example, a spine-sheath setup |Ghisellini et al., 2005} Sikora et al., [2016) wherein a slower
moving (e.g., a sheath) region of the jet supplies photons that seed reconnection-powered TeV IC
emission in a faster moving (e.g., a spine) region. This result is quite powerful, and illustrates how
studying microscopic plasma physics from first principles may inform theories of the overarching
macroscopic astrophysical system.

One question that remains unanswered after the initial chapters of the dissertation, out-
lined above, is the influence of Klein-Nishina effects on IC radiative reconnection, including the
observational consequences for blazar emission. For example, Klein-Nishina effects may change the
radiative conditions necessary for kinetic beaming to deliver rapid gamma-ray flares, potentially
allowing global system configurations (for example, a transversely homogeneous jet) that are ruled
out within an exclusively Thomson IC framework. In fact, if the seed photons for IC gamma-ray
flares come, as is more conventionally thought, from beyond the jet itself — a scenario disfavored by
my Thomson radiative reconnection analysis (Mehlhaff et al., 2020) — then observations strongly
suggest the seed photons are Comptonized in the Klein-Nishina regime. Thus, to either firmly rule
out, or potentially restore viability to, jet-external seed photon sources in reconnection-based flare

models requires self-consistently treating Klein-Nishina effects in radiative reconnection. Thus,
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starting in chapter [6] I transition this dissertation to its second main component, which focuses on
Klein-Nishina IC radiative reconnection. This includes findings first presented by Mehlhaff et al.
(2021) and also preliminary unpublished results.

In chapter [6] I cover the basic parameters governing Klein-Nishina radiative reconnection.
This discussion is in the same style as, and generalizes, that of chapter |2 In it, as in chapter [2] I
phrase the fundamental reconnection parameters as energy scales, and classify the radiative regimes
one may expect by permuting the scale hierarchy. The difference from chapter [2| is that, with
Klein-Nishina effects present, there are more scales to deal with, increasing the dimensionality of
the parameter space and uncovering many new and unexplored regimes.

Because Klein-Nishina reconnection involves fundamentally new and unstudied collective ef-
fects, which include pair-production of the Comptonized photons with their parent seed photon
population, I do not jump, as I do with Thomson radiative reconnection, straight into simulations
after organizing the scales in the problem and classifying different regimes. Instead, to lay the
foundation for future Klein-Nishina reconnection studies — both numerical and analytic — in chap-
ter [7] I provide a detailed analytic model of Klein-Nishina reconnection in a wide swath of the
parameter space outlined in chapter [l The most salient feature of this model is the self-regulating
role played by pairs produced as the result of reconnection on the subsequent dynamics. This is a
fundamentally new way in which radiative processes impact reconnection (beyond pure radiative
cooling); it cannot occur in the Thomson IC regime.

Then, in chapter [8, I overview some of the most salient observable features of the analytic
model of pair-regulated Klein-Nishina reconnection. I point out, in particular, connections to kinetic
beaming and TeV blazar flares, but I also explore more general consequences of pair-regulated
Klein-Nishina reconnection on quiescent blazar emission. This latter focus is important because
very little work has been done on Klein-Nishina reconnection and, therefore, little is known about
what it may look like when powering emission of any time-scale (not just rapid flares). I further list
connections to observations of other objects, namely accreting black holes, in which Klein-Nishina

1C effects may also modify the observed appearance of reconnection-powered emission.
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The basic picture of self-regulated Klein-Nishina reconnection put forward in chapter [7] and
the exploration of its observable consequences in chapter [8] together establish basic expectations
for how Klein-Nishina reconnection might operate and appear through a telescope, laying the
foundation for future, more detailed studies. Such studies include numerical work to test basic
features of the model from chapter [7] and to refine its observationally oriented predictions. I
present preliminary results from such a numerical study in chapter I also present in that
chapter the significant modifications I made to our in-house PIC code, ZELTRON, in order to model
Klein-Nishina radiative cooling and pair production.

Finally, in chapter I summarize the main results from this dissertation and offer an outlook

for future study.



Chapter 2

Thomson Radiative Reconnection Basics

In this chapter, I provide (section an overview of the main radiative process of interest to
this work, inverse Compton (IC) cooling, specializing, for now, to the Thomson regime (chapter [6]
generalizes the discussion in this chapter to the Klein-Nishina limit). I then discuss (section
how Thomson IC cooling can cause relativistic reconnection to enter a highly radiative regime,

significantly modifying the dynamics from the non-radiative case.

2.1 Single-particle Thomson IC cooling

Consider a static, homogeneous, isotropic bath of ambient radiation with spectral energy
density upn(€). An ultrarelativistic electron or positron with energy E = YMec? > mec? traversing
this radiation field preferentially IC-scatters photons that appear strongly blueshifted in its rest
frame: the lab-frame photon energy e transforms to the rest frame energy €’ ~ ~e (except for a
negligible few photons that travel within an angle 1/v < 1 of the particle’s velocity and so transform
to much smaller energies). If ¢ < m.c?, then the encounter reduces to Thomson scattering, which
is approximately elastic, yielding final (scattered) rest-frame photon energy € ~ €¢’. Moreover, the
Thomson differential cross section lacks a strong angular dependence. Thus, very few photons are
emitted to within angle 1/ opposite the scattering particle’s velocity, and the vast majority of
scatterings yield typical final lab-frame photon energy e ~ e ~ ~e.

The same assumptions that place us in the Thomson regime also imply that the particle loses

2

a very small fraction of its energy in one collision: et /ymec? ~ € /mec? ~ ve/mec? < 1. This allows
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IC radiative losses to be treated classically — as a continuous drag force, fr = —(4/ S)O'T’}/zUphﬁ,
where op = 8me? /3m2c? is the Thomson cross section, Upy, = [ deupn(€) is the total background
radiation energy density, and ¢f is the scattering particle’s velocity vector (cf. |Blumenthal &
Gould, [1970; Rybicki & Lightman| [1979; [Phinney, 1982 [Pozdnyakov et al.| [1983; [Uzdenskyl, 2016
Werner et al., 2019; Sironi & Beloborodov, [2020; [Mehlhaff et al.l 2020)). Importantly, f1 depends
only on U, and not on the spectral distribution upy(e) of IC seed photons. Thus, provided a
plasma radiates purely in the Thomson IC regime and is also optically thin to Thomson scattering,
the collective dynamics are insensitive to the incident spectrum (though the Comptonized photon

spectrum is not). The Thomson IC radiated power per particle is
4 2,2
Pr(y) =|cB - fr| = goreB™y Upn. (2.1)

All of the features discussed here — continuous emission, ¢ o< +2, and incident-spectrum
independence — change significantly when I later (chapter @ allow particles to experience general
Klein-Nishina Compton losses. However, in the first few chapters of this work, I focus solely on
Thomson IC cooling and its effects on reconnection. Thus, I now move from this single-particle
picture of IC cooling and chart out how, purely in the Thomson regime, the IC mechanism may

interact with, and alter, the collective reconnection dynamics.

2.2 Thomson IC effects on collective plasma behavior

I diagnose the impact of radiative cooling on magnetic reconnection in two stages. First, I
introduce a set of parameters, cast as particle energy scales (Lorentz factors), that characterize
Thomson IC scattering in an explicit reconnection context. I then examine the radiative regimes

represented by the possible scale hierarchies.

2.2.1 Reconnection energy scales

The reconnecting magnetic field, By, can be recast in terms of a length scale: the nominal

relativistic gyroradius pg = mec?/eBy. This is a useful form for comparing By with other length
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scales in the problem. For example, introducing the system size, L, allows one to write down a

fiducial ‘Hillas criterion’: the energy,

eBoL L
VHillas = 702 =— (2.2)
MeC 0

of a particle with Larmor radius 7miaspo equal to the system size (Hillas, 1984)E| Equiva-
lently, vyminas 1S the energy imparted to a particle accelerated across the system by an electric field
of strength By.

While 7ginas gives a firm upper bound on the achievable particle energies, often a more

practical scale for reconnection problems is

Ymax = 0.1VHillas » (23)

corresponding to extreme acceleration (Aharonian et al. [2002; Uzdensky et al., 2011; |Cerutti et al.,
2012al). T use Ymax instead of ymias because the reconnection electric field, Fyec, is not quite as
strong as By, but about equal to BrecBg where Biec is the dimensionless reconnection rate. For
collisionless reconnection, fec can be expressed in terms of the Alfvén speed vy as Breec =~ 0.1va /c.
In the relativistic limit treated in this work, va ~ ¢ and hence [y >~ 0.1.

It is sometimes helpful to equivalently define v,.x by equating time-scales. I therefore intro-
duce the acceleration time for a particle being linearly accelerated by the electric field Eye. ~ 0.1By:

ymee® _ ymec®  10yp0 620

ecFrec  BrececBy ¢ c

tx(7) (2.4)

equal to 10/27 ~ 1.6 cyclotron periods in the magnetic field By. Here, subscript ‘X’ denotes that the
spatial regions where this type of linear acceleration is active usually surround magnetic X-points —
locations where the magnetic field reconnects and near which particles become unmagnetized (e.g.,
Uzdensky et al, 2011; |Cerutti et al. 2012a). Equivalently to , one may define ymax such that

a particle is X-point-accelerated over one system light crossing time:

ol

tx (Ymax) = (2.5)

! For simplicity, I use a single length scale L to characterize the size of the system in all 3 spatial dimensions.
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Another important reconnecting system parameter is the (combined electron + positron)
upstream plasma density ng. With By fixed, ng can be cast in terms of the (dimensionless) upstream
cold magnetization

2
_ B
Angmec?’

(2.6)

0'C70 =

Physically, oo represents the initial magnetic energy per particle: 0C70m602 /2. Since reconnection
delivers an appreciable fraction of the magnetic energy to the plasma, 0. also characterizes the
average Lorentz factor () of reconnection-energized particles (absent radiative cooling). Assuming
that half of the initial magnetic energy is dissipated gives () ~ 0 0/4 (cf. Sironi et al., 2015; Werner
et all 2016; |Sironi & Beloborodov, 2020). In this way, just like ypyax furnishes a characteristic
particle energy scale to stand in for the system size L, the cold magnetization provides an energy
scale that acts as a proxy for the upstream number density ng.

I report here, for reference, one more important dimensionless parameter, the hot magneti-

zation (cf. Melzani et al., 2014a; Werner et al 2018])

(2.7)

Here, wg = po + ug is the relativistic plasma enthalpy density with py the upstream pressure and wg
the internal energy density. For a relativistically hot upstream plasma with temperature 6y =
To/mec?® > 1 the enthalpy density is wg ~ 40gngmec® (po = Oonomec? = ug/3); for a cold fy < 1
plasma, wy ~ uy ~ ngmec’ is dominated by rest-mass energy. Thus, in the relativistically hot
case, ono ~ 1/(2Bp1) = 0c0/(40p) < oo where B, = 8mpy/B2 is the plasma beta parameter,
but in the opposite limit, oy, 9 ~ oc. Physically, the hot magnetization determines whether the
energy flux into the reconnection region is dominated by the magnetic field (opo > 1) or by the
matter (opo < 1). In the former opo > 1 limit, the Alfvén speed, vy = c\/m,
approaches ¢ and, as a result, magnetic reconnection may drive not only relativistic individual
particle motion (which merely requires oo > 1) but also relativistic bulk flows. Thus, oy, o > 1 is

really the defining feature of ‘relativistic’ reconnection. In the spirit of the present discussion, one
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may regard oy, o as a proxy for the upstream temperature 6y, especially when 6y > 1. However, I do
not explicitly use oy, ¢ until I first present PIC simulations in chapter [3 For now, I simply assume
the relativistic limit of reconnection, oy, 9 > 1, and, within that context, scope out the possible
regimes by ordering the other important energy scales (which so far include Ymax and ocy).

Armed with ymax and oco (and also assuming opo > 1), I can describe the size of the
relativistic reconnection system. A ‘large’ system satisfies Ymax > o0co. In terms of the global
geometry, this implies a high aspect ratio: the system is much longer than the microscopic current
sheet thickness, of order (v)py — the typical Larmor radius of reconnection-energized particles
(specifically, Ymax > 0c,0 = L > 100 0po; cf. Werner et al.[2016]). This renders the layer plasmoid-
unstable and initiates plasmoid-dominated reconnection (e.g., Ji & Daughton, [2011)).

In terms of individual particles, Ymax > 0c,0 also alleviates system-size constraints on particle
energization, at least up to the mean Lorentz factor (y) ~ oc0/4. In addition, when 1 <« 6y <
(7) ~ 0¢0/4 and, hence, oy, o > 1, previous non-radiative 2D particle-in-cell (PIC) simulations have
found that direct/fast acceleration by the reconnection electric field saturates at yx ~ (several)o. g
(e.g., 4o¢0; Werner et al., 2016; [Kagan et al., 2018)). Thus, when Ymax > 0¢ 0, both the physics
governing average-energy particle acceleration and the direct acceleration mechanism are unencum-
bered by the system size.

However, I remark that there are, in addition to primary X-point acceleration, other energiza-
tion channels in the large-system plasmoid-dominated regime: most of them take place on slower
time-scales but are not limited to Lorentz factors of order several o.g. I term these ‘secondary’
acceleration processes because they typically operate on plasma that has already been processed
into the region of reconnected magnetic flux. One example of such a process is adiabatic heating
by slowly compressing reconnected magnetic fields inside plasmoids (Petropoulou & Sironi, [2018;
Hakobyan et al., [2021). A different, but related, example is a Fermi-type mechanism (Drake et al.,
2006; [Dahlin et al.,2014; |Guo et al., 2014}, 2015, [2016} 2019, 2020) in which particles bounce from
end to end across contracting plasmoids. (See Uzdensky|2020) for a review of secondary acceleration

mechanisms in 2D reconnection.) The existence of such acceleration channels may, without radia-
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tive cooling, allow the highest particle energies to grow well beyond vx — even if the dynamics of
average particles and X-point acceleration top out at much lower energies. This is one aspect where
even weakly radiative reconnection differs from its non-radiative counterpart. Radiative losses can
impose a system-size-independent high-energy cutoff even on acceleration processes with no intrin-
sic upper energy limit (e.g., Hakobyan et al., [2021; Mehlhaff et al., [2020), potentially allowing the
spectrum of accelerated particles to become independent of L.

I now introduce the main energy scale associated with Thomson IC radiative cooling in the
context of reconnection. As discussed above, particles emitting in the Thomson limit suffer a
drag force fic determined by the total background radiation energy density Up,. Thus, Thomson
radiation introduces just one extra parameter, Upp, into the reconnection problem. To cast Upy
as an energy scale, I define the Lorentz factor, vyaq1, at which radiative drag matches the ac-
celeration force from the reconnection electric field, eEye. =~ 0.1eBy, or (equivalently) such that
the X-point acceleration time, tx(7), equals the Thomson cooling time, tcoo, () = ymec?/Pr(7),
over which a particle radiates a significant fraction of its energy 7. Putting fic(Yraq,r) = 0.1eBy
[or tX(Vrad,T) = tcool,T(Vrad,T)] yields (cf. [Uzdensky, 2016; Nalewajkol [2016; Werner et al., 2019;

Sironi & Beloborodov 2020; [Mehlhaft et al., 2020)

0.3630
=\ 2.8
Yrad,T 4UTUph ( )

There is also a third way to define v5q7: it is the Lorentz factor of a particle that cools in ~ 1
cyclotron period in the magnetic field By (cf. |[Uzdensky), 2016}).

Despite the fact that it is defined only by balancing radiative cooling against X-point ener-
gization, the energy 7r,q 1 firmly radiatively caps the achievable particle energies (Werner et al.,
2019; [Mehlhaff et all [2020). This is because acceleration by the coherent reconnection electric
field may be the fastest significant particle energization channel in magnetic reconnectionﬂ Other

channels (such as those discussed by [Petropoulou & Sironi, 2018; Guo et al., 2019; Hakobyan et al.,

2 1t is unclear whether motional electric fields Emotion = —¥ X B/c (v ~ va ~ ¢) — e.g., due to rapidly moving
compact plasmoid cores where B > By and, hence, Emotion ~ vaB/c > By — yield an overall faster effective
acceleration than X-point regions. A similar remark applies to momentary pulses of high electric fields associated
with waves launched at plasmoid mergers (Philippov et al., |2019). In both cases, the issue is not just one of field
strength but also of spatio-temporal coherence.
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2021; \Guo et al., |2020), while not saturating at vx like X-point acceleration, are much slower and
hence radiatively stall at Lorentz factors less than viaq1 (e.g., Mehlhaff et al., [2020).

To sum up, I now have three energy scales, each characterizing different physical parameters in
relativistic reconnection. Two of these, ymax and o — representing, respectively, the system size L
and the upstream particle density ng — are non-radiative, common to all reconnection problems. The
third scale, yraq,T, encodes the energy density of ambient radiation and is unique to reconnection
with IC cooling. Furthermore, one of these energies, oo, splits into two: it represents both
the average energy of reconnection-energized particles (y) ~ o0c0/4 and the intrinsic maximum
energy deliverable by the X-point acceleration mechanism yx ~ 40 in the large-system, plasmoid-
mediated regime. I later argue (chapters|3|and |8)) that, under some circumstances, yx may exceed
the nominal value yx = 40, found from 2D PIC simulations (Werner et al., [2016; Kagan et al.,
2018)), but in the case where yx truly is of order 4o, yx and (v) are only offset by about a factor

of 16.

2.2.2 Regimes of Thomson radiative reconnection

Next, I enumerate the various orderings of these scales and examine the physical regimes each
ordering represents. To simplify this program, I concentrate solely on the large-system regime with
a relativistic amount of magnetic energy per particle: ymax > 0c0 > 1 (or, splitting the scale o
into yx ~ 4o and () ~ 0¢0/4, the regime ymax > yx > () > 1). Different scale hierarchies are
then realized by inserting 7yaq 7 into various positions of the base ordering ymax > yx > (y) > 1.
The possible orderings are summarized in Table

This procedure is made more conceptually transparent if I introduce the derived scale ~coo1,

the Lorentz factor of a particle that cools in one dynamical time L/c of the system. Writ-

ing teool, T (Yeool) = L/c yields

Ycool = ’YrQad,T/’YmaX . (29)

Interestingly, the radiatively limited Lorentz factor 7.q1 is always intermediate between 7cool



Table 2.1: Scale hierarchies and associated radiative regimes of relativistic reconnection subject to Thomson IC losses. A
relativistic large-system ordering ymax > yx > () > 1 is assumed throughout. Inserting ¥yaq, T and 7eool at different locations
in this base ordering corresponds to different regimes. To guide the eye, the ‘independent’ parameters (i.e., independent
of Ymax, x, and () but not of each other) a4 1 and yeoo1 are typeset in red. The regimes are semantically distinguished
based on which particles — either those in the bulk of the particle energy distribution near the average energy () or those in
the high-energy tail — cool on time-scales shorter than L/c (strong cooling) versus those that cool in one gyroperiod (saturated
cooling). For Thomson IC radiation reaction (but not in the more general Klein-Nishina limit) saturated cooling is more
efficient than, and therefore implies, strong cooling.

Bulk particles High-energy particles
Strong Saturated Strong Saturated
Scale hierarchy Regime name cooling (Y/N) cooling (Y/N) cooling (Y/N) cooling (Y/N)
Yeool > Vrad, T > Ymax > ¥x > (7) Non-radiative N N N N
Ymax > Vrad, T > Yeool > X > (7)  Quasi non-radiative N N Y* N
Ymax > Yrad, T = YX > Ycool > <’Y> N N Y N
Ymax = Vrad, T > VX > <'7> > Yeool Y N Y N
Ymax > VX > Yrad, T > Yeool > <’Y> N N Y Y
Ymax = VX > Vrad, T > <7> > Yeool Y N Y Y
Ymax > VX > (V) > Vad, T > Yeool  Extremely radiative Y Y Y Y

*Highest-energy particles may or may not achieve strong cooling. If they do, it is not through impulsive X-point acceleration
(see text).

té
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and Ymax, equal to the geometric mean of those two scales. Note that one may have ~vco0 < 1, in
which case v.o01 does not correspond to a physical Lorentz factor. In that case, all particles cool to

non-relativistic energies in t¢o017(1) < L/c. Related to 7yeool is the compactness of the system

UphO'TL . 3
7nec2 47Yco0l '

! =

(2.10)

The time for a particle to cool from any initial v to v =1 is ~ L/c/.

Let me begin exploring the various radiative regimes by quantifying the non-radiative limit y.o01 >
Yrad, T > Ymax > 0c,0 > 1. Hereafter, I do not list oc ¢ > 1 explicitly, and I only use ‘>’ (not >’)
symbols. One should bear in mind that all regimes become more distinct when the corresponding
scales are well-separated. The regime “Ycool > Vrad, T > Ymax > Oc,0 corresponds to the limit Up, — 0
and, hence, 29,7 — 00. Here, no particle radiates a significant fraction of its energy within one
dynamical time L/c, effectively decoupling radiation from reconnection. This is the regime men-
tioned in the Introduction chapter where magnetic reconnection can, in principle, be studied on its
own and the radiative signatures calculated independently.

The first step up in radiative efficiency might be called the quasi non-radiative regime ymax >
Yrad, T > Yeool > X > (7). Here, primary X-point acceleration does not impart enough energy to
particles so that they significantly radiate on one dynamical time L /¢, let alone so that they achieve
radiative saturation 7,q7. Secondary acceleration channels, on the other hand, might be able to
deliver particles to energies > 7001 S0 that those particles radiate faster than the global time-scale.
However, this depends on the detailed nature of each secondary acceleration process — whether any
of them radiatively stall above 7.0 is not guaranteed.

As an example of a secondary acceleration mechanism relevant to the quasi non-radiative
regime, one may consider particles slowly energized inside of adiabatically compressing magnetic
islands (also ‘plasmoids’), as detailed by [Petropoulou & Sironi| (2018) and Hakobyan et al.| (2021]).
The energy where radiative losses shut this process down is determined by matching the plasmoid
compression time to the particle cooling time-scale. As reported by [Hakobyan et al.| (2021)), this

upper-limit energy is Ysec ~ MeC?Prec JworUpy, where w ~ 0.1L is the size of the largest plasmoids
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formed by reconnection. [I ignore that smaller plasmoids compress faster and so may yield, for
the smaller number of particles they contain, higher 7g. (Hakobyan et al., |2021)).] In effect, Ygec ~
071 = (4/3)7c001. Thus, this secondary energization channel only barely accelerates some particles
up t0 Yeool, and most reach energies much less than this. Hence, considering only this secondary
mechanism, the reconnection process can be regarded as marginally non-radiative, with only very
few highest-energy particles cooling in less than one dynamical time.

Increasing the cooling efficiency once more brings us to the first of several truly radiative
regimes where radiation is dynamically important for at least some of the particles. Aptly naming
these regimes is cumbersome because different particles can experience varying degrees of radiative
efficiency. The high-energy particles, for example, may be rapidly cooled and the particles at the
average energy () cooled quite slowly. Therefore, I do not classify these regimes globally, calling
the entire system weakly or strongly radiative, but I refer to them based on which populations of
particles cool on various time-scales.

I call particles strongly cooled if radiation reaction causes them to lose an appreciable fraction
of energy in less than one dynamical time L/c —i.e., if their Lorentz factors exceed 7co01. This agrees
with typical notions of strong cooling in astrophysics, which indicate that radiative cooling occurs
faster than some macroscopic system time-scale. Correspondingly, I call particles with v < 7co01
weakly cooled (because they are not strongly cooled) and sometimes non-radiative (because they
do not radiate appreciably in a dynamical time). The particles with much higher energies, close
t0 Yrad, T > Yeool, 1 say exhibit saturated cooling: their Lorentz factors are radiatively saturated
because intense emission prevents further energization (tcooi T S tx). Although, in the Thomson
IC limit, particles undergoing saturated cooling radiate much more efficiently than just strongly
cooled particles, this is not always true once Klein-Nishina effects come into play (chapter @ Thus,
I wish to avoid associating the saturated cooling regime with a term connoting excessively efficient
or fast cooling (e.g., ‘very strong cooling’).

Using these terms, one sees that the scale hierarchy Ymax > Yrad, T > ¥X > Yool > (7) indicates

that average (or ‘bulk’) particles are weakly radiative; most of them cool slower than L/c ({y) <
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Yeool). Meanwhile, at least some of the high-energy particles accelerated by the primary X-point
channel are strongly cooled (yx > 7cool)- Even so, radiative losses are not so fast as to hinder
direct X-point acceleration, with tx (yx) faster than t.oo11(7x) because yx < Yrad,r- Thus, X-point
acceleration (because it is intrinsically capped to below 424, 1) — and, hence, all other (known) sec-
ondary energization channels (because they are slow) — cannot deliver particles up to the radiative
saturation limit Yraq,T.

Permuting scales again by swapping the positions of 7., and (y), one arrives at the
regime Ymax > Yrad,T > VX > (V) > Yeool- Here, most particles radiate strongly because yeool <
(7) < vx. However, like in the previous regime, virtually no particles are expected to achieve ra-
diative saturation (yx < 7Yraq,T), and X-point acceleration, while unaffected by radiative cooling on
the short time-scale on which it occurs [tx(7x) < tcool,T(7x)], does produce particles of sufficiently
high energies (> 7co01) to be strongly cooled.

Next come the scale hierarchies where at least a few particles exhibit saturated cooling. One
such domain is Ymax > YX > Yrad, T > Yeool > (7). Here, some particles are promptly accelerated
near X-points to the upper-limit energy viaq v < 7x, but the bulk particles, with () < 7coo1, barely
radiate even on global L/c time-scales. This is perhaps the most extreme example of how vastly
different the cooling rates can be for different reconnection-energized particles. However, unless vx
can substantially exceed its nominal 40 value, this regime may not be realized in astrophysical
contexts. This is because, if yx = 40¢ 0, then yx/(y) ~ 16, implying that Yyad,7/Veool < 16, and,
through equation , that Ymax/Vrad, 7 < 16, whereas Ymax, Vrad, T, and Yeool are each usually
separated by several decades in astrophysical systems (e.g., chapter .

Moving to the last two possible orderings, one has Ymax > VX > Yrad,T > (V) > Yeool, iD
which the high-energy particles accelerated near X-points attain radiative saturation (Yradq,r < 7x)
and the bulk particles are strongly cooled (Vcoo1 < (7)). Finally, there is an extremely radiative
regime, Ymax > VX > () > Yrad, T > Yeool- Here, IC losses firmly cap the acceleration of nearly
all particles — not even the formal mean energy, (), available per particle can be attained — and

should have dramatic effects on the large-scale reconnection dynamics (Uzdenskyl, 2016]). Table
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summarizes the radiative reconnection regimes discussed in this section.
To complete this tour of the Thomson IC reconnection landscape, I review some of the
previously identified physical effects that occur in these regimes. Several systematic PIC studies of

Thomson radiative reconnection have been conducted in recent years, including those by [Werner

et al. (2019), [Sironi & Beloborodov]| (2020), and Mehlhaff et al| (2020)). There have also been

radiative PIC studies of reconnection with strong synchrotron cooling (e.g., Cerutti et al., 2013,

2014alb} [Yuan et al, [2016) and QED effects (like pair-production; [Schoeffler et all,2019; [Hakobyan|

2019). In some cases, the qualitative features of reconnection regimes mediated by different
radiative processes are similar, but, in this chapter, I focus only on those effects studied within the

context of Thomson IC losses.

The three radiative PIC studies conducted by [Werner et al.| (2019)), |Sironi & Beloborodov|

(2020), and Mehlhaff et al. (2020) explored a number of regimes outlined in this section. Numer-

ically exploring the scenario first outlined by [Beloborodov| (2017), [Sironi & Beloborodov] (2020)

focused primarily on the regime Ymax > X > Yrad,T > (V) > 7Yeool Where the bulk particles are
strongly cooled and the highest-energy particles saturate at v = a9 7. They found that, here,
plasmoids are generally filled with cold plasma that has already released much of its energy through
Compton losses. The plasma kinetic energy inside plasmoids is then dominated by bulk motion.

This motion is also subject to radiative drag and, hence, is slower than in the non-radiative case.

\Sironi & Beloborodov| (2020) also confirmed that the highest-energy particles are accelerated near

reconnection X-points and top out at Lorentz factors close to Jraq,r. Werner et al.| (2019) studied

the effect of Compton losses on large-scale reconnection dynamics and on non-thermal particle
acceleration, exploring all the way from the non-radiative regime to that of fully saturated high-
energy cooling and strong bulk cooling (Ymax > ¥X > Vrad,T > () > Yeool). They found that

radiation steepens the high-energy part of the non-thermal tail of reconnection-accelerated parti-

cles but that the overall reconnection rate is virtually unaffected. Mehlhaff et al. (2020) focused

on the angular distributions of high-energy particles, showing that particles approaching radiative

saturation (Yraar S yx) exhibit energy-dependent collimation in momentum space, forming nar-
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row beams at the highest energies — the kinetic beaming effect (see the Introduction). In the next
chapter, I detail the analysis of Mehlhaff et al. (2020), demonstrating from PIC simulations that
strong radiative losses appear to be an essential ingredient in mediating observable signatures of

kinetic beaming.



Chapter 3

A Numerical Study of Kinetic Beaming in Thomson Radiative Reconnection

In this chapter, I present particle-in-cell (PIC) simulations of reconnection with Thomson
IC cooling. The main series of simulations scans across the IC radiative cooling strength (viaq,T),
progressing through several of the regimes outlined in the previous chapter (e.g., Table . In
analyzing the simulations, I concentrate on determining whether the particles accelerated through
reconnection (and, consequently, whether the photons that they emit) are kinetically beamed. The
main result of this chapter is that kinetic beaming requires a high degree of radiative efficiency in
order to manifest itself within the reconnection-yielded distributions of high-energy particles and

photons. Together, this chapter and the next detail work first published by Mehlhaff et al.| (2020).

3.1 Simulations

In this initial section, I begin by describing the PIC reconnection simulations, including how
they self-consistently incorporate IC cooling. Then, I overview the time evolution of these simu-
lations. Afterwards, I introduce the basic units of angular information — energy-resolved angular
maps of the directional distributions of particle momenta — that form the basis for the quantitative

beaming metrics developed in the following section (i3.2]).

3.1.1 Set-up

I present relativistic pair-plasma simulations run using the radiative electromagnetic PIC

code ZELTRON (Cerutti et al., 2013). The simulation domain is a 2D box of size L, x L, with L, =
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2L, = 2L and periodic boundary conditions enforced in both dimensions. Spatial dependence is
limited to the (x,y) dimensions, but vectorial quantities, including velocities and field components,
are fully three-dimensional.

I initialize the simulations with standard double Harris current sheets (Kirk & Skjaeraasen),
2003)) of half-thickness ¢ carrying anti-aligned currents in the +z-directions and centered on the
planes y1 = Ly /4 and yo = 3L, /4. This double-sheet configuration is chosen because it is consistent
with the periodic box boundaries. Namely, the currents establish an in-plane magnetic field B, (y) =
+ By tanh [(y —Y12) /5] that reverses twice — once at each sheet — and is therefore periodic in .
Additionally, I add a uniform initial guide field By = (Bo/4)z. This serves chiefly as a numerical
device to support magnetic islands against radiative cooling-induced contraction to the point where
the Debye length becomes unresolved. The value By = Bj/4 does not substantially alter non-
thermal particle acceleration (NTPA; Werner & Uzdensky, |2017; [Werner et al., |2019).

The current in the Harris layers is carried by a drifting plasma component. In each layer,
drifting electrons and positrons begin the simulation counterstreaming with bulk velocities dc(32
and a combined drifting lab-frame number density n4(y) = nq4, sech? [(y — y1,2)/6]. The resultant
current profile J,(y) = fcfBgenq(y) is precisely that necessary to generate the field B,(y) as dic-
tated by Ampere’s Law. In addition to the current-governing mean velocity £q, I initialize the
counterstreaming species with relativistic comoving temperature 63 = Ty/mec®> = 1050 > 1 to
support the current layers against the upstream magnetic pressure.

With the Harris equilibrium satisfied by the drifting particles, each simulation also contains
an initially stationary uniform background plasma of combined density ng and relativistically hot
temperature 6y = Tg/mec2 = 25 > 1 that provides the inflow material for reconnection. As
discussed in chapter |2, ng and 6y can be recast in terms of the cold and hot magnetizations, 0.9 =
Bg /47mom€c2 and o9 = Bg /Amwy respectively, where the enthalpy density is wg =~ Anpbymec?
because 6y > 1. I set 0.9 = 104, allowing individual particles to be accelerated to relativistic
energies ((7) ~ oc0/4 = 2.5 x 103). 1 also take o3, = 10?, operating in the magnetically dominant

limit, which also implies va =~ ¢ and places reconnection in the relativistic regime.
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To minimize system-size effects, the simulation box must considerably exceed the largest
kinetic scale in the problem: the typical Larmor radius of energetic particles (see [Werner et al.,
2016). Because the liberated magnetic energy per upstream particle is (y)mec? ~ ocomec?/4,
an average particle accelerated through the reconnection layer emerges with Larmor radius (v)po
where pg = Mec? /eBy is a nominal Larmor radius. I conduct simulations in the large system
regime Ymax > () (i.e., Ly > 10(7y)po; cf. chapter [2| and [Werner et al., [2016) and set Vpax =
320.0 ~ 128(y) (implying L;/ocopo = 320). To confirm the insensitivity of my results to the
simulation box size, I also run a series of simulations at different L,.

At the small-scale end, the cell size is Az = Ay = opg/24, which is just smaller than the
Debye length: A\p = 1.2Az. With the cell size set, I employ a corresponding time-step satisfying
the Courant-Friedrichs-Lewy condition cAt = 0.7Az < Az/+/2. The initial number of simulation
particles per grid cell is 80.

I incorporate radiative cooling into the simulations via inverse Compton scattering of a back-
ground (seed) radiation field that is static, homogeneous, and isotropic. The photons comprising
this field are not tracked simulation entities, but, in the Thomson limit, give rise to a continuous
radiative drag force fr that enters self-consistently into the PIC particle push (Tamburini et al.,
2010). As detailed in chapter [2, a particle of 4-velocity (c¢7,cyB) suffers the drag force fr =
—(4/3)o1Upny?B where o = 8met/3m2ct is the Thomson cross section and Upy, = [ deu(e) is the
total energy density of background photons. Because the drag force depends only on the total
energy density Upy, I adopt, without loss of generality, a simple monochromatic spectral energy
density u(e) = Upnd(€ — €pn). The Thomson limit is satisfied if the photon energies encountered by

a particle of Lorentz factor « in its rest frame are small compared with its mass:

<1 (3.1)

(see chapter [2). This condition allows the recoil in any single scattering event to be neglected
and justifies a continuous treatment of radiative losses (Blumenthal & Gould, [1970). When equa-

tion (3.1]) is not satisfied, IC cooling transitions to the discrete Klein—Nishina regime, with particles



37

delivering an order-unity fraction of their energies to single photons. I discuss the more general
Klein-Nishina case in chapter [6]

In this chapter, I specify Uy, through the particle Lorentz factor, vragq, 1 = (O.3630/4O’TUph)1/2
[equation ], at which radiative losses match the expected acceleration force from the reconnec-
tion electric field. My main results come from a series of simulations scanning across Vrad,v/0c,0 =
[1/2,1,2,4,6,8,16,32,64, 0] at the fiducial box size L,/opy = 320. Recall from chapter [2] that
higher Yrad,1/0co corresponds to weaker IC cooling. In particular, the case Yrad1/0c0 = 00 im-
plies Upp, = 0: no cooling. For each respective value of 7yaqT, the corresponding Lorentz fac-
tOT Yeool = 'YEad,T/VmaX from equation is Yeool /0c,0 = [1/128,1/32,1/8,1/2,9/8,2,8, 32,128, o0].
Adopting () = 0¢/4 and an intrinsic X-point acceleration saturation Lorentz factor yx = 4o
allows one to examine what regimes, in the sense of chapter [2| (section , are covered by the

simulations:

(1) For yaqr = 1/2,1, and2: the high-energy particles reach radiative saturation and the
bulk particles are strongly cooled, Ymax > VX > Yrad, T > () > Yeool- This scale hierarchy

corresponds to the 6th row of Table

(2) For Yiaar = 4,6, and8: the high-energy particles no longer reach radiative saturation
(except, perhaps, for Yyaq T = 40c0 = 7x), but both the high-energy and the bulk particles
are strongly cooled: Ymax > Yrad, T = X > (V) > Yeool. This scale hierarchy is the 4th row

of Table 211

(3) For qpaq, 1 = 16: the high-energy particles are still strongly cooled, but the bulk particles
are not (and no particles reach radiative saturation): Ymax > Yad,T > VX > Yeool > (7)-

This is the 3rd row of Table 2.1l

(4) For ypaq 1 = 32,64, and co: these simulations are non-radiative, satisfying veool > Yrad, T >

Ymax > Yx > (7). This is the 1st row of Table

Thus, this series of simulations explores most of the potential regimes of Thomson radiative recon-
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nection.

In addition to scanning across Yraq,T, I run a few simulations with a uniform radiative effi-
ciency Vrad,1v/0c,0 = 4 but differing L, /opy € [80,120, 160, 240, 320] as a first step towards charac-
terizing the system-size dependence of my findings. Table summarizes these values and those
of the other parameters discussed so far.

The wide-ranging scan in .91 discussed above is limited on the strong-cooling end by
radiative losses in the upstream region, which can cause the background plasma feeding reconnection
to change in time. In order to avoid this effect, one should require that the upstream IC cooling
time, tcool,T, €xceed the duration, 3Ly/c, of the simulations. Using the average thermal Lorentz

factor, 36y, of the background plasma, t¢oo11/(3Ls/c) can be written as

tcool,T 360m662/PT(3‘90) o 1 Oc,0 Vrad,T Vrad,T

3L./c 3L./c 3 Ymax 300 0cpo
2
_ @ 0c,0 VYrad, T
9 “Ymax Oc,0
Jre0) ™! :
Oh Ymax/Oc,0 VYrad,T
~14— —_— —_— . 3.2
() (o)™ (e 2

Here, I used Pr(y) = |cB - fr| = (4/3)corUpny?B? and the relativistic limits 3 ~ 1 and 1 < 6y =

0c0/40n. Let me go one step farther, employing equation (3.2) along with dy/dt = —Pic(7)/mec?
to estimate the amount by which the upstream plasma cools during a simulation. The tempera-

ture, 0¢, reached by the upstream plasma at t = 3Ly /c may be as low as

[ 1
90 1 + (3Lx/c)/tcool,T .

(3.3)

Evidently, the simulation with vaq 1 = 0¢0/2 is problematic, with the upstream plasma
cooling in time t¢o0] ~ 1L, /c and potentially falling to ~ 26 per cent of its initial temperature by
the end of the run. This simulation also exhibits the worst energy conservation, with the energy
error peaking at about 3.6 per cent (all of the other simulations have per cent level or better

error). Thus, the results of this most strongly radiative run should not be taken as definitive on

their own. Fortunately, the conclusions I draw from the 7,541 scan (Section |3.3.3] Figs[3.19} [3.20}
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Table 3.1: Simulation parameters used in this study. Note that I do not scan across all combinations
of L, and 7paq,1. Instead, I conduct a series of simulations exploring all 7,59 7 values in the table
at a fixed system size L, = 3200.0p9 and a second series across all L, values at a fixed radiation-

reaction strength yy.q 1 = 40c0.

Parameter

Symbol (=definition)

Value

Upstream magnetic field
Nominal gyroradius
Radiation-limited Lorentz factor
System size

Cold magnetization

Hot magnetization

Background temp.

Guide field

Peak drift over background density
Harris layer drift velocity

Harris layer (comoving) temp.
Harris layer half-thickness

Cell size

Time step

Macroparticles per cell

By

po = mec®/eBy
Vrad, T

L,=1L

0c0 = B /4mngmec?

O'h70 == Bg/]_GTFnQTO
90 = T(]/Tnec2

B,

n = ng/no

Bac

0q = Ty/mc?

§ = ocopo/Ban
Az, Ay

At

(1/2,1,2,4,6,8,16,32,64,00) X 0c
(80, 120, 160, 240, 320) x o¢0p0
10%

10?

25

By/4

5

0.3c

1050

0.670’C70p0

Uc,0p0/24

0.7Az/c

80
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and , do not depend on whether I include or exclude this simulation from the quantitative
analysis. I have therefore chosen to include it as a tentative endpoint on the data generated by
the rest of the yyaq 7-varying (L,-constant) simulation series. However, without running larger and
more expensive simulations, I am prohibited from runs with 4yaq 1/0c,0 much lower than 1/2 (and
hence from exploring, for example, the extremely radiative regime detailed in section .

I note that the benchmark radiative case vaq T = 0c,0 is not completely free of the upstream
cooling issue. However, according to equation , the background temperature may decrease by
less than a factor of 2 by the end of that simulation. Because such a discrepancy is within the error
bars on the main kinetic beaming quantities measured in section I view the Yrad T = 0cpo
simulation as marginally acceptable.

Finally, I would like to point out that upstream radiative losses only increase the effective oy, g.
Because oy, is quite large to begin with, raising it by order-unity factors preserves (indeed, en-
hances) the asymptotically large-o}, limit. Hence, it is unlikely that acceleration and beaming of
high-energy particles are significantly impacted, even in the most strongly cooled (Vrad1/0c0 =

1/2,1) simulations.

3.1.2 Evolution of the reconnection layer

Having described the set-up of my simulations, let me now move on to how they evolve in
time. In every run, I trigger magnetic reconnection with a small (1 per cent) perturbation to the
initial magnetic field. The current sheet then tears into a number of magnetic islands or ‘plasmoids’
which begin to merge with one another (Fig. t =04L;/c = 0.4L/c). Initially, the plasmoids are
all about the same size, but eventually — in Fig. at about t = 1.2L/c — a single largest plasmoid
begins to dominate the reconnection layer. This primary plasmoid proceeds to consume the others
that have also accumulated to considerable but smaller sizes, culminating in a spectacular merger
between the largest and next-to-largest plasmoids (Fig. t =2.0L/c). After this most dramatic
merger, additional small plasmoids are continually born from the main X-point and venture across

the box to be consumed by the large primary plasmoid (Fig. t=2.6L/c).
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Figure 3.1: Total (drift plus background) electron number density pictured around the lower
reconnection layer at key moments during the a1 = 0co simulation. The full simulation

width (L = L, = 3200p¢) and a restricted height range (L, /4 +800pg) are displayed. See text for
a description of the various phases of the time evolution.
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The simulations exhibit significant NTPA. At late times, the NTPA is bursty: merging
plasmoids sporadically punctuate ongoing reconnection from the main X-point with short intense
episodes of particle acceleration. In the more radiatively efficient runs, following these episodes, the
high-energy particles rapidly cool, leading to a steepening of their non-thermal energy distribution.
This effect was first analyzed by Werner et al.| (2019) (see also [Sironi & Beloborodov, 2020)), and I
illustrate it in Fig. [3.2] which presents time-dependent particle energy distributions from the lower
half of the box in a subset of the simulations. In the limit of weak cooling (e.g., Yrad,T/0c,0 = 16 in
Fig. , the distribution develops a shallow power law. However, due to long periods of continuous
IC losses interrupted by bursts of plasmoid merger-initiated magnetic reconnection, the particle
distributions for the simulations with stronger cooling (e.g. those with Yyaq1/0¢0 < 4) all exhibit
steeper, more variable power laws at late times. Additionally, for all the displayed simulations, the
cut-off particle energy is well approximated by ~;aq,1, indicating that radiative losses control this

limit (even when too weak to steepen the non-thermal power-law tail).

3.1.3 A view in angular space

Up until now, I have described the evolution of my magnetic reconnection simulations from
spatial and energetic viewpoints. I displayed several snapshots of the electron number density
n(z,y) in Fig. [3.1l Then, in Fig. I described the electron energy distribution f(v) and how
its evolution is impacted by radiative cooling. These pictures represent different ways of viewing
the master distribution function in phase space f(x,y,7,Q;t). At a given time ¢, this master
distribution is five-dimensional, containing two spatial and three velocity dimensions, the latter of
which I decompose into a Lorentz factor ¥ = E/mc? and a direction labeled by the solid angle €.
In terms of the master distribution, the number density and energy distribution are n(z,y;t) =
[dvdQ f(z,y,7,Q;t) and f(v;t) = [dedydQ f(z,y,7,Q;t), respectively.

In this work, I am also interested in how particle momenta (and emitted photons) are dis-
tributed directionally. As a result, I must keep the angular information in the distribution func-

tion f(z,y,7,Q;t), as was first done by (Cerutti et al.| (2012b). Furthermore, because I am interested
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Figure 3.2: Lower layer electron energy distribution as a function of time between L/c and 3L/c
for a subset of the simulations presented in this work. Colored solid lines denote the distribution at
different times. Black dashed lines represent the time-averaged (over 1 < ct/L < 3) distribution.
Vertical black dot-dashed lines label 54 7. Red bars indicate power-law segments in the time-
averaged particle distributions. The qualitative features are consistent with those reported in
Werner et al| (2019). Namely, the simulations with strongest cooling (Yraq,r = 1,40c¢0) exhibit
only a steep power law f(7y) o 7P with variable index p 2 3; the simulation with intermediate
cooling (Yrad T = 80¢0) exhibits both soft variable (p 2 3) and hard steady (p < 2) power-law
segments; and the weakly cooled simulation (Vraq,r = 1600) only contains a hard steady (p < 2)
power law.
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in kinetic beaming — beaming as a function of particle or photon energy — I must preserve corre-
lations between v and Q. To visualize all three velocity dimensions of the distribution function,
I separate the energy information from the angular information, viewing the entire angular dis-
tribution at a single energy. Examples of this view are the angular maps (also intensity maps
or heatmaps) of Figs. and These display the spatially integrated angular particle distri-
bution dN;/dydQ = fy<Ly/2 dedy f(x,y,v,Q;t) at fixed v and ¢ using the Aitoff projection. A
particle contributes to latitude ¢ € [—90°,90°] and longitude A € [—180°,180°] on a map if its

velocity vector parallels the unit vector
n = cos(A) cos(p)z + sin(\) cos(p)Z + sin(p)y . (3.4)

To isolate a single reconnection layer, Fig. [3.3] Fig. [3.4] and all subsequent angular plots are
generated using only particles (or, later, photons emitted from particles) located in the lower half
of the simulation box.

Let me now describe the physical origins of the basic features in Figs. and These
features can be neatly decomposed into two broad categories: mild horizontal beaming stemming
from bulk motion along the primary reconnection current sheet and extreme beaming arising near X-
points (not only in the main current layer, but also in secondary ones between merging plasmoids).
In the primary current layer near the main X-point, the reconnection electric field points in the +z-
direction (¢ = 0°, A = 0°), resulting in electron acceleration in the —z-direction (¢ = 0°, A =
+180°). As electrons are ejected towards —z, they begin to be deflected by lines of reconnected
magnetic field, which causes them to disperse towards +x (p = 0°,\ = +90°). This results in the
mild concentration of particles along the equator in Fig. As these particles radiatively cool,
they are simultaneously deposited into plasmoids, and plasmoid bulk motion along the reconnection
layer induces a gentle low-energy momentum anisotropy along the +x-directions as in Fig. [3.3

I move now to the more extreme beaming. Generally, such pronounced anisotropy occurs
only among the higher energy particles, a trend that Fig. illustrates nicely. Less universal,

but still common, is the fact that the strong beaming patterns in that figure result from plasmoid
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Figure 3.3: An angular map for the vy,q 1 = 0c0 simulation displaying the angular intensity I =
dN;/ dydQ of lower layer electrons at 2.0L/c. This is a low-energy map — in the sense that the
electron Lorentz factors - are a decade below 7,59, 7 — and exhibits only mild beaming.
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Figure 3.4: An angular map for the v,,q 1 = 0c0 simulation displaying the angular intensity I =
dN;/ dydQ of lower layer electrons at 2.0L/c. This is a higher energy map relative to Fig.

(the electron Lorentz factors are closer to vaq,1) and, as a result, exhibits more intense beaming
patterns.
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mergers, evidenced by the prominent vertical swaths in the angular particle distribution. This comes
about because, between merging plasmoids, a secondary reconnection layer forms approximately
parallel to the zy-plane. The reconnection electric field in this secondary layer points along —z
and accelerates electrons along +z. Owing to the rotated orientation of the reconnecting magnetic
field, these electrons begin to fan out towards £y — towards the poles — rather than +x as in the
primary current sheet.

The fan shapes in Fig. are not perfectly vertical because plasmoids with unequal sizes and
speeds are merging. At this time, there are actually two ongoing mergers — one on either flank of the
large primary plasmoid (Fig. — both actively accelerating particles. In the merger on the right-
hand side, a smaller and faster left-moving plasmoid creates a secondary current sheet that bends
and moves to the left, biasing the accelerated particles towards the —z-direction. The opposite is
true for the merger on the left involving a small/fast right-moving plasmoid. The combined result
is that the swaths of high-energy particles shown in Fig. [3.4] do not extend along a single meridional
plane running through A = 0°, but through two slightly offset planes intersecting A ~ +30°: one
for each current sheet created at asymmetric plasmoid mergers.

The features in Figs. 3.3 and [3.4] are nicely mirrored by those in the corresponding positron
angular maps. As an example, Fig. [3.5] displays the angular distribution of positrons in the same
higher-energy band and at the same time as the electrons in Fig. 3:4 Owing to their opposite
response to the reconnection electric field, the positrons yield the same X-point-generated beaming
configurations found among the electrons in Fig. [3.4 but reflected about the zy-plane.

To tie the beaming features on angular maps to their spatial origins, Fig. shows the
spatial electron number density at the time for which Figs [3.3H3.5] were drawn. Also shown are
the locations of randomly chosen subsets of electrons with Lorentz factors in the low-energy range
of Fig. 3.3 and the high-energy range of Figs and The positional clustering explicitly
demonstrates the dichotomy described above: low-energy particles are confined to plasmoids whose
bulk motion governs their momentum anisotropy while high-energy particles exhibit more extreme

beaming shaped by reconnection X-points. Fig. [3.6] also shows that X-point acceleration and
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Figure 3.5: A positron intensity map drawn for the same energy band and at the same time as
the electron map of Fig. Positrons feel the same reconnection electric field as electrons, but
experience acceleration in the opposite direction as a result.
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Figure 3.6: Electron density for the same time (2.0L/c) used to generate the angular maps of
Figs. In the top (bottom) panel, white ovals indicate the locations of a random subset
of the electrons contributing to the angular map in Fig. (Fig. with Lorentz factors in the
range 0.0930 < v < 0.120 (0.470 < v < 0.600). The higher energy particles reside in the hearts of
the primary and inter-plasmoid current sheets — near X-points — and the lower energy particles in
plasmoids.
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collimation is ongoing in the primary reconnection layer even after the plasmoid chain has fully
developed. As a result, it is not always the case (as it is in the angular maps shown previously)
that the strongest beaming signatures are vertical. In fact, vertical fan shapes tend to be only
intermittently prominent: when plasmoids — particularly large ones like in Fig. [3.6] — are actively
merging. In between these episodes, strong beaming arising in the primary current sheet can still
be significant (e.g., Fig. .

At this point, I would like to clarify that, of the two beaming origins discussed in this section,
it is only the one operating near X-points that was associated with kinetic beaming in the works that
originally introduced the concept (Uzdensky et al.l 2011; |Cerutti et al. 2012alb). As discussed by
those authors, the configuration of electromagnetic fields at these locations is particularly suited to
accelerate and collimate high-energy particles: the reconnection electric field delivers energy while
the reconnecting magnetic field focuses particles into beams. The particles remaining near X-points
longer are consequently more energized and more focused. As demonstrated already (Fig. ,
this mechanism is responsible for the most severe beaming at the highest particle energies; as
demonstrated later, it also yields the most energy-dependent beaming. By comparison, plasmoid
motion-generated anisotropy (Fig. is milder and tends, because it derives from fluid level
motion, to be more achromatic. (Plasmoids, along with their associated bulk motion and Doppler
beaming, provide the basis for the ‘minijets’ model of |Giannios et al.[2009} 2010.)

Thus, when I use the term ‘kinetic beaming’, I am not referring to just any energy-dependence
in the degree of particle or photon collimation. I refer specifically to the most extreme and energy-
dependent anisotropy at the highest energies generated near X-points. In this sense, the very
different signatures of beaming evident in Figs. and despite occurring at different particle
energies, do not illustrate kinetic beaming. Instead, they portray two separate beaming mechanisms
that merely dominate at different energy scales. I illustrate kinetic beaming as I and previous
authors apply the term — which involves energy-dependent anisotropy sourced only by the X-point

mechanism — after I develop a more quantitative description of beaming in the next section.
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3.2 Quantifying beaming

In this section, I present two quantitative notions of ‘beaming’ as manifested in angular
maps such as Figs. 3.3 These facilitate the detailed analysis of observable kinetic beaming,
as influenced by varying degrees of radiative efficiency, presented in the next section (3.3)). Before
proceeding, it is helpful to introduce some additional terminology with which to describe the infor-
mation on these maps: the angular distribution of particles d/N/ df2, of the instantaneous radiated
power dP/dS2, and quantities derived from theseﬂ The angular distribution dP/d€2 is ordinarily
called ‘intensity’ I, and the power P radiated into a finite solid angle is P = [ I d€2. In analogy with
light, I shall frequently call the angular distribution of particles dN/d2 by the name ‘intensity’,
as well as borrow the symbol I. Furthermore, I use the word ‘power’ to refer to the total number
of particles traveling within a finite angular patch. This language enables me to describe beaming
in generic terms. Whether I mean a beam of particles or a beam of photons will be clear from the

context.

3.2.1 Two notions of beaming

As demonstrated by the intensity maps of Figs.[3.3|and [3.4], the ZELTRON particle distributions
do not necessarily exhibit what one typically imagines as a beam: a spot of high intensity that is
nearly symmetric about some axis. Rather, the high intensity regions on angular maps can be quite
extended and complicated in shape, particularly at higher energies. Any quantitative definition of
beaming one adopts must therefore be sufficiently versatile to handle the diverse set of momentum-
space configurations attained by the particles (or photons, but for concreteness this section confines
the discussion to the particle distribution).

To meet this challenge, I employ two complementary measures of beaming. The first was
originally introduced by |Cerutti et al| (2012b)), who parameterized beaming by 59: the smallest

total (possibly non-contiguous) solid angle containing half of the power on an angular map (within

! T temporarily omit to explicitly write the dependence on time ¢, as well as the y-dependence of dN/df2 and the
spectral dependence of dP/d2, while establishing my nomenclature.
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the given energy bin). This quantity is illustrated in Figs. and A smaller value indicates
more extreme beaming because a smaller fraction of the sphere contains an order unity fraction of
the power.

The second measure of beaming characterizes the angular regions where the intensity exceeds
three times the angle-averaged intensity (denoted (I)q in the figures; again within a single energy
bin). I define the beamed fraction, abbreviated as bf, to be the fraction of the total power contained
within these regions. Extraction of the beamed fraction from the angular maps in Figs. and
is demonstrated in Figs. and

Both measures of beaming — {259 and bf — have advantages and disadvantages. The beamed
fraction does not rely on regions of extreme intensity being confined to small fractions of the sphere.
On the other hand, 2509, when small, is perhaps a more convincing indicator of beaming because it
means that the corresponding angular map region contains high power and occupies a small solid
angle; large beamed fraction indicates only high power. I use both diagnostics in order to give a
more compelling account of kinetic beaming.

One thing that these metrics have in common is that they are insensitive to the shapes and
continuities of beams. Although one may conceive of more detailed and observer-centric measures
of beaming, perhaps characterizing the morphologies of individual contiguous beams, this would
greatly complicate the analysis. Leaving that for a future work, I find that these more coarse-grained
measures are sufficient to illustrate a number of intriguing properties of the global system-wide
beaming produced by magnetic reconnection.

Having developed two notions of beaming, I am now in a position to analyze kinetic beaming,
which necessarily involves many maps across the particle energy spectrum. In this effort, the chief
utility of the Q59 and bf measures is to enable a reduction of the data contained on any given
heatmap to two meaningful numbers, which may then be plotted as a function of particle or photon
energy. This procedure is illustrated in Figs. and In the first figure, I display a collection
of electron intensity maps spanning a decade in particle energy at a given instant in the viaq T = ¢

simulation (strongly radiative). Each map in that figure is distilled to two numbers, its Q59 and its
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Figure 3.7: The same angular map as Fig. but with a blue contour outlining the smallest solid
angle that contains half of the total power — i.e., {159, which in this case is 20 per cent of 47
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Figure 3.8: The same intensity map as in Fig. but with the Q59 contour labeled. In this
case, {2509 is b per cent of 4.
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Figure 3.9: The same angular map as in Fig. but with a white contour outlining the high
intensity region (where the intensity exceeds three times its angle-average). The fraction of the
heatmap power contained in this contour is the beamed fraction and in this case is equal to 11 per
cent. The solid angle footprint of the high intensity region is 3 per cent of the sphere (note that the

solid angle ;¢ enclosed by the contour is not €59). The beamed fraction provides an alternative
measure of beaming to 5.
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Figure 3.10: The same map as Fig. but with a white contour outlining the high intensity
region (I > 3(I)q). Here the beamed fraction is equal to 60 per cent and is contained in 7 per cent
of the available solid angle.
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beamed fraction, which are then plotted as a function of particle energy in Fig. [3.12l The latter
figure depicts the pronounced energy-dependence of beaming more concisely and dramatically, and
I make use of many similar plots throughout the remainder of this work.

Before moving on to concentrate more exclusively on the succinct energy-centric view of
beaming afforded by plots like Fig. I would like to pause and emphasize, once more, the
connection between the angular configurations realized in Fig. |3.11] and their underlying physi-
cal mechanisms (discussed previously in Section . Namely, Fig. demonstrates: (1) mild
beaming in the tz-directions (¢ = 0°, A = £90°) due to bulk plasmoid motion; and (2) dramatic
beaming originating near X-points — in this case, X-points between merging plasmoids — and extend-
ing from the +z-direction (¢ = 0°, A = 0°) towards the poles (¢ = £90°). The former mechanism
is most prominent at lower energies but the latter takes precedence at higher energies and gives
rise to the steepest energy-dependence in Fig. As a reminder, it is this more extreme beaming

that I term kinetic beaming and to which I devote the majority of the analysis in the next section.

3.3 Kinetic beaming and radiative cooling

In this section, I apply the quantitative measures of beaming described above — €59 and
beamed fraction (bf) — to determine how the observational character of kinetic beaming changes
under varying degrees of radiative efficiency (vaq,1). First, I consider the question of observable
kinetic beaming for two extreme cases: no radiative cooling and strong radiative cooling. After
examining these scenarios in detail, I conduct a higher level analysis that makes use of the full
parameter scan in Yaq,1 (Table to create a more complete picture of the dependence of kinetic

beaming on cooling efficiency.

3.3.1 No cooling: Yyad 1/0c¢0 = 00

For the simulation without IC cooling (Yyad, T/0c,0 = 00), the time evolution of three quantities
as a function of particle Lorentz factor is displayed in Fig. [3.13] From top to bottom, these are the

electron energy distribution, electron beamed fraction, and electron 253. In the figure, transient
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Figure 3.11: Electron intensity maps from the yyaq, 1 = 0c0 simulation, with white contours outlin-
ing the beamed fraction (where the intensity is more than three times the average), for a series of
particle energy bins at a single time ¢t = 2.0L/c. Higher energy particles are more strongly beamed
and, in this case, originate from reconnection sites between merging plasmoids.
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Figure 3.12: Electron beamed fraction (solid blue), Q250 (dotted black), and energy distribution
(solid red) as a function of electron energy at t = 2.0L/c in the Ypaq T = 0o simulation. The
Lorentz factor v = Yrad, T = 0¢,0 is denoted by a vertical dashed line. The (259 curve is normalized
such that a perfectly isotropic angular map produces the value 250/(47 x0.5) = 1. In the same limit
(attained at low energies), the beamed fraction tends to zero because the intensity is everywhere
less than three times the isotropic intensity. The shaded region indicates the energy range shown in
Fig.[3.11} The coincident sharp rise in the beamed fraction and precipitous drop in 259 demonstrate
pronounced kinetic beaming at the highest energies.
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Figure 3.13: The evolution of the electron energy distribution (top panel), beamed fraction (middle
panel), and Q50 (bottom panel) for the simulation with Ypaq1/0c0 = 00 (no cooling). Dashed
lines indicate data prior to the first light crossing time and solid lines data between 1 and 3 light
crossings. The solid lines show that, at late times, beaming vanishes at all but the highest (recently
populated) energies: the beamed fraction tends to zero and Q59 to 0.5 x 4.
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behavior in all three quantities persists through about one light crossing time. During this early
stage, beaming is both present and energy-dependent, with bf rising sharply and 5¢ falling steeply
at high Lorentz factors: one observes clear kinetic beaming.

Here, I am restricting the discussion to the highest particle energies, ignoring the non-
monotonic behavior in bf and Q5 that takes place at lower energies (and primarily at early times).
This behavior stems chiefly from a competition between the two sources of anisotropy in the particle
distribution discussed previously in section [3.1.3} plasmoid motion, which induces mild beaming
among the low-energy particles, and collimation near reconnection X-points, which has a much
more dramatic beaming effect primarily at high particle energies. At intermediate energies, the
contributions from both plasmoids and X-points to the global (spatially integrated) distribution of
particles can be approximately equal, causing bright regions to cover a larger portion of the angular
map and, hence, making it appear more isotropic. By focusing on the highest particle (and, later,
photon) energies, where beaming is monotonically increasing [d(bf)/dy > 0 and d 250/ dy < 0], one
isolates the contribution from X-points, the true underlying agents of kinetic beaming as defined
here and in previous works (Uzdensky et al., [2011; (Cerutti et al., [2012alb, see also section .

Returning now to Fig.[3.13] one sees that at later times, beaming is quenched. After one light
crossing, both the bf and €259 curves approach their isotropic values — 0 and 0.5 x 47, respectively
— across nearly all particle energies. As discussed below, this occurs because, after their initial
energization, particles quickly isotropize due to gyration about reconnected magnetic field lines.
At first glance, it may appear that the highest Lorentz factors — those near the cutoff in the
particle distribution — are exceptions to this rule, with dramatic beaming occurring even at late
times. This is not really a persistent effect, however, because beaming lasts only temporarily at
any fixed Lorentz factor, beginning when the high-energy cutoff crosses (from below to above) that
particular energy and ending shortly thereafter. Evidently, high-energy bands retain their beaming
only until they may be populated by a significant number of particles. The reason for this is
illustrated in Fig. [3.14] and I discuss it here.

High-energy bands in the particle distribution begin the simulation empty. At some point,
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Figure 3.14: Intensity maps for an exemplary high-energy bin across several times for
the Yrad 1/0c,0 = 0o simulation. Beamed fraction contours are in white and beamed fraction values
are labeled below each map. Initially, the energy bin contains no particles; only around 0.36L/c are
particles first accelerated into the bin. Although initially beamed, in the absence of cooling, the
particles maintain their energies and isotropize over time. Later, newly accelerated and collimated
particles continue to appear in this energy band, but their contribution is drowned out by older,
isotropized particles. The generic behavior of the high-energy uncooled particle distribution may
be summarized as follows: high-energy bands start empty, they become briefly beamed when they
first acquire particles, but they then relax to an isotropic state.
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X-point energization begins to populate such a band with particles. These ‘young’ (recently accel-
erated) particles are beamed in the same way that particles emerge beamed from the reconnection
layer in the early part of the simulation (¢ < L/e¢, as observed previously by (Cerutti et al., [2012b),
who confined their analysis to early times). In the absence of radiative cooling, however, parti-
cles essentially remain in the energy band to which they are first accelerated. Meanwhile, they
settle into plasmoids, where magnetic gyromotion isotropizes their momentum distribution. After
a while, a given high-energy band is dominated by ‘old’ particles whose angular spread has lost
the beaming imprint left by X-points. Though a few young particles may still be injected into the
energy band, their contribution to the angular intensity is washed out by the large number of older
particles that has already accrued there. As a result, the high-energy parts of the particle distri-
bution contain brief, intense beaming when they first acquire particles, but subsequently isotropize
as older, increasingly isotropic particles begin to pile up.

I have simplified this explanation by considering particle acceleration to be dominated by the
impulsive X-point mechanism. Alternative slower and more isotropic acceleration channels have
been studied, for example, by |Petropoulou & Sironi (2018), Guo et al.| (2019)), and [Hakobyan et al.
(2021). However, these should be suppressed in the strongly radiative regime, unable to keep pace
with the rapid cooling of the most energetic particles. Moreover, even when radiative losses are
weaker (as in the present case Ypad 1/0c0 = 00) and these slower mechanisms are more likely to
operate, they can only serve to reduce the amount of beaming I measure, tending to swamp the
highly anisotropic angular signatures produced at X-points. Practically speaking, this means that,
while an isotropic angular map may be the combined result of dispersing beams and intrinsically
isotropic energization mechanisms, maps indicating strong kinetic beaming can only be attributed

to X-point acceleration.

3.3.2 Strong cooling: Yaq1/0c0o =1

I now turn to the case of strong radiative cooling Vad,1/0¢,0 S 1, analyzing the Yraq/0c0 =

1 simulation in detail. In this regime, the radiative cutoff, yy,q 1 is not far above the typical
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energy ((y) ~ 0¢0/4) — and well below the maximum energy (e.g., yx ~ 40, Werner et al., 2016])
— that an energized particle would have in the absence of cooling. Thus, vraq,T chops off the part
of the non-thermal power-law tail that could otherwise extend to energies above ypaq 17 (see Fig. |3.2
and the surrounding discussion).

Paralleling my treatment of the non-radiative case, Fig. plots for the simulation
with Yrad1/0c,0 = 1 what Fig. [3.13] plots for the simulation with vaq,1/0c0 = 00. Here, strong
cooling causes the electron distribution, beamed fraction, and 259 to depart from their previous
behavior, where they essentially grew monotonically in horizontal or vertical extent. Because this
makes it hard to discern the time evolution in Fig. I also supply Fig. which presents
the post-one-light-crossing time-averaged particle distribution, median beamed fraction, and me-
dian Q5. As evident from Fig. beaming persists, when cooling is strong, to late times across
almost a decade in particle energy. In contrast, as shown in the previous section, kinetic beaming
is only transient when cooling is weak; it is present across a wide range of energies at early times
and thereafter relegated to energies near the cutoff of the particle distribution.

As is the case without radiative losses, acceleration from reconnection X-points preferentially
collimates the more energetic particles into beams. The crucial difference with strong cooling is
that particles radiate away most of their energy before they have had time to isotropize: the most
energetic particles are always ‘young’ (recently accelerated). As a result, the high-energy part of
the particle distribution remains beamed at much later times (see Fig.|3.17). Beaming falls off with
decreasing particle energy, however, because particles that have been cooling longer have also been
isotropizing longer (they are ‘older’).

In principle, whether kinetic beaming persists at a given particle energy comes down to
whether the isotropization time-scale for those particles is longer or shorter than their cooling
time-scale. Suppose, for illustration, that the particle isotropization time-scale is the gyration
period tiso ~ 7/woy where the nominal Larmor frequency is wg = ¢/py = eBy/mec. The cooling
time-scale for the same particles is tcoo1,T ~ ymec? ) Pr(y) ~ 10’yfad7T Jwoy. One expects the smallest

Lorentz factor 75, for which kinetic beaming persists to late times to be that for which these time-
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Figure 3.15: The same as Fig. but for the simulation with yyaq1/0c0 = 1 (strongly cooled).
Unlike the non-radiative case, beaming is present across a moderate range of energies and persists
well beyond ¢t = L/c. The envelope of the late-time beamed fraction curves indicates at least
mild kinetic beaming across a decade in particle energies. The strongest beaming occurs over a
somewhat smaller range, where the beamed fraction curves begin to rise steeply and the 259 curves

begin to turn over.



66

100 ~—= SRR — T 1034 5 109
11n33 ]
80+ 10
110 410108
N (@)
el =1 X
= 41031 1 k
QO 40f+ . ~ 2 =
410 4104
] c
201 1102 ]
O —1 1 L M R A B A A | Cnl 1028 10-3

Figure 3.16: The time-averaged electron distribution (red solid line), median electron beamed
fraction (blue solid line), and median electron 259 (black dotted line) as a function of particle
energy for times between L/c and 3L/c in the Ypaq,1/0co = 1 simulation. The shaded beamed
fraction and 59 envelopes indicate the middle 68 per cent of the time series data at each particle
energy. As discussed in Fig. but somewhat more obvious here, the beamed fraction indicates
at least weak beaming across a decade on the horizontal axis. Both beamed fraction and 59
indicate strong beaming over a slightly narrower energetic range.
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Figure 3.17: The time-dependence of a high-energy heatmap for the yaq1/0c0 = 1 simulation.
In the uncooled simulation, a similar set of figures (Fig. demonstrated the transience of
beaming in that energy bin. But in this strongly cooled case, spectacular beaming patterns persist
to times well past ¢ = L/c. Note that sometimes (particularly ¢ = 1.6L/c) X-points in the primary
reconnection layer dominate the beaming, producing horizontal swaths of high intensity regions; at
other times, the prominent vertical swaths indicate beaming produced at X-points between merging
plasmoids (cf. section discussion).
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scales are equal: 750 ~ \/E’Vrad,T- This picture is oversimplified, for it predicts viso to exceed
(somewhat) the radiation-reaction limit vyaq 7, and it predicts vrad,1/7s0 ~ constant, while I find
(see section [3.3.3)) a non-trivial scaling of Yrad 7/7iso With Yraq, 7. What can be said for certain in the
case Yrad,1/0c,0 = 1 is that particles radiate more quickly than they isotropize over a considerable

range of energies.

3.3.3 Kinetic beaming as a function of radiative efficiency

Having demonstrated that strong kinetic beaming persists in the presence of efficient ra-
diative cooling but disappears after about ¢ = L/c when cooling is negligible, I now analyze the
transition between these regimes. In particular, I examine how sustained kinetic beaming weakens
as the result of decreasing IC radiative efficiency. I also shift my focus from the angular particle
distribution dV;/ dy dQ2 to the IC emission spectrum dP;/ de dS2 where € and Q2 are the energy and
direction, respectively, of IC photonsE| This presents no challenge from an analysis standpoint,
since the diagnostics used so far (angular maps, beamed fraction, Q250) apply as well to photons as
to particles. In fact, analyzing the photons themselves rather than the emitting particles enables a
more precise measurement of kinetic beaming, a point that I now briefly elaborate.

In this section, I shall be interested in the energetic extent of kinetic beaming: the range of
(high) photon or particle energies across which a strong energy-dependent anisotropy is evident.
Now, in the Thomson regime, photons Comptonized by a particle of Lorentz factor v attain in-
creased energies by the factor 42 and are emitted along the particle’s velocity vector within a cone
of half-opening angle 1/+. So, in the ultrarelativistic limit (v > 1), not only is the angular distri-
bution of emission nearly identical to that of the radiating particles, but kinetic beaming actually
encompasses a wider range of energies in the former than in the latter. Therefore, treating the
IC emission rather than the radiating particles directly allows me to measure more precisely the

energetic extent of kinetic beaming as it becomes small.

2 The quantity dP; /dedQ is the instantaneous (at time t), lower layer, volume-integrated IC emission coeffi-

cient jic, with jic as defined by Rybicki & Lightman (1979): dP;/dedQ = fy<Ly/2 dz dy jic(z, v, €, Q;t).
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Figure 3.18: The time-averaged (over 1 < ¢t/L < 3) electron IC emission spectrum (solid red), median beamed fraction (bf; solid blue),
and median 259 curve (dotted black) for the simulations with Yyaq1/0c0 = 1 (left), 4 (middle), and 16 (right). Shaded regions indicate,
for Q50 and bf only, the middle 68 per cent of data. In each panel, the Q59 data (dotted black lines with shaded regions serving as error
bars) are fit using a smoothly broken power law parameterized as in equation . To avoid needing a more complicated fitting formula,
only data following the last local maximum in the dotted 59 curve are fit. The fit is drawn as a solid black line on top of the data
that are used. Solid black vertical lines indicate the onset of the best-fitting spectral break (s, in the text); dot-dashed red vertical
lines show the spectral cutoff (e. in the text) in the displayed emission spectrum. The horizontal axis is normalized to the maximum
energy 40’3’0613}1 to which a particle of Lorentz factor o, can upscatter e,,-energy photons in the Thomson IC regime.
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In Fig. I illustrate beaming as a function of photon energy for three of the radiative
runs (Yrad,T/0c,0 = 1,4, and 16). In that figure, one sees that kinetic beaming — marked by rising bf
and declining 2509 at the highest energies — persists well beyond the first light crossing time in all
simulations. Also, the energy range across which beaming is kinetic widens for the more strongly
radiative simulations.  Fig. quantifies these observations by displaying two characteristic
photon energies. The first is the energy €5, above which beaming acquires pronounced spectral
dependence — where the 59 curves begin to turn downward. The second is €., the cutoff in the IC
emission spectrum. The ratio of the cutoff €. to the ‘isotropic’ energy €is, characterizes the beamed
range of photon energies.

These energy scales and their ratio are critical to my eventual quantitative portrait of kinetic
beaming as a function of radiative efficiency. Therefore, here I expound upon the techniques I use
to measure them and describe the trends in the measurements across the series of simulations. Let
me begin with .. Following the method of equation 37 in |Bai et al.| (2015]) (see also |Sironi et al.,

2016; Hakobyan et all 2019)), I take

B fde €" Fic(e)
~ [deen1Fic(e)’

(3.5)

€c

where Fic(e) = [dQ dP;/ded) and n is empirically determined. I use n = 4 (higher values
do not change the power-law scaling of ¢, with cooling strength in Fig. |3.19). The result of this
calculation is displayed in Fig. for three reference simulations, and the functional dependence
of € on 7raq 1 is displayed, for my entire series of simulations, in Fig. [3.19, (Note in that figure,
as well as in Figs. and the horizontal axis is 0¢0/Yrad, T, Which increases with stronger
cooling.) I omit Yraq 1/0c,0 = 64, 00 from Figs. because those simulations exhibit secular
growth in €. throughout my analysis interval, 1 < c¢t/L < 3, never reaching a quasi-steady state.
In Fig. the large a4, 1 (Weak radiation-reaction) scaling of €. with aq1 significantly
deviates from e, = 492, 4, T€ph (recall here that ey is the monochromatic energy of IC seed photons).
This scaling is a special case of the more general result, ¢, = 4726ph, which equals the maximum

emitted photon energy from a particle at the cutoff Lorentz factor, 7., in the particle distribution.
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At large 7raq,1, I measure e, < 47r2ad,T6ph- This means that 7. < 71 and, perhaps, that
diminished radiative efficiency allows a slower particle acceleration mechanism to dominate the
highest energiesﬂ

To see how this might work, suppose that such a mechanism operates and that the associated
acceleration time tyoy for a particle to double its Lorentz factor v — 2v scales as tgow < 7C.
Generally, one expects ( > 1 since the linear case ( = 1 corresponds to the fast time-scale tx o v
associated with direct X-point acceleration [to be exact, tx(7) = Ymec?/ceBrecBo ~ 107 /wo).
Furthermore, for self-consistency, this picture requires that the fast acceleration scaling tx oc 7
does not continue indefinitely to high energies; otherwise there would never be a large-y regime
where tgow < tx. I therefore assume that beyond the intrinsic X-point maximum Lorentz factor vx,
the direct acceleration mechanism ceases. (Formally, tx o v for v < yx and tx = oo otherwise.)

In this scenario, I adopt yx ~ 40.0. This has already been suggested by Werner et al.
(2016) as a natural limit set by the size of elementary current layers in the plasmoid hierarchy.
Moreover, Yraq, T = 40c is, quite suggestively, where the scaling €. o< 'yfad,T appears to break down
in Fig. Let me therefore tentatively assign yx = 40 (appropriate for my simulations, but, as
discussed in section not necessarily the case in all astrophysical instances of reconnection).

Assuming radiative losses are weak enough that particles reach Lorentz factors exceeding vx =
doc0 (i-€e., Yraa, T > 40c0), reconnection is in a regime where tqoy < tx at the highest energies.
Equating, therefore, tgow to the Thomson IC cooling time tr(v) = 1O'Yr2ad7T /ywo X 'VrZad,T /7 gives
an expected cutoff in the particle distribution v, o 'yi{éc; U decided not by the competition between
radiative losses and X-point acceleration, but by that between radiation and the putative slower
acceleration mechanism. Importantly, the corresponding photon energy cutoff e, = 4’Yc2éph x
’yfa{f; Y scales more gently than o 7r2ad7T, which is expected only if yaq 1 < 7x = 40cp.

The above considerations are more than just an abstract hypothetical exercise. In fact, a

slower energization process with ¢ = 2 — in which the Lorentz factors of high-energy particles

generally follow v(t) o v/t — has been identified by [Petropoulou & Sironi| (2018) and recently

3 T have verified that vc < 7Yraa,T, but do not present a corresponding plot.
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elaborated by Hakobyan et al.| (2021). In contrast to direct acceleration at reconnection X-points,
this mechanism operates on particles inside plasmoids. There, particles are accelerated gradually
due to conservation of their magnetic moments in the presence of a slowly growing magnetic field.

/

The resultant scaling €. o Vfaj,T is not far from the apparent weak radiation-reaction scaling in
Fig.[3.19

Let me now use these ideas to construct a theoretical model that explains all of my e,
measurements. In this effort, I regard the cutoffs 7. and €. as dependent functions of the in-
dependent variable 7paq 1. The particular value vraq 1 = 7x = 400 is special, because I as-
sume that, for vaq 7 > x, X-point acceleration is subdominant. Instead, particles are primar-
ily accelerated by a process similar to that of Petropoulou & Sironi (2018)) and |[Hakobyan et al.
(2021)), which operates on a time-scale ty,, = C72. To fix the proportionality constant C, I
require that the slow and fast acceleration time-scales, 4o and tx, give equal cutoff Lorentz
factors vc(Vrad,T) = Yrad,T at the transition value vaq 1 = yx. This can be expressed as the con-
dition 073 = tglow = X = tcool, T = 1()%2&017T /Yewo, and yields, upon inserting v. = Yaa,r = 40¢0,
the result tgow = 572/20C70w0 (C =5/20¢0wp). For yaar < 7x, the cutoff 7. is set by the com-
petition between X-point acceleration and radiative cooling and is given by tx(7c) = teool,T(Ve);
for larger 7raq,T, cooling balances the slower acceleration mechanism and 7. can be found from the
condition tgow(Ve) = teool T(7c). The IC photon cutoff energy e, = 4726ph is then a broken power

law in ypaq,T:

€cl = 47?ad,T6Ph VYrad,T <vx = 4UC,O
€c = (3.6)

42 2/3 .
€2 = 47rad’T6ph(4o—c,O/7rad,T) /3 otherwise .

Should one wish to smooth the transition between €. = €.1 and €. = €., I find that the empirical

formula
1 1 1
2" 2 ta (3.7)
€ €1 €c2

describes the €(yrad,T) data quite well. Both this smoothed form and e.; and eco individually are

displayed in Fig. Also shown is a power-law fit e, o yrlég,T exhibiting a scaling intermediate
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between €.; and €.o. Formally, equations and , and a single power law all acceptably
reproduce the €.(Vraq,T) data, but, based on the theoretical considerations discussed here, I suspect
that a broken power law more accurately reflects the underlying physics.

To connect back to the discussion in chapter the transition between e.; and e.5 oc-
curs at yaq,T = X, Which is precisely the transition between radiative regimes where the high-
energy particles marginally attain radiative saturation (Y. = “aa,r). When cooling is less effi-
cient (Yrad, T > 7x), none of the particles energized by reconnection reaches the saturation condi-
tion, and, hence, 7 < Yraq,r- This is consistent with the fact that eco < €1 when Yiaq 1 > 7x. At
higher cooling strengths, vraq, T < X, particles energized near reconnection X-points quickly reach
the radiative saturation energy <aq,1, yielding v¢ = Yraq, 7 and, thus, e.; = 47rgad,T€ph-

Let me now move on to describe my other important beaming-related energy scale €j50. As I
did with e, I first describe how I measure this quantity, interpreting the measurements thereafter.

To calculate €y, the first step is to fit a smoothly broken power law of the form
(P1—p2)A

= () "1 [+ ()] &

to the Q59 curve (astropy.modeling.powerlaws.Smoothly BrokenPowerLawlD, |Astropy Collab-

oration et al., 2018, see Fig. |3.18]). The parameters A, pi, p2, and €, are the scale, power-law
indices, and spectral break of the fit. The parameter A controls the width of the break in the
sense that equation constitutes a pure power law with index p; (p2) at energies below ey, /102
(above e, 104).

Once the parameters in are determined, I take €50 = €p;/ 102. This definition is empir-
ically motivated from two observations. First, the Q259 fits generally produce p; nearly flat and po
steep (|p1] < 0.2 and p > 1.5 across all fits). Second, in the (low-energy) p; segment of the
curve, 250 hovers near isotropy [Q50(¢) ~ 0.5 x 47]|. Hence, at energies below €,/ 102, Qsp is both
energy-independent and isotropic (i.e., kinetic beaming is absent), but above e,/ 102, Qs begins

to turn over, eventually declining precipitously with photon energy. Thus, the choice €5, = €p;/ 104
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provides a good description for when beaming starts becoming kinetic, as intendedﬁ

In order to build confidence in this €jg-extraction method, and to illustrate the utility of
having two metrics of beaming (259 and bf), I now discuss one subtlety associated with the €,
measurement procedure. Namely, because 102 lies between 2 and 8 across all Qs5q(e) fits (except for
one broad transition 102 = 20 in the Yrad, T/0c,0 = 2 simulation), and because ey, is rather large to
begin with, the energy ey, 102 signaling the end of the spectral break often falls near the rightmost
edge of the Q50(€) data (or, for Vraq,1/0c,0 = 2, well beyond it). This means that ps and, to some
extent, A and €y, are not necessarily well constrained. I deal with this difficulty in two ways. First, I
do not rigorously study the ps measurements. I only report the lowest value p; = 1.5 (see above) to
generally indicate the pronounced energy-dependence acquired by (259 beyond €i50. Secondly, for the
fitted e, and A values, which are used directly in my definition of €;50, I provide the following sanity
check using my second metric of beaming: the beamed fraction. In particular, for each simulation,
the location €5, = €1,/ 102 — despite being entirely determined from the {259 data — roughly coincides
with photon energies where the beamed fraction slope increases most rapidly [where d?(bf)/ de? is
peaked|. This qualitative agreement between beaming metrics suggests that €, flags a real feature
in the Q50 curves, and is not merely an artifact of truncated high-energy 5 information. Fig.[3:20]
displays the dependence of €is, On ¢ 0/Vrad,T-

The kinetic beaming range €./€iso, measured from actual PIC simulations using the above
techniques, allows me to quantify the energetic extent of kinetic beaming versus cooling strength.
This is done in Fig. [3.21] where I present the value of e./€iso as a function of o /Vraq T (OnE
data point per simulation). In both Figs. and I supply power-law fits to the data. This
is not meant to indicate a robust theoretical description, but merely to characterize how quickly
these quantities change from the weakly radiative (Viad, T ™~ Ymax > 0c0) to a more strongly
radiative (Vraa, T S 0c,0) regime.

Fig. demonstrates a clear dependence of the kinetic beaming range on IC cooling

4 Because I wish to flag the onset of kinetic beaming, I choose €50 = ebr/10A rather than €jso = epr. This means
that, intentionally, the measured e€is, values indicated in Fig. [3.18| are often just before the 59 curves turn over,
rather than in the middle of the spectral break.
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Figure 3.19: The cutoff photon energy displayed as a function of IC cooling strength using two

different normalizations. In the upper panel, €. is normalized to 402,061)}1; in the bottom panel, the
normalization is 4’yfad réph- Each data point represents the median cutoff computed as a function

of time (over 1 < ¢t/L < 3) for a given simulation. Error bars indicate the middle 68 per cent of
data. A power-law fit to the data is presented in blue, with shaded blue envelope indicating the

uncertainty in the fit. The expected low-7;qaq,1 scaling €1 ~ ’yfad’T is displayed in dashed magenta

and the high-v,4q 1 scaling eco ~ ’yrij o in dotted magenta. Additionally, the lower panel shows the

empirical fitting formula (3.7). A x? goodness-of-fit test does not reject equations (3.6) and ,
or the single power law.
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Figure 3.20: The isotropic photon energy €iso, which marks the transition to strong kinetic beaming
in the Q59 curve, as a function of IC cooling strength. Error bars indicate 68 per cent confidence
intervals given by Markov chain Monte Carlo fits (Foreman-Mackey et al. [2013) to each sim-
ulation’s Q50(€) curve (see Fig. using a smoothly broken power law [as parameterized in
equation (3.8)]. In this figure, the €5, data are fit with unbroken power laws across both the
full range of data 1/2 < vaq,1/0 < 32 (solid blue with shaded error envelope) and a restricted
range 1/2 < ypaq,17/0 < 16 (dashed green with shaded error envelope). The restricted fit excludes
the non-radiative asymptotic behavior where €4, is expected to clamp to e..
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Figure 3.21: The ‘range’ of kinetic beaming as a function of o¢o/Yrad T, expressed as the ratio
of cutoff photon energy to photon energy of beaming onset: €./€iso. For each simulation, the
photon energy e, is measured as the break energy in a broken power-law fit to the (259 curve,
as in Fig. [3.18] Error bars presented are ‘worst case’, given by computing the ratio €./€iso at the
extreme ends of the confidence intervals in Fig. and Fig. [3.:20] The solid blue power-law fit
uses the entire range of data 1/2 < paq1/0c0 < 32 and the dashed green power law uses the
restricted range 1/2 < ypaq1/0 < 16. (As in Figs. and shaded blue and green envelopes
indicate fit uncertainties.) Fits omitting additional data from the weakly radiative end (high Yyad,T,
low 0 /7rad,T) yield power-law scalings consistent with the dashed-green line, suggesting that e./€iso
may asymptote to a non-radiative limit of order unity for yyaq 1 2 160¢ 0.
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strength. Moreover, this dependence may be stronger than is suggested by naively fitting a single
power law to the entire data set 1/2 < 4paq1/0¢,0 < 32. This is because €j5, can never exceed e:
particles and photons can be neither isotropic nor beamed at energies where none of them exist.
Thus, the ratio e./€is0, although strongly dependent on 7rag T When aq 7 approaches the strong
cooling regime, must ultimately asymptote to unity in the non-radiative limit. According to the
data, this occurs closer to Yraq, T = 160¢0 than to Yraq T = 320¢9. To demonstrate this, I conduct
a series of fits to the data in Fig. of which I display only the first two. In each successive
iteration, I remove the most weakly radiative simulation (that is, I keep all the data for the first
fit, omit Ypaq, 7 = 320¢,0 for the second, omit Yaq, 1 = 320¢ 0 and Yaq, T = 160 for the third, etc.).
The power law becomes insensitive to this procedure once restricted to Vg, < 160 and at that
point exhibits nearly linear scaling.

This suggests that my simulation series captures an important transition in the range of
beamed photon energies. For the milder radiative cooling (7rad, 1 2 160¢0), kinetic beaming is
unobservable, manifesting itself nowhere in the distribution of emitted photons (€jso ~ €.). However,
once the radiative efficiency is increased, kinetic beaming suddenly appears, and persists at late
times across a sizable range of photon energies. This range increases throughout the entire set
of Yrad,T that is numerically accessible to me, and even surpasses one decade when Yyaq 1 S 40c0 ~
rX-

Finally, I note that the simulation with ypaq 1 = 0c¢0/2, which (as noted in section
is problematic from the standpoint of cooling in the upstream plasma, is not essential to any of
the findings in this section. In particular, excluding it leaves all best-fitting power-law scalings
essentially unchanged. Because this simulation does not modify any of the overall trends, and

indeed appears to fall in line with those trends, I have included it in Figs. |3.19H3.21

3.34 System-size dependence

Before placing the numerical results of this chapter in an astrophysical context, let me briefly

explore how they depend on the size of the computational box L, = L. To do so, I report on a small
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series of simulations with fixed radiation-reaction strength yyaq 1 = 40co and varying L/ocopo €
(80,120, 160, 240, 320] (i.e., Ymax/0c,0 € [8,12,16,24,32]). All other parameters are the same as
described in section [3.1] and summarized in Table B.1]

I have chosen raq, T = 40 for these simulations because, on the one hand, my results in the
previous section indicate that this radiative efficiency is strong enough to yield a substantial range
of beamed photon energies. On the other hand, the radiation is weak enough that the upstream
plasma does not cool at all during the simulation [teoorT/(3L/c) = 22 in equation ] In
the yraq,T scan, I tolerated a larger degree of upstream cooling because the expected error imparted
to the main measured quantities — €50, €., and €./€jso — was both within the measurement error and
swamped by the pronounced observed v;aq T-dependence. However, here I need to be more strict.
My goal is to demonstrate system-size insensitivity of the same beaming quantities, and, hence, I
need to eliminate any upstream cooling effects that could selectively come into play at larger L.

For this series of simulations, Fig. [3.22] displays the values of €., €iso, and the kinetic beaming
range €./ €iso calculated by the methods described in section If kinetic beaming were to weaken
with system size, presumably because of a diminished importance of kinetic scale phenomena, then
one would expect the kinetic beaming range €. /€50 to exhibit a downward trend with L. Instead,
the data show that this quantity is consistent with being constant with L. This is in fact true not
only of the ratio €./€i5 but also of €. and €5 individually. If there is any non-constant trend at
all, although this is not statistically significant, the kinetic beaming range increases with L (owing
primarily to a decrease in €ig).

In this system-size scan, I have not explored larger L because (1) the existing results establish
a compelling trend and (2) the cost of larger boxes is prohibitive: a factor of 2 increase leads to
a factor of 23 additional computational expense. Pending a future study that more thoroughly
elucidates system-size effects — both by going to larger L and by trialing additional values of yyaq T
— I move forward assuming that the basic picture of kinetic beaming is captured by the main
simulation series (with constant L = 3200.0p9 and varying vaq, 7). In particular, I assume that

those results can be extrapolated to astrophysically large systems, as suggested by the L-invariance
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Figure 3.22: Top panel: e, and ej5, measured using the same techniques as for Figs. [3.19]and [3.20|but
for a series of simulations at uniform ~,q 7 = 40¢0 and varying L/ocopo = [80,120, 160, 240, 320].
Bottom panel: the kinetic beaming range €. /€5, for the same series of simulations. Solid lines indi-
cate constant fits to each quantity, with shaded regions displaying 68 per cent confidence intervals.
A x? goodness-of-fit test does not reject any of these flat lines, showing that, given the error bars,
the data are consistent with L-independence.
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apparent in this system-size investigation.

3.4 Summary of kinetic beaming

In this section, I collect and summarize what features of kinetic beaming have been elucidated
from the simulations presented above (particularly from section the fundamental features of
which, as suggested in section may apply even to astrophysically large systems), with an
eye towards extrapolating these findings to astrophysical situations. My remarks are mostly at a
general level, independent of any particular class of astrophysical objects, but they set the stage
for my specific application to TeV blazar flares in chapter

Assuming the connection between beaming and rapid light-curve variability (described in the
earlier works of |Cerutti et al., 2012b}, 2013, |2014a)b)), my main result is that kinetic beaming requires
a high degree of radiative efficiency in order to leave an observational signature. From my analysis of
the kinetic beaming range €. /€50 (Fig. , I have quantitatively discovered that beaming-induced
variability should only exist in the highest energy spectral bands, where the emitting particles are
near their radiatively imposed cutoff energy. An implication in the context of gamma-ray (e.g.,
blazar) flares is that, if high-cadence observations could be made in both bands, TeV flares should
not have similar time-scale GeV counterparts (unless multiple radiative processes enable particles
near radiative saturation to emit in several bands): kinetic beaming does not appear to be sustained
over such a broad energy range.

My findings further suggest that, when radiative cooling is weak, kinetic beaming does not
necessarily explain the total duration of rapid flares. While the transient initial phase of beam-
ing seen in my weakly cooled simulations could influence the rising part of a flare, subsequent
isotropization would likely prevent, in that case, the fast-rise fast-decay pattern characteristic of a
collimated beam crossing the line of sight. On the other hand, kinetic beaming may well shape the
entire temporal profile of rapid outbursts when radiative cooling is efficient. Then the energetic
particle beams emit corresponding photon beams before diverging. Near the spectral cutoff, beam-

ing is pronounced and kinetic, and the light curves in this band are expected to exhibit increasingly
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dramatic variability at higher and higher energies.

Finally, I would like to state a conjecture that may broaden the scope of my results, enhancing
the potential variety of astrophysical sources for which kinetic beaming may explain rapid flares.
This conjecture concerns the range of 7yadq1/0c0o for which kinetic beaming extends across an
appreciable span of energies (for which e./€is is sizable). Fig. suggests that this range only
exceeds about a decade when 7yaq 1 < 40 0. This, however, does not necessarily mean that sources
for which yraq 1 > 0c,0 should not exhibit kinetically beamed emission. In particular, I believe
that the figure of merit for a kinetic beaming scenario is not whether ;.4 7 is of order several o g
or less, but whether the actual energies achieved by particles are close to Yraq, 7. As suggested by
my results (Fig. and argued in chapter [2] [section near equation ([2.8])], particles are only
expected to reach Lorentz factors ~ 7paq 1 if they are accelerated by the fast X-point mechanism.
Slower acceleration channels radiatively saturate at energies less than v,,9 7. Hence, if particles are
somehow able to reach vraq T even when ypaq T > 0c 0, then they must have been accelerated and,
consequently, beamed near an X-point.

Thus, what kinetic beaming really depends on is not whether v,ar S (several)ocp, but
whether 7raq 1 is comparable to or less than the maximum Lorentz factor vyx achievable due to
X-point acceleration. As hypothesized by this and prior studies (Werner et al., |2016; Petropoulou
& Sironi, 2018; Hakobyan et al. 2021), yx may be of the order of 40 in reconnection set-ups
like the one employed by me in this work, meaning that the requirement 7,59 7 < vyx in my case
simplifies to yaq T < 40c0. However, in alternative and more astrophysical situations, it may
be possible for yx to circumvent this 4o, limit. For example, many of the sources (e.g., pulsar
wind nebulae and active galactic nuclei) for which kinetic beaming nicely explains a number of
aspects of observed flares are also highly non-thermal emitters, even in their quiescent states. This
suggests that the upstream plasma is itself non-thermal, possessing a long tail of already high-
energy particles — very different from the thermal upstream conditions in my (and almost all other)

simulations. Injected into the reconnection layer near an X-point, these high-energy particles may

not be limited to Lorentz factors 40, and could indeed already exceed those Lorentz factors before
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even experiencing the reconnection electric field.

Such particles could, in principle, reach Lorentz factors all the way up to the Hillas
limit eEreCl/mec2 where Eyo. ~ 0.1Bj is the reconnection electric field, and [ is its potentially
macroscopic coherence length. Importantly, the effective [ should be larger for particles that are
more energetic upon entering the reconnection region. Indeed, Werner et al.| (2016)) found that the
characteristic yx ~ 40¢0 limit arises because cold thermal particles only experience direct linear
acceleration in elementary current layers between the smallest-scale plasmoids. Before their energy
can grow too large, these particles become magnetized and trapped inside small plasmoids flanking
the elementary layer where they were originally accelerated. However, higher energy particles have
much larger Larmor radii and therefore sample larger scale fields. They may potentially traverse
multiple acceleration regions (spanning several elementary current layers) before finally becoming
trapped inside a necessarily large (and therefore rare) plasmoid (cf. Cerutti et al., [2013).

These remarks motivate a future systematic study of the maximum Lorentz factors achievable
by X-point acceleration, and of kinetic beaming, in the presence of alternative upstream conditions.
However, when it comes to my astrophysical discussion in the next chapter, I simply assume that
it is possible to achieve Lorentz factors v ~ Yaa,1 (i-€., Yrad, T < 7x) even if Ypaq 1 > 0c 0, and I do
not require yaq T < 40¢0 as a necessary condition for kinetic beaming.

At this point, it is clear that the astrophysical relevance of my findings is predicated on
whether they survive under a number of non-trivial generalizations (e.g., to larger systems, to more
realistic upstream conditions, and even to 3D), most of which are beyond the scope of this work.
With that in mind, one should read my specific astrophysical remarks below not as predictions
made by a robust and fully-fledged theory, but as provocative inferences that can be made should
the fundamental character of my findings be preserved in real astrophysical systems. It is to those
inferences that I now turn. Focusing specifically on TeV blazar flares, I examine whether kinetic
beaming — as understood within the simplified framework of this study — can reasonably explain
the extreme variability observed in these events in a manner that is consistent with, and possibly

constrains, blazar radiative environments.



Chapter 4

Implications of Kinetic Beaming Results for Rapid TeV FSRQ Flares

This chapter is paired with the previous one in presenting material originally published by
Mehlhaff et al.|(2020)). In it, I explore the astrophysical implications of the numerical results, con-
cerning kinetic beaming in Thomson radiative reconnection, detailed in chapter [3] The particular
astrophysical application I focus on is rapid TeV blazar (specifically FSRQ) flares. Before getting
into the analysis, I provide some additional background concerning blazars — more extensive than
that given in the Introduction (section [1.3)).

Blazars comprise a class of active galactic nuclei (AGNs) with a relativistic jet pointed towards
the Earth. Their observed spectra are generally quite broad, extending from the radio band to
the gamma-rays, and characterized by two non-thermal humps. In models where the emission is
leptonic, the lower energy (optical/UV/X-ray) hump is thought to stem from synchrotron radiation
and the higher energy (gamma-ray) component from the IC process, whereby soft ambient photons
are upscattered by relativistic particles (Begelman et al., |2008; Bottcher et al., 2013; Madejski
& Sikora), 2016). The photons seeding IC scattering are typically supplied either by synchrotron
emission from within the jet itself (synchrotron self-Compton, or SSC, models; e.g., Maraschi et al.,
1992; Bloom & Marscher, [1996)) or by various external sources (external IC models; e.g. Begelman
& Sikoray, [1987; Melia & Konigl, [1989; [Sikora et al., [1994). The most common view is that internal
synchrotron emission seeds Compton scattering in BL. Lacs — blazars characterized by a lack of
strong emission lines — whereas external photons dominate the ambient radiation field in FSRQs,

which are more luminous, showing strong emission lines and thermal radiation attributed to an
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accretion disk (Tavecchio et all, 2011; Madejski & Sikora, 2016]).

Here, I follow in the footsteps of many prior studies (e.g., |Giannios et al., 2009; Nalewajko|

let al.,[2011}; |Giannios, [2013} [Sironi et al., [2015; [Petropoulou et al., [2016; Werner et al., 2018} [(Christie|

et al. 2019} 2020; Ortuno-Macias & Nalewajko, |2020)), positing relativistic magnetic reconnection

as the driving mechanism behind blazar flares. Because it is difficult for a reconnection layer

to sustain internal radiation energy density larger than the upstream (unreconnected) magnetic

energy density (Beloborodov, 2017; |Christie et al. [2019), the most natural emission model for

reconnection-powered Compton-dominated flares — for which the IC spectral component dominates

the synchrotron emission — is external IC (e.g., Christie et al., 2020). Conveniently, the objects

with the most extreme observed Compton dominance, FSRQs, are also those objects that come
pre-equipped with rich external radiation environmentsﬂ Not only is an externally illuminated
reconnection region precisely the set-up addressed in the simulations of chapter [3] but in the case

of the first sub-hour TeV FSRQ flare ever observed — that from PKS 1222421 on 2010 June 17

(Aleksi¢ et al., 2011; Tanaka et al) |2011) — a strong case has already been made by

that kinetic beaming was at play. For these reasons, I devote the main part of my
analysis to understanding rapid TeV FSRQ flares, concentrating on the prototypical PKS 1222421
outburst.

Two prominent sources of external background radiation in FSRQs like PKS 1222421 are
the broad-line region (BLR) and dusty torus (also called the hot dust region; HDR). The BLR

contains gas subject to ionizing radiation from the AGN accretion disc, and it reprocesses this light

into UV line emission (most prominently Ly «; Tavecchio & Ghisellini, [2008). The HDR is made

of dust clouds radiantly heated by the AGN and producing thermal emission predominantly in the

IR (Nenkova et all, [2008alb).

As discussed by Nalewajko et al.| (2012) (see also |Aleksi¢ et al., 2011; Tavecchio et al., [2011]),

the very high-energy (VHE; = 0.1TeV) radiation detected from PKS 1222421 must have been

1A notable exception is the BL Lac PKS 2155-304, which produced a Compton-dominated flare in 2006
(Abramowski et all, [2012)).
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produced beyond the BLR, at least ~ 0.5 pc from the AGN. Otherwise, it would have been absorbed
while traversing the intense BLR radiation fields. At that distance, the extremely rapid variability
time-scale requires the VHE flare to be fed by an unrealistically high energy density packed into a
small fraction of the jet’s cross section. However, via kinetic beaming, magnetic reconnection can
achieve the same variability time-scale in a much larger space (Cerutti et al., [2013, 2014alb). This,
combined with the highly collimated emitting particles (this work and, originally, |Cerutti et al.,
2012b)), relaxes the necessary energy density, enabling the flare to be fueled at the parsec-scale on
a reasonable energy budget (the full details of this argument are presented by Nalewajko et al.,
2012]).

The numerical results of chapter [3| may be used to further constrain this general picture
of kinetic beaming in reconnection-powered VHE FSRQ flares. Namely, one may stipulate that
the putative beaming operates with the emitting particles near radiative saturation, and examine
what new astrophysical insight may be derived from this requirement. Let me make this idea more
quantitative. In my simulations, kinetic beaming was apparent in the late-time distribution of
particles only when the highest-energy particles could achieve radiative saturation (Yrad,1 S 40¢,0 ~
(vx)) and for emitting particle Lorentz factors Yemit above the isotropization threshold ~iso. In the
case of particularly efficient radiation (Yyaa, T = 0¢,0), Viso Was nearly an order of magnitude smaller
than the radiative cutoff, 7. =~ a1 (see Figs. and and their surrounding discussion).
Thus, a necessary condition for kinetic beaming to yield an observable signature is that the emitting

particles bear energies within a fairly narrow band given by

Yrad, T
Vrad, T 2 Yemit = Viso ™~ rio . (41)

As already discussed (section , despite that it was only in my simulations with yraq 1 S 40c0
that I measured an appreciable range of beamed particle and photon energies, I refrain from employ-
ing Yraa,r S 400 as a requirement for kinetic beaming in addition to (4.1]). Rather, I assume that
it is possible for X-points to accelerate particles up to the radiative limit yyaq, 1 even if yraq > 0c 0,

provided some particles in the reconnection inflow already possess relatively high Lorentz factors.
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This could be the case, for example, if the upstream plasma is highly non-thermal, as may reason-
ably be expected from non-thermal quiescent blazar spectra.

I now present simple estimates to check whether equation is satisfied by an external IC
model for the PKS 1222+21 VHE flare. Here, unprimed quantities are evaluated in the observer’s
frame and primed quantities in the frame of the VHE emitting region, which is the assumed rest
frame of the reconnection layer. (However, I leave particle Lorentz factors v unprimed, though
they are always evaluated in the reconnection frame.) These frames are connected by the emitting
region bulk Lorentz factor I'. For simplicity, I ignore the source redshift z ~ 0.4, and assume the
angle 0,5 between the emitting region bulk velocity and the line of sight to be such that the Doppler
factor § = {T[1 — (1 — 1/T2)"/2 cos fops]} ' is approximately equal to I'. I follow Nalewajko et al.
(2012)), adopting I' = 40 (sufficient to render external IC radiation more efficient than SSC) and a
fiducial comoving (unreconnected) magnetic field strength B, = 0.1 G typical at the parsec-scale.

Beyond the BLR, the likely dominant source of external photons illuminating the jet is the
dusty torus. In the observer’s frame, the torus radiation is approximately uniform and isotropic,
with energy density Unpr ~ 9 x 107 erg cm ™ and typical photon energy egpr ~ 0.3eV (Nenkova,
et al., 2008a),b; [Sikora et al., 2009; [Malmrose et al.l 2011} |Tavecchio et all [2011; Nalewajko et al.|
2012)). Particles IC upscattering these photons to the characteristic observed energy €,n,s = 100 GeV

(Aleksic¢ et al., 2011)) have approximate Lorentz factors

/
€ € T
b obs/
Yemit,HDR ~~ \/E,O 5~

HDR, euprl’

wrot (DY (s ) (e T (4.2)
40 100 GeV 0.3eV ’ '

I note that the Comptonization occurs in the marginal Klein-Nishina regime, since, in the rest

frames of the scattering particles, the seed photon energies are close to the electron rest mass [cf.
equation (3.1))]:

/
Yemit, HDRE€HDR - €obs€HDR
MeC? (mec?)?

€obs 1/2 €HDR 1/2
N0'3<1OOGeV> <0.3eV> ‘ (43)
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Klein-Nishina effects are even more important for hypothetical particles at the much-higher upper-

limit Lorentz factor imposed by the HDR, which can be estimated via equation (2.8 as

[ 03eB, 0.3¢B)
“rad, HDR = 4UTUI/{DR 4UTUHDRF2
-1 1/2 —1/2
~6x100 (L By \" Unpr / (4.4)
40 0.1G 9 x 10~%ergem—3 ' '

Even though the numerical study presented earlier is confined to Thomson IC radiation, with the

definition of ;44,7 even relying on that fact (however, see the generalization of ¥,q 1 to include
Klein-Nishina effects in chapter @, let me momentarily maintain equation as a definition and
suppose that the result also holds in the deep Klein-Nishina regime. Then, because Yraq, HDR
and Yemit, 7R are widely separated, the emitting particles are far below the expected isotropization

threshold:

Yrad,HDR. Yrad,HDR
<

~ Y . 4.5
200 10 “Yiso,HDR ( )

Yemit ™~

Equation suggests that the IC(HDR) process does not impose sufficient radiative losses
for kinetic beaming to imprint itself upon the emitted photons. Rather, the radiating particles
are expected to emit isotropically. Admittedly, the fact that the VHE photons are produced in
the marginal Klein-Nishina regime challenges the applicability of chapter [3[s numerical results. In
part to more fully explore kinetic beaming in an IC(HDR) scenario, I devote subsequent chapters
to analytically and numerically studying reconnection using a fully Klein-Nishina Compton cross
section. For now, however, I disfavor a purely Thomson reconnection-based IC(HDR) model of
rapid TeV FSRQ flares. Instead, I explore alternative sources of seed photons that, in the Thomson
IC limit, better accommodate constraint .

To that end, I now conduct my analysis in the opposite direction. Rather than modeling the
flare’s radiative environment, testing afterward whether it is consistent with strongly cooled kinetic
beaming, I start by assuming that beaming and efficient Thomson IC radiation operate together
and see what this implies about the background photon population. In that spirit, I consider the

properties of a hypothetical radiation field, characterized by its (assumed narrowly distributed)
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photon energy e, and energy density Upp, that satisfies the main requirement Yemit,ph = Yiso,ph ~

Yrad,ph/10 in equation (4.1). This requirement can be recast, using equations (2.8)) and (4.2)), as

/ !
ph’ “ph’

10> Jemdoh |9 By Ue S (4.6)
o “Yemit,ph 40 BC U;/)h 6é)bs ’

where B. = 8me/30p = 6.0 x 10'° G is the classical critical field and U, = BC2/871'. For a fixed Bj

the following inequality involving e By, and €,

and €

obs» Saturation of this inequality defines a 1D space of radiation fields UI’)h(e;)h) x e]’ph for

which Yemit, HDR is at the expected isotropization threshold. To pinpoint one candidate combina-
tion of €, and Uy, I require that U, > Ugpg, necessary for Comptonization of Upy-photons
to dominate IC(HDR) emission, and implying Yradph < Vrad,HDR- In turn, this yields a small-
est permissible emitting particle Lorentz factor [via and ] of Yemit,min ~ Vrad,ph/10 <
Yrad,HDR/10 ~ 6 X 10°. The corresponding Compton seed photons have characteristic energies 6;}1 ~
€ s/ 'ygmit’min > 7 x 1073 eV, which are small enough that the IC emission takes place safely in the
Thomson regime: 'yemimmine;h /Mmec?® ~ 8 x 1073,

Now that I know what kind of seed photon population (i.e., combination of ey, and Upy) is
required for efficiently cooled kinetic beaming, I ask whether such a population can be realized in
nature. As an affirmative plausibility argument, I briefly consider the possibility of a structured
jet. However, since a detailed global flare model is beyond the scope of this study, I discuss only a
subset of the possible parameters.

In particular, I consider a spine-sheath configuration, where the transverse jet structure con-
sists of two regions: a central, fast-moving spine surrounded by a slower-moving sheath (Ghisellini
et al., [2005; Tavecchio & Ghisellini, |2016; |Tavecchio, [2017; [Sikora et al, 2016]). Photons produced
in the sheath are blueshifted to the frame of the spine where they seed reconnection-powered Comp-
ton radiationﬂ I suggest that the sheath emission mechanism is synchrotron — perhaps due to
a simultaneous but less luminous reconnection event — but, to maintain a simple and general dis-

cussion, avoid explicitly invoking this fact. I merely suppose that the spine, which contains the

2 Strictly speaking, I could equally well consider an emitting blob plowing through an otherwise unstructured jet;
the important part is the relative motion.
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VHE-producing magnetic reconnection site, inherits the (fast) bulk Lorentz factor I's = T' = 40,
while the sheath moves at more typical (slower) speeds: '« = 10. The relative Lorentz factor
between the two regions is I'; ~ I's /2I' = 2. To generalize my prior convention, primed quantities
continue to refer to the reconnection (i.e., spine) rest frame and unprimed quantities (save particle
Lorentz factors ) to the observer’s frame; I do not write anything down in the sheath frame itself.

In this set-up, the photon energy eioh ~ 7 x 1073 eV corresponds to an observed seed photon
energy €pn ~ e;hF</ Iy ~ 0.03eV. This lies on the part of the broad-band spectral energy distri-
bution presented by Tavecchio et al. (2011) attributed to the dusty torus (Malmrose et al., [2011}
Tavecchio et al} 2011)), and hence is consistent with observed spectral features. Let me see whether
the inferred energy density U;/>h — which, again, is expected to be larger than Ufjpy in order for its
Comptonization to dominate the flare — is also consistent with observations. To that end, I sup-

1 similar to that observed in the broad-band

pose the sheath luminosity peaks at Ly, = 1046 ergs™
spectrum near epp, (Tavecchio et al.[2011; however, these data are not simultaneous with the VHE
flare). The spine-frame seed photon energy density is then U;/)h ~ 2L /4Tl RE ~ 0.2 ergem™3,

3 as required. In this estimate, I have

and, importantly, exceeds Ufjpg ~ I'2Unpr ~ 0.1 ergcem™
assumed that the transverse size Ry, of the sheath photon source is comparable to that of the
VHE-emitting region, Rg, ~ R’ ~ 10ctyal's =~ 2 x 1072 pc, implied by the TeV variability time-
scale tyay = 10min (Aleksi¢ et al., 2011) and enlarged by a factor of 10 due to kinetic beaming
(cf. |Cerutti et al., [2012b; Nalewajko et al., 2012; Ackermann et al., 2016). I have checked that the
sheath thickness Rg, can be relaxed without substantial change to the model (reducing UI’Jh much
less severely than the naive expectation U;;h o8 RS_hQ).

Kinetic beaming is more viable in this spine-sheath model not so much because UI’Jh > Ulpr,
but because e;h < €ypg- That is, the sheath photons appear much softer than the HDR photons in
the spine frame, requiring higher energy particles for Comptonization to the VHE band — particles
that are then quite strongly cooled. This is illustrated in Fig. [4.1], which presents the main results

of this section through a radiative ‘phase diagram’. The blue band in the figure, with lower border

given by saturating inequality (4.6]), designates seed photon populations conducive to efficiently ra-
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diative kinetic beaming. The sheath photons occupy this band, and the HDR photons do not, mostly
because of the large energetic disparity between the two populations. This is accentuated by the
sheath motion, which enlarges the energy gap to e’HDR/e]’ph = (IsT</T'y)enpr/€ph = 200€uDR/€ph
in the spine frame.

Hence, purely by invoking relative motion between a VHE-emitting spine and a seed-photon-
emitting sheath, one may reconcile the seed photon population required by Thomson IC-mediated
kinetic beaming with one that may plausibly be realized during an actual flare. Although I leave
a detailed model to future work, I view the above remarks as illustrating the potential utility of a
kinetic beaming framework that includes the new ingredient of strong radiative cooling. Whereas
kinetic beaming on its own has previously been used to balance the energy budget in VHE FSRQ
flares (Nalewajko et al., 2012)), one now sees that the added radiative requirement may constrain
possible emission mechanisms. Surprisingly, the most appropriate (Thomson IC) radiative model
for rapid FSRQ flares may be one that does not rely on external structures at all, and, therefore,
presents a potentially universal mechanism for the most rapid TeV flares in all blazars, even BL
Lacs.

This concludes the part of this dissertation devoted to technically investigating Thomson IC
radiative reconnection and its astrophysical applications — work originally presented by [Mehlhaff
et al.|(2020). In the following chapter, I take a step back, considering the results presented thus far
in light of the major, large-scale, guiding themes presented in the Introduction. Simultaneously, I
motivate, and transition to, the study of Klein-Nishina radiative reconnection and its astrophysical

applications — the second main component of this dissertation.
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Figure 4.1: Radiative phase diagram for the PKS 1222421 VHE flare. I project an otherwise high-
dimensional parameter space onto the U’ — ¢’ plane by fixing the parameters I' = I's = 40, ' =
10, B, = 0.1 G, and €ops = 100 GeV. Individual radiation fields are assumed to be monochromatic,
occupying single points. To the right of the dotted vertical line, VHE photons pair-produce with
their seed population. This excludes broad-line region illumination (see text), which I illustrate
by adopting a characteristic BLR radiation field: Ugrg = 6 % 1073 erg cm ™ and egrr = 10eV
(Sikora et al., 2009; [Tavecchio et al., 2011; Nalewajko et al. 2012). Right of the dashed red line,
particles scatter photons in the Klein-Nishina (€'yaq 1 > mec?) regime. In contrast, the blue band
indicates efficient but not unphysical (Yrad T > Yemit = Viso ~ Yrad,T/10) Thomson (€'Yraa 1 < Mec?)
IC cooling, and its lower border is given by saturating inequality . Lying outside this band,
HDR illumination, at least ignoring Klein-Nishina effects, is probably unable to mediate observable
kinetic beaming. A spine-sheath radiation field is more viable, and is above the shaded grey zone,
where fields more tenuous than Ufjhy yield potentially unobservable IC output.



Chapter 5

Interlude

This chapter serves two purposes. First (section , I summarize my main results regard-
ing Thomson radiative reconnection, including my numerical investigation of kinetic beaming and
subsequent application to rapid TeV FSRQ flares (chapters [2| through . Second (section ,
I motivate — especially in light of the results obtained so far — studies of radiative reconnection
facilitated by more general Klein-Nishina IC losses. These occupy the main focus of the rest of
this dissertation (chapters . Throughout the discussion, I emphasize connections to major

overarching themes of this work outlined in the Introduction and summarized in section

5.1 Flaring due to kinetic beaming in Thomson radiative reconnection

So far, I have presented results from the first systematic investigation (Mehlhaff et al., 2020)
of the role radiative cooling plays in the kinetic (energy-dependent) beaming of particles and their
emission in collisionless relativistic magnetic reconnection. The simulations (chapter [3)) undergird-
ing this study, by scanning across the radiative saturation Lorentz factor, vyaq T, cover a large
portion of the Thomson radiative reconnection parameter space: they probe most of the possible
regimes identified in chapter

In agreement with prior studies (Cerutti et al. |2012b; |Kagan et al., 2016), I measure definite
and pronounced kinetic beaming during the early stages of all simulations, independent of cooling
strength (see Figs. and . When radiation is inefficient, kinetic beaming quickly gives

way to a nearly isotropic distribution of particles and emission, as anticipated (Kagan et al., [2016;
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Sironi et al., [2016; Yuan et al., 2016). However, as I demonstrate explicitly, kinetic beaming remains
persistently observable when radiative cooling is efficient (see again Figs. and , and may
then extend across more than an order of magnitude in photon energies. Moreover, enhanced
radiative losses increase the beamed range of photon energies (Figs. and . In every
case, kinetic beaming only remains apparent when the emitting particles have energies that are
moderately close to (within an order of magnitude of) the radiatively imposed cutoff Yyaq .

The underlying picture is a competition of time-scales: that over which the radiating particles
cool and that over which they isotropize. As a generic side effect of impulsive X-point acceleration,
particles are always initially beamed (Uzdensky et all 2011} |Cerutti et al [2012a,bl). However, in
the limit of weak radiative losses, they produce most of their radiation after they have isotropized,
and their initial collimation leaves no observable remnant. When cooling is strong, the opposite
situation occurs: high-energy radiation comes only from beamed, recently accelerated particles.
Reconnection focuses particles in both circumstances, but only in one is this focusing imprinted on
the high-energy emission, manifesting itself as rapid variability along the observer’s line of sight.

These findings have important consequences for rapid high-energy (HE; ~ GeV) and very
high-energy (VHE; ~ TeV) astrophysical flares. At a very general level, they predict that rapid
flares observed in a given spectral band (e.g., VHE) should not exhibit similar variability at energies
that are lower by more than a couple orders of magnitude (e.g., HE), barring counterparts produced
by the same particles simultaneously shining via multiple radiative processes. At a more detailed
level, a kinetic beaming framework may constrain emission models in specific flaring systems, and
I examine TeV FSRQ flares as an example. Analyzing the 2010 June 17 flare of PKS 1222421, 1
find that a kinetic beaming origin of the rapid variability seems at odds with a picture of Thomson
IC-scattered dusty torus photons dominating the TeV outburst (I do not consider models invoking
Comptonization from inside the broad-line region, which are precluded by pair-production consid-
erations; e.g., |/Aleksi¢ et al., 2011). I postulate that an alternative spine-sheath model, wherein
reconnection-energized particles upscatter photons originating in the outer fringes of the jet, may

be more viable in a Thomson IC context. Importantly, this could potentially operate in both FS-
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RQs and BL Lacs. Thus, the results of chapters [3| and [4 hint that a single radiative configuration
may underlie rapid TeV flares from all blazars, regardless of their class.

More broadly, these inferences concretely illustrate an important overarching theme in this
work (e.g., section. That is, solely by studying reconnection on its own as a fundamental plasma
physical process — but from first principles and incorporating relevant extreme (e.g., relativistic and
radiative) physical effects — one can derive constraints on the astrophysical systems that may host
it. In this case, one sees that simulations of Thomson radiative reconnection may point to an
alternative source of seed photons in the context of rapid TeV FSRQ flares than a dusty torus.
Invoking a radiation bath stemming from within the jet itself is more compatible with kinetic
beaming, which compellingly explains timing and energetics issues associated with these flares
(Nalewajko et al., 2012).

However, there is an important caveat here that needs to be addressed in order to more
confidently rule out, or perhaps restore viability to, irradiation of the reconnection region by a

dusty torus. That issue is Klein-Nishina physics.

5.2 Klein-Nishina reconnection: the missing piece in the FSRQ puzzle

As demonstrated through equation , in an IC(HDR) scenario, the very high-energy
photons observed from FSRQs are almost certainly produced in the marginal Klein-Nishina regime.
Thus, in order to investigate Comptonization of dusty torus photons more carefully, one should
study IC radiative reconnection not only in the Thomson limit of the IC process, but also in the
more general Klein-Nishina regime.

At higher particle energies, Klein-Nishina effects suppress the IC cross section, reducing the
radiative efficiency. Although one might expect this to inhibit kinetic beaming, increasing the cool-
ing time-scale relative to the isotropization time-scale of beams, there are several subtle points that
suggest the opposite — that Klein-Nishina physics actually promotes observable kinetic beaming.
One such consideration (see section for a more complete discussion) is that Klein-Nishina

effects may lower the radiative cutoff energies associated with secondary acceleration mechanisms
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relative to direct acceleration near reconnection X-points (despite the fact that the cutoffs for each
acceleration mechanism are increased in an absolute sense). This may enable (e.g., Fig. [3.19)) X-
point-accelerated — and, hence, X-point-collimated — particles to shine across a broader span of
high energies that are inaccessible to other energization channels, widening the range of beamed
photon energies.

However, one should exercise some caution in attempting to generalize how beaming works in
the Thomson IC limit to the Klein-Nishina regime. Klein-Nishina IC physics brings in an entirely
new radiative process — pair production — that, as I show in the coming chapters, may significantly
impact the qualitative aspects of reconnection. In particular, there is a wide range of reconnection
parameters (chapter @ such that photons Comptonized deeply in the Klein-Nishina IC regime
are virtually guaranteed to collide with photons from the ambient seed population to produce
high-energy electron-positron pairs inside the reconnection system. These pairs then go on to
self-consistently regulate the reconnection dynamics (chapter [7]), including, perhaps (section ,
kinetic beaming.

I would like to point out that, here again, one encounters a concrete example of a more gen-
eral feature of extreme plasma astrophysics (section . That is, in this field, plasma phenomena
often do not generalize straightforwardly from more traditional (in the sense of section e.g.,
non-relativistic, non-radiative) regimes to the extreme regimes common to astrophysics. Instead,
the latter regimes bring in fundamentally new physical processes that qualitatively modify the
conventional picture. I have already shown in the first few chapters how kinetic beaming is pro-
foundly affected by Thomson radiative physics, which enable it to remain persistently observable —
something that does not happen in the non-radiative regime. So too, in the case of Klein-Nishina
reconnection, it is imperative that one self-consistently investigates all of the physical processes
at play — not just the modifications made to the radiative cooling of particles, but also how the
produced pairs influence and change how reconnection behaves — in order to properly diagnose how
kinetic beaming operates.

Besides its application to FSRQ jets, Klein-Nishina radiative reconnection also connects to
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a broader set of astrophysical systems. In particular, in the high/soft states of black hole X-ray
binaries, observations (Zdziarski et al., |2017) indicate that gamma-ray photons, if Comptonized
from photons emitted at soft X-ray energies by the black hole accretion disk, are produced in the
marginal Klein-Nishina regime. In fact, this can be shown very simply — similarly to equation (4.3))
for an IC(HDR) scenario in FSRQ jets — and I do so in chapter |8l More detailed estimates (also
in section , indicate that, in a scenario where the observed hard X-ray and gamma-ray emission
is powered by reconnection in an accretion disk corona, reconnection is likely to be significantly
shaped by Klein-Nishina effects (including pair production).

Hence, while FSRQs strongly motivate studying Klein-Nishina radiative reconnection on
their own, black hole X-ray binaries and their associated accretion disk coronae provide another
compelling astrophysical application. Therefore, for the remainder of this dissertation, I focus on
elucidating reconnection in the Klein-Nishina radiative regime. However, unlike in the case of
Thomson IC losses, very little work has been done on this topic. Therefore, instead of jumping
straight into simulations, I dedicate most of the following chapters to describing basic features of
Klein-Nishina reconnection analytically. In this way, I aim to lay a foundation for more detailed
future study. After my analytic discussion in chapters [6H8] I describe preliminary results from a
simulation of Klein-Nishina reconnection (chapter [10)), including the substantial modifications to

my group’s PIC code, ZELTRON, that such simulations have required me to make.



Chapter 6

Klein-Nishina Radiative Reconnection Basics

Like chapter [2]for Thomson radiative reconnection, this chapter introduces the basics of Klein-
Nishina radiative reconnection, and it is structured very similarly to chapter [2| First, I introduce
the basic radiative cooling process, Klein-Nishina IC scattering, at the level of individual particles
(section the counterpart to section . Then (section the counterpart to section , I
discuss the collective effects that Klein-Nishina physics introduces in the context of reconnection.
This includes ordering the fundamentally new energy scale (Lorentz factor) brought in by the
radiative physics, ykn, with the other energy scales (section in the problem. The discussion of
collective effects does not exactly mirror the corresponding discussion from chapter [2[ (section
because the collective behavior in this case involves pair production between Comptonized photons
and their parent seed photon population — and the consequent feedback this has on reconnection —
but this process cannot happen, and, hence, has no parallel in, the Thomson limit. This chapter,
along with the next two, make up the portion of this dissertation dedicated to work first presented

by Mehlhaff et al.| (2021).

6.1 Single-particle Klein-Nishina IC cooling

I begin the discussion of Klein-Nishina IC cooling with the following guiding intuition. One
can readily infer that the quadratic Thomson scaling of the IC-scattered photon energy, e ~ %€,
where v is the scattering particle’s Lorentz factor and e is the unscattered photon energy (see

section [2.1)), must break down at some point: a particle cannot emit a photon of greater energy
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than its own ymec? (ignoring the small initial energy €). A new physical regime must take over
when 2¢ becomes of order ymec?. At that point, the particle can no longer radiate continuously;
it loses an order-unity fraction of its energy in a single scattering event. Moreover, for even higher
Lorentz factors, the photon energy can scale, at most, linearly with ymec?. The following analysis
shows how these basic observations are borne out quantitatively.

At high energies, when the Thomson limit begins to break down, the seed photon energy e
becomes a dynamically important variable, influencing not just the spectrum of Comptonized pho-
tons, but also the power radiated by a particle Pi¢(y). To simplify my treatment in the presence

of this complication, I specialize to a monochromatic distribution of background radiation
uph(€) = Upnd(€e — €pn) - (6.1)

To quantify the IC cooling domain, it is useful to define a critical Lorentz factor

Mec?

TKN = 4€ph

and a Klein-Nishina parameter

dyepn Y
q= p2 = —, (6.3)
meC TYTKN

Scattering particles suffer little recoil from individual photons when ¢ < 1 (v < ykn): IC radiation
proceeds in the Thomson regime. The opposite, deep Klein-Nishina limit is when ¢ > 1 (7 > ykn).
The crossover point ¢ = 1 (v = kn) corresponds to setting the maximum Thomson emission
energy, 4’}/26ph, equal to the Comptonizing particle energy, ym.c?.

The Lorentz factor ykn, like Yraq,1 for Upy in the Thomson limit, is the fundamentally new
energy scale introduced by Klein-Nishina physics. It serves as a proxy for the underlying physical
parameter ep,. By ordering yxn with respect to the other fundamental energy scales discussed in
section Vrad, T»> Oc,0, and Ymax, one can determine what new radiative regimes of reconnection
are accessible once Klein-Nishina effects have been added to the physical framework.

Before embarking on that task, however, I focus purely on the radiative physics (ignoring

collective plasma effects), to build intuition for how individual particles experience IC losses. In the
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presence of the seed photon distribution (6.1)), the IC power radiated by a single particle becomes

Pic(y) = Pr(v) fun(v/7&x) (6.4)

This is the same as the Thomson expression ([2.1)) but modified by the dimensionless function of ¢

(cf. [Jones|[1968; Nalewajko et al|[2018; Appendix [A]

11

q 6 N 1 /114 2 _ io(—
( +6+q>1 (1+4q) (1+q)2( ¢’ + 6q —|—9q—|—4> 2 + 2 Lip( Q)] , (6.5)

9

where Lis is the dilogarithm. Figure displays fxn(g) together with its asymptotic large-

argument limit

frn(a > 1) = (9/2¢°) [In(q) — 11/6] (6.6)

and its approximate form (e.g., Moderski et al., 2005)

1

frn(q) =~ W’ (6.7)

which is roughly correct up to ¢ ~ 10* (at ¢ ~ 10%, the error reaches a factor of 3 and begins
increasing rapidly). The function fkn(g) tends to unity as g becomes small, as required in the
Thomson-limit Pic(y) — Pr(v). For large arguments, fxn(g) falls off quadratically with a log-

arithmic correction: the scattering cross section is suppressed in the deep Klein-Nishina limit.

Let me now examine the ‘discreteness’ of radiative losses as ¢ increases through unity. To
do so, I note that, similar to the radiated power Pic(7y), the rate Ric(7) at which a single electron
or positron scatters photons distributed according to (6.1)) can be written as the corresponding

Thomson rate, Rr(y) = Rt = corUpn/€ph, times a dimensionless function:

Ric(v) = Rt gxn(7/7&N) 5 (6.8)

where gkn(q) reads (Appendix |A)

2

3 8 1 q .
= — — 1 - | = 4Lig(— .
grn(q) orE <q+9+q>ln( +q) 1+q<2 +9q+8>+ ia(—q) (6.9)
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Figure 6.1: The function fkn(gq) as defined in equation (6.5) in blue, its asymptotic form in
red, and its approximation in green.
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and has asymptotic form
3
grN(g > 1) ~ ” [2In(q) — 1] . (6.10)

Using (6.8)), one can write down the average photon energy (e)(v) emitted by a particle with

Lorentz factor ~:

Pe(y) [ v fex(v/7n) 2
(€ 0) Ric(y) — [3vin grn(v/men) | e (6.1

The quantity in square brackets here is the inelasticity (€)(y)/ymec?, the typical fraction of a
particle’s energy lost in a single scattering encounter (Moderski et al., |2005). Using the small-

argument limits fxn(¢ < 1) — 1 and ggn(¢ < 1) — 1, one may read off the Thomson inelasticity

lim <6>(7)2: T o«1, (6.12)
YLIKN YMeC VKN

or, more commonly,

2 2
. Yemec 4 5
lim = = — . 6.13
’7<<1’YKN<6> ) 3YKN 37 €ph ( )

Similarly, plugging in the asymptotic forms for fxn and gk verifies that the inelasticity approaches

unity as ¢ is taken to infinity:

©0) _ , O/mn) —11/6 (6.14)

lim
Y00 ymec?  y—oo In(y/ykN) — 1/2

However, the limiting value is approached quite slowly, for the ratio in is only ~ 1
when In(y/ykn) > 11/6. In fact, {¢)(y) does not surpass 3ymec?/4 until v > 300ykn. Never-
theless, the inelasticity does obtain a value of order unity for much more modest ¢. For exam-
ple, (€)(7) > ymec? /4 when v 2 27k

Both of these effects — the inelasticity slowly approaching, but rapidly rising to the vicinity
of, unity for ¢ 2 1 — as well as the function ggn(g) and its asymptotic form , are plotted
in Fig. In the figure, one sees that (€)(y) ~ ymec?/2 for a wide range of q. Therefore, when
2

I later (in chapter [7)) need (¢) for estimates, I adopt (€)(7) ~ ym.c?/2 rather than (¢) ~ ym.c

whenever ¢ 2 1. The latter becomes a more accurate approximation than the former for ¢ = 300,
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but it is unclear that the astrophysical systems I attempt to model contain particles at such high
energies. (However, even if ¢ > 300 in some systems, the distinction here between factors of order
unity is well within the uncertainty of all of the estimates in this work.) Furthermore, my model
(chapter [7]) is mostly concerned with ¢ < 280 [equation ]

I have now verified the qualitative expectations for the deep Klein-Nishina regime discussed
at the beginning of this section: radiative losses become discrete when ¢ 2 1, with particles losing
an appreciable fraction of their energy to single photons. Moreover, the scattered photon energy
scales approximately linearly with the pre-collision energy of the particle (rather than quadratically,
as in the Thomson limit).

Next, because I am concerned primarily with IC radiation in this work, I consider the cir-
cumstances in which synchrotron losses may be neglected. For an isotropic particle pitch-angle

distribution, the average synchrotron power radiated per particle is

4
P, = gaTcﬁZ»y?UB. (6.15)

Note that this is the same as the Thomson IC power (2.1)) but with the ambient radiation energy
density Uy, replaced by the magnetic field energy density Ug ~ Bg /8w (I approximate the magnetic
field strength throughout the reconnection system by its upstream value By). Equation (6.15)) gives

a total (IC + synchrotron) radiated power per particle

Piot(v) = Prc(v) + Ps(7)

_ Us
= PIC(’Y) <1 + UpthN(’y/’yKN)> . (616)

Clearly, IC losses dominate if

frn(q) > . (6.17)

Because fxn(g) < 1, this criterion can only be met for systems whose ambient radiation energy
density exceeds the magnetic field energy density. And, importantly, because Klein-Nishina effects

begin to suppress IC cooling for v > ykn, even when Uy, > Ug, there is always a high-energy
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Figure 6.2: Top panel: the function gxn(g) [equation ] in blue and its asymptotic form m in
red. Bottom panel: the inelasticity (€)(v)/ymec® = qfxn(q)/3gxn(q) [equation (6.11))]. The shaded
region shows the appreciable range ¢ € [1.75,315] over which (e) is between ym.c?/4 and 3ym.c?/4
(i.e., where it is close to ymec?/2). This indicates that, although (¢)(v) eventually approaches its
asymptotic limit of ymec?, it does so rather slowly.
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Lorentz factor 75 above which synchrotron losses dominate. Using the approximate form fxn(q) ~

(14 q)~® [equation (6.7)], one has (cf Moderski et al., [2005)

<[é§:>2/3 - 1] : (6.18)

Thus, neglecting synchrotron losses is justified when s exceeds the highest Lorentz factors

Ys = VKN

reached in the system. I assume that this is indeed the case for this chapter and the next. I return

to discuss the effects of finite 75 as an effective limitation of my analysis in chapter

6.2 Klein-Nishina IC effects on collective plasma behavior

I now examine how the collective reconnection dynamics are influenced by Klein-Nishina
radiation-reaction. I focus especially on differences from the case of purely Thomson radiative
cooling (previously detailed in chapter [2)).

Previously (in the Thomson regime), the highest Lorentz factor to which a particle could be
accelerated was a4, 7. However, from equation , radiative losses are suppressed once g exceeds
unity. This enables acceleration beyond v;aq 1, and the definition of the radiative cutoff Lorentz
factor can be generalized to include this effect. By equating the force from the reconnection electric
field 0.1eBy to the (Klein-Nishina) Compton radiation reaction force Pic(7y)/c, one may define a

generalized cutoff v,,q 1c through

2 2
Y 0
2 Joaic g o (%ad,lc> _ Tt o Vrad,IC Yrad,T | (6.19)
Vrad, T VKN Vrad, T Yrad,T YKN

The second equality explicitly shows that the ratio vrad,1c/Vrad, T is determined solely by the ra-
ti0 Yrad, T /vkn. Thus, Yrad,IC is a derived scale; it is fixed by the other radiative Lorentz factors yxn
and Yraq, 1 (01, equivalently, through the physical parameters ey, and Upp).

Equation can always be satisfied for a finite yraq,1c, and a numerical solution to the
equation is displayed in Fig. When Yraq T < YKN, the equation is satisfied by Yrad1c ™ Vrad,T
because, in that case, fin(Vrad,T/7kN < 1) ~ 1. However, when 7;,q, 7 becomes greater than ykn,

the cutoff ;aq,1c becomes a rapidly increasing function of a4 7/7kN. In fact, in the limit yaq,1 >
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VKN, for which the large-argument approximation to fxn [equation } applies, Vrad,1c grows

super-exponentially:

2 (aar\® | 11
Yrad,IC =< VKN €XP [9 < ’YKllr > + 6] . (6.20)
As shown in Fig. this limiting form gives a good approximation to vraq,1c, even when 7yaq T only
slightly exceeds ykn. I note that the rapid transition between the ykN > Yraq, T and YN < Vrad, T
limits is smoothed out in the presence of an extended (e.g., power-law) distribution of ambient
radiation. Then, vraq,1c does not grow super-exponentially until Mec? [4€low K Vrad, T, Where €1gy is
the energy of the softest ambient photons.

Hence, when ykn becomes less than ~;aq T, Klein-Nishina physics inhibits radiative cooling
from competing with rapid acceleration near reconnection X-points. It is then highly likely that
the cutoff energy for X-point acceleration is set intrinsically rather than by radiative cooling (one
expects Yx < Yrad,IC)-

I now frame the super-exponential divergence in 7raq 1c from a different perspective: that of
competing acceleration and radiative cooling time-scales. I then predict whether divergences occur

in the cutoff energies of secondary acceleration channels by similarly comparing their time-scales

against the cooling time. Including Klein-Nishina effects, the IC cooling time-scale 15E|

o) = I e
o Pc(y)  vfrn(v/7kN) €
1 L
= Joool [(v/7v&N) frn(v/kN)] T = (6.21)
YKN c

where 7001 [equation ] is the Lorentz factor of a particle with Thomson cooling time tcoo1,1(7) =
ymec? /Pr(7y) equal to L/c. A plot of teoor1c(7) is presented in Fig. [6.4

The relationship encodes a wealth of information. In the Thomson regime v <
VKN, frn = 1, and teoolic = teool, T = Yeooll/ye, which decreases inversely with +. However,
for v > kN, fkn assumes its asymptotic form , inducing the scaling

2L’Ycool V/VKN
teoor1c (Y > YKN) =~ : (6.22)
e 9cykn In(y/yxN) —11/6
! As shown later [equation (6.26))], the factor Yeoo/vxn in (6.21) equals 3/57,, where 7., is the characteristic
pair-production optical depth of the system.
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Figure 6.3: The Klein-Nishina cutoff Lorentz factor vaq,1c [equation 1) and its asymptotic
form (6.20)), both normalized by the Thomson equivalent v,4q 7. The asymptotic form is already
accurate when ypaq T >~ 2.57KN-
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Figure 6.4: The IC cooling time ct¢oo1,1c(7)/L [equation ] In the plot, Yeool is fixed, Ymax =
10¥rad, T = 1007c001, and ykn varies between curves. Arrows indicate the progression of particle
cooling times during acceleration near reconnection X-points, which terminates at v = Yraq,1C
(denoted by filled circles). For reference, each curve continues past yraq1c as a dashed line. The
cooling time is non-monotonic. Depending on vk, some (or even all) of the particles may attain
high enough energies not to radiate [possessing cooling times teoor1c(7) > L/c]. If yrn < 2.37cool,
then all particles are non-radiative. If ygn > 2.37c001, then only the low-energy (v < Yeool1 ~
Yeool) and high-energy (v > ~coo1,2) particles are non-radiative. For particles to exceed vcoo1,2, the
condition Yrad1c > Yeool,2 is necessary, but not sufficient (see text).
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Thus, in the deep Klein-Nishina limit, tcoo11c(7) increases linearly in v with a logarithmic correc-
tion. This is the source of the super-exponential divergence of ;a4 1c With vaq, 7 in equation .
Equation shows that the time-scale, tx ~ 10vpp/c, on which X-point acceleration occurs is
also linear in . Upon equating tcqo1,1c and tx, which defines the radiative cutoff vyaq,1c, v cancels.
Thus, tx can only surpass teool1c if In(v/ykN) grows large enough, inducing the super-exponential
scaling in equation .

Importantly, a similar situation does not arise for secondary acceleration channels, which are
slower, possessing time-scales super-linear in 7 (see, e.g., the discussion in section and |[Mehlhaff
et al.|2020). As an example, consider the secondary process described in chapter [2| (section ,
where particles inside contracting plasmoids are gradually energized. The Lorentz factors of such
particles grow as v(t) o v/t (Petropoulou & Sironi, 2018; [Hakobyan et al., [2021), yielding the
acceleration time tge.(t) = (t)/5(t) o« ¥2(t). Thus, it is much easier for this secondary mechanism
— and any other for which te. o< v¢ with ¢ > 1 — to radiatively saturate, as I now show.

For the sake of generality, suppose that tg. = C7¢ with C a constant independent of €ph
and Upn (and, hence, of Yeool;, Vrad, T» VKN, and 7rad 1c; this parallels the argument in section m
and Mehlhaff et al. 2020)). Then, when IC cooling proceeds deep into the Klein-Nishina regime,
the equality tcool 10 = tsec Teduces to 'ysce_cl X Yeool/ 'y%N. The key difference from the direct X-point
acceleration channel is that here one can ignore the In(y) correction — its dependence on « is much
weaker than 4¢~!. As a result, the cutoff 7y scales merely polynomially in yee (i.e., in Vrad,T)
and YKN: Ysee X (Yeool /712<N)1/ (€1, Plugging in ¢ = 2 for the adiabatic plasmoid compression
process gives Yeec X fycool/fy%{N (different from ~ge reported in section because I am now
considering deep Klein-Nishina cooling). Thus, Klein-Nishina physics may effectively remove the
high-energy radiation-reaction cap on impulsive X-point acceleration, but not on other processes,
potentially increasing the relative importance of the primary direct energization channel.

As discussed above, tcoo11c(7) is non-monotonic, decreasing with v when v < ygn and
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increasing when v > ykN. It reaches the minimum

min (Ct""lm> ~ 9.397Jc00 (6.23)
gl L VKN

at a critical fastest-cooling Lorentz factor

arg min
¥

( thool,IC (7)

~ 3.20 6.24
7 ) VKN (6.24)

[i.e., miny (teoo 10 (7)) = teool1c(3.207kN)]. The minimum cooling time implies that, when ygn <
2.329c00l, all of the particles in the system radiate weakly (they have cooling times exceeding L/c).
Even if ykn falls above this threshold and, hence, min(tcoo11c) < L/c, some high-energy particles
may radiate weakly. Namely, if a particle surpasses the fastest-cooling Lorentz factor 3.20ykn by

a sufficient amount, it reaches a high-energy domain with tcoe110(7) > L/c. This effect does not
occur in the Thomson regime.

These remarks are illustrated in Fig. The figure displays cteool,1c(y)/L for fixed Yeoo1 =
Yrad, T/10 = Ymax/100 and several ykn. On each curve for which yrn > 2.327co0l, the line teoo1 10 =
L/c is crossed twice, once at a low Lorentz factor ycoo1,1 and once at a high Lorentz factor veoor2-

I analyze Yeool,1 and 7eool,2 shortly, but I point out some basic features of Fig. beforehand.

First, when vrad,1c =~ Yrad,7 < YN (implying ykn > 2.327c001 because YkN > Vrad, T = 107cool >

2.327c001), Particles may access only the Thomson portion of a cooling curve where tqo01 1 X v~ L
The YkN = 307cool = 3Vrad,T case illustrates this. Next, in the opposite limit, when yxn becomes
smaller than ;.4 T, the radiative cutoff 1,a4q 1c begins to grow rapidly, opening up the portion of a
curve that bends upward. Eventually, at the critical Lorentz factor 7012, the cooling time tco01 10
once again equals L/c. Thus, if Yrad 1c > Yeool,2, Particles accelerated near X-points could break into
the high-energy weakly radiative regime. However, in reality, whether particles will actually cross
this boundary does not depend solely on whether ;.4 1c surpasses Ycoo1,2. That is just a necessary
condition. In addition, the intrinsic X-point acceleration Lorentz factor yx must exceed 7¢oo1,2, OF —
if it does not — secondary acceleration channels must be able to energize particles against radiative

cooling past Yeool,2-
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Both 7eoo1,1 and 7eoo1,2 are illustrated in Fig. as functions of YkN /Yool (they only depend
ON Yrad, T aNd Ymax through 7eeo1). In general, yeool,1 is close to Yeool, because, as illustrated in
Fig. |6.4] particles are almost completely in the Thomson limit when t..0 ¢ crosses L/c from
above. In contrast, Ycool,2, Where tcoolic crosses L/c in the opposite direction, depends rather

strongly on ykn. Because vco01,2 Occurs fairly deep into the Klein-Nishina regime, one may employ

expression (6.22) to see that yeool,2 satisfies

9YKN -~ ’70001,2/7KN
2%co0l hl(’YcoolQ/'YKN) —11/6 ’

(6.25)

implying that Yeool,2/Yeool ¢ (YKN/Veool)? X O(In(Yeool2/TKN))-

Thus, 7cool,2 is approximately quadratic in ykn. This differs from 4yaq,1c, Which grows
as ykN is reduced. For illustration, imagine a progression in ygkn with ykn starting high enough
that Yeool,2 > Ymax > Tradic (for example, as on the ykn = 307¢001 curve in Fig. |6.4). Then,
dialing down kN, eventually ~eool,2 CrOsses Yraqic and ymax from above. It turns out that, by
definition, these crossings occur simultaneously. For, if o012 = Ymax, then tx(vmax) = L/c [equa-
tion @3] and feoot1c(Yeoot2) = L/c [equation (B:21)). Consequently, feootic(Yeoo2) = £x(Yeont2);
which implies Ymax = Ycool,2 = Yrad,ic. By similar reasoning, one can show that, if vcoo1,2 = Yrad 10,
then 7Ycool,2 = Ymax- Continuing to reduce ygn beyond this ‘triple point’ yields the scale order-
INg Yrad 1C > Ymax > Yeool,2 (typified in the YN = 37co0l curve of Fig. although the separation
of scales is rather small in that example). The first of these inequalities, Yrad1c > Ymax, means
that no particles achieve radiative saturation (in the sense of chapter [2]); all have Lorentz fac-
tors v < “aq1c. The second inequality “eool,2 < Ymax, Potentially allows various acceleration
channels (e.g., X-point acceleration if yx > 7¢o01,2) to break a population of high-energy particles
through the weakly radiative v = o012 barrier.

To summarize up to this point, there are several stark departures from the Thomson picture
of radiative cooling in reconnection induced by finite vkn. Not only do particles with Lorentz
factors v > kN radiate their energy in discrete chunks, but their radiative cooling times can

actually be quite long. When 7kn S 7raq,T, the effective cutoff Lorentz factor v4q1c begins to
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Figure 6.5: The Lorentz factors yeool,1 and Yeool,2 Where teoo11c(7y) dips below and above one dy-
namical time L/c, respectively. Since 7coo1,1 Occurs almost entirely in the Thomson regime, it is
almost always quite close to Ycool1, differing from 7co01 by at most the factor 7.4 = 3.20 x 2.32 [equa-
tions and ] when kN approaches the non-radiative value 2.327.001. In contrast vycool,2
grows approximately quadratically in ykN/Yeool (With a logarithmic correction).
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grow rapidly, and comes, with just a small change in ykN, to exceed ymax, the analog of the Hillas
Lorentz factor for relativistic magnetic reconnection. When iy is decreased even more, eventually
it falls below vc001, and no particles in the system radiate efficiently. Thus, even in a nominally
strongly radiative Thomson scale ordering, by making ygn small enough, a non-radiative regime
can be reached. At intermediate vkn, a variety of intriguing and exotic physical effects can occur,
which I elucidate later in this study. First, I cover one additional piece of physics that is entirely

new to the Klein-Nishina realm: pair production.

6.2.1 Pair-production in Klein-Nishina reconnection

A Comptonized photon of energy e may collide with a background photon (energy epn)

2 is met. In this

to produce an electron-positron pair if the threshold criterion, eepn > (mec?)
work, I assume that ygn = mec? /4€pn > 1 (epn < 100keV), implying that € > mec® > €ph 18
required to reach pair-production threshold. Such a high-energy photon can only be emitted in
the Klein-Nishina IC regime. (I would here like to acknowledge Benoit Cerutti, who originally
pointed this out to me.) If one assumes that the IC scattering occurs in the Thomson limit, then a
contradiction arises because 1 < eepn/(mec®)? ~ (yepn/mec?)? ~ ¢?. In contrast, assuming a Klein-
Nishina scaling € ~ ym.c?/2 yields the self-consistent result, ¢ = 4yepn/mec® ~ 8eepn/(mec®)? > 8.

I adopt vpp = 8ykn (used mainly in the next chapter) as the characteristic minimum particle

Lorentz factor to emit above-threshold photons.

)

Now, the pair-production cross section o, is zero precisely at threshold, ee,, = (mec?)?
but, for the (isotropic, monochromatic) background distribution , it soon peaks at 0, =~ o1/5
when eepn ~ 3.6(mec?)? (Gould & Schréder, [1967). For such photons ¢ ~ 3.6 x 8 ~ 30. Hence,
although the energy scales at which Klein-Nishina IC cooling and pair production occur are both
set, fundamentally, by ykn, they are offset from one another by a factor of about 10 — 30. The
former kicks in when ¢ ~ 1 and the latter when ¢ ~ 8 — 30. In this sense, the energy scale ykn

‘splits’, similarly to o (section [2.2.1]), into two that are offset by a fixed ratio.

However, it is not clear that astrophysical reconnection accelerates particles to energies that
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are high enough to stray from the Thomson limit but not to emit pair-producing photons. If,
contrary to my simplified monochromatic assumption, the seed photons have any spread in energy,
then photons Comptonized from the high-energy end of the background will more easily pair-
produce with the lower-energy component. Even for a thermal radiation bath, the two frequencies
where the Planck spectrum attains half its maximum value are offset from each other by about a
factor of 5, reducing the effective splitting of vgn from a factor of 10 — 30 to 2 — 6. The cutoff in
the reconnection-energized particle distribution would then have to fall precisely in a narrow range
for Klein-Nishina effects to kick in but for pair-production to remain impossible. And, even in this
case, only the very highest-energy sliver of particles would experience Klein-Nishina IC losses; most
of the particles would still be cooled in the Thomson regime. Thus, from here on, I assume that
Klein-Nishina IC scattering coincides with the emission of above-threshold photons in reconnection.

However, just because a high-energy photon is above threshold does not mean that it gets ab-
sorbed inside the reconnection system. One must also consider the optical depth, 7.,y = Upnh0y~L/€pn,
to pair-production. For simplicity, I evaluate 7, at the peak cross section o,, ~ o1 /5, which is

attained when eepp, ~ 3.6mqc?. Thus

UphoTl 3 Ymax¥KN _ 3 7KN
56ph 5 ’Yr2.ad,T 3 Yeool

(6.26)

Tyy

Actually, 7,, has been encountered already. It is the (inverse of the) prefactor in the expression for
the cooling time tco01 1c(7) in equation . Thus, the condition yrn > 2.327001 [equation (6.23))],
which ensures that at least some particles cool in times shorter than L/c, is the same as the optically
thick condition 7,, > (3/5) x 2.32 ~ 1.

This means that there is an appreciable range of parameters where one expects both dynamically-
important Klein-Nishina radiative cooling and pair-production. Both mechanisms may actively feed
back on the reconnection process when 7eoo1 < YKN <K Vrad, - The first relationship, veool < VKN,
is necessary both for 7,, > 1 and for min[te.e11c(7)] < L/c. The second criterion, ykn < Yrad, T, is
required for at least some particles to enter the regime where Klein-Nishina effects begin to impact

their radiative cooling, also enabling them to emit photons above pair threshold.
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This gives a simple rule for deciding when Klein-Nishina and pair-production physics become
important in reconnection. One must just assemble all of the energy scales — Ymax, 0co (i-€., 7x
and (7)), Yrad, T, and Yeool — arrange these into a familiar Thomson hierarchy (as in section ,
and insert yky into a relevant location. If yky is larger than 7y.q 1, Klein-Nishina effects are absent
because 7raq, T imposes a hard upper bound on particle acceleration, and, consequently, no particles
ever reach ygn. If, on the other hand, ykN < Yeool, then Klein-Nishina effects suppress cooling
so much that the whole system becomes non-radiative. Only if veo01 < YKN <K Yrad, T are Klein-
Nishina IC cooling and pair-production both important. And, in that case, it is also necessary to
consider how 7yad, T, YKN, and 7eoo1 are ordered with respect to the other scales in the problem.

These remarks are illustrated in Fig. and elaborated in the next subsection.

6.2.2 Regimes of Klein-Nishina radiative reconnection

I now systematically explore, as I did for Thomson IC cooling in section [2.2.2] how to classify
regimes of Klein-Nishina radiative reconnection. As an example, consider the Thomson order-
INg Ymax = Yrad T = TX > (V) > Yeool (4th row in Table . If one inserts yxn between Ypad,T
and yx, then Klein-Nishina effects do not affect primary X-point acceleration. They only come
into play if secondary energization channels can push particles up to v ~ ygn. If ykn is instead
placed between vx and (), Klein-Nishina radiative cooling definitely impacts high-energy parti-
cles accelerated near X-points, and these particles are also likely to emit pair-producing photons.
Klein-Nishina and pair-production physics become even more important if ygn is made smaller
than () ~ 0c0/4. Then, the bulk of the accelerated particles — not just the high-energy tail — emit
in the Klein-Nishina regime and, likely, many pairs are produced.

Because ykn is not the only new scale, but also introduces a few derived scales (e.g., Ycool,2
and Yrad,1c), exhaustively discussing all possible regimes like in section is prohibitively tedious.
Even in the preceding paragraph, I did not consider subtleties such as whether yx > 7coo1,2, in which
case some high-energy particles radiate inefficiently. In lieu of an exhaustive discussion, I supply

Fig. a ‘phase diagram’, in the Yyaq1/0¢0-VKN/0c,0 Plane, of the complex radiative parameter
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Figure 6.6: Basic orderings of ygn with respect to Yeool, Vrad,Ts and Ymax. Note that a1 =
(%ool’Ymax)l/ 2 [equation ] The case Ymax < Yrad, T < VYeool, Which is non-radiative irrespective
of 7k, is not considered. The pair-production optical depth 7y, ~ YN /7Yool is roughly the sepa-
ration between ykn and 7eool- The cutoff Yraq 1c is virtually identical to Vrag, T When Yraq T < YKN;
otherwise, it is much larger than 7,9 7. Case A: A Thomson radiative reconnection ordering (sec-
tion ; Mrad,T K YN prevents particles from accessing the Klein-Nishina regime and from
emitting above-threshold photons. Case B: A scale hierarchy where Klein-Nishina IC losses (be-
cause VKN < Yrad,T) and pair production (because Yool < kN implies 7o, > 1) are both likely.
Case C: All orderings with ykn < Yeool are non/weakly-radiative because t¢o011c > L/c. Even the
few photons radiated above pair threshold are not absorbed because 7., < 1.
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space for Klein-Nishina reconnection. The parameter space is, in reality, 3-dimensional, depending
also on Ymax/0c,0. To display it in 2D, I set an exemplary value of Ymax = 1030C,0 in Fig. 6.7

In the figure, contours highlight important values of energy scales and often distinguish
different-colored regimes of interest. I caution that the color scheme is somewhat arbitrary. Almost
every sliver of parameter space enclosed within a set of contours is its own physical regime, and only
a subset of the relevant contours are shown. Without analyzing every possible contour-enclosed
region, the best one can do is group regions based on similar expected qualitative behavior, a
heuristic that guides the color-coding in Fig. However, this exercise is ultimately subjective.
A given grouping is useful for conceptualizing some physical similarities, but may need to be
reevaluated if the physics of main interest changes.

I now describe the (color-coded) grouping of regions adopted in Fig. I begin with the
fundamentally new domains corresponding to case B in Fig. @ Yeool < VKN < Yrad, T, Where
Klein-Nishina effects feature prominently. One of these is the blue area, in which ykn < Yrad,1C
and Yrad1c < Ymax < Yeool2- In this area, the overall radiative cutoff Lorentz factor vraq1c is
finite (less than ymax) while Yeo012 i DOt (Yeool,2 > Ymax). This means that, despite Klein-Nishina
suppression of the IC cross section, radiative losses may still regulate the highest achievable energies.
To illustrate this, the contour Vaq,1c = 40¢,0 = ¥x is drawn (in this discussion, I assume that yx =
4o for definiteness), below which IC radiation limits direct acceleration near reconnection X-
points. Straying from the blue region across the line Ymax = Yrad,1c = Yeool,2 lands one in the red
area. Here, the ordering of ycoo12 and Yrad,1c @bout Ymax is flipped: Yeool,2 < Ymax < Yrad,ic. Thus
the radiative cutoff energy 7;aq 1c is no longer finite, but the energy 7coo1,2, beyond which particles
are weakly radiative (cooling on time-scales longer than L/c), is now accessible. Here, it may be
possible for high-energy particles to surpass veoo1,2 and enter into a weakly radiative regime. As
one moves to the northwest through the red region, v.o01,2 becomes lower. Eventually, when the
contour Yeool,2 = 40c, is crossed, Yeool,2 falls below vx (= 40c), guaranteeing that some particles
venture into the high-energy Klein-Nishina weakly radiative limit. Continuing even farther upward

in the diagram, one eventually crosses the ygkn = 2.327.001 line, where the whole system becomes
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Figure 6.7: Radiative phase diagram for Klein-Nishina relativistic magnetic reconnection. The
diagram is inherently 3-dimensional — it depends on Yyad T/0¢,0, YKN/0c,0, and Ymax/0c,0 — but 1
display a 2D slice where ypax = 1030(;,0. In the plot, 0. is abbreviated as 0. Contours show
important equalities between energy scales. The v.001; = const. contours transition, when they
strike the curve YN = 2.327¢00l, from a dashed portion along which 7¢e01,2 is fixed, to a dotted
portion where ve01,1 is fixed to the same value. Regions with a common color exhibit similar
qualitative behavior. The colors are inspired by assuming that yx = 40.0 and, fictitiously, that
X-point acceleration is the only operative energization mechanism. Thus, the highest Lorentz factor
attained is min(yyaq,1c,40c,0). In the purple region, 40,0 < YKN,Vrad,1c- Hence, radiative cooling
does not furnish an upper bound on particle acceleration, and no particles suffer Klein-Nishina
losses. In the orange region, Yrad1c < VKN, 40¢0. Here, Thomson IC losses firmly cap the max-
imum particle energy to vrad1c ~ Yrad,T < VKN, and, consequently, the highest energy particles
are radiatively saturated. In the blue region, Yykn < VX, Vradc and Yradic < Ymax < Yeool2-
Because ykn < 7yx some particles reach ¢ > 1. In addition, in the subset of the region
where Yraq1c < vx = 40,0, the highest energy particles are radiatively saturated. The red re-
gion is defined by Yrad,1c > Ymax > Veool,2 > 40c0. Thus, radiative losses do not bound particle
acceleration, and, as a result, there is likely a broad spectrum of particles above the threshold en-
ergy v ~ 8ykn to emit pair-producing radiation. In the green veoo12 < 40¢ region, Klein-Nishina
effects suppress cooling so that some high-energy particles are weakly radiative, having v > 7coo1,2
and, hence, teoo11c > L/c. In the white ykn < 2.327¢001 region, all particles have teo011c > L/c.
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virtually non-radiative (case C in Fig. .

Lastly, I discuss the Fig. regions corresponding to case A of Fig. (Yeool < Yrad, T <
VKN, Ymax). Lhe first of these is the orange area, where Yiaqic ~ Yrad T < KN, 7Vx. Here, IC
radiation limits X-point energization to below vkn. In the final remaining region, the purple
area, one has 40.0 = vx < Yrad,Ic;YKN- In this regime, radiative losses do not inhibit X-point
acceleration, and X-point acceleration also cannot promote particles to high enough energies to
stray outside the Thomson IC cooling limit.

Having overviewed the rich radiative parameter space available to IC-cooled relativistic re-
connection, I now specialize to one as-yet relatively unexplored regime where Klein-Nishina physics
profoundly impacts the overall dynamics. Here, pair production and Klein-Nishina radiative cool-
ing can conspire together to form an important self-regulation mechanism. I devote the following
chapter to a theoretical exploration of this pair-regulated Klein-Nishina radiative reconnection.

Afterwards, in chapter [ I discuss applications to reconnection-driven emission from ADCe and

FSRQ jets.



Chapter 7

A Model of Pair-Regulated Klein-Nishina Reconnection

In this chapter, I explore technical aspects of reconnection with Klein-Nishina radiative cool-
ing and pair production. I begin (section with a general, qualitative description of the pair-
regulation mechanism and its impact on the reconnection dynamics. I then (section spend
the majority of this chapter on the technical description and model of pair-regulated Klein-Nishina

reconnection that undergirds the qualitative features described in section

7.1 Pair-regulated Klein-Nishina reconnection: qualitative description

The self-regulation mechanism through which pair production feeds back on reconnection (a
phenomenon I call pair requlation or pair feedback) is diagrammed in Fig. and I describe how it
works below. In that description, I adopt a convention that I maintain throughout the remainder of
this work. Namely, I use the term reconnection layer (sometimes just layer) to refer specifically to
the region of the reconnection system permeated by reconnected magnetic flux; the term upstream
(sometimes inflow) refers to the region filled with unreconnected flux.

The pair feedback mechanism works as follows. First (step 1 in Fig. , particles accelerated
in the reconnection layer Comptonize ambient seed photons to gamma-ray energies. Second (step 2
in Fig. , IC-produced gamma-rays penetrate into the upstream region about one pair-production
mean free path from the layer. While propagating, these photons are immune to secondary IC
scattering because the Thomson optical depth 71 is very small (even though the pair-production

optical depth 7., exceeds unity). In step 3, high-energy photons are absorbed by the background
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radiation, producing pairs in the upstream plasma. Newborn pairs are then advected toward the
layer. While en route, they radiatively cool, and thus some of their initial energy never returns to
the layer. Nevertheless, the created pairs remain hot enough that their energy density dominates
that of the originally present colder upstream particles. Thus, the plasma feeding the layer in
step 4 possesses a reduced hot magnetization o}, [equation ] — the ratio of magnetic energy
density to total (original + hot pairs) matter enthalpy density. This inhibits particle acceleration
and subsequent photon emission in the reconnection layer, closing the negative feedback loop.

The model of pair-regulated Klein-Nishina reconnection developed in this chapter predicts
two types of dynamical behaviors. If only a small fraction of the energy radiated away from the
layer is recaptured as hot pairs, reconnection enters a steady state characterized by a universal
(independent of the initial value) pair-regulated hot magnetization. However, if the nearly all of
the radiated energy gets swept back into the layer as pairs, the steady state is never realized.
Instead, the system overshoots its theoretical fixed point solution, getting caught between two
extreme magnetization states. In these ‘swing cycles’, the high magnetization state yields efficient
above-threshold photon emission from the layer and subsequent injection of hot pairs into the
upstream region. This initiates a very low/pair-loaded magnetization. Here, pair production is
quenched until the created pairs vacate the inflow plasma by entering the layer, restoring the high
magnetization.

In both a steady state and a swing cycle, the created particles, when present, dominate the
upstream pressure, but a prolific pair cascade is not expected. The (power-law) distribution of pairs
injected into the inflow region, though potentially quite broad, is too steep for later pair generations
— born from photons emitted by earlier upstream generations — to outnumber the first generation.
Furthermore, for a wide range of parameters, the newborn pairs are also few in number relative to
the original upstream plasma particles.

This last aspect of Klein-Nishina reconnection qualitatively departs from earlier treatments
of radiative reconnection with pair-production (e.g., Lyubarskii, 1996} [Uzdensky, 2011; Hakobyan

et al.,[2019)). Rather than being dressed in a coat of pairs that dominates both the upstream matter
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Figure 7.1: Schematic of Klein-Nishina radiative magnetic reconnection when the system is optically
thick 7, > 1 to pair-production. In this regime, the mean free path Ay, of a high-energy photon
is less than the system size L: Ay, = L/7yy < L. Thus, every high-energy photon (red wiggled
arrows) annihilates against an ambient seed photon (cyan wiggled arrows) before escaping the
system. Newborn pairs are denoted by black arrows and magnetic field lines by blue arrows. The
reconnection layer is opaque pink; the region penetrated by high-energy photons (one mean free
path away from the layer) is transparent pink. See text for a description of stages 1 — 4.
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energy and number densities, the reconnection layer in this regime is self-consistently fed by a few
high-energy newborn particles that control only the energy of inflowing material. Hence, pair-
regulation in Klein-Nishina reconnection modifies the effective hot magnetization, oy, of material

feeding the layer, but not the cold magnetization, o..

7.2 Pair-regulated Klein-Nishina reconnection: technical aspects

I devote the remainder of this chapter to describing the technical analysis that underlies the
qualitative picture described above. Before diving in, I state the following basic assumptions to
clarify the region of the radiative phase diagram (in the sense of Fig. [6.7)) to which the ensuing

analysis pertains:
(1) Radiation takes place in the Klein-Nishina regime, where ykn < Vrad,ic and ykn < 7x.

(2) The reconnection region is radiatively efficient, with all particles accelerated above Yeoo1,1 =~

Yeool cooling in less than a dynamical time L/c and most particles reaching these ener-

gies: <7> > Ycool-

(3) The pair-production mean free paths Apf, of all gamma-rays above pair threshold are
(a) independent of photon energy, and

(b) between the full thickness A of radiation zones — the parts of the reconnection layer
where above-threshold photons are produced — and the layer’s full length L, i.e., A <

)\mfp < L.

As a reminder, I refer to as the ‘layer’ the region of the system threaded with reconnected magnetic
flux.

Assumption [I] restricts to the Klein-Nishina — i.e., blue or red — region of the radiative
phase diagram (Fig. . Assumption [2 excludes the white and green regions, implying that all of
the accelerated particles — from the average energy () to the cutoff energy — are between ~ycoo1,1

and 7coo1,2, and hence are strongly cooled. Statement [3alis not strictly true, but the pair-production
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cross section o~ (€) varies relatively weakly with energy beyond its peak 0.~ (€) ~ o1/5 when € ~
3.6(mec?)? /epn. For example, 0.+ (100m2ct/epn) ~ 0.0807. Finally, the inequality Apmgp, < L in
assumption means that almost all above-threshold photons produced in the system are also
absorbed in the system, and A < Ayg, further means that absorption predominantly occurs in
the inflow (upstream) plasma. Note that I distinguish between the effective full thickness, A, of
the reconnection layer itself, which could be taken as the width of the largest plasmoids ~ 0.1L
(Uzdensky et all [2010), and the thickness of the radiation zone, which (as discussed below in
section could be much thinner, even approaching the thicknesses of interplasmoid current
layers. I illustrate the difference between A and 0.1L in Fig.

In addition to all of these assumptions, I ignore effects due to synchrotron radiation. These
enter at energy scales 7 > s [see equation and its surrounding discussion]. I estimate -4 for
certain astrophysical systems, and comment on the consequent limitations on the applicability of
my model, in chapter [§

My technical investigation of the basic features of Klein-Nishina reconnection proceeds as
follows. I begin (section with some relatively simple energy-budget arguments. Based on
energy considerations alone, I show that a self-regulated steady state or limit cycle should emerge
— irrespective, even, of whether a pair cascade develops in the upstream region. I then decorate
this basic picture by analyzing the number of produced pairs. This shows (section that an
exponential pair cascade, with each generation containing a constant factor > 1 more particles than
the previous one, is not expected except for (almost unrealistically) efficient particle acceleration in
the reconnection layer. I further apply detailed information on the distribution of newborn pairs,
showing that (section , for 0.0 < kN, these should be fewer than those originally present in

the upstream region.

7.2.1 The large energy density of newborn upstream pairs

Because I assume a radiatively efficient reconnection layer (assumption , a sizable fraction

(e.g., one half; Werner et al.2019) of the inflowing Poynting flux is promptly emitted. A fraction F
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Figure 7.2: A more detailed view of the Klein-Nishina radiative reconnection system. The layer
(region threaded with reconnected flux) contains subregions — radiation zones — where particles
are radiating photons above pair-production threshold (gold). These occupy a combined frac-
tion L' /L < 1 of the layer’s full length. They are also thin, having full transverse width, A < 0.1L,
much smaller than the expected size of the largest plasmoids. A detailed view of a hypothetical
radiation zone is displayed on the lower half of the plot. The thinness of the region ultimately stems
from the kinetic-scale current sheets where particles (red dots) are accelerated near reconnection
X-points. Following their impulsive acceleration in these locations, the particles (magenta dots)
are magnetized by the reconnected magnetic field, which carries them away from the vicinity of an
X-point. I concentrate on a subset of these particles (green dots) confined to one reconnected field
line. Before these particles are able to fill an entire ring in a large plasmoid where they eventually
end up, they cool down below the minimum energy -y, (light blue dots) to radiate photons above
pair-production threshold. The transition point where particles cool below v;,, — where the coloring
changes from green to light blue — determines both the length of the radiation zone (distance from
the X-point) and its width, i.e., the spread in red/magenta/green particles (those with v > ~pp)
about the midplane.
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of the radiated energy lies above pair threshold with the ambient photon bath. This fraction
penetrates a distance Anyg, [assumption into the upstream plasma on both sides of the 1ayerE|

There, it is recaptured as newborn hot pairs and, ultimately, readvected into the layer. If the
energy density of fresh pairs is high enough, the overall enthalpy density w = wg + w-, of inflowing

material substantially increases. This reduces the effective hot magnetization

Bj
4w

on = (7.1)

below oy, o = B3 /4mwy [equation (2.7)], which characterizes the far upstream region (beyond Amgp
from the layer). In my convention, subscript ‘0’ denotes far upstream quantities and subscript “yy’
quantities sourced by pair creation within Ay, of the layer. Corresponding naked symbols (e.g., oy,
or w) are decided by a combination of pair-creation-sourced and far upstream values.

A reduced effective o, may strongly suppress the efficiency of non-thermal particle acceler-
ation (NTPA) in the layer (e.g., Sironi & Spitkovsky, 2014} [Sironi et al., |2016; (Guo et al., 2014,
2015; |Werner et al., 2016; Werner & Uzdensky, 2017; [Werner et al., [2018; Ball et al., [2018). This
enables a negative feedback loop, in which a layer fed initially by highly magnetized (on0 > 1)
plasma efficiently accelerates particles to gamma-ray emitting energies. The gamma-rays, in turn,
produce pairs in the inflow region, reducing its effective magnetization and, hence, suppressing
subsequent NTPA (cf. Hakobyan et al.|[2019; see Fig. . In this section, I calculate the fixed
point oy, for this feedback loop. Additionally, I determine the conditions governing whether the
system asymptotically approaches its fixed point in a late-time steady state. I further show that,
if the fixed point is not reached, the system exhibits undamped, large-amplitude cycles of copious
pair creation followed by shutdown of NTPA.

The Poynting flux delivered to the reconnection layer (per unit length in the out-of-plane

direction) is

2
PPoynt ~ 2Lﬁreccﬁ . (72)
4
! For simplicity, I ignore kinetic beaming (Uzdensky et al.,[2011} |Cerutti et al., [2012b; Mehlhaff et al.|2020), which
produces potentially important anisotropy in the distributions of high-energy particles and their emitted photons. I
comment on expected consequences of this beaming in Appendix [C]but ultimately defer its full treatment to a future
simulation study.
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The leading factor of 2 results from Poynting flux entering the reconnection region from two di-
rections. If half of this power is given to particles that quickly [within L/c; assumption [2] radiate
it away through the IC process, the volume-averaged IC emissivity jic (power radiated per unit

volume) in the reconnection layer satisfies

2

. 1 B
]ICAL/ ~ §PPoynt ~ LBrecc (73)

Bo
4’
where L’ is the combined length of all radiation zones in the reconnection layer. One can ignore
all plasmoid/current-sheet substructure, taking the entire layer to be one large radiation zone, by
setting L' = L. However, given my assumption 2 of a radiatively efficient reconnection system, L’
may actually be shorter than L. This is because particles may cool to below the minimum en-
ergy, Ypp = 8YkN (section , to emit pair-producing photons before traveling far from their
primary X-point acceleration sites. Moreover, as particles travel away from an X-point, they also
spread out about the reconnection midplane. Thus, a cooling limit on the combined length of
radiation zones (such that L' < L) also limits their effective thickness, A, potentially keeping them
much thinner than the characteristic large-plasmoid width (e.g., A < 0.1L; Fig. .

To determine the total enthalpy density w and, from it, the effective magnetization o}, [equa-
tion ], one needs to know the fraction F of power radiated away from the reconnection layer
above pair-production threshold (and, hence, captured in the upstream region as electron-positron

pairs). Using 7pp along with the distribution function of radiating layer particles dN/dvy, F reads

iy, dv AN/ dy Pie(y)

= . 7.4
JT©dy AN/ dv Pre(v) 74
To evaluate F, I insert a power-law reconnection-energized pair-plasma distribution:
AN TP n<y<y
—=A 7.5
= , (75)
0 otherwise

where A is a normalization factor and v; < gy is assumed. If p < 3, the y2-dependence of Pic(7)
when v < ygN suppresses the dependence of F on the onset energy v; < vkn of the power law,

and 71 can thus be taken to unity. If, instead, p > 3, the onset energy, 1, can also be ignored
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— the same dependence, Pic(y < Ykn) X 72, pushes F to zero independently of ;. Thus, my
assumption y; < ykn is equivalent to setting vy, = 1.

Substituting, now, (6.4) and (7.5 into (7.4)), as well as putting v, = 8ykn and 1 /ykNn = 0,

gives

_ Js deaTPP fn(2)

Flp.z) = Jo dwa=P*2 fen(z)

(7.6)

where z = y2/ykn. Fig. displays F(p,z) computed according to (7.6). The graphs confirm
the above argument that lim, .3 F(p,z) = 0 for all z. Furthermore, because fxn(z) ~ In(z)/z?
as x — 0o, when p < 1, the integrals in diverge with z, but in such a way that F = 1. This
signals that virtually all radiation from the layer is emitted above pair threshold. Fig. [7.3] also
shows that, modulo a strong z-dependence near pair threshold z = 8, F(p, z) becomes nearly z-
independent once z 2 12. Essentially, F(p, z 2 12) ~ F(p, o).

Next, I explicitly connect the fraction F to the effective hot magnetization op. The
power FjicAL’ shining out of the reconnection layer’s radiation zones penetrates a distance A,
back into the upstream area before being deposited as hot pairs. Assuming this deposition is ap-

proximately uniform in space up to a distance Anfg, above and below the reconnection layer, hot

pairs add to the upstream plasma energy density at a rate du,,/dt satisfying

dity,
dt

(2Amtp) L ~ FjicAL

du”/’y - Fjic A £/ N ]_-/BrecCE(Q)

: 7.7
dt 2 Amip L7 Ampp 87 (7.7)

In the first line, I assume that, as the radiation propagates away from the layer, it also fills in the
gaps between radiation zones so that the upstream region receives pairs approximately uniformly
across its length L. The second line in is obtained from the first by plugging in equation .
The factor of 2 accounts for radiated energy being absorbed both below and above the layer.
Consider a plasma parcel with initial energy density ug that starts far upstream, |y| > A, of
the layer. The parcel is advected inward at transverse velocity v, = — sign(y)frecc =~ — sign(y)0.1c,

and, upon reaching the pair-creation zone, |y| ~ Amgp, begins accruing additional energy at the
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Figure 7.3: Top: A plot of F(p, z) as a function of z = v /ykN for several values of p. Dot-dashed lines indicate lim,_, o, F(p, z). Bottom:
A plot of F(p, z) as a function of p for several values of z. The fraction F is strongly dependent on p but not on z (at least after the
threshold value z = 8 is crossed).
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rate du,,/dt. The extra energy acquired in transit from |y| ~ Amg, to the layer (|y| ~ A) is simply

duyy ~ Amtp dtyy Eg
dt  Brecc dt 8

1
u+ ()\mfp — A)

~ 7.8
i /BI‘GCC ( )

The accumulated internal energy density ufyr,y is less than Bg /8m because F < 1, but it can still far
exceed ug given sufficient magnetization oy, 9 > 1. The superscript ‘4’ denotes that this is only
energy added to the plasma; I have not yet considered that some energy may be lost en route to
the layer — either through radiation or because particles physically escape the system.

Importantly, the ‘readvection time’ t;n = Amgp/Brecc cancels in . Thus, whether the
pair-creation zone is truly confined to transverse distances |y| ~ Amg or occupies a much larger
region (for example, for an N-generation pair cascade, one expects |y| ~ v/N. Amfp > Amfp — 2
possibility that I entertain in section , u,% remains approximately the same. For reference,
the readvection time is related to the global dynamical time L/c through

Aty 10 L

- )
Brecc Tyy €

(7.9)

tra =

where I used Ay = L/7yy and frec >~ 0.1. Note that the prefix ‘re’ in ‘readvection’ applies only
to the energy, which is captured again by the reconnection layer. The pairs that carry this energy,
by contrast, are advected into the layer for their first time.

I now estimate u,,, the energy density retained by the fresh plasma swept into the recon-
nection layer. This yields the enthalpy density w,, and, through equation , the effective hot
magnetization oy,. Now, u,- is less than the deposited energy density u% because, while traveling
to the layer, newborn pairs may both radiatively cool and escape the system. To account for this,

I define the energy recapture efficiency, £ = -/ u% <1, and write

§ = fnocoolfnoesc . (710)

Here, frocool and froesc are, respectively, the fraction of the accumulated energy that is not radiated
away (fnocool) and that is not lost through escaping particles (fuoesc)-
I calculate the cooling factor fhocoor in detail in Appendix [Bl There, I identify a physically

allowed range fuocool € [3/400, 1] and show how, within this interval, fioc001 depends on the other
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parameters in the problem (on the effective magnetization oy, and on the cutoff z). While that
calculation allows me to compute o}, self-consistently (since, in reality, fuocool depends on oy),
it is mathematically complicated. Furthermore, I find that the main qualitative features of self-
regulated Klein-Nishina reconnection are captured by treating fnocool as an independent parameter
and scanning it across the allowed interval [3/400, 1]. That is the approach I adopt in this section.

In addition to this simplified prescription for fiocoo1, I set the escape factor fioesec to unity,
effectively putting & = fuocool- This is what one expects if the time L/c for a relativistic particle
to stream out of the system is longer than the readvection time , which is true for 7,, 2 10
(and hence for a broad range of radiative parameters). I comment more thoroughly on the many
additional kinetic effects that may influence fyoesc in Appendix [C] However, because most of these
effects tend to push froesc toward unity, I simply leave fhoesc =~ 1 from here onward.

Using &, the energy density of fresh pairs entering the reconnection layer is
Uyy = fu;’r7 ~EF—. (7.11)

If these pairs are relativistically hot, then p,, = uyy/3 and wyy = pyy + Uyy = (4/3)uyy; oth-
erwise Wy, = Uyy. 1 take wyy = (4/3)u,, — still a good approximation in the non-relativistic
limit.

The effective inflowing plasma magnetization oy, is then

Bg - B(Q)/47rw0 0h,0
AT(wo + way) T+ wyy/wo 1+ 26F0n0/3°

oy =

(7.12)

Equation encodes two main possible fixed points for oy,. The first is when {Fop 0 < 1.
Then, pair-production is too inefficient to load the upstream plasma substantially and the solution
to is simply o1, ~ op. The other regime is when {Foy, o > 1. In this situation, hot pairs
suppress o}, to a universal value

3

T (7.13)

Op ~

which is entirely independent of oy, . Not only is (7.13)) universal, but, in principle, it can be solved

to yield self-consistent values of oy, and p. This is because the effective magnetization governs
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the efficiency of NTPA (cf. [Werner et al., 2016; |Werner & Uzdensky, 2017; |Werner et al.| [2018;
Ball et all 2018) and ultimately specifies the power-law index p. One only needs to know the
reconnection NTPA ‘equation of state’, p(oy,).

Let me assume that a suitable p(oy,) can be borrowed from non-radiative reconnection studies.

I take

plow) = 1+2/y/am, (7.14)

which can be obtained from fitting the data in fig. 3 of Werner et al.| (2016)) to the general form p =
Co + C1/+/on used by Werner & Uzdensky| (2017) (see also |Werner et al., |2018; Ball et al., 2018).
I acknowledge that the distribution d/N/d~y in equation is the instantaneous distribution of
radiating particles in the reconnection layer, which — in this radiative context — may differ from
the injected (non-radiative) power-law distribution characterized by p(oy). Later on, I account for
approximate radiative modifications to the distribution of emitting particles. For mathematical
transparency, however, in this first calculation, I plug directly into the expression for F.

To simplify further, I take z = 73/ykn — oo when evaluating F even though calculat-
ing oy, and p runs the same for any z. As previously remarked, the fraction F(p, z) is relatively z-
independent as long as z 2 12, so taking z — oo gives a solution representing a wide range of likely
values (i.e., almost all values beyond those very close to the threshold z = 8 for pair production to
turn on).

I now solve (|7.13) and ([7.14)) for a variety of & values and graphically present the solutions

in Fig. A lower £ (lower fihocool) increases radiative cooling of newborn pairs as they travel
toward the reconnection layer. This diminishes their enthalpy density, w,, (which, nevertheless,
still dominates over the initial plasma because w = wgy + wyy ~ w4~), enhancing the effective mag-
netization oy, and, through p(oy,), hardening the resulting distribution of reconnection-energized
particles.

In Fig. I solve equations ((7.13) and (7.14)) rather than the more general form (7.12)).

This presupposes that the solution o}, is much smaller than the original (far upstream) hot mag-
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Figure 7.4: Solutions to equations (7.13) and ([7.14) for several ¢ values. Lower & causes the pairs
born into the upstream region to cool more. This somewhat inhibits the feedback mechanism by
reducing the overall enthalpy density w = wg + w.y ~ w,, of plasma arriving at the layer.
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netization oy, . To illustrate the effect of a finite oy, o, I also display solutions to equation
for oy 0 = 100 in Fig. As expected, a finite oy, o has relatively little impact on the value of oy,
when o, < oy — the universal regime in which the solution is insensitive to the far upstream
magnetization. However, as the resulting solution oy, gets closer to oy, the approximate solution
obtained from becomes less accurate. This occurs roughly when { ~ 1/0y, o (compare, for
example, the solutions obtained for £ = 0.03 = 3/0y, in Figs. and . In addition, Fig. 7.5

illustrates the stability of the fixed point oy, which is the topic of the next section.

7.2.1.1 Stability of the pair-loaded oy,

Now that it has been seen how to calculate the fixed point o}, one can begin to ask whether
a system that starts from the initial magnetization o}, o actually approaches oy, at some late time.
I call the fixed point stable if the plasma feeding the reconnection layer approaches a quasi-steady
magnetization oy, and unstable otherwise. Where necessary, I further distinguish global stability,
which refers to the notion of stability just described, from local stability, which is simpler, and only
determines whether a system that starts at a magnetization some infinitesimal distance doy, away
from oy, approaches oy,.

To discuss stability quantitatively, I abbreviate the right-hand-side of (7.12)) as

_ 0h,0
M) = T 2 7 pla) ool on/3 (7.15)

A system that begins with initial magnetization oy, (i.e., before any pairs have been produced)
accelerates a distribution of particles in the reconnection layer with a power-law index p(on)
given by equation (|7.14]). These particles then radiate photons, some of which are above pair
threshold with the background radiation and consequently — after a time ~ Ayg,/c — pair-produce
somewhere in the zone |y| < Amgp. The newborn pairs are then advected toward the layer, reaching
it after a readvection time t;a = Amgp/Brecc. At that point the layer witnesses a new effective
magnetization oy ; that is determined by ono via o1 = h(ono). Assuming that the time for

the layer to respond to a new magnetization is smaller than Ayg,/Brecc, the lag time between
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Figure 7.5: Solutions to the more general equation and equation using oy, 0 = 100.
Unlike equation , equation does not assume a priori that oy, < oy9. The figure
also depicts the stability of each solution. Systems starting with magnetization oy, ¢ transition to
a new magnetization o1 = h(on) after approximately one readvection time Apmfp/Brecc. This
is illustrated for each ¢ by a horizontal line running left from h(oy ) to the corresponding new
value of oy, on the blue diagonal [which represents the curve = h(x)]. Then, after another
readvection time, the second modified magnetization oy, 2 = h(on,1) is reached. This is represented
by both an upward-running dashed line from oy, ; to h(on,1) and a horizontal line, from left to right,
terminating on the corresponding value oy, o on the diagonal. Further transitions are denoted by
one vertical and one horizontal dashed line: either down-then-left or up-then-right. For low &, the
system approaches the fixed point oy, after just a few transitions. For high £, pair feedback is so
efficient that the system gets stuck in a two-state swing cycle.
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when the layer starts processing a oy, g-plasma and when it starts to see a oy, 1-plasma is Ay /c +
Amtp/ BrecC =~ Amtp/Brecc. Thus, the readvection time characterizes the transition period from the
initial magnetization oy, o to the first modified magnetization oy, ;.

By similar reasoning, after about nAmg,/Brecc, the layer witnesses effective magnetization

Ohn = h(ohn-1). (7.16)

Thus, the system approaches the fixed point oy, as an asymptotic steady state if lim;, oo o, = op.
Of course, if the convergence is slow, then the system may not actually reach the fixed point oy
(even though it is stable) before reconnection finishes. All that is certain in that case is that oscil-
latory swings about oy are damped: with each successive readvection time, the system reaches a
magnetization that is somewhat closer to the asymptotic steady state. However, if the long-time
limit of the iterated map oy, = h(op,—1) does not approach the fixed point oy, then some other
behavior occurs. That late-time outcome is large-amplitude, undamped oscillations about o}, be-
tween two states, one with a low magnetization oy, « < oy, and one with a high value oy, ~ > oy,. The
high-oy, . state drives efficient NTPA in the reconnection layer and, consequently, pair production
in the upstream region. When the created hot pairs reach the layer, they initiate the low-o}, <
state, where NTPA is shut down, pair creation ceases, and, eventually (after another Apng,/Brecc),
the high-oy, » state is restored. The cycle repeats from there.

Both behaviors — an asymptotic steady state and a late-time two-state cycle — are illustrated
in Fig. For low energy recapture efficiency &, the system tends toward a steady state; when &
is increased beyond a critical threshold, the system bifurcates, asymptotically favoring large am-
plitude swings. This can be understood as follows. For efficient feedback, so much of the energy
radiated from the layer is caught in, and then recaptured from, the upstream region that the system
overshoots the fixed point o, by a wide margin. This chokes subsequent pair-producing emission
from the layer effectively enough that the system violently ricochets back to a high magnetization,
getting caught between two extreme magnetizations oy, < and oy, ~ as described above.

I now show how this physical picture is encoded in the mathematical machinery. As is well-
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known from the theory of iterated maps, the fixed point o, = h(oy,) is locally stable if ‘h’ (O‘h)‘ <1
(meaning, as discussed before, that magnetizations o}, + do, move toward oy, with each successive
iteration). Higher & lowers the curve h(z), which increases the magnitude of the slope h'(o},) (i.e.,
makes it more negative) at the location of the fixed point (see Fig. , pushing the system toward
the instability threshold ’h’(ah)’ = 1 for swing cycles. Even though this is only a local stability
condition, I argue in Appendix @ that, for the restricted class of monotonically decreasing h(x)
functions, local instability is sufficient for global instability: o}, is never approached by systems that
start at oy, 0 when ‘h’ (ah)‘ > 1. In that case, the late-time dynamics consist of a two-state swing
cycle. In contrast, if ‘h’ (ah)‘ < 1, the system may or may not converge toward oy, depending on
the details of the map function h(x). Despite this uncertainty (and as also argued in Appendix@,
at late times, all monotonically decreasing h(z) functions result in either a steady state or a swing
cycle. For such functions, no other late-time dynamics are allowed.

To illustrate these remarks, I supply Fig. [7.6] That figure displays the fixed point oy, as a
function of £. The system bifurcates at a critical value of £ = &. ~ 0.84: the fixed point o}, becomes
unstable [|A/(on)| goes above 1] and a new attractor for the late-time dynamics appears — a two-
state cycle characterized by a low magnetization oy, « < o}, and a high magnetization oy, ~ > oy,.
Importantly, the condition |h’ | > 1 implies that the system traps into a limit cycle at late times.
While, in general, it is not the case that }h’ ‘ < 1 implies convergence to the fixed point oy, for

this particular system that happens to be true. (I discuss a case where this does not hold in

Appendix )

7.2.1.2 Calculating o, with more realistic radiative feedback

Having established the mathematical techniques for computing the self-regulated magneti-
zation oy, and determining its stability, I now repeat my calculation with more physical realism.

In particular, I modify my assumed layer particle distribution d/N/d~y from a single power law, as



138

101

109

R AN

|7 (n(€)))

L1 k1

101 T
§

T l\llllll T
:.lll
—_
()
1

109

Figure 7.6: The fixed point oy, of the reconnection layer [i.e., of the iterated map oy, = h(ohn—1)
with h(x) as defined in equation ] plotted as a function of £. Also displayed are the magnitude
of the slope of h(x) evaluated at the fixed point and the low oy, «~ and high oy, » magnetizations
associated with two-state cycles. At the critical value & = & =~ 0.84, the system undergoes a
bifurcation: the fixed point oy, goes unstable, as signaled by ‘h’ (ah(f))} crossing above 1. The fixed
point still exists when £ > &. (and is indicated by a dotted line in that case), but does not control
the late-time dynamics. Instead, the system comes to hop between two magnetizations oy, « < oy
and oy~ > oy
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in ([7.5)), to a broken power law:

v (v/7&N)7PT v <AKN

- (7.17)

(7/7&N) TPEN > kN

This allows me to account for the different expected modifications to the power-law scaling of the
distribution function in both the Thomson (v < ykn) and deep Klein-Nishina (y > ygn) regimes.

Given a steady injected particle distribution with power-law index p, the realized distribution,
if cooled in the Thomson limit, is steepened to index pr = p + 1. In contrast, if one adopts the
approximate form for fxn(gq) from equation , then, for v > kN, the actual distribution of
radiating particles, in fact, hardens, attaining a power-law scaling pgn ~ p — 0.5 (Moderski et al.
2005). I therefore take pt = p(on) + 1 and pxn = p(on) — 0.5 where p(on) = 1 + 2/,/0y, as in
equation . Admittedly, this is still very crude. It ignores the finite time-scale of particle
energization in the reconnection layer and the finite time it takes for the full energy range of the
distribution function to respond to radiative losses. It ignores, moreover, the bursty nature of
magnetic reconnection at the highest energies (e.g., [Werner et al., 2019; Mehlhaff et al., [2020).
However, these relationships for pr and pxn are at least a first step toward capturing some of the

qualitative effects that radiative cooling may have on the pair feedback mechanism.

Using ([7.17)), the power fraction becomes [cf. equation ([7.6)]

: J§ dara P2 fex (o)

F(p1:PKN, 2) = ; |
(pT) PKN, 2) fol dmx_pT"'szN(x) _|_f1 dmx_pKN+2fKN(x)

(7.18)

Note that F (pr,prN, 2 < 8) = 0, and so it is not necessary to consider the case z < 1 in the
denominator. The fraction F, with pp = p+ 1 and pxx = p — 0.5 is displayed as a function of z
and p in Fig.[7.7] The opposite impacts of radiative losses in the Thomson and deep Klein-Nishina
limits — where, respectively, the particle energy distribution tends to steepen and become shallower
— have a pronounced effect on the p-dependence of F. Due to the steepening of the distribution at
lower energies, the denominator diverges when p > 2 (py > 3). Meanwhile, due to the hardening

in the Klein-Nishina regime, the fraction F goes to 1 as z — oo when p < 1.5 (pkn < 1). This
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compresses the effective range in p over which F varies. Whereas my original power fraction F (p, 00)
in equation (|7.6) starts to decline from 1 only once p 2 1.5, not reaching zero until p = 3, the new
fraction ]:"(p +1,p—0.5,00) departs from 1 when p > 1.5 but hits zero already by the time p = 2.

This dramatically impacts the fixed points oy (§) and their stabilities. In analogy to equa-

tion ([7.15)), I define

h(z) = . 7h,0 . (7.19)
1428 Flp(z) + 1,p(x) — 0.5, 00]on,0/3

Fig. displays a few B(x) curves, each one with different energy recapture efficiency €. As
promised, h(z) is flat when p(z) = 14+2/y/z > 1.5 (i.e., when 2 > 16) because it is here that F = 1.
At the same time, h(z < 4) = on,0 since p(z < 4) > 2, and, hence, F = 0. The rapid transition
in h(x) from nearly vertical to nearly flat between z = 4 and x = 16 induces a sharp transition
in the stability of the fixed point o},. The fixed point becomes unstable at £ = £ ~ 0.30, and
further increasing £ beyond this point yields much more dramatic swing cycles than did incremental
changes in £ beyond the threshold & ~ 0.84 of A in equation ([7.15)). By the time & 2 0.5, the
reconnection layer starts in a swing cycle, hopping between its initial magnetization oy, g = oy, ~ and
a much lower magnetization oy, « < 4. In the low-magnetization state, pair-production completely
ceases (]:' = 0) and, after one readvection time, the plasma flowing into the layer contains no
newborn pair component and once again possesses the initial magnetization oy, g. Although this is
still a long way from a detailed model, it illustrates what appears to be a robust mechanism for pair
feedback in Klein-Nishina relativistic reconnection. An initially highly-magnetized system o}, > 1
can efficiently accelerate gamma-ray-radiating leptons in the reconnection layer. These gamma-rays
collide with ambient background photons to produce a hot newborn pair component in the upstream
plasma. Subsequently, the new pairs are advected into the layer where they suppress NTPA and,
hence, the production of additional pairs. This mechanism operates even when radiative cooling of
the layer particles is taken into account. If the energy recapture efficiency £ approaches order unity,

then the system undergoes undamped, large-amplitude oscillations between a high magnetization

(even as high as the initial value oy, o) — sourcing copious upstream pairs — and a low magnetization
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where pair-production is completely shut down. For & <« 1 however, the system approaches a
steady state — characterized by a balance between upstream pair-loading and particle energization

in the layer — after just one or a few readvection times tra = Amsp/Brecc-

7.2.2 Upstream pair cascades are not generally expected

So far, I have described a fixed point solution in which the reconnection layer regulates itself,
maintaining a universal effective hot magnetization oy, or, potentially, exhibiting large-amplitude
two-state limit cycles. The arguments that allowed me to characterize this behavior were based
solely upon tracing the flow of energy through the system. I now undertake an analogous program,
tracing the plasma particles instead of the energy.

Here, I must deal with an additional complication that was not present in the preceding
energy-based arguments. Namely, because of pair production, particle number is not conserved,
and one cannot simply equate the number of pairs born into the inflow plasma with (twice) the
number of above-threshold photons radiated away from the layer. In principle, additional pair
creation in the upstream region can occur: newborn pairs can radiate additional photons that are
themselves above pair-production threshold and capable of producing secondary pair generations.
I address this issue in this section. As an immediate byproduct of the analysis, I show that a
pair cascade is not generally expected — the number of particles only grows exponentially in each
subsequent pair generation under certain optimal conditions.

An important quantity here is the distribution of pairs injected into the inflow plasma as the
result of high-energy photons, originally emitted from the reconnection layer, getting absorbed in

the upstream region. I denote this as

M 7Y <y <y
Qw (v) =B . (7.20)
0 otherwise

Here, the superscript ‘(1)” (subscript ‘1’ on I'; and Bj) indicates the first generation. In this section,
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I calculate

- T A <y <Y
QY (v) = Bn (7.21)
0 otherwise

the injected distribution of nth-generation pairs, in terms of Q%) (7). The dimensions of Q%) ()
are that of a rate: particles per unit time per unit energy. I have not normalized by spatial volume.
Thus, Effy) (7) is averaged over the spatial region where nth-generation pair-production is active.

For now, I assume that Q%) (7) is a power law and check this a posteriori.

7.2.2.1 Newborn pair generations: basic observations

Before calculating the Q%) () distributions in detail, I offer a few guiding remarks. These
primarily pertain to the range of energies present in each generation — i.e., to 'yYL) and 'yén) — and
to the number of generations that the upstream region can support.

As discussed in section @ a particle with Lorentz factor v > v, = 8ykn emits photons
of characteristic energy E, ~ ymec?/2. Upon absorption by the soft radiation background, these
photons each create two particles with approximate Lorentz factors E,/ 2mec? ~ /4. Thus, the
power law begins and ends at energies about a factor of 4 less than the corresponding energies

) (1

of layer particles: %1 ~ Ypp/4 = 2ykn and 7, ) ~v2/4, [y2 is the cutoff layer particle energy; see

equation ([7.5))].
In general, the low and high injected energies in each successive pair generation follow

by identical reasoning to those of the first generation. One has q{n) ~ %1) ~ Ypp/4 = 279kN

and ’ygn) ~ 72/4™. The last generation, N, possesses cutoff at or below the threshold to emit

pair-producing radiation: vp, = 8ykn > ’yéN) = /4. This caps the number of generations
to N = [log,(72/8vkN)], where [z] rounds x up to the nearest integer. Note that, if log, (v2/8vknN)
is not an integer, then a partial additional generation is produced from the subset of pairs in the

preceding generation with Lorentz factors above vp,,. For example, if log,(v2/8vkn) is 2.4 — and,

hence, N = 3 — then two full generations are created in addition to a partial third generation.
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One may also place a potentially firmer limit on the number of generations. Note that
newborn upstream particles with tcool1c(y) > tra do not radiate before entering the layer, and,
thus, do not yield additional upstream pairs. This condition is marginally satisfied if v = Jc001 Such

that

0L Awy
C

tcool,IC ('70001) = (722)

where, for convenience, I use the approximate form t., ~ 10L/7,c [equation (7.9)]. Note that the
cooling time t¢q01,1c is the product of the readvection time with a dimensionless function of ¢ =
v/vkn: namely, teooric(Y) = (3/50)(10L/7y~¢)[gfkn(g)] ™!, which follows from equations
and . This implies that the solution to depends only on kN — it is independent of
all other system parameters (e.g., Ymax, Yrad,T, and ocg). Moreover, because teoo11c(7y) is non-
monotonic [see equation , Fig. and the surrounding discussion], there are actually two

solutions to ([7.22). These can be found numerically and are

Feool,1 == 0.066vkN =~ (3/50)YKN (7.23)

which is in the Thomson limit, and

:70001,2 ~ 2807kN , (724)

which is in the deep Klein-Nishina regime.
All pairs born into the upstream region with v > Jeo012 have teoor1c(Y) > tra and thus do
not radiate before being swept into the reconnection layer. However, pairs born with v < Jeoo1,2

(which also have v > Aco01,1 because vy > ’An)

~ 29KN > Feool,1) have teoor1c(Y) < tra. They
maintain this condition as they radiatively cool all the way until they reach v = 7¢o01,1, at which
point teoo11c(Y) = tra. Thus, pairs born between the energies Jeool,1 and eool,2 may cool all the
way down to Jeool,1 before entering the layer. (They may not cool quite this far if not born a full
mean-free-path Apyg, upstream of the layer.)

Because first-generation pairs whose parent layer particles had Lorentz factors > 4%co01,2 do

not spawn additional pairs, the number of generations is limited to N = [logy(4%cool,2/8VKN)] =~
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[log,(282/2)] = 4. Combining this with the previous limit yields

N = min [1og4 (832 )},4 , (7.25)
KN

which slightly modifies the cutoff energies from wén) ~ y2/4™ to

) Y2 /4 n=1
NOIN _ (7.26)

min(vyz, 4%coo1,2) /4" n >1
While the first generation’s cutoff is determined entirely in terms of the layer cutoff s, only particles
in the first generation with v < Jco01,2 can give rise to further generations before entering the layer.
The maximum number of generations N places an important constraint on the self-regulated
reconnection system. The mean excursion of nth-generation photons (those that create nth-

~ /MAnfp, which scales with n as a 1D

generation pairs) from the reconnection layer is ‘g(")
random walk. Thus, photons would begin to escape the system if N > (L/Amg)? > 1. But,

because N cannot exceed 4, this is not expected.

7.2.2.2 Newborn pair generations: detailed calculation

I now calculate, in detail, the Q%) (7) distributions in terms of Q%) (7). To do this, I set
up a system of coupled differential equations for NASZ) (7), the (volume-integrated) distributions of

(n)

pairs born into the inflow plasma, and for Npﬁ (€), the (volume-integrated) distributions of photons
residing in the upstream region. To formulate these equations, I temporarily add time-dependence

to the distributions, though I ultimately specialize to the steady state. The time-derivatives of

the NW(Z)’S can be expressed as

9 N

ETRARH! (7,t) = (injection) — (cooling)

0 (. (n
= QW00 - 5 (1N 6.0) (7.27)

Here, I have fictitiously assumed that the discrete Klein-Nishina-limit cooling of particles can be

represented continuously. However, this approximation has proven to be quite accurate for non-
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mono-energetic pair distributions N,%) (Zdziarski, [1989; Moderski et al.,[2005). The signed cooling

rate is given by —y =|| = V/tcool,lc(’Y)-
(n)

Simultaneously, the time-derivatives of the Npﬁ ’s are
QN (n)(e t) = (emission) — (annihilation)
ot ph AT
- (n)
N2 Ny (et
-9 7Y ( €7t) _ ph ( ) , (7.28)
tcool,IC (26) Amfp/c

where, in this section only, I write photon energies € in units of mec?.

The leading factor 2 on
the first term comes from the Jacobian dvy/de = 2 corresponding to v = 2e. Equation is
written explicitly in the Klein-Nishina regime, where each upstream pair cools in time tco011c(7),
and, when it does, emits a photon of energy ym.c?/2. Then, each photon travels a distance Amfp in

time Apfp/c before annihilating against the background to produce a new pair. Because 2 particles

are injected into the nth generation upon each annihilation of an nth-generation photon, one has

(n)
Ny (27, 1)
Q(J%) (v,1) =2 x QTfi/c (7.29)
mfp

Here again, one factor of 2 comes from the Jacobian from particle to photon energies.

Equations — achieve a steady state if the readvection time, over which the n =
1 injection term is constant, is longer than the cooling times of newborn pairs and the photon
streaming time Apg/c. The first condition is satisfied because all pairs (at least for n > 1) are
born with Lorentz factors v < Acool,2, While the latter is satisfied because the nth-generation
readvection time is /nAmfp/BrecC ~ 10/ NAmep /¢ > Amgp/c. (The particles in the n = 1 generation
with 7 > Jcoo12 do not produce additional pairs and so can be excluded from these equations.)
Let me therefore specialize to the steady state of equations and . This gives, upon
plugging into ,

_ 8N§3_1)(4v)

) 7.30
tcool,IC (47) ( )

Q) ()
which, in turn, allows one to write

887 (3B ) = —;ai (vl /) | (7.31)
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where I have used —% = 7v/tcool1c(7)-

Then, inserting 1D into the steady state of 1) gives a recursive formula for the Q,(YCLY) (7)’s:

—;;Y (7R (/9) = QR (). (7.32)

Let me integrate this equation from v > v, to v = co. The upper bound gives zero on the left-

hand-side of 1D since Q(%)(oo) = 0. The lower bound does not give zero on the left because /4
(n)

exceeds the lowest energy v, ' = 2ykn in the (n + 1)st injected distribution. Hence,
1 2 [
/ /
Qe =2 [ anear. (73
v

Let me now use 1} to determine QS/ZH)(’y) explicitly, assuming Q%) (7) is given by a
power law as in equation |i Restricting to 2vgn = 'yinﬂ) <y < ’yénﬂ) = ’yén) /4, one has

(n)

2B, [ _
QI () = (v) "y
Y %%
I'p—1
2B, _ 4y
= " 4y - [ =5 : (7.34)
’Y(Fn - 1) ’yén)

For ~ not between 2ykn and 7§n) /4, the distribution Q,(ﬁy) (7) is zero. Strictly speaking, for n =
1, vél) = 72/4 needs to be modified to min(vél),%oohg) /4, since only first-generation particles with
energies less than 012 can spawn additional pairs.

Noting that the term in square brackets in is roughly unity except when v ~ vén) /4,
one sees that Q%H)(v) is just a power law with a cutoff at 7§n+1) = *yén) /4, in agreement with

equation ((7.26). This verifies the assumed power-law form (7.21)) provided the initial injected

distribution Q%) (7) is also a power-law. In that case,
Fn—f—l = Fn =In=T (735)
and

Bt = A(T)B, = [A(T)]" B, (7.36)
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where I have defined

A(T) = 4F(1§_1) . (7.37)

These recurrence formulae imply that the total pair injection rate in the upstream region is

r-1
—I'+1

N N
> [ @y =5y A" 1 e
n=1 n=1

— N-1
Bl I'+1

Vmin n
~ o 2 [AT)]

n=0

N
_1- AT / QW) dv. (7.38)

where, for convenience, I define v = %”) = 29kN. In the second and third lines, I assume

that T' > 1 and, hence, that the term (Ymin /’ygn))F*1 can be neglected. The final line is the crux
of this section. It determines under what conditions a true pair cascade develops — when the total
number of injected pairs in the upstream region is exponential in the number of generations V.

One has,

A(T') > 1 <= pair cascade

A(T") < 1 <= nopair cascade. (7.39)

The multiplication factor A(I") is less than unity for I' > 1.73. Whether a pair cascade develops
comes down to the expected value of I' in the first-generation injected distribution.

One expects that Q%) (7) inherits its power-law scaling from the distribution of photons
emitted into the upstream region from the layer. For a power-law distribution of radiating
layer particles, the emitted photon spectrum is, approximately, a power law with index I' = pgn+1
(plus a logarithmic correction; see Blumenthal & Gould| 1970, and Aharonian & Atoyan |1981).
Since one expects the scaling of the layer particle distribution in the Klein-Nishina regime to

be pkn = p — 0.5, which corresponds to an intrinsic particle acceleration index p hardened due to
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Klein-Nishina IC losses, one has min(I') = min(p 4+ 0.5). Now, according to (7.14)), min(p) = 1,
and thus the distribution of first-generation injected pairs should be no harder than min(I") = 1.5.
This gives a maximum multiplication factor of max(A(I')) = A(min(I')) = A(1.5) = 2, for which
the number of injected pairs doubles in each successive generation.

A shallow enough scaling I" to bring A(I") above unity is only achieved for p < 1.7—0.5 = 1.2.
Using equation , this implies a magnetization o > 80. Also, the theory I have presented thus
far ignores the possibility of a guide field, which tends to suppress reconnection-powered NTPA
(e.g., [Werner & Uzdensky, [2017). Thus, a pair cascade is possible, but requires quite optimal

combinations of parameters (high o}, and small guide field, for example).

7.2.3 The small number density of upstream pairs

In this section, I employ my tally of the upstream pair creation rate — given by the QS}Y) (7)
distributions — to answer another important question associated with Klein-Nishina radiative re-

connection. Namely, I calculate the pair-production multiplicity

Ty 7.40
n= (7.40)

the ratio of the number density n., of newborn pairs entering the reconnection layer to that ng of
pairs in the far upstream region.

Let me define the volumetric (per unit time per unit volume) rate of pair production dnw) /dt
into the nth generation. Assuming that nth-generation pairs are deposited uniformly up to a
transverse distance (™ (e.g., 7™ ~ VN Amgp) away from the layer across the full width L of the

system yields

~ n . 41
T~ L JRECEE (7.41)

Noting that a parcel of plasma travels from |y| ~ 7™ to the layer at |y| ~ A < §™ over

time g™ / Brece, during which it accrues nth-generation pairs at the rate dn(ﬁ,) / dt, gives

() dnw
fnoescz ﬁrecc dt 2BreCCL/ ’YZQ’W (7.42)
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In the second step, I assume fioesc = 1. Similar to the cancellation of the readvection time
in , 7™ cancels in (7.42).

To evaluate , I normalize the Q,(ery) (7)’s by balancing the pair creation rate in the first

generation with twice the number of above-threshold photons emitted from the reconnection layer:

/ dy QW () = 241/ / dy Ric(7) AN/ dy, (7.43)
Y

Pp

where dN/ dv is the distribution of radiating particles as in equations (7.5)) and ( - In turn,
one may normalize the distribution dN/d~y [to find A in equation (7.5 or (7.17)] by setting the
power radiated from the layer to Ppoynt/2 [as in equations (7.2) and (7.3))]:

1 B?
§PPoynt Lﬁrecc ~ ]ICAL, AL / d’YPIC (7) dN/ d,y : (744)

In keeping with the earlier parts of this study, I consider two cases: one in which the radiation
reaction force on layer particles is ignored and one in which it is approximately included. In the
former case, I assume a single power-law form for dN/ d~, as in equation , with index p(oy) =
1+2/,/on [equation ] In the latter, I adopt a broken power law, as in equation , with
separate indices pyr = p(op) + 1 and pkn = p(on) — 0.5 in the Thomson (7 < vykn) and Klein-
Nishina (v > k) regimes, respectively. To save space, I simultaneously conduct both analyses
by plugging in equation for dN/dv and leaving pt and pgn unspecified until the end of the
calculation.

Proceeding in this manner, I find that

o ~
Mgy :{’g/\/l(pT,pKN, z), (7.45)

where z = 72/vkn. The right-hand-side does not depend on ng: the ng in the numerator can-

cels against that in the definition of oco. The multiplicity function M(pT,pKN,z) is derived, as

discussed, by evaluating (|7.42) whilst enforcing (7.43|) and (7.44)). It reads

3 J¢ da g (w)aPKN fd’Y Zn 1 w( ) '
fol dz fyn(z)x—Pr+2 + flz dx fKN(x).Z‘*PKN+2 fd’}/ Q(l) ()

M(pTapKNa Z) = (746)
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The factor on the far right encodes the possibility of a pair cascade and is roughly equal to [1 —
A)N]/[1 — A(I)], as in equation (7.38). However, here I evaluate this factor by maintaining

finite z-dependent cutoffs in each term, writing

I'—1
n A(F) n_1317r;£1+1 “Ymin
/ dy QW (y) ~ | ]F — - . (7.47)
Y2

I do not simplify the right-hand-side to A(T")* ' Byyi t'/(' — 1), as done in section m [equa-
tion ] This ensures that contributions from each generation turn on gradually (as they do in
reality), thereby keeping the multiplicity function continuous.

To denote the case where I ignore radiative feedback on the layer particles, in which I put pp =

PKN = p, I write

M(p,z) = M(p,p, 2) - (7.48)

I display the functions M(p, z) and M(p + 1,p — 0.5, 2) in Fig. Similar to the case
of F and F, the separate impacts of radiative cooling in the Thomson and deep Klein-Nishina
limits contract the range in p across which the multiplicity function varies. Just as for the power
fraction F, the steepening of the layer particle distribution pr = p + 1 in the Thomson regime
completely shuts down pair production whenever pr > 3 (i.e., p > 2). However, unlike the power
fraction F, the multiplicity function exhibits a much more complicated non-monotonic dependence
on the underlying parameters p and z. In addition to this, while the power fraction attains order
unity for a wide range of p and z, the multiplicity function never does — it is never larger than ~ 0.1
for any parameter combination, and is very often much smaller than this.

This last fact means that, even when a pair cascade truly does develop in the upstream
region — and the total newborn pair count is exponential in the number of generations — the
overall multiplicity may still be small. In fact, because the multiplicity function obtains a global
maximum of order 10~!, one can map out precisely the parameters for which 7 is guaranteed to
be small: ygn > 0¢,0/10. As I show in the following chapter, this condition is roughly satisfied for

reconnection in both FSRQ jets and black hole accretion disc coronae.
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Figure 7.9: The analogue of Figs. and which respectively display F and F, for M and M.
In all plots, dotted lines show the value of the multiplicity function divided by the pair cascade
factor on the far right of equation , demonstrating what the multiplicity function would be
if only accounting for pairs injected into the first upstream generation (i.e., ignoring a possible
pair cascade). Top left: M(p,z) = M(p,p,z) displayed as a function of z for several p. Top
right: M(p, z) displayed as a function of p for several z. Bottom left: M(p+1,p — 0.5, z) displayed
as a function of z for several p. Bottom right: M(p + 1,p — 0.5, 2) displayed as a function of p
for several z. While the dependence of M and M on p and z is more complicated (in particular,
non-monotonic) than that of F and F, the former are always small — no larger than 0.1 — and
therefore the multiplicity 1 is small whenever ygn > 0¢0/10. Pair cascades significantly influence
the multiplicity for large z and small pky, and, hence, have a more pronounced impact on M,

where pgn = p — 0.5, than on M, where pxn = p.
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This concludes my detailed discussion of pair-regulated Klein-Nishina magnetic reconnection.
In the next chapter, I examine the potential astrophysical ramifications of reconnection in this

regime.



Chapter 8

Astrophysical Applications of Klein-Nishina Radiative Reconnection

In this section, I discuss observational aspects of pair-regulated Klein-Nishina magnetic re-
connection. I approach this in two stages. First (section, I elaborate observable consequences
of my model from the previous chapter that are generic, not requiring an explicit global astrophys-
ical context. This grounds my subsequent discussion, where I estimate parameters for concrete
astrophysical systems — FSRQs (sections and black hole ADCe (sections
— and comment on observations that the model may help to explain. This chapter concludes the

component of this dissertation concerned with material first published by Mehlhaff et al.| (2021).

8.1 General observable features

I begin by discussing the generic appearance of Klein-Nishina radiative reconnection as viewed

through a telescope. I assume that the reconnection system is not spatially resolved.

8.1.1 Observed radiation comes mostly from the layer

In radiative reconnection without pair-production feedback, the radiative output is domi-
nated by high-energy particles in the layer (i.e., the downstream region permeated by reconnected
magnetic flux). However, with pair feedback, the upstream and downstream plasmas are radia-
tively coupled: a substantial portion of the energy emitted from the layer may be intercepted
upstream and reprocessed into high-energy newborn pairs. While en route to the layer, these pairs

emit potentially observable light (if fiocool < 1) that could, in principle, outshine the escaping
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(below-threshold) radiation from the layer.

Therefore, I wish to determine whether the light that an observer sees comes predominantly
from the upstream or downstream (layer) plasmas. I denote the respective observable luminosities
(i.e., only of below-threshold and, hence, escaping radiation) of these two regions per unit length
in the out-of-plane direction by Lyupstream and Liayer. The first luminosity is the fraction of the
layer’s above-threshold radiated power that is captured by the upstream region and reemitted

below threshold before flowing back into the layer:

du
Lupstream ~ (1 - fnocool)(2L>\mfp)Tw
B
~ (1 - fnocool)fﬁrecCL A (81)

[cf. equation (7.7)]. Meanwhile, the fraction of the layer’s power emitted below pair threshold is

[cf. equation (7.3)]
1 B?
Liayer ~ (1 — .F)iPpoynt ~(1- .F)ﬁrechE . (8.2)

Note that one may substitute F for F in these expressions provided the same symbol is used in

both. The luminosity ratio is

J—.'

L
Zupstream (1 - fnocool)ﬁ .

Lrayer (8.3)
For the upstream region to outshine the layer, both significant above-threshold radiation (F > 1/2)
and relatively low energy recapture efficiency (fpocool < 1) are required.

However, it is also possible that the system enters a two-state cycle, swinging between a
low and a high effective upstream magnetization (see section . Then, the upstream domain
may appear brightest in one magnetization state while the downstream region shines the most
in the other state. In this case, the relevant luminosities to compare are probably the brightest
luminosities achieved by each region (even if in opposite states). This is certainly appropriate

if the readvection time t., is not resolved by the observations. However, even if the readvection

time is resolved, different locations along the layer’s surface (e.g., different areas in the horizontal
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direction of Fig. may be decorrelated from each other. One radiating zone may be in a high-
magnetization phase while a neighboring zone is in the corresponding low-magnetization state.
Then, the observed luminosities from each zone are averaged and (assuming, for simplicity, a 50
per cent duty cycle) dominated by the brighter state of the more luminous region (upstream or
downstream) in that zone.

Thus, the luminosity ratio in equation (8.3]) may not accurately describe a reconnection layer
prone to swing cycles. In fact, according to equation , the layer is observationally brightest in its
low magnetization state — this is when JF is smallest and, hence, when most of the incident Poynting
flux is radiated at low enough energies (below pair threshold) to escape the system. In contrast,
the upstream region becomes brightest when it receives an abundant supply of above-threshold
photons — when the layer is in its high magnetization phase. These are processed into an energetic
fresh pair plasma component that subsequently radiates below threshold [unless fnocool (0h,>) ~ 1].

Thus one expects that, in a two-state swing cycle, the appropriate luminosity ratio is

]:(Uh7>)
1- ]:(Uh,<)

Lupstream(o'h,>)

~1- nocool\ 7’ §1, 8.4
Llaycr(a'h,<) [ f l( h,>)] ( )

~ [1 - fnocool(ah,>)]

where, in the last step, I loosely approximated F(op ) ~ (1 —F(on,<)) ~ 1, which is often roughly
correct in swing cycles (see section . In the above, I also consider fhocoo1 to depend on the
magnetization. The detailed dependence (discussed in Appendix is not important here beyond
that, generally, frocool(0h,<) < 1 and fhocool(0n ) ~ 1. Thus, in a swing cycle, the layer probably
dominates the observed radiation.

An exceptional case occurs if the swing cycle high-state has energy recapture
efficiency £(on,>) =~ fuocool(0n,>) close enough to unity to render the upstream region brightest
in the low-magnetization state {i.e., if [1 — frocool(h,>)]F(0n>) < [1 — faocool(0h,<)]F(oh,<)}-
Then the relevant luminosity ratio, instead of equation , is Lupstream (0h,< )/ Liayer (0h,< ), which
evaluates to [1 — fuocool (0h,<)|F(on,<)/[1 = F(on,<)] ~ F(on <) < 1, and is quite dominated by the
layer.

Thus, the layer generally produces most of the observable radiation from pair-regulated Klein-
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Nishina reconnection. The upstream luminosity only dominates in a steady state if F > 1/2
and frocool < 1, and it may at most be comparable to the layer luminosity in an asymptotic swing
cycle. This seems to be corroborated by observations because the expected spectrum produced
from the upstream region has spectral index o = 1/2 (calculated in Appendices [B| and , but the
objects I discuss below (in section have steeper scalings (as the layer might produce in a low

magnetization state).

8.1.2 Klein-Nishina physics may promote rapid variability through kinetic beaming

In the first part of this dissertation (chapters|3|and |4} cf. Mehlhaff et al.|2020), I performed
a detailed study of the interplay between radiative physics (Thomson IC radiation reaction) in
reconnection and the kinetic beaming phenomenon first discovered by |Cerutti et al.| (2012b). As
a reminder, in collisionless relativistic reconnection, the electromagnetic fields near reconnection
X-points tend to simultaneously accelerate and collimate particles. The higher energy particles are
focused more tightly than the lower energy particles, making this beaming inherently kinetic. A
collimated beam of high-energy particles may then sweep across an observer’s line of sight, and the
synchrotron or IC emission of the bunch — also emitted as a beam — may then create a dramatic
blip in the measured lightcurve: a ‘lighthouse effect’.

In chapter [3] I showed that efficient radiative losses play a critical role in enabling the kinetic
beaming mechanism to impact observations. Without strong radiative cooling, collimated beams of
particles isotropize before dumping their reconnection-acquired energy into energetic photons, and
thus most of their radiation is emitted quasi-isotropically. Only efficiently cooled beamed particle
bunches can radiate their energy before dispersing, leading to sweeping beams of light that may
manifest as rapid flares.

I here recall two specific criteria from the earlier chapters that may be necessary for, or at

least promote, observable signatures of kinetic beaming;:

(1) Particles may need to have cooling times within a certain multiple of their gyroperiods in

the reconnecting magnetic field By. (If this multiple is 1, then this is the saturated cooling
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condition from section — particles are at their radiation-limited energy viaq,ic.) The
number of gyroperiods before a collimated bunch of particles isotropizes may be large but
still finite. In fact, one main result from Mehlhaff et al. (2020)) is that kinetic beaming
only manifests in the emission from particles with energies within about a decade of the

radiative saturation Lorentz factor vyaq T, corresponding to teoo1 7 S 100 gyroperiods.

(2) Direct acceleration (by the reconnection electric field) near reconnection X-points must
deliver particles to higher energies than secondary acceleration channels (in the language
of chapters [2| and |§|, Ysee K Vrad,IC, YX — secondary channels must radiatively stall before
both the X-point radiative and intrinsic acceleration limits). Otherwise, secondary — and
presumably more isotropic — energization processes may wash out signatures of kinetic

beaming in the reconnection-energized distribution of particles.

There are at least 3 reasons why pair-regulated Klein-Nishina reconnection could meet these
criteria, perhaps leading to even more pronounced kinetic beaming than when particles are subject
to purely Thomson radiative cooling.

(1) The first reason pertains to point|ljabove. Namely, Klein-Nishina effects render a particle’s
cooling ratio — the ratio of its cooling length to its Larmor radius — very insensitive, when =~ > vkn,

to its Lorentz factor. To wit,

lim thool,IC(’Y) — lim Yrad, T 1
T>YRN  2TYPo T>VKN y frn (7/7&N)
_ 102 (aar/vkN)? (Yrad,T/7KN)? (8.5)
27 91n (y/ykn) — 11/6 In (y/ykn) —11/6°
where I used approximation (6.6]). Even when Lorentz factors as high as ~aq1c, for

which cteoor10/2mypo = 10/2m ~ 1, are not accessible, particles may still reach a high-energy (v >
YKN) regime where their cooling times come within some moderately large, beaming-favoring mul-
tiple of their gyroperiods, and where their cooling ratios become essentially vy-independent. In such
a scenario, a broad range (e.g., from ygn to vx) of energetic particles may radiate efficiently enough

to be kinetically beamed. This range could possibly be broader than in the Thomson regime, for
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! making it increasingly difficult to accelerate particles up to higher

which tcoo1,1(7) declines as vy~
and higher energies. However, one should invoke this argument with some caution because the
smallest accessible cooling ratio in the Klein-Nishina regime may be quite large, scaling, according
to (8.5), as (Yrad,T/7&N)%

(2) A second way Klein-Nishina effects may promote kinetic beaming pertains to item
above. As argued in section [6.2] Klein-Nishina radiative cooling selectively suppresses secondary,
slower acceleration channels relative to rapid, impulsive acceleration near reconnection X-points.
In the Klein-Nishina regime, the IC cooling time tcoo11c(7y) grows as «/In(7y) [equation (6.22))],
which effectively removes the radiative cap on X-point acceleration [because tx is also proportional
to 7; see equation ] In contrast, secondary energization mechanisms generally operate on
time-scales that grow more quickly with v (e.g., as 7?), and so maintain a finite cutoff, even for
deeply Klein-Nishina radiative cooling.

(3) Finally, and also relevant to point [2] above, the energy distribution of produced pairs is
very broad and non-thermal (section . These particles serve precisely as the pre-accelerated
upstream population that, as argued in section [3.4] may help overcome the conventional vyx ~ 4o
limit. Upon entering the reconnection layer, newborn particles possess Larmor radii (> Jcoo1,100)
that may exceed those, ~ o.pg, of typical accelerated particles — most of which come from the
much colder and more numerous particle population (section that was already present in the
far upstream region. If so, then newborn pairs sample larger field structures than the elementary
current layers and plasmoids, with size scale o.pg, at the bottom of the plasmoid hierarchy (Werner
et al., [2016; |Uzdenskyl, 2020). Unlike the vast majority of initially present cold upstream particles,
these pairs may surf across many elementary layers — that together comprise a much larger acceler-
ation region — becoming energized well beyond 4o, before finally becoming magnetized. Thus, vx
is effectively raised. This is important because higher vx enables direct acceleration to energize
and collimate higher-energy particles, potentially increasing the energy range of kinetically beamed
particles and photons.

Detailed predictions for kinetic beaming are outside the scope of this paper; my analysis
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only traces the largest-scale bulk flow of energy and particles through the reconnection system.
However, these simple observations provide a target for future dedicated simulations, which may

study, in detail, the effects of Klein-Nishina and pair-production physics on kinetic beaming.

8.1.3 Caution against detailed spectral predictions

While I believe that the basic qualitative features of the model presented in chapter [7] are
fairly robust, the model is not presently quantitatively accurate enough to warrant making specific
spectral predictions for various astrophysical sources. The specific power-law scalings of the particle
and photon spectra depend on a number of uncertain details.

For one thing, the NTPA ‘equation of state’ p(on) = 1 + 2/,/0o from equation is
quite crude and only intended for illustration. The steady-state power-law scalings pr = p + 1
and (especially) pgkn = p — 0.5 are also just rough estimates. For example, the bursty nature of
reconnection is already known to modify pr when Thomson IC cooling is quite strong (Werner
et al., 2019).

As arelated issue, the power-law index of the photon spectrum radiated by particles above ygn
(in the pgn portion of the particle distribution) is only very loosely given by I' = pxn+1 = p+0.5.
In fact, Moderski et al.| (2005)) estimate a harder power-law I" = p and predict little change between
the power-law scaling of the emitted photon spectrum from the Thomson to Klein-Nishina regimes.
Thus, given the level of quantitative uncertainty in my model, one should avoid inferring numerical
values of plasma parameters (like o, and z = 2 /vkN) from observed photon spectra, especially
at the highest energies (above ygnmec?). It is also probably not warranted to test the model by
searching for a prominent Klein-Nishina spectral break.

Having discussed some generic observational features of the model of Klein-Nishina recon-
nection from chapter E as well as some of its quantitative limitations (with respect to interpreting
power-law scalings of photon spectra), I now turn to exploring its potential applicability to some

concrete classes of astrophysical systems.
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8.2 Consequences for specific astrophysical systems

In this section, I explicitly estimate reconnection energy scales (Ymax, Tc,05 Vrad,T> VKN, €tc.)
for two types of astrophysical systems — flat-spectrum radio quasar (FSRQ) jets and black hole
accretion disc coronae (ADCe). I also comment on the prospects for a solid understanding of
Klein-Nishina radiative reconnection either to explain certain observational phenomena or to help

constrain astrophysical details that are difficult to pin down from observations alone.

8.2.1 The radiative environments of FSRQs

As prerequisite astrophysical material for this discussion, the reader is referred to the Intro-
duction (namely section and chapter 4| for an introduction to blazars in general and to FSRQs
in particular.

I focus here on FSRQs. Particularly important in the present context are the sources of
external radiation in FSRQs that can provide intense illumination to the jet as it propagates
relatively far away (up to several parsecs) from the supermassive black hole central engine. As
described in chapter [4] two prominent external radiation sources for FSRQs are the broad emission
line region (also ‘broad-line region’; BLR) and dusty torus (also ‘hot dust region’; HDR), which
intercept and reprocess light originally emitted from the black hole accretion disc, redirecting some
of the disc’s radiated energy back onto the jet (e.g., Nalewajko et al., |2014; Madejski & Sikoral,
2016)). I now supply the details about these circumnuclear regions that are most relevant to my
goal: estimating reconnection energy scales.

The smaller of the two regions is the BLR. It is made of gas that is partially ionized by
the accretion disc light and hence shines UV line emission onto the jet (most prominently Ly «;

Tavecchio & Ghisellini, [2008). Thus, the characteristic BLR photon energy is

€EBLR ™~ 10eV. (8.6)
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The BLR extends out to a radius

TBLR ™~ O‘ILé,/426 pc (87)

where Lg 46 is the luminosity of the accretion disc, Lq, in units of 1046 erg 51 (]Tavecchio & Ghis—|

ellini, 2008; |Sikora et all [2009; [Nalewajko et al., 2012). At jet propagation distances r < LR

from the central engine, the jet traverses roughly isotropic ambient radiation, sourced by the BLR,

of galaxy-frame energy density

Lpir

2 ~6x 103 ergem ™ (8.8)
TrELRC

UsLr ~

(Tavecchio & Ghisellini, 2008} |Sikora et al., [2009; Nalewajko et al. 2012]). Here I assume that the

broad-line region intercepts and reprocesses a certain fraction (2 per cent; Tavecchio et al. 2011)

of the accretion disc light, and, therefore, that Lgrr o< Lq. Thus, Ugrr is insensitive to Lg.
Farther removed from the nucleus than the BLR is the hot dust region, which, radiatively

heated by the accretion disc, shines a quasi-thermal spectrum of temperature Typr =~ 1200 K onto

the jet. Thus (see Nenkova et al|[2008alb} Nalewajko et al|[2012; chapter [4)),

eupRr ~ 3kTupr = 0.3eV. (8.9)

The HDR extends out to a distance from the central engine of (Nenkova et all, [2008alb} [Sikoral

5009)

1/2 e
THDR ~ 4 Ld,/46TH1:2)§,3 pc, (8.10)

where Typr,s = Tupr/1000K = 1.2. Thus, when r < rgpr, the HDR radiation energy density

traversed by the jet is roughly isotropic and approximately

Lupr

oz~ 9% 10% ergem ™3, (8.11)
ﬂ-THDRC

Unpr ~

Here, I again take a fixed fraction (in this case 10 per cent; Malmrose et al. [2011) of the disc

radiation to be reprocessed by the circumnuclear structure. Thus, Ugpr, like Uppr, lacks Lg-

dependence.
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I posit that at least some quiescent and flaring blazar gamma-ray observations are powered

by magnetic reconnection (Giannios et all 2009; [Nalewajko et al. |2011; |Giannios, 2013; Sironi

et al., 2015} [Petropoulou et all, 2016} [Werner et al [2018; Nalewajko et all [2018} [Christie et al.,

2019; Ortuno-Macias & Nalewajkol 2020; |Sobacchi et al., 2021)), either induced by macroscopic

field polarity reversals (e.g., |Giannios & Uzdenskyl, 2019; [Sironi et al., 2021) or taking place at the

small-scale terminus of a turbulent cascade (e.g., Zhdankin et al., 2013, 2020; Comisso & Sironi,

2018], 2019} [Loureiro & Boldyrevl, 2020} Boldyrev & Loureiro|, 2020} Nattila & Beloborodovl, 2020}

|Sobacchi et al., [2021)).

The blazar emission zone — the distance r where most of the emission is produced — is an
important but difficult-to-constrain quantity in blazar research: by nature of being collimated
along the observing line of sight, blazar jets appear point-like on the sky, and so it is not possible
to deduce r directly from observations. I therefore allow r to vary over an appreciable range.
If » < rpLR, the BLR dominates the ambient radiation bathing the jet and the emission-powering

reconnection zone; if rgrr < 7 < THDR, the HDR dominatesEl I consider only blazar zones

far enough from the central engine (r 2 0.01 pc; Dermer & Schlickeiser} 2002; |Sikora et al., 2009;

Nalewajko et al., [2014]) that the direct accretion disc light, which illuminates the jet from behind,

is redshifted in the jet rest-frame to a lower energy density than the BLR and HDR radiation
fields. (Unlike the accretion disc light, the BLR and HDR photons impinge quasi-isotropically on
the jet in the galaxy frame and are thus blueshifted when boosted to the jet-frame). I do not
consider r > rupR.

The BLR and HDR choke gamma-rays above the energies

(mecz)2

€ BLR — ——  ~~ 30 GeV (8.12)
€BLR
and
22
cexpn = <) L 09Tev, (8.13)
€HDR

! In reality, the BLR intensity falls off smoothly with r and thus dominates to distances slightly exceeding rBLR
(but still much less than rupr; e.g., |Nalewajko et a1.||2014|).
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respectively, since the pair-production optical depths suffered by a photon traversing these regions

are
U;
TBLR — BLROTTBLR _ 15 (8.14)
DEBLR
and
U
DR = HDROTTHDR 300 (8.15)

DEHDR

Note that these optical depths are not equal to those, 7,4 rLr and 7,y HDR, of the corresponding
reconnection sites where the emission is sourced. Those optical depths are evaluated later using the
smaller size of the emission region and with the seed photon number density U;/¢; (i = BLR or HDR)
boosted to the jet-frame. Since quiescent FSRQs are generally not observed at very high energies (2
0.1 TeV), the most relevant model for them may be irradiation by the BLR. However, FSRQ flares
are sometimes observed at up to several hundred GeV (MAGIC Collaboration et al., 2008; Aleksié
et al. 2011} H. E. S. S. Collaboration et al., 2013; |Sitarek et al., [2015; |Abeysekara et al., [2015;
Ahnen et al., 2015) — still below €. gpr. In these cases, emission between rpir and rgpr, where

the external photons come from the HDR, is most likely.

8.2.2 FSRQ jet parameters

In order to estimate reconnection parameters, I must now make a number of further assump-
tions about the nature of the jet: including its speed, shape, and magnetic field strength.

I assume that reconnection occurs in the rest-frame of the jet and that the jet travels with
relativistic bulk Lorentz factor I'; > 1 with respect to the host galaxy. Like in chapter {4 I
denote jet-frame quantities with primes. However, I exclude individual particle Lorentz factors
(including cold magnetizations o) from this convention, writing them exclusively in the jet-frame
and without primes. I adopt a relatively high jet Lorentz factor I'; = 40. This is the same as in my
earlier model (chapter [4} Mehlhaff et al., 2020)) of the rapidly variable very high-energy (= 0.1 TeV)

flare from PKS 1222+21 (Aleksic¢ et al., 2011). A large I'; may be reconciled with more typical



166

Lorentz factors (e.g., I'j ~ 10) by invoking a structured jet (e.g., chapter |4 |Ghisellini et al., 2005;
Begelman et al.) 2008 [Sikora et al., 2016} [Tavecchio & Ghisellini, |2016; [Tavecchio, 2017; |Sironi
et al.,2021) in which an inner spine region, moving quickly (I'j ~ 40) and carrying the reconnection
current sheet, is surrounded by a slower-moving sheath. This explicit structure is not necessary to
my ensuing discussion, howeverﬂ

I imagine that the jet is conical with opening angle #; ~ 1/5T'; (Pushkarev et al. 2009) and
model the comoving magnetic field strength by assuming (Nalewajko et al.|[2012; Mehlhaff et al.

2020} chapter

r

Bj(r) ~ 0.1 <1pc> - G, (8.16)

corresponding to a total jet Poynting flux luminosity of (9jT)2(Fj2362)C ~ 1 x 10%3ergs™! that is
conserved in r and independent of I';. If the Poynting flux is instead dissipated (as indeed a
reconnection scenario suggests), then the scaling of Bj, with r should be steeper, but perhaps not
by much. For example, the fiducial striped jet model of (Giannios & Uzdensky| (2019)), which includes

magnetic dissipation through reconnection, gives a power law close to Bj r5/4,

I require minimum intrinsic

I note that typical isotropic FSRQ luminosities Lig, ~ 108 ergs™
jet power, presumably carried by magnetic fields in a reconnection scenario, of Lig,/ Fj2 ~ 6 X
10*ergs!. I have checked that increasing my fiducial magnetic field strength [e.g., B)(1pc) ~ 1G]
to supply such jet power does not affect my conclusions in this chapter, but I adopt to

maintain continuity the earlier model in chapter [4

8.2.3 Reconnection parameters in FSRQs

I now explicitly estimate parameters for reconnection in an FSRQ jet illuminated by either

the broad-line region or the dusty torus.

2 Unlike in my earlier model of chapter 4| (Mehlhaff et al., [2020), T do not entertain the sheath as a potential
source of Compton seed photons here.
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First, the maximum (system-size-limited) Lorentz factor is

0.1L  0.1eBj(r)rb o (T !
<= ~ ~9x 100 () .
Tma 00 MeC2 % 40

(8.17)

Note that this is independent of r because I take the reconnection layer length L to be comparable
to the transverse width r¢; of the jet, and thus the dependence of L on r cancels against that of
the magnetic field strength in equation .

Next I discuss the jet magnetization. In lieu of estimating a fiducial jet electron number
density (which is needed to estimate o), I take inspiration from previous studies in which the jet
is moderately magnetized at the parsec scale (e.g., |Giannios, 2013; |Giannios & Uzdensky, [2019)).
If the jet is mass-dominated by protons, this still allows individual electrons/positrons to attain
high Lorentz factors. Assuming an electron-proton jet — and that my main results from earlier
sections carry over to electron-proton plasmas containing ultrarelativistic initial magnetic energy
per electron — I adopt a cold ion magnetization (in the jet-frame) of 5, which corresponds to a
fiducial jet-frame cold electron magnetization o ~ 10%. To illustrate my high degree of uncertainty
in this quantity, in Fig. I also present the case ocg ~ 103, which corresponds to a cold ion
magnetization of 0.5 (or of 5 but with 10 positrons per proton in the presence of mixed composition).
In addition, I crudely assume that the cold magnetization does not change in r, which is consistent
with Poynting flux conservation if one also has particle flux conservation [r(r6;)?no(r) = constant].

Now I estimate the key radiative parameters. For reconnection illuminated by the broad-
line region (r < rgLr), one has, plugging the jet-frame seed photon energy ep;p ~ T'jeprr and
energy density Ui p ~ FJ?UBLR [with egpr and Uppr given in equations and li into

definitions , , and :

oy e (—r ) (B (8.18)
Trad,T 0.1pc 40 ’ ’
-1 -1
r Fj
~ — 8.19
“Ycool,BLR 60 <0.1pc> <40> 5 ( )
o -l
YKN,BLR ~ 300 <46> and (8.20)

.
Ty BLR ~ 3 (0.1pc) : (8.21)
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The observed photon energies emitted by particles with these radiative Lorentz factors are

-1
(BLR) [ _ (BLR) 1. BLR) o r
e (IR ~ 5 a1 mec” ~ 20 (0.1pc) TeV, (8.22)
(BLR) 4o o r -
€obs (’Ycool,BLR) ~ *Fj Yeool. BLREBLR 7~ 80 MeV and (823)
3 ' 0.1pc
4
6(()§SLR) (FYKN,BLR) ~ gF?VIZ(N,BLRGBLR ~ 2 GeV . (824)
These photon energies are independent of the jet Lorentz factor I';. One of them, Ec()]s; ) (YKN,BLR) ~

2 GeV, depends on no unknowns and implies that virtually all the > 1 GeV FSR(Q emission, rou-
tinely observed by the Fermi space telescope (Ghisellini, 2011)), is emitted in the Klein-Nishina
regime (if Comptonized from BLR photons). Note that, in evaluating the photon energies emitted
by v = 7k~ particles, one may use either the Thomson scaling 4Fj27}2<N€ph /3 (as I have done) or the
Klein-Nishina scaling I‘j'yKNmECQ /2; this choice modifies the estimate by less than a factor of 2.

If, instead, rgLr < 7 < THDR, the radiation from the dusty torus is strongest, yielding, from

the HDR estimates and (8.11)),

(HDR) of 7\ 0N\
Vrad, 7 ~ 610 Tpe 10 ; (8.25)
-1 1
r I

coo ~4 PR " 5 .

Yeool, HDR ~ 400 <1pc> (40) (8.26)
o\t
YkNHDR ~ 1 x 10* (46) and (8.27)
T
T~~v,HDR "~ 20 <1pc> . (828)

The corresponding observed photon energies are

-1
HDR HDR 1 HDR r
6<()bs ) ('ylgad T )) ~ 7Fj’y§ad T )mec2 ~60(— Tev? (829)
' 2 ’ 1pc
(HDR) 4.9 o r\ 7’
€obs  (Teool HDR) ~ §Pj Yeool, HDREHDR ~ 100 1pe MeV  and (8.30)
4
EE)I];)ISDR) (’YKN,HDR) ~ 7Fj2712(N,HDR6HDR ~ 70 GeV . (831)

3

(HDR

obs

(BLR

The photon energy € )(’YKN,HDR) ~ 70 GeV [like the corresponding energy €., )(’YKN,BLR) for

Comptonization within the BLR] does not depend on any unknowns and implies that IC(HDR)
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TeV emission from FSRQs is produced almost entirely in the Klein-Nishina regime. Irrespective
of the dominant radiation field (BLR or HDR), the overall IC radiative cutoff energy, vrad 1c, is
effectively infinite, scaling according to equation as Yrad,1C ¢ YKN €XP[(2/9) (Yrad T/7KN)Z-

Fig. displays the BLR [—] and HDR [—] energy scales by plotting
them as points in a radiative reconnection ‘phase diagram’ in the style of Fig. This clearly
illustrates the main result of this section: reconnection in FSRQ jets proceeds in the regime governed
by Klein-Nishina and pair production physics. This does not depend on whether the dominant seed
photons stem from the BLR or the HDR. Broadly speaking (I discuss caveats and technical points
below), reconnection proceeds in the red region. Here, X-point acceleration is not inhibited by
radiative losses (Vrad1Cc > Ymax > 7x), but subsequently most, if not all, particles cool strongly
— on time-scales shorter than L/c — rendering reconnection efficiently radiative. Furthermore,
because vx > YkN, many particles become impulsively energized up to energies where they radiate
in the Klein-Nishina limit, producing above-threshold radiation that may activate pair feedback
(chapter [7)).

Before moving to additional observational implications, I discuss a few secondary technical
details to flesh out this basic picture. First, though one might worry that the IC(HDR) model,
depending on o, crosses into the purple region of Fig. @ where the nominal intrinsic X-point

acceleration cutoff energy, yx ~ 4o, falls below ykn, this is not a huge concern. The observed

(BLR

obs

(HDR)
obs

photon energies € )('YKN,BLR) ~ 2GeV and ¢ (7N HDR) ~ 70 GeV are routinely observed
in quiescent FSRQ spectra (for the former; |Ghisellini, |2011; Madejski & Sikora), |2016) and in
TeV outbursts (for the latter; MAGIC Collaboration et al., 2008; Aleksic¢ et al., |2011; H. E. S. S.
Collaboration et al., [2013; |Sitarek et al. 2015; |Abeysekara et al., 2015, /Ahnen et al 2015). Thus,
in a reconnection scenario, observations, in fact, suggest that ~x, whether through high o.o or
through circumventing the conventional 4o o-limit (as discussed in section , is high enough
to accelerate particles beyond vk, pushing reconnection into the Klein-Nishina radiative regime.

Next, one should note that the pair-production optical depth of the BLR~illuminated recon-

nection layer is not very large: 7,y BLr ~ 3. According to equation (6.23]), this means that even
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Figure 8.1: Radiative reconnection phase diagrams for the case Ymax = 9 x 10'° [equation ] and two different values of o¢q
(abbreviated as o in the plot): oo = 10* (top) and 0. = 10% (bottom). Region colorings have the same meaning as in Fig. In each
diagram, white points indicate the parameters of equations ({8.18)-(8.21) and (8.25)-(8.28), where gamma-ray emission comes primarily
through Comptonization of BLR photons [IC(BLR)] and HDR photons [IC(HDR)], respectively. Larger shaded white ellipsoids indicate
one order-of-magnitude uncertainties in each direction. The IC(HDR) parameters are particularly relevant to the rapid very high-energy
flare from PKS 1222421 (Aleksi¢ et al.| 2011) discussed in chapter 4| (Mehlhaff et al.| 2020). Because the three parameters Yrad,T, YKN,
and Yymax are all proportional to Fj_l, changing I'; is equivalent to changing o by the same factor.
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the most strongly radiative particles possess cooling times tcoo11c(y) ~ L/cTy, only marginally
faster than a dynamical time. This somewhat limits the overall radiative efficiency of reconnection,
as signaled by one of the IC(BLR) points in Fig. bordering on the green region where Klein-
Nishina suppression of the IC cross section begins to shut down radiative cooling for the highest
energy (v > 7Ycool,2) Particles. Plus, since 7,, < 10, some newborn pairs may escape the system
before being swept into the layer (fuoese drops below unity; see section , which diminishes the
likelihood of swing cycles for the IC(BLR) scenario.

Regarding the multiplicity of produced pairs (section , the estimates of this section
yield yknN,BLR/0c¢,0 > 0.03 and ykN HDR/0c,0 > 1 for 0.9 < 10* and I'; < 40. Thus, the require-
ment YkN > 0c,0/10 to ensure a pair multiplicity (the ratio of number densities of newborn pairs
to originally present pairs), 7, less than unity is roughly satisfied. The BLR may marginally sup-
port 7 = 1 because max(n) ~ o¢0/10ykn (section [7.2.3). However this is doubtful for several
reasons: (i) YkN,BLR/0c,0 = 0.03 is a lower bound (increasing for smaller oo or I'j); (ii) n may
never attain its global maximum; and (iii) the result max(n) ~ o¢0/10ykN ignores particle escape,
which may be an issue for reconnection inside the BLR, as mentioned in the previous paragraph.
Thus, the estimates of this section support the picture of tenuous newborn pairs that control the

energy density of the inflow plasma but not the inflowing particle count.

8.2.4 Relevance to FSRQ observations

Next, I comment on a few observational issues that the model of pair-regulated Klein-Nishina
reconnection from chapter [7] may help to address. First, and as discussed in section Klein-
Nishina reconnection may enhance the range of photon energies that are kinetically beamed. This
provides an attractive explanation for rapid very high-energy FSRQ flares (of the kind first observed
by |Aleksi¢ et al., [2011). A kinetic beaming scenario has already been advocated on energy-budget
grounds by Nalewajko et al. (2012), and has recently been explored in this work (see also Mehlhaff
et al., 2020) in the context of Thomson radiative reconnection. However, Thomson radiative re-

connection requires a dense population of seed photons — much denser than those supplied by the
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BLR and HDR (chapter [4) — in order to facilitate the high degree of radiative efficiency needed by
kinetic beaming. Therefore, in chapter 4} I disfavor a single-zone external IC(HDR) scenario and
suggest a two-zone (e.g., spine-sheath) configuration where the seed photons are supplied by the
jet itself. However, if Klein-Nishina effects ease the radiative efficiency requirement, an IC(HDR)
model may still be compatible with kinetic beaming.

Next, although I would like to refrain from trying to make detailed spectral interpretations
(section I note that the spectra of flaring FSRQs in the very high-energy (VHE; > 0.1 TeV)
band are generally quite steep, with intrinsic (deabsorbed) photon number index I'yvgp 2 2.5
(MAGIC Collaboration et al., 2008; Aleksi¢ et al., 2011; |Ahnen et al., 2015)). If one assumes
that there is no significant spectral break between the Thomson and deep Klein-Nishina regimes
(Moderski et al.; 2005), then I'yyg ~ (pr+1)/2 ~ (p+2)/2. This suggests a steep injected index p >
3, which is realized in my reconnection ‘equation of state’ p(on) = 1+ 2/,/on, equation ,
if onp S 1. This may occur when the ions are moderately magnetized and dominate the initial
hot magnetization (e.g., Werner et al., 2018)). In this situation, pair feedback, because it cannot
reduce oy, to below order-unity [equation ([7.13))], would probably not strongly modify the spectrum.

However, if o, 0 > 1, pair feedback may produce the observed steep spectral indices during
dramatic swing cycles (e.g., Fig. , wherein the observable emission is dominated by the layer
(section in the low-magnetization o}, « ~ 1 part of the cycle. The requirement oy, > 1
could be realized if either: (i) the initial hot magnetization governing the distribution of accelerated
electrons/positrons decouples from the (order-unity) ion magnetization, or (ii) a highly magnetized
pair-dominated jet region furnishes the upstream material for reconnection.

In addition, to support swing cycles, the layer generally requires high energy recapture effi-
ciency £ >~ fhocool ~ 1 (e.g., Fig. . In Appendix I show that order-unity energy retention
factors fuocool Tequire a large cutoff z = vo/ykn (e.g. z 2 1000 in Fig. [B.3]). Such high cutoffs
might not be realized because the observed Compton dominance in FSRQs is often Uy, /Up ~ 100,

suggesting that the particle energy, v, beyond which synchrotron losses outcompete IC losses and
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may hence limit further particle acceleration, is about 75 ~ 30ykN [equation 6.18]E|

However, there are a few effects that may serve to promote swing cycles in spite of nonzero
synchrotron losses. First, the most energetic particles responsible for emitting pair-producing
photons are likely accelerated near reconnection X-points deep inside the current layer. There, the
magnetic field is weaker (Uzdensky et al., [2011}; |Cerutti et al., |2012a)), which reduces synchrotron
radiation relative to IC losses, potentially allowing the latter to remain dominant to higher energies
than ~s. A second possibility is that swing cycles actually set in at lower values of z than I predict
in Appendix This is because I conservatively estimate a steep distribution of pair-producing
photons penetrating the upstream plasma I' = p 4+ 0.5 in section (rather than, e.g., I' = p as
in Moderski et al., 2005)), and therefore may artificially underestimate fyocoo1- Finally, and related
to the previous point, I find (not presented here) that the threshold on z for swing cycles to kick in
is quite sensitive to the precise dependence of f,ocool On z. These considerations demonstrate the
need for radiative kinetic simulations to examine in detail whether swing cycles are possible, when
they occur, and how they impact the spectrum of observed radiation.

As a completely separate prospect, the model of chapter [7] may connect to the matter-
antimatter balance in FSRQ jets, which is difficult to constrain from observations alone (Madejski
& Sikora, [2016). This ratio may be initially imprinted at the base of the jet — for example, by
magnetospheric spark-gap discharges (e.g., Blandford & Znajek, |1977; Beskin et al., [1992; Ford
et all [2018; (Chen et all [2018; |Crinquand et al., 2020)) or by interaction between the nascent jet
and the accretion flow (e.g., Ripperda et al., 2020; Wong et al., 2021)) — but it may also be modified
in situ as the jet propagates. Although the model generally produces relatively few newborn pairs
compared to the initial number of upstream particles in each reconnection episode (section ,
continuous, repeated reconnection occurring as the jet ploughs through ambient radiation fields

could still lead to secular growth in the number of pairs present in the plasma. This may be

3 Generally, Upn/Up is equated to the observed ratio of IC-to-synchrotron luminosities. This is sound in one-zone
emission scenarios where Klein-Nishina effects do not suppress IC emission near the IC spectral peak. The latter

requirement is generally satisfied because Compton FSRQ peaks typically fall at lower energies than e(BLR)(

( ) obs
HDR
and €obs (

VKN,BLR)
VKN,HDR)-
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relevant to FSRQs in their quiescent states, where their spectral cutoffs are broadly consistent
with gamma-ray absorption in the broad-line region. Furthermore, because tgrr > 1, even if the
reconnection region itself is optically thin (7,,BrLr < 1), emitted gamma-rays may still produce
pairs in the jet before exiting the BLR (though they do not strongly impact the reconnection
dynamics).

In summary, reconnection in FSRQ jets illuminated by either the broad-line region or the
dusty torus is expected to occur in the radiative regime governed by pair-production and Klein-
Nishina physics. Here, kinetic beaming and pair-feedback-initiated swing cycles may explain the
time-scales of rapid TeV flares and typical FSRQ VHE spectral indices, respectively. However,
confirming whether these mechanisms are active in Klein-Nishina radiative reconnection depends
on several unknowns and remains a key open question for future simulations to address. In addition,
in situ pair production driven by reconnection could contribute to the pair content of quiescent

FSRQ jets.

8.2.5 Reconnection parameters in black hole ADCe

Magnetic reconnection may also power emission from a highly magnetized corona sandwiching

a black hole accretion disc (Liang & Price, |1977; |Galeev et al.,|1979; Di Matteol 1998} |[Uzdensky &|

Goodman)| [2008; [Goodman & Uzdenskyl, 2008}, [Uzdenskyl, 2016} Beloborodov], [2017; [Werner et al.,
2019; |Sironi & Beloborodov, [2020)). Here, I focus on the high/soft states of black hole X-ray binaries,

showing that coronal reconnection in this context likely proceeds in a highly radiative Klein-Nishina

regime. I term as high/soft any state where the quasi-thermal (~ 1keV) spectral component — which

is attributed to an optically thick, geometrically thin accretion disc (Shakura & Sunyaev, 1973))

— strongly dominates over the non-thermal component, which extends to much higher, hard X-

and gamma-ray energies (e.g., Remillard & McClintock, [2006). Because reconnection intrinsically

gives rise to a non-thermal distribution of particle energies, a reconnection scenario does not rely

on repeated scatterings by an isothermal plasma of moderate optical depth (e.g., [Shapiro et al.

[1976; Eardley & Lightman, [1976; Rybicki & Lightman, 1979) to explain the observed non-thermal
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spectrum.

The bright quasi-thermal disc emission in the high/soft state provides an intense soft pho-
ton bath to the coronal reconnection region, and I assume that Comptonization of disc photons
is responsible for the observed non-thermal spectrum. I now estimate the energy scales Yk disc
(disc)
ad,

and 7,1 associated with the disc seed photons, as well as the energy scales oo and Ymax. De-

T
termining these then allows me to accomplish my main goal for this section: characterizing the

radiative regime of reconnection.

Beginning with vk dgisc, the characteristic seed photon energy emitted from the disc is
€disc ~ 1keV | (8.32)

as both theorized (Shakura & Sunyaev, 1973 and observed (e.g., in Cyg X-1; McConnell et al.,
2002; Remillard & McClintock, 2006]). Through equation , the Klein-Nishina Lorentz factor is

then

Mec?

VKN, disc = ~100. (8.33)

disc
The corresponding energy to which photons encountering iy gisc-particles are upscattered is

(disc)

€obs

(VKN dise) ~ 20 MeV.. (8.34)

Emission at these energies has been observed by the Fermi Large Area Telescope (LAT) from Cyg
X-1 (Zdziarski et al., [2017)).
I now move on to estimate 'yfjéSCT). This requires [equation 1) the energy density of the

emission intercepted by the corona at a distance r from the black hole, which is roughly

(8.35)

Here, Lgise is the luminosity of the disc (emitted mostly near its inner edge) and r is assumed to
exceed the innermost disc orbit.
In the high/soft state Lgjsc can be quite high — up to several per cent of the Eddington

limit, Lgqq = 4nGMpumyc/or = 47rrgmp03/aT ~ 1 x 10%(Mpu/10Mg) ergs™! (e.g., 4 per cent
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for Cyg X-1; McConnell et all) 2002)). Furthermore, r is at least several gravitational radii, ry =
GMppu/c® ~ 1 x 105(Mgu/10My) cm. Thus, an upper bound and fiducial scale for the energy

density of ambient radiation shining onto the reconnection layer is (cf. |Beloborodov, [2017)

LEdd m C2
U* = == b

~ 2 x 10% Men - ergem > (8.36)
~ 100, g . .

- 47‘(’7"36 ~rgor
Here, the fiducial black hole mass is 10M. In the following, I estimate r ~ 7, and Ugisc ~ 0.04Uy,
corresponding to Lgisc =~ 0.04Lgqq observed from Cyg X-1 (McConnell et al, [2002)). The param-
eter U, also provides a fiducial scale for the magnetic field energy density in the disc required to
transport angular momentum outward (Shakura & Sunyaev, [1973; Begelman et al.,|1984; |(Goodman
& Uzdenskyl, 2008; |Beloborodov, 2017)).

Beyond the fiducial scale U,, there are a number of uncertain geometric factors that control
how the radiation and magnetic field energy densities decay as one moves from the vicinity of the
black hole in the disc to the reconnection region in the corona. This leads to uncertainty in 'yr(:(ijsfr),
which depends on both Ujgjsc and the coronal magnetic field energy density, Up cor. I parameterize
these uncertainties by exhibiting, in the expressions to follow, Ugisc as a multiple of U, and Up cor
as Ugisc/Cd, where Cq = Ugisc/UB,cor is the nominal Compton dominance. Without knowing the
geometric factors governing how the seed photon and magnetic energy densities decay from the
disc to the coronal reconnection region, I assume for simplicity that they fall off in the same way
relative to U, adopting a fiducial value Cq = 1. I discuss consequences on Klein-Nishina radiative
reconnection if Cy is truly ~ 1 at the end of this section.

Following these conventions, one may write the fiducial upstream magnetic field strength as

(e.g.,|Goodman & Uzdenskyl |2008; |{Uzdensky|, 2016} Beloborodov, 2017)

BO = \/87TUB,cor = \/87rUdisc/Cd

4107 Ydie V(M \ T _1/2(; (8.37)
0.04U, (Mgn) 10M;, 1 ‘
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and then use equation (2.8)) to write

1/2
(discy _ [0.3eBocor _ [ 0.3¢ ]
’yrad,T - 4GTUdisc 4o Cd Udisc
w10t (— Yase TV (Ca\ T (M ) (8.38)
0.04U, (Mgn) 1 10Mp,

Though the complicated geometry precludes determining Ugisc and Up cor precisely, the actual value

of fyfngf) depends only weakly on these quantities.

From equations (8.33]) and (8.38)), one sees that ’yf:éSCT) is much higher than ykN disc. This

opens up the possibility that radiative reconnection operates in the Klein-Nishina regime, since

particles are not radiatively inhibited from becoming accelerated beyond vk disc. Additionally,

the radiative particle acceleration limit is not equal to fySéSCT), but is strongly modified by Klein-

Nishina effects to ’yr(gcils% > ’yr(iiiSCT) [equation (6.20)]. For reference, particles at ’yr(:cilscT) Comptonize

disc photons to energy

(disc) (disc) 1 (disc) 2
€obs ( rad,T) ~ iﬁyrad,Tmec

o Uase N\ (Ca\ TV Mpu N GeV . (8.39)
0.04U, (Mgg) 1 10M;,

Next, to fully specify the radiative reconnection regime, I estimate the remaining parame-

ters Ymax and o¢ . I assume that the characteristic current sheet length is

(8.40)

M,
rg:1><106( BH>cm.

10M,

This gives an extremely large system-size-limited Lorentz factor
_ 0.1rgeBy  0.1rge [8mUgisc
Tmax = mec®2  mec2 | Oy
3 % 10° Udisc V2 rog\ T Mg\ (8.41)
N 0.04U,(Mgpp) 1 10Mg ' '

With Yk dise, 'yr(;i(ilS,CT), and Ymax estimated, Yeool disc [€quation 1) and T, gisc [equation (6.26))]

follow. Respectively, they are

3771662 3 U, me Udisc -
- T =% () I P L. -
Yeool,disc AUgiscoTTyg 4 Ugise mp ' ) | |
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and

3’7KN disc 3 < Udisc )
o S (U ) s
77 dise 5’70001,disc 004U*(MBH) ( )

Neither veool,disc NOT Ty disc depend on any unknowns besides the ratio Ugise /Us. Unlike in FSRQ
jets, the formal veo01 is now small. Thus, it is not a physical Lorentz factor, but just signals that
all particles cool to non-relativistic energies faster than L/c. In other words, the system is highly
compact: Leor ~ 1/%coolcor > 1. For particles that have cooled to non-relativistic energies, IC
scattering reduces to Thomson scattering and the observed photon energy is just eg%osr)(l) = €cor-

I move now to my final estimate: the cold electron magnetization. As in the case of FSRQ
jets, I am fairly uncertain of this parameter because I do not know the background coronal electron
density ng. To proceed, let me recast ng in terms of the Thomson optical depth 77 = ngorry along
the reconnection layer [equation ] This coincides with the optical depth of the corona itself

assuming the coronal scale height is ~ r,. The cold electron magnetization can then be compactly

written in terms of 7r and the magnetic compactness,

I = UB,corJTTg _ Udisco—Trg _ Udiscmp ~ 70 Udise % ! (8 44)
B= MeC2 Cyamec? CqU,me U,(Mpg) 1 ’ '
as
2U 14
o= % =98 (8.45)
NeMeC T

Thus, my uncertainty of ng is shifted onto 7. I consider a range of typical values 1072 < 77 < 1
commonly inferred for coronae of accreting black holes, including in the high/soft state (e.g., Eardley
& Lightmanl, [1976; [Poutanen et al., [1997} |Gierlinski et al., [1999; McConnell et al.], [2002; [Goodman

& Uzdenskyl, 2008; [Beloborodov, [2017)). Then, rewriting the right-hand-side of (8.45|) as

145 2Ugiscmyp
=2 = —— 8.46
7e:0 T CaqUimrme (8.46)

and plugging in 1072 < 7p < 1 gives

Cd Udisc - 4
1x10* <oeo | 77 ) Goam (are ) S 1100 o
* = 0e0 < 1 > <O-04U*(MBH)> VT o
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Figure 8.2: Radiative reconnection phase diagrams for parameters relevant to accreting black holes in their high/soft states (particularly
Cyg X-1). Color-coding is the same as in Figs. and As in those figures, 0. is abbreviated as o. White points indicate the
parameters 75;12157%) and YK disc estimated in this section; they are surrounded by ellipses that show an arbitrarily chosen uncertainty of
one decade in each direction. I display two diagrams corresponding to a range of the cold magnetization o (based on typical
Thomson optical depths 7r). These are o.9 = 102 (7r = 1; top) and 0.9 = 10* (7p = 1072; bottom). Throughout the oo range,

reconnection operates in a domain strongly impacted by Klein-Nishina effects and pair production.
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The corresponding range in the number density is ng = 7r/orr, € [106cm™3,108 cm™3] (cf.
Goodman & Uzdensky, [2008)).

I display the estimates in this section in a radiative reconnection phase diagram, as done
for FSRQs earlier, in Fig. 8.2 This illustrates the main point of all these estimates: coronal
reconnection in the high/soft states of accreting black holes is likely strongly impacted by Klein-
Nishina and pair-production physics. For 7t € [1072, 1], reconnection occurs in the red region of
the phase diagram, where Vrad,1c > Ymax > Yeool,2 > 40¢0 > VKN > Yeool,1- Thus, radiative losses
do not hinder acceleration near reconnection X-points, but virtually all particles are still cooled
strongly (on time-scales much shorter than L/c). In addition, a broad distribution of particles
develops at energies > vkn. These particles emit above-threshold photons that then produce pairs
which may feed back on reconnection.

I now mention a few subtler details associated with this picture. First, I note that the
model of pair-regulated Klein-Nishina reconnection in black hole ADCe is complimentary to the
reconnection scenario laid out in the context of the low/hard states of black hole X-ray binaries by
Beloborodov] (2017)). Pair production also features in that earlier work, but, there, it occurs when
two layer-Comptonized photons, both carrying energy < m?2c*/ €ph, collide. In contrast, in this
study, a pair is produced when a single Comptonized photon with even higher energy, > m2c*/ €ph s
is absorbed by the seed radiation field.

Next, I mention the implications of my estimates for the pair multiplicity, n. Equations
and show that the requirement ykN cor/0c,0 > 0.1 for 1 to be less than unity (section is
not always satisfied. Thus, the pairs sourced from gamma-ray absorption by the disc seed photons
may sometimes reach a number density comparable to the background upstream plasma. However,
a stronger nominal Compton dominance Cq = Ugise/UB cor drives down o [equation ] and
pushes reconnection into the regime where the produced pairs are tenuous.

Lastly, I discuss the implications of the assumption Cq ~ 1. As mentioned earlier, Ugjsc
and Up cor are both set, modulo complicated geometric factors, by the scale U, (or, in my specific

estimates, by 0.04U,). Thus, it is possible that Cq may be close to unity. However, the model
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of pair-regulated Klein-Nishina reconnection (chapter [7]) ignores synchrotron losses, and so, in the
presence of such modest Cy, synchrotron cooling may need to be suppressed in order for the picture
of Compton cooling and pair regulation to remain valid. There are several ways for this to occur.
Near reconnection X-points, the magnetic field is weaker, and so synchrotron cooling is reduced
there (Uzdensky|[2011} |Cerutti et al.|2012a; see discussion of FSRQs). In addition, as discussed in
Appendix [C] the angular distribution of particles radiating above-threshold photons from the layer
may cause the birth velocities of newborn upstream pairs to be nearly parallel to the reconnection
midplane. Because the upstream magnetic field is also parallel to this plane, the pitch angles of
such newborn pairs may be small, allowing their cooling to be IC-dominated. Finally, synchrotron
self-absorption may inhibit synchrotron cooling among the lower-energy particles (e.g., with v < 10;
Beloborodovy, 2017)).

However, if Cq > 1, then my estimates numerically change, but the ordering of scales (re-
gion of the radiative phase diagram occupied by reconnection) remains essentially the same. For
reference, YkN/0c¢0 X Cd; Vrad, T/0c,0 X C’s’/ 4; and Ymax/0c,0 X C’Gll/ 2 If, for illustration, one scales
up Cq to 10, the ordering Yrad,ic > Ymax > Yeool,2 > Vrad, T > 40¢,0 > VKN is preserved except at the
high-o. (low-71) end of the interval . There, ykn switches places with 4o, which brings
reconnection into the magenta region (e.g., Fig. of the phase diagrams where the nominal
impulsive X-point acceleration limit, 40 ¢, falls below the minimum energy, ykn, for Klein-Nishina
effects kick in. However, like for FSRQs (section , one may infer from observations [equa-
tion ] that particles are accelerated at least up to vk, suggesting that, if 40,0 < vk, the
nominal 40 o X-point acceleration limit is circumvented and that reconnection may still be strongly

influenced by Klein-Nishina radiative physics.

8.2.6 Relevance to observations of black hole X-ray binaries

I now describe the implications of Klein-Nishina reconnection for high/soft states of black hole
ADCe in accretion-powered X-ray binaries. I am aware of two such systems for which gamma-ray

observations have been reported: Cyg X-1 (detected by the Fermi LAT, Zdziarski et al |2017) and
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Cyg X-3 (detected by AGILE, Tavani et al.[2009, and by the Fermi LAT,|Fermi LAT Collaboration
et al.|[2009; Zdziarski et al.|2018; I adopt the hypothesis that the Cyg X-3 compact object is a black
hole).

For Cyg X-1, gamma-ray observations place the high/soft-state photon energy cutoff at 40 —
80 MeV (Zdziarski et al.,2017)). This is fairly consistent with absorption of gamma-rays propagating
through the quasi-thermal radiation field of the disc. Naively, one expects absorption to kick in at
around ~ (mec?)?/egise ~ 300 MeV. However, the quasi-thermal spectrum is not monochromatic,
but falls off smoothly at energies beyond its 1-keV peak. In fact, the disc dominates the observed
spectrum at up to 3 or 4 keV (e.g., McConnell et al., 2002)), which brings the absorption cutoff
into the observed range of 40 — 80MeV. Note that the pair-production optical depth 7., gisc
[equation (8.43)] decreases from ~ 10* at photon energies beyond the spectral peak, but is still
much larger than unity at 3 — 4 keV. Alternatively, the photon energy cutoff could correspond to
the cutoff in the distribution of radiating particles.

Unlike Cyg X-1, Cyg X-3 exhibits gamma-ray emission far above its expected absorption
cutoff. However, these high-energy gamma-rays are thought to come from Comptonization of the
companion star’s radiation by jet electrons at much larger distances (Dubus et al., 2010; Zdziarski
et al., [2018). Thus, gamma-ray observations of Cyg X-3 do not provide a strong constraint on
the cutoff in the coronal emission, which may be similar to Cyg X-1 and also consistent with pair
absorption.

As for their hard X-ray spectra, Cyg X-1 and Cyg X-3 both display high/soft states with
power-law hard X-ray photon number indices I'x gg =~ 2.5 (McConnell et al. 2002; Zdziarski &
Gierlinski 2004; [Szostek et al. 2008; here ‘HS’ stands for ‘high/soft’). In addition, as detailed by
Remillard & McClintock| (2006), many black hole X-ray binaries are observed with photon indices
clustered around this value in their high/soft states (and also in ‘steep power-law’ states where
the observed thermal and non-thermal luminosities are comparable). As discussed for FSRQ jets
(section , the relatively steep index I'x s ~ 2.5 (corresponding to a reconnection-powered

injected electron energy distribution power-law index p 2 3; section [8.2.4]) could be associated with
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swing cycles in pair-regulated Klein-Nishina reconnection.

Like FSRQs, accreting black holes also exhibit rapid flares. These are observed in the X-rays
and have been witnessed on time-scales as short as milliseconds (Gierlinski & Zdziarski, 2003) — close
to the light crossing time of an orbit at r = 10r, from a black hole with mass Mgy = 10M. Kinetic
beaming in the context of Klein-Nishina reconnection may help explain such rapid variability by
delivering observed time-scales as short as 0.1L/c (Cerutti et al., 2013} 2014bllal). However, this has
not been explored in detail as in the case of rapid TeV FSRQ flares and requires further attention.

In summary, pair-regulated Klein-Nishina reconnection in the accretion disc coronae of black
hole X-ray binaries may explain the observed steep spectra from these objects, including the gamma-
ray cutoff (observed in Cyg X-1, |Zdziarski et al.|[2017, though this may also result from the cutoff
in the distribution of radiating particles). Kinetic beaming facilitated by Klein-Nishina recon-
nection may additionally explain short flaring time-scales, but this requires much more thorough
investigation.

In the next chapter, I collect and summarize the main theoretical and astrophysical features
of Klein-Nishina radiative reconnection (chapters Mehlhaff et al.[2021). From there, I delve into

the details of computationally modeling reconnection in this regime using the PIC technique.



Chapter 9

Summary of Klein-Nishina Radiative Reconnection

In chapters I present an analysis of Klein-Nishina radiative reconnection (first detailed
by [Mehlhaff et al.,2021)). This is an important reconnection regime in astrophysical systems — such
as FSRQ blazar jets and accreting black holes — where Comptonization of ambient radiation can
enter the discrete Klein-Nishina limit. In addition to its astrophysical applications, this type of
reconnection is also very interesting on an intrinsic theoretical level (e.g., section — not only
do Klein-Nishina effects modify the radiative cooling of individual particles, but they also open
up an entirely new channel for radiative feedback on reconnection: pair production. In chapter [6]
I incorporate Klein-Nishina and pair-production physics into the basic conceptual framework of
radiative reconnection. I introduce the new energy scale, vkn, brought in by the novel radiative
physics and map out the possible regimes of Klein-Nishina reconnection by considering different
orderings of this scale with respect to the others already familiar (e.g., chapter [2|) from Thomson
radiative reconnection.

Specializing to the unexplored hierarchies of reconnection energy scales identified in chapter [6]
I find, in chapter [7] a fundamentally new, self-regulated, Klein-Nishina reconnection regime that
stems from a negative feedback loop (Fig.[7.1]). In this loop, gamma-ray photons Comptonized in the
reconnection layer propagate into the upstream plasma where they produce hot pairs by colliding
with soft (unscattered) ambient photons, thus lowering the effective upstream magnetization. This
inhibits further particle acceleration in the reconnection layer, closing the feedback loop.

The pair-regulation mechanism gives rise to an effective fixed-point upstream magnetiza-
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tion oy, that is universal — independent of the initial value oy, 9. However, the fixed point is not
necessarily reached by the system. If pair feedback is efficient enough, the system overshoots its
natural solution, o}, by a wide margin and enters a limit (or ‘swing’) cycle, constantly oscillating
between a high- and a low-magnetization state.

Also in chapter [7] I analyze the number of particles produced in the upstream region. A pair
cascade, in which the population in each subsequent newborn generation grows exponentially, is
not generally expected (except for unrealistically optimal reconnection-driven NTPA). Even in the
presence of a cascade, there is a wide parameter range where the total created pair count is dwarfed
by that of the pairs originally present. Thus, remarkably, though the newborn pairs are so hot that
they can dominate the upstream energy budget, they are often also so tenuous that they contribute
negligibly to the upstream lepton density. This feature, in particular, distinguishes Klein-Nishina
radiative reconnection from other pair-regulated regimes (Lyubarskii, [1996; Hakobyan et al., [2019).

Finally, in chapter [8 I discuss the observable aspects of pair-regulated Klein-Nishina re-
connection. I expect that emission from the layer (i.e., the region threaded with reconnected
flux) dominates that from the newborn component of the upstream plasma (section . I also
(section identify several reasons to expect that Klein-Nishina physics may promote kinetic
beaming, which is an important mechanism for facilitating rapid flaring variability in reconnection
(Cerutti et al., 2012b, 2013, 2014alb; Nalewajko et al., 2012; Mehlhaff et al.l |2020]). Furthermore, I
explicitly estimate the parameters (i.e., the energy scales introduced in chapters 2| and @ governing
the radiative regime of reconnection in FSRQ blazar jets (sections and ADCe of black
hole X-ray binaries (sections . Reconnection in both types of objects is very likely to be
strongly impacted by Klein-Nishina physics, and may even enter the pair-regulated regime modeled
in this work. In fact, the generally steep non-thermal spectra produced by FSRQ jets and black
hole ADCe appear consistent with strong pair loading in my model, and the observed instances of
rapid variability could be caused by the kinetic beaming mechanism. Pair-regulated reconnection
may further provide a source for in situ pair production in FSRQ jets, where the lepton content is

difficult to constrain observationally.
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However, many of my observational remarks in chapter [§ as well as the basic physical fea-
tures of my model from chapter [7] require additional testing through first-principles radiative PIC

simulations, which can address some of the following key physical and observational questions:

e How robust is the pair feedback mechanism? In particular,

x Is the universal magnetization solution ever realized?
*x Can an order-unity energy recapture efficiency £ be achieved?

% Is the feedback strong enough to induce late-time limit cycles that jump between high-

and low-magnetization states?

e How many pairs are produced? Are they indeed few compared to the number of background
particles, and does their number density scale with the reconnection parameters as predicted

by my model?

e Are the emitted spectra produced by reconnection in the steady state (or in a limit cycle)

consistent with my predictions? Are they consistent with observations?

e Can kinetic beaming operate in Klein-Nishina reconnection as argued here? If so, is beam-
ing more or less prominent than in Thomson radiative reconnection (as diagnosed in chap-

ters and by [Mehlhaff et al.|[2020)?

e To what extent does the physical picture change in 3D, in the presence of ions, with a finite

guide field, and (especially) with finite synchrotron losses?

PIC Klein-Nishina reconnection simulations would therefore function essentially as numer-
ical experiments, providing a critical check on the model constructed so far and furnishing new
insight upon which to build theoretical refinements. These simulations would also facilitate more
straightforward connection to observations, showing in greater detail — and fully self-consistently —
the radiative signatures of Klein-Nishina reconnection.

However, such simulations are computationally challenging. Most PIC codes assume, for

example, that the number of particles in the system is conserved, a feature of reconnection that is
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completely lost in the presence of pair production. Additionally, PIC codes often do not contain
support, out-of-the-box, for tracked photons, which are required in order to self-consistently capture
the pair-production physics. Thus, in the next chapter, I first detail how I have overcome these
computational challenges, implementing within my group’s PIC code, ZELTRON (Cerutti et al., 2013}
Cerutti & Werner| 2019)), all of the necessary radiative physics to model Klein-Nishina reconnection.
Then, I briefly present preliminary results from a simulation that leverages these new capabilities,
further exploration of which will, in the immediate future, yield answers to some of the above very

important questions.



Chapter 10

Simulating Klein-Nishina Radiative Reconnection in PIC

In this chapter, I discuss (section [10.1)) the computational aspects of modeling Klein-Nishina
reconnection in PIC, including both algorithmic details (section [10.1.1]) and resolution challenges
(section [10.1.2)). Then (section [10.2]), I present preliminary results from a novel PIC simulation of

Klein-Nishina radiative reconnection.

10.1 Computational issues

I begin by discussing computational challenges associated with modeling Klein-Nishina ra-
diative reconnection. I focus first on algorithmic details, and second on the scales that need to be

resolved.

10.1.1 Algorithmic details

Since its inception, the electromagnetic PIC code ZELTRON has supported various radiative
physics. This includes both self-consistent synchrotron cooling (e.g., |Cerutti et al., [2013} 2014a,b))
and Thomson IC cooling (e.g., chapter (3 Werner et al|2019; [Mehlhaff et al. 2020). These are
implemented in the low-energy classical regime as continuous drag forces, and they enter into the
PIC particle push (i.e., the algorithm used to update particle momenta from the electromagnetic
field) following the method of [Tamburini et al. (2010)).

The first step toward modeling Klein-Nishina reconnection self-consistently involves general-

izing the IC radiative cooling of particles from the continuous low-energy Thomson regime to the
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discrete high-energy Klein-Nishina limit. When radiative losses are discrete, it no longer makes
sense to apply cooling to particles during the particle push, which is meant to numerically approxi-
mate a process that is fundamentally continuous. Instead, particles lose a large, order-unity fraction
of their energy instantaneously, and this should be reflected in the underlying cooling procedure
adopted in the code.

To handle this, I implemented a Monte Carlo IC cooling scheme in ZELTRON. If the product
of a given particle’s energy with the energy of ambient seed photons, parameterized through the
Klein-Nishina parameter ¢ = v/ykn = 47€pn/mec? [see equations , , and their surrounding
discussion], is large enough (signaling departure from the Thomson regime) the continuous cooling
of the particle is not applied during its push by the electromagnetic field. Instead, after the particle
has been pushed, ZELTRON probabilistically decides whether the particle emits a photon. If so, the
photon’s momentum is directly subtracted from that of the particle.

For simplicity, the code currently assumes that the simulation is immersed in the static,
homogeneous, isotropic, monochromatic ambient radiation field . Thus, the probability that a

particle emits a photon is [cf. equation ]

CUTU h
Pemit = 2 gk ( 1 >At, (10.1)
€ph YKN

where At is the simulation timestep. If the particle emits a photon, the photon energy e is
randomly selected using the Klein-Nishina scattering kernel [cf. \Jones||1968; Blumenthal & Gould
1970; equation |A.1]

1 (gr)?
21+qr

AN 3
droc —>— |2rInr + (1 +2r)(1 —
dt dr TO((1+qT)2[rnr+( +2r)(1—7) +

(1-— 7")] dr (10.2)

as a probability distribution function in r. The parameter r is a proxy for the scattered photon

energy €1, defined as [cf. equation (A.2])]

€1/ ymec?
q (1 — e1/ymec?)

(10.3)

r=

For the purposes of a scattering particle’s Monte Carlo photon emission, the Klein-Nishina param-

eter ¢ is a constant, fixed by the particle’s pre-scattering energy v and the (globally constant) seed
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photon energy epn. Thus, equation (|10.2)) is not a single distribution function on r, but a family of
distribution functions — one for each value of q.

Next, because Klein-Nishina reconnection also involves absorption of the Comptonized pho-
tons by the static ambient radiation, the photons emitted by each particle need to be trackedﬂ
by the simulation. This is also a new capability I added to ZELTRON. Photons emitted by par-
ticles become tracked as their own chargeless, massless (and, hence, ballistically propagating in
straight lines at the speed of light) ‘particle’ species. Once emitted, a simulated photon has, at
each timestep, a certain probability to be absorbed by the seed photon background, producing an
electron-positron pair. Thus, pair production is also a Monte Carlo process, with the probability

for a photon of energy € to be absorbed in a given timestep set to

coy(50)UpnAt/€pn 50 > 1
Pabs = 5 (104)

0 otherwise

where 0., (sg) is the pair-production cross section and so = €€pp/(mec?)? is the nominal (maximum
possible) center-of-momentum (CM) energy for the interaction (cf.|Gould & Schréder, [1967)). The

pair-production cross section is (cf. Gould & Schréder, |1967)

3or |1+ 68 2 2 403
ov(80) = =— | ——5In Wy — B5In Wy — In* Wy —
7“/( ) 83(2) 1_53 0 1_53
2
+ 260 +4lnWyln (1 + Wy) +4 B + Lig(—Wp) , (10.5)
where 8y and Wy are both sg-dependent and read
9 _ 1
Bo(so) =1—— (10.6)
S0
and
1+ Bo(s0)
Wo(sg) = ———=. 10.7
0( 0) 1 ,80(50) ( )

! In this chapter, I use the word ‘tracked’ to denote simulated PIC particles, also sometimes called ‘superparticles’
or ‘macroparticles’. These are usually envisioned as consisting of many physical particles, and the PIC weight of a
‘tracked’ particle can be thought of as the number of physical particles represented by that tracked particle. Note,
by using the word ‘tracked’, I do not mean its other common definition in PIC contexts, where it is used to refer to
a subset of the simulated particles for which high-cadence data is dumped to disk.
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If a pair is produced, ¢fy(sp) is equal to the maximum possible speed of the newborn electron and
positron in their CM-frame. The last two terms in , 4 (m%/12 + Lig(—Wo)), are equal to the
last term, —4L(W)), in equation 10 of (Gould & Schréder, |1967) but are corrected for the missing
factor of 4 in that work. As a reminder, Lis(z) is the dilogarithm [cf. equation and (6.9)].
Currently, pabs is required by ZELTRON to be less than unity, and this is checked at the beginning
of the run using max(o,,) ~ or/5 and the fact that Uy, €pn, and At are all global simulation
constants.

If a pair is produced, the CM-energy s = so(1—cos#)/2 € [1, so] needs to be randomly chosen
according to the angle 6 between the high-energy Comptonized photon’s momentum and that of

the (untracked) low-energy seed photon. The cumulative distribution function for s is

a. S
pCM—energy(S < 30) = 0_77((30)) . (108)
Y

In the Monte Carlo pair-production scheme, s plays the role that r does in the photon emission
scheme described above — both need to be calculated randomly according to their respective dis-
tributions. Meanwhile, sy plays the role that ¢ does for photon emission — these are set by the
incident photon or particle energy and they decide the distribution functions according to which
the random parameters, s and r, respectively, are drawn.

Once s is randomly selected, a new electron and positron are initialized, each with CM-frame
speed ¢fy(s), traveling in randomly-selected (i.e., uniform on a sphere) opposite directions in the
CM frame of the pair-creation event. These are then boosted to the simulation frame using the
just-absorbed tracked photon’s momentum (which very nearly equals the total momentum of the
newborn pair because the seed photon momenta are so small) and their current is deposited onto
the PIC grid.

I would also like to mention a couple additional features of ZELTRON that I omitted from
the above description for simplicity. First, the threshold on ¢ deciding when the numerical scheme
switches from continuous (during the PIC particle push) Thomson IC cooling to general Klein-

Nishina Monte Carlo cooling is a user-defined input parameter, and can even be set to zero (in
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which case the continuous Compton cooling is simulated by the more general Klein-Nishina Monte
Carlo algorithm).

Second, it is possible to under- or over-sample the emission of photons by individual par-
ticles according to computational needs. For example, in some instances, it may be necessary to
undersample the IC-emitted photons in order to conserve memory. In other cases, one may need
to overproduce tracked photons in order to more finely sample the distribution function of emitted
photons (and, hence, of the pairs that the photons produce). Undersampling and oversampling
are accomplished by tuning the PIC weights of the tracked photons with respect to those of the
particles. By setting the weight of each tracked photon equal to the weight of its tracked scattering
particle, the physical probability is equal to the probability with which a tracked particle
emits a tracked photon. However, by making the tracked photons ‘heavier’ with respect to their
emitting particles, the probability with which a tracked particle produces a tracked photon can be
reduced from penit by the ratio of the scattering particle weight to that of the emitted photon. In
the undersampling case, particles are always cooled according to their physical probability pemit to
emit photons, but only a subset of the emitted photons are promoted to tracked simulation entities.
One can also go in the other direction — making the tracked photons ‘lighter’ than the particles
and increasing the probability to emit a tracked photon from pemit by the same ratio. In this
oversampling case, ZELTRON splits the tracked emitting particle into two: one copy that did radiate
(with new weight equal to the emitted tracked photon weight) and one that did not (with weight
equal to the weight of the original particle minus the weight of the new photon). This preserves the
discreteness of the emission mechanism — otherwise oversampling the emitted photons would cause
the particles to be cooled continuously, which is not how they actually cool in reality. The ratio of
each tracked photon’s weight to its scattering particle’s weight is a user-specified parameter in the
ZELTRON input file.

Finally, in ZELTRON, one is free to track photons emitted in the continuous Thomson IC
regime, even if the continuous cooling algorithm is used instead of the Monte Carlo scheme. Al-

though these photons do not produce pairs, calculating their passive propagation through the
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system can provide one with useful observer-centric diagnostic information. At the same time, one
is also free to impose a threshold on the minimum tracked photon energy in the ZELTRON input
file. Setting this threshold equal to the minimum required energy m2c*/ €ph to be absorbed by the
seed radiation field can allow one to only spend computational resources on tracking those photons

that have the potential to feed back on reconnection by creating new pairs.

10.1.2 Resolving the necessary scales

Next, I cover a complementary issue associated with modeling Klein-Nishina reconnection in
PIC. That is, even once the Klein-Nishina IC cooling and pair-creation algorithms described above
are implemented, one still needs to have sufficient computational resources to order the reconnection
energy scales Ymax, Yrad, T, 0c,0, and ygN such that Klein-Nishina reconnection is realized.

Recall from chapter [6] that the basic ordering of these scales that brings reconnection into
a Klein-Nishina radiative regime is 7eool < KN < Yrad T < Ymax (Fig. . Let me briefly re-
view how this hierarchy comes about. First, the pair-production optical depth 7., = 3vKN/5Vcool
[equation ] is roughly equal to the scale-separation between vygn and 7¢oo. Thus, one
needs YKN > Ycool in order to maximize 7., which enhances the radiative efficiency of reconnection
[e.g., equation (6.23)] and makes it easier for the photons to produce pairs on time-scales that are
short relative to the global time-scale L /c of the reconnection layer (and on length-scales Apg, short
compared to the system size L). At the same time, however, one also needs ygn to be somewhat
smaller than vy,q, T in order to accelerate an appreciable population of particles past the threshold
energy vYpp = 8YKN to emit pair-producing photons. From these considerations, one sees that, not
only must the key radiative Lorentz factors be ordered as Yeool < YKN < Vrad, T < Ymax, but it is
further beneficial (as far as maximizing 7., on the one hand and the number of accelerated parti-
cles capable of emitting pair-producing photons on the other) if they can all be separated from one
another by a wide margin.

However, one is limited in terms of computational resources, because the maximum possible

scale-separation, within which all of the other scales must ‘fit’; is given by the number of cells
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across the simulation. Let me define L as the length of the PIC simulation, which corresponds to
the length of the reconnection layer in Fig. Then, let me define the cell size, Az, such that
the number of cells along the reconnection layer is N = L/Axz. The cell size in radiative kinetic

simulations is set, as in non-radiative kinetic simulations, by the requirement to resolve the Debye

Ty T¢,000
AD = ~ 10.9
P Viamnger ~ 2ong (10.9)

where, as in section [3.1], I define the Debye length in terms of the initial upstream plasma density ng

length,

and temperature Ty. The approximation on the far right in ((10.9)) holds when the initial background
plasma is relativistically hot: 8y = Ty/mec? > 1 [such that Oh,0 = 0c,0/46p; cf. discussion following
equation (2.7)]. In terms of the factor A = Ap/Ax > 1 with which the Debye length is numerically

resolved, the maximum scale-separation supported in a given reconnection simulation is

L AL L
N=—="—"—~2A/ . 10.10
Ar  Ap 7h0 0c,0P0 ( :
From this, it follows that the ratio ymax/oc0 is
max N
Tmax _ (10.11)

0c,0 T 20A, /01,0 ’

The upstream Debye length Ap also limits how small 7., can be, and, hence, controls the
maximum allowed value of the ratios Yrad T/Ycool = Ymax/Vrad,T (Which one would like to maximize
in order to achieve the scale ordering Yeool < VKN <K Yrad T <K Ymax)- If Yeool < 6o, then the
upstream plasma radiates on time-scales faster than L/c and, hence, faster than the duration of
the reconnection event, implying that the plasma feeding the layer is not constant in time. While
this alone makes it physically challenging to interpret the simulation results, there is another, more
numerical issue associated with efficient upstream cooling. That is, the upstream Debye length
can become unresolved, leading to unphysical numerical heating. The smallest that .00 can be to
avoid both these issues, such that the upstream plasma only cools marginally over the course of a
simulation, is Yeo0l = 36p. In this case, the initial background plasma cooling time is L/c, and so

the original upstream material cools by a factor of a few over the course of several L/c, a typical
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simulation duration. Assuming oc/40m,0 = 0 > 1, the ratio vcoo1/0c,0 can be written in terms of

just the single parameter oy, o:

“Ycool o % 3

= = ) 10.12
oo Oco  4donp ( )

This implies, through ([10.11)), that
Ymax _ N /0ho (10.13)

Ycool B 154 ’

3N
Yrad, T _ 7 (1014)
O¢,0 8040/,

Thus, the scale ratios Ymax/0c,0, Yrad,T/0¢,0, a0d Yeool/0c,0 are all set by the two numerical

and, because V7,4 v = TmaxYeool, that

parameters, N and A, along with one physical parameter: the initial upstream hot magnetiza-
tion oy 0. Therefore, N, A, and oy specify two (Ymax/0c,0 and Yrad,1/0c,0) of the three available
parameters (Ymax/0c,0, Vrad, T/0c,0 and Ykn/oc0) governing the point in the radiative phase dia-
gram (in the sense of Fig. in which reconnection operates. For a given N, A, and oy, ¢, the only
parameter that remains to be chosen is ykn/0c, yielding a line of possible locations in the 3D
radiative reconnection parameter space. Fixing ygn/o¢0 then amounts to choosing a point on that
line.

Now, ykn brings in a variety of secondary, derived scales (e.g., Yeool,2 and 7rad 1c; see chap-
ter @ that cannot be expressed as simple power-law scalings of the other reconnection parameters.
Thus, it is not immediately obvious from analytic expressions involving YN, Yrad,1c, and Yeool,2
what regimes of reconnection are accessible — even with the other two main radiative scale ra-
ti0S, Ymax/0c,0 and Yrad,T/0c,0, fixed by the available computational resources. Therefore, rather
than proceeding analytically, the procedure I now follow is to simply choose computationally rea-
sonable values of N and A (and also a theoretically suitable value of oy > 1), and, from these,
to construct the radiative reconnection phase diagram. Then, using the phase diagram, I identify

appropriate values of yxn/oc o for realizing Klein-Nishina reconnection by visual inspection.
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In 2D, it is feasible for me to run simulations that are a few thousand cells long in one
dimension. I therefore set N = 2560. I also find that a Debye length resolution of A = A\p/Az = 1.2
is sufficient. Finally, I set oy, 0 = 100, which is well into the magnetically dominated regime
and opens up a large dynamic range of potential pair-loaded effective magnetization values, oy,

between 1 and oy, to which the reconnection layer might regulate itself (as in chapter 7). Using

AN\ L 1o 1/2
() ()

these fiducial values, one has

“Ymax N 3
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Next, using the ratios Ymax/0c,0 and Yrad,T/0c,0 as specified above (but leaving ykn/oc free
for now), I can construct the radiative reconnection phase diagram in Fig. after the man-
ner of Fig. The figure shows that, in the presence of limited computational resources, the
reconnection regimes featuring Klein-Nishina effects occupy smaller slivers of the available param-
eter space than in the astrophysical systems treated earlier (see section Figs. and . I
am speaking here of the blue and red areas, where, as a reminder, the nominal intrinsic X-point
Lorentz factor, 7x = 40, exceeds ykn but also falls below the overall IC radiative saturation
Lorentz factor, vraq,1c. This allows particles to be accelerated well above vykn, where they may
emit pair-producing radiation. In addition, both the red and blue regions are efficiently radia-
tive, with 7,, > 1 and, hence, with a fastest cooling time of particles min(teoo11c(7y)) ~ L/Tyyc
[equation much shorter than L/c.

The dashed black line in Fig. denotes the locations accessible to reconnection by chang-
ing the value of ykn/0oc,0 With both Ymax/0c0 and Yradv/0c0 fixed according to . Note,
in particular, that both the blue and red regions are reachable. There is some freedom, even,

in ygN/0¢ 0 such that reconnection falls into one of these two areas. For the simulations presented
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Figure 10.1: Radiative reconnection phase diagram for N = 2560, oy, o = 100, and A = 1.2, which
fixes Ymax/0¢,05 Yrad, T/0c,0, A0 Yeool/Tc,0 @s in . The one-dimensional set of locations in the
diagram where reconnection may operate as the result of choosing ykn/oco is shown as a black
dotted horizontal line (labeled sim.’s). The value of ykn /0,0 chosen for the simulation presented
in section is shown as a white dot. The coloring of the regions in the diagram is the same as in
the earlier diagrams: Figs. and (see section for a complete explanation of the scale
hierarchies defining each region). Limited computational resources make the blue and red regions,
which feature prominent Klein-Nishina and pair-production physics, much smaller than they are in
the presence of astrophysical scale separations (e.g., Figs. and .
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below, I choose kN /0,0 such that reconnection falls on the border between the red and blue re-
gions — along the triple point Ymax = Vrad,Ic = Yeool,2 (discussed in section . This represents a
comfortable compromise: v;aq1c = Ymax effectively removes the radiative cap on particles acceler-
ated near reconnection X-points; Ymax = Ycool,2 €nsures that all particles accelerated above ygN are
still efficiently radiative, cooling on time-scales tcool 1c(Y < Yeool,2) < L/c; and the pair-production
optical depth 7y, = 3YKN/5Vcool = 5.9 is fairly large. Straying farther into the blue region would
increase the pair-production optical depth at the expense of lowering 7raq 1c, potentially reducing
the number of particles at high-enough energies to emit pair-producing photons. Straying farther
into the red region reduces 7, and brings 7cq1,2 into the range where some particles at the highest
energies may be weakly radiative.

In the next section, I present preliminary results from a simulation run using N = 2560, A =
1.2, and op o = 100, which fixes the parameters Ymax/0¢,0, Yrad, T/c,0, a1d Yeool/Tc,0 to their values
in (10.15)). The simulation also uses the value ykn/oco = 0.076, which is plotted in Fig. as a

white dot.

10.2 Simulation results

The simulation presented in this section is very preliminary. At the time of this writing, it is
only about one week old. With it, I aim to make two basic points. The first is that the radiative
physics discussed in section is implemented correctly and working at scale. The second is
that, even this early simulation already shows evidence for a very basic aspect of the pair-regulated
reconnection model presented in chapter [/} the created pairs are quite tenuous — everywhere much
less dense than the originally present plasma particles — but they carry a significant fraction of
the material (rest mass + kinetic) energy, even dominating the matter energy flux across the
reconnection separatrices.

The simulation setup is the same double-periodic box geometry as described for the simu-
lations in section Many of the parameters are also set to the same values as in those earlier

simulations. In table I summarize the simulation parameters used in this section, highlighting
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in red the values that differ from the simulations presented in chapter [3| I note that, besides the
system-size and radiative Lorentz factors Ymax, Yraa, T, and ykn, the guide field strength is also
different from the earlier simulations: reduced from B, = By/4 to B, = By/10. This is to get
as close as possible to the zero-guide-field limit, which promotes non-thermal particle acceleration
(NTPA; see Werner & Uzdenskyl, [2017)), but to still retain finite B,, which protects plasmoids from
radiatively cooling and compressing until the Debye length in their cores becomes unresolved.

Over the next several pages, I show a variety of figures that display different aspects of the
evolution of the reconnection system at the times c¢t/L = 0.33,0.57,0.82,1.07,1.31, and 1.72. First,
in Fig. I show the evolution of three densities: the number density of the original background
plasma particles (those present from the beginning of the simulation as described in section ,
the energy density of above-threshold photons in the simulation, and the number density of pairs
produced during the simulation. Concentrating first on the (original) background particles, one
sees that the overall qualitative evolution of the reconnection layer is quite similar to more familiar
regimes, such as that treated in chapter [3] The layer first fragments into many small plasmoids that
begin to move about and merge with one another (e.g., the first three time snapshots in Fig.[10.2)).
After some time, the layer becomes dominated by just two larger plasmoids that undergo one large
spectacular merger (e.g., ct/L = 1.72 in Fig. [10.2]).

However, unique to reconnection in this regime, one can now view how the photons and
produced pairs play into this picture. Looking at the above-threshold photon radiation energy
density in Fig.[10.2] one sees that the reconnection system literally lights up at active reconnection
sites. This includes both the main reconnection X-point (especially evident as a source of above-
threshold photons at early times; e.g., ct/L = 0.33 in Fig. and merging-plasmoid reconnection
layers (e.g., ct/L = 0.82 in Fig. [10.2). In both locations, the reconnection electric field linearly
accelerates unmagnetized particles to high, gamma-ray emitting energies.

Once emitted, photons propagate in straight lines at the speed of light. They are insensitive to
the electromagnetic field and therefore do not respect the separatrices; they freely pass back into the

upstream region. This has important implications on the spatial distribution of the pairs produced
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Table 10.1: Simulation parameters used in this section. The parameters are
largely the same as in chapter [3| but differences are highlighted in red.

Parameter Symbol (=definition) Value

Upstream magnetic field

Nominal gyroradius

Thomson saturation Lorentz factor
Klein-Nishina Lorentz factor
System size

Reconnection Hillas Lorentz factor
Cold magnetization

Hot magnetization

Background temp.

Guide field

Peak drift over background density
Harris layer drift velocity

Harris layer (comoving) temp.
Harris layer half-thickness

Cell size

Time step

Initial macroparticles per cell

By

po = mec?/eBy
Vrad, T

TKN

L,=1L

“Ymax

oc0 = B2 /4mngm.c?

Oh,0 = 33/167rn0T0

00 = To/mec2
B,

n = na/no

Bac

0d = Td/m02

d = 0c0po/Ban
Az, Ay

At

0.282843 x 0¢
0.0762437 x o
106.667 x o¢0po
10.6667 x o¢
10%

102

25

By/10

)

0.3c

1050

0.670’C70p0
00,000/24
0.7Az/c

80
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Figure 10.2: Left column: The number density of original background particles (i.e., not created by gamma-ray absorption) on a
logarithmic colorscale spanning [3 x 1072, 10%] in units of the background electron number density, ng/2. Middle column: The energy
density of above-threshold photons on a logarithmic colorscale spanning [1072,101] in units of 0.1B32/87 — one-tenth of the upstream
reconnecting magnetic field energy density. Right column: The number density of pairs produced during the simulation on a logarithmic
colorscale spanning [1072,10!] in units of the background electron number density, ng/2.
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Figure 10.2: (Continued.) Each successive row corresponds to the simulation time ct/L = 0.33,0.57,0.82,1.07,1.31, and 1.72. For
reference, in each panel, the separatrices are displayed as a contour (which corresponds to the value of the magnetic flux function A, at
the main reconnection X-point).
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during reconnection. Focusing on the created particles in Fig. [10.2] one sees that, initially, pairs
are produced inside the region of reconnected flux. However, later on, once a significant number of
photons have crossed back into the upstream region, one begins to observe a diffuse population of
tenuous pairs cropping up there (e.g., ¢t/L = 1.07 and onward in Fig. .

Beyond transferring some of the dissipated magnetic energy back into the upstream area as
new pairs, the photons also influence the spatial distribution of created particles inside the layer.
Comparing the spatial maps of original background particles to produced particles in Fig. [10.2] one
can see that the background particles form clean concentric rings in the plasmoids where they are
deposited, a morphological feature that can be traced back to how the particles end up in those
locations. The background particles can only be brought into a plasmoid by following a reconnected
field line — either after passing near an X-point and becoming remagnetized by the reconnected
magnetic field, or simply by being carried along a field line that reconnects far away and begins to
wrap its plasma around an accreting plasmoid. Thus, in the density maps of background particles,
every particle that is bound to a field line when it reconnects remains on that field line. And so,
the field lines, like the rings of a tree, tell the story of an aging plasmoid, bearing memory of the
plasma conditions when they first reconnected and accreted onto the plasmoid. In contrast, the
produced particles can be brought into a plasmoid through a completely separate channel: by being
born there. Thus, while the created pairs also form concentric rings around plasmoids, these rings
appear more fuzzy and diffuse: pair-production deposits pairs onto field lines inside plasmoids that
were not there when that field line reconnected, washing out the clean record the field line would
otherwise keep of the plasma it carried onto the plasmoid.

Next, I note that the colorscales on the plasma density maps of Fig. [10.2] are not the same:
even the brightest regions on the spatial maps of created particles would appear only warm on
the background particle maps. It is therefore somewhat clear from visual inspection of the density
maps that the produced particles are tenuous relative to the particles that are initially present in
the simulation. However, let me show this more explicitly. To do so, I present Fig. [10.3] which

collapses the number densities of background and produced pairs in the simulation down to one
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dimension. In that figure, the number densities are plotted as a function of magnetic flux (value of
the z-component of the vector potential A,; contours of A, coincide, in 2D, with in-plane magnetic
field lines). The procedure to compute these plots is very similar to averaging the number densities
along slices of constant y (vertical direction in the spatial maps), and indeed reduces to this far from
the reconnection layer where the in-plane field lines are evenly spaced and completely horizontal.
However, close to the layer, the field lines begin to bend, and so averaging along A,-contours instead
of y-contours helps to isolate variations between field lines, which become very important as one
crosses the reconnection separatrices. In particular, this diagnostic allows one to concisely see how
pair production influences the properties of the plasma flowing across the separatrices and, hence,
feeding reconnection — plasma that is very important to isolate in order to determine whether pair
loading occurs as predicted by the model of chapter [7]

Using Fig. one sees that, indeed, irrespective of the particular field line (value of A,)
that one considers, the produced pair plasma is always low in density compared to the plasma
that is there from the beginning of the simulation. This is consistent with the basic picture of
Klein-Nishina reconnection put forward in chapter [7}

However, the other basic qualitative prediction of the reconnection model of[7]is that, even if
the produced pairs are tenuous, they may still be able to rival, or even dominate, the energy density
of the plasma feeding reconnection. To determine whether this is consistent with the simulation, I
supply Fig.[10.4] This is similar to Fig.[10.3 but plots, instead of the plasma number density as a
function of A,, the energy densities of background and produced particles versus A,.

In Fig. one sees that, after a short while — as early as ct/L = 0.82 — the energy density
of produced pairs along the separatrices (at A, = A, x in the figure) begins to rival, and even
surpasses, the energy density of background particles feeding reconnection. Thus, the diffuse cloud
of pairs produced in the upstream region evident in Fig. though low in number density, actually
carries a significant amount of the material energy flowing into the reconnection layer: consistent
with the model of Klein-Nishina reconnection in chapter [7}

Finally, I also present in Fig. [10.5] at the same time snapshots as the earlier figures in this
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Figure 10.5: The total particle energy distribution for the times, ct/L = 0.33,0.57,0.82,1.07,1.31, and 1.72, shown in Figs. mm
Solid lines indicate the total distribution. Dashed lines show the contribution just from background particles that are initially present
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section, the particle energy distribution d/N/ d~y realized in the simulation. The distribution is de-
composed into contributions from the background (originally present) pairs and the produced pairs.
It is compensated by a factor of 42 and therefore displays the energy carried per unit logarithmic
interval in . Though I use the same symbol for this distribution d/N/dvy as in equations ([7.5)
and , I note that the distribution displayed in Fig. contains all of the particles in the
simulation — not just those confined to within the separatrices as in equations and .

A remarkable feature of Fig. is that, at some time snapshots (e.g., ct/L = 1.31,1.72)
the amount of energy carried by the high-v non-thermal tail of the particle distribution is dom-
inated by the produced pairs. At even later times (not shown), the newborn particles go on to
dominate the total matter energy in the simulation box. This means that a relatively large spatial
volume is occupied by the range of A, values in Fig. m (typically outside the separatrices: i.e.,
when A, > A, x) where the created particles have higher energy density than the background
particles. Evidently, these zones fill a large-enough fraction of the overall system that the created
particles can dominate the total material energy in the system — not just the energy in small local
patches.

Overall, this section is just the tip of the iceberg. Though the simulation presented here is
consistent with an important, foundational, qualitative aspect of the Klein-Nishina reconnection
model of chapter [7]— that the newborn pairs are fewer than the original background particles, but
can dominate the upstream pressure — many more features of the model remain to be tested. It
will be interesting, in the immediate future, to continue to analyze even just the one simulation
presented here, further exploring reconnection and its observational implications in this fascinating

regime.



Chapter 11

Conclusions

In this dissertation, I have explored radiative relativistic magnetic reconnection facilitated
by inverse Compton (IC) cooling — an extreme regime with considerable astrophysical relevance,
especially to jetted outflows from active galactic nuclei observed as blazars. This exploration has
proceeded in two main phases.

First, in chapters 2}f4] I studied radiative reconnection facilitated by optically thin Thomson
IC cooling. T outlined the main reconnection parameters, phrased as energy scales, that control the
regime of reconnection (chapter [2)), and I explored a variety of these regimes using first-principles
PIC simulations, focusing on the kinetic beaming phenomenon and how its observational signa-
tures are mediated by strong radiative cooling (chapter [3). Then, to conclude the first half of this
dissertation, I explored (chapter {4)) the consequences of my numerical results for rapid TeV FSRQ
blazar flares (e.g., Aleksic¢ et al., 2011)). I showed that a typical picture, in which the observed TeV
photons are Comptonized from seed radiation shining onto the blazar jet from its circumnuclear
environment (in particular, from the dusty torus), is strained if one posits magnetic reconnection
as the energization mechanism for the emitting particles and naively extrapolates my Thomson IC
results for kinetic beaming from chapter |3} Then, radiative cooling is not efficient enough for kinet-
ically beamed high-energy particle bunches to radiate away their energy before they disperse and
isotropize. Nevertheless, a kinetic beaming scenario nicely explains severe timing and energetics
constraints imposed by observations (Nalewajko et all 2012), and I supplied an alternative sce-

nario, in which the emitting particles, energized by reconnection, Comptonize lower energy photons
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produced from within the jet. However, one important caveat associated with these astrophysical
conclusions is that, if the seed radiation field for the observed TeV emission is indeed a dusty torus,
then the Comptonization does not occur in the Thomson IC regime. Thus, judging the feasibility of
an external IC scenario requires self-consistently incorporating high-energy Klein-Nishina Compton
losses.

Thus, in the second half of this dissertation (chapters , I considered more general Klein-
Nishina IC radiative cooling. This includes the low-energy Thomson limit (studied in the earlier
part of this work), in which particles lose their energy continuously, but it also accounts for the
higher-energy regime, in which radiative losses become discrete (particles deliver an order-unity
fraction of their energy to individual photons) and the scattered photons are above pair-production
threshold with the ambient radiation.

After charting out the radiative parameter space governing reconnection with Klein-Nishina
IC losses (chapter @, I specialized to the new and unexplored regions of this space, outlining an
analytic model for pair-regulated Klein-Nishina reconnection (chapter [7)). The model hinges on a
negative feedback loop that self-regulates the effective hot magnetization parameter of the plasma
feeding reconnection. I then pointed out (chapter |8) several basic observational implications of
the pair-regulated Klein-Nishina reconnection model, and I estimated the fundamental radiative
reconnection parameters for two astrophysical systems — FSRQ blazar jets and the accretion disk
coronae of black hole X-ray binaries in their high/soft states. These estimates showed that, if
reconnection occurs in these systems as is often thought, then it is very likely to operate in a
regime where high-energy discrete Compton losses and pair production significantly impact the
collective plasma physical behavior.

Finally, in chapter I presented preliminary results from a radiative PIC study of Klein-
Nishina reconnection. There, I overviewed the modifications I made to the PIC code ZELTRON
in order to model Klein-Nishina reconnection, I demonstrated the feasibility of computationally
resolving all of the required scales, and I discussed early findings from a recent simulation I per-

formed. Though preliminary, the results of that simulation are consistent with the picture of
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pair-loading in Klein-Nishina reconnection advanced in chapter [7} They show that, as predicted,
the number density of the particles created in situ during reconnection is small compared to that of
the originally present background plasma. Nevertheless, the newborn pairs give a significant, and
even dominant, contribution to the plasma material energy density, modifying the upstream hot
magnetization from the value it would otherwise have in the presence of only the initial particles.

There is a rich and broad scope of future work that might extend and build upon the results
described in this dissertation. In the immediate future, I will continue to run and analyze simula-
tions of Klein-Nishina reconnection, testing from first principles several additional plasma physical
and observational consequences of my analytic model described in chapters (see chapter |§| for
a discussion of specific follow-up questions that these simulations may address). More remotely,
kinetic simulations mimicking global jet-like geometries (e.g., |Alves et al. |2018; [Sironi et al.| [2021))
and also incorporating Klein-Nishina and pair-production physics would determine whether and
how this type of reconnection occurs in an explicitly global context. The same could be said for
accretion-like numerical setups (e.g., |Crinquand et al., 2021).

More broadly, I would like to frame this work, as I did in the Introduction (e.g., section ,
as a specific realization of several aspects of the exciting overarching field in which it is situated. As
is commonly done in high-energy plasma astrophysics, I have, in this dissertation, explored a classic
plasma process, magnetic reconnection, in the context of several new and extreme physical effects
(in this case, special relativity, strong radiative cooling, and pair production) that are absolutely
critical for understanding how this process works in astrophysical settings. Far from being passive
participants on top of the traditional picture of reconnection gleaned from lower-energy environ-
ments, these physical effects fundamentally change how this process works and, in a very literal
sense, looks — they decide the observational appearance of reconnection through a telescope. Living,
as exemplified here, at the intersection of plasma physics, astrophysics, and high-energy physics, the
study of high-energy plasma astrophysics presents both intellectually challenging new phenomena
to understand and promises enhanced insight into some of the universe’s most powerful and exciting

objects. In the specific corner of this fascinating field occupied by work on radiative reconnection,
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the novel physics treated in this dissertation (but see also Lyubarskii, 1996} Beloborodov, 2017}

Werner et al., 2019; Schoeffler et al.,[2019; Hakobyan et al., 2019; |Sironi & Beloborodovl, 2020) may

help to pave the way to theories of increasingly realistic reconnection regimes with tremendous

impact on our understanding of, and appreciation for, the high-energy universe.
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Appendix A

The Klein-Nishina Scattering Power and Rate

Here, I sketch the derivations of the functions fxn(¢) and gkn(q) as defined in equations (6.5)

and (6.9). [Jones (1968) and Blumenthal & Gould| (1970) report the Klein-Nishina scattering kernel

dN Ush
dr = cop—22
dtdr " CUTeph
3 1 (qr)?
— | 2rl 142r)(1— — 1— d
X(1+qr)2 rinr 4+ (14 2r)( r>+21+qr( r)| dr
U
= caTihK(r, q)dr. (A.1)
€ph

This is the number of photons scattered per unit time by a particle with Klein-Nishina parame-
ter ¢ = v/vkN = 4vepn/ mec? to final photon energies between r and r 4+ dr. The parameter r is

not actually equal to the scattered photon energy e; but is defined in terms of it through

2
r= €1/7mec oY - (A.2)
q (1 —€1/ymec )
Equivalently,
2 qr
= ) A3
€1 = YMeC 1+qr ( )

It is convenient to take integrals over r as a proxy for €; because, as €; spans its kinematically
allowed range [epn, Ymec?q/(1 + q)], r runs approximately from 0 to 1 (Jones| 1968} Blumenthal &
Gould, |1970).

For completeness, I mention the validity conditions for the kernel : ymec?/ €ph = 4YKN7Y >

1 and v > 1 (Jones, 1968). The first condition is always satisfied for ykn > 1, which is true of
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every astrophysical system to which I apply my results (and also of many others). The relativistic
requirement y > 1 is then taken care of because the general Klein-Nishina expressions are only
needed for v > ygn > 1. At non-relativistic energies v ~ 1, the Thomson prefactors in equa-
tions and are all that remain [fkn(¢ < 1) — 1 and gkn(g¢ < 1) — 1], and these are
non-relativistically correct. Thus, for ygxn > 1, equations and are correct even in the
non-relativistic case.

To obtain the rates at which a scattering particle loses energy [equation (6.4])] and encounters
soft seed photons [equation ] requires integrating over €; — or, equivalently, over r — while

keeping 7, €pn, and, hence, ¢ = v/ykn fixed. One obtains

Ric(y Uy 1 1
) = cop 22 dr K(r,q)
€
Pic(v) ph 0 ex(r)
cotUpn /€ 1 1
_ | ot/ / dr K (r, q) . (A.4)
(4/3)cory?Upn | 7° 3r/(1+qr)

Then, using 8% = 1—1/42 ~ 1 to write Pr () ~ (4/3)cory?Upn, one can read off gkn(g) and fin(q)
from equation (A.4):

1
%m@aAMme (A5)

and

.
1+qr’

1
RM®:3A<hK@ﬂ) (A.6)

The integrals can be evaluated to yield equations (6.5)) and . Should the reader wish to verify

by explicit computation, I find that the identity

1 w1 1 q
Liy [ —— ) = Lia(— — + Zlog?(q) — = log? [ —— A7
o (1 ) = a0+ 5+ glog(a) - 102 (1) (A7)

is useful.



Appendix B

The Energy Retention Factor f,cool

Recall that in section I left £ as a free parameter. This stemmed chiefly from my
uncertainty regarding the fraction of energy fhocool retained by the fresh pair plasma as it travels
toward the reconnection layer. In order to demonstrate the effect of this parameter without knowing
it precisely, I entertained a class of models where & (specifically fiocool) Was constant: independent
of NTPA in the layer [i.e., of p(oy) and z]. However, in principle, one can explicitly compute the
distributions NV(Z) (7) of newborn pairs (by straightforwardly extending the analysis of section,
and, from them, calculate the energy carried by fresh plasma reaching the layer. This can then be
compared to the energy deposited into the upstream region to yield fhocool-

In this section, I adopt this strategy to calculate £ = fuocool- I find that, like F, £ is a function
of p(on) and z: & = Z[p(oy), z]. Furthermore, the basic intuition gleaned in section remains
intact: extremely efficient energy delivery to the layer, £ ~ 1, may still push the system into a
2-state swing cycle, and radiative feedback on NTPA still makes the system more prone to these
oscillations. Through the present analysis, one merely gains a more precise notion of the values of
physical parameters — particularly the cutoff z in the distribution of layer particles — required to
initiate swing cycles versus those that cause rapid progression toward the fixed point oy,.

My first step is to write down a quantitative expression for fhocool. In order to do this, 1

define several auxiliary quantities: the nth-generation steady-state particle count

N _/N(” )dy, (B.1)
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(n)

which I distinguish from N55’(7) by omitting the functional argument; the nth-generation particle

injection rate

QU = / Q(y) dy, (B.2)

also distinguished from Q%) (7) by argument omission; the average particle energy injected into

the nth generation

()

_(n 1@y (v) dy

,yé)>5f w(n()) ; (B.3)
vy

and the average particle energy carried by the nth generation in its steady state

J AN (7) dy .
V)

(n)

' = (B.4)

In terms of these quantities, one has

newborn pair energy carried into layer

Jnocool = energy injected upstream

_ Yonei N“SZ)’_)’J(\?)
22[:1 N “(/:)78)
X N R
>t N “5:)’78 )

, (B.5)

where

P
N3 §ls)
is the average fractional energy retained by the nth generation.
Before I calculate fjoc001 in detail using equation , let me briefly argue why, as claimed
in section frocool should be physically confined to the range [3/400, 1]. The upper bound is
trivial: frocool cannot exceed one by definition. Let me now show how the lower bound arises.
In the case where fhocool 1S as small as possible, all particles born into the upstream region are
quite energetic, with ygn < f_ygL ) < Yeool,2, but they cool quickly — until their cooling times match

their readvection time t.,, and hence until their Lorentz factors equal Jco011 [equation ((7.23))].

However, when these particles’ energies exceed <ypp, none of their emitted photons escape the
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system. Rather, the power Q%)WS mec? injected into the upstream region losslessly converts to
secondary pairs, and therefore matches the steady-state energy flux @’ 'yppmec2 into the particle
energy bin v < ypp < v + d. Here, Q' is the (generationally summed) particle flux into the same
bin. Only once particles cool past 7, does their emission leak out of the system. Thus, if the
injected particles have high initial energies but all cool down to Jcool.1; fnocool reaches the (lowest

possible) value

power radiated by upstream particles

Frocool,min = 1 power injected upstream
1 Ql(’}’pp - :Ycool,l)
Q)
_ 1 Jop = Jeool

’?cooll 13 3
= Jeoo 2 2 B.7
Yop 850 400 (B7)

The reason that (as I show quantitatively in this section) fnocoolmin = 3/400 is an overly
pessimistic estimate for fioco01 is that, in reality, upstream particles are constantly being replenished
at high energies even as they rapidly cool toward 9coo1,1. This results in a pronounced high-energy
tail of hot upstream particles entering the reconnection layer, greatly enhancing foco0l, €ven, in

some cases, to order unity.

B.1 The steady-state pair distributions NV(;L) ()

Evaluating equation (B.5) for fuocool explicitly requires the steady-state pair
distributions N,(YZ) (7). I now retrieve these distributions by extending the analysis of section

Rearranging equation (7.30]), one may write

1
NW(Z) (7) = gtcool,IC (’Y)QS;Z/H) (’7/4) : (BS)

Plugging in teoor1c(Y) o¢ [vfrn(v/v&kn)] ! and using the approximate expression fxn(q) ~ (1 +

q)~ 1% from equation , one sees that N$) (v) o< v~ 103 provided Q%) oy~ [ie., as in (7.21)]

and v > ykn. The latter condition is satisfied because the deep Klein-Nishina regime is assumed

in writing equations ((7.27) and (7.28)), from which (B.8) follows.
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(n)

However, this is not the full story for Ny’ (). Even though Q(ny)(y) is zero when v < ypin =
2vkN, which comes from the fact that no pairs are injected at energies below Ymin, N,Sz) () is not
zero at these low energies. Instead, particles in every generation cool continuously — in the Thomson
regime — once they reach energies ~ ykN = Ymin/2, populating a low-energy component of each
distribution N,gz) (7).

To model this situation, I assume that, in each generation, a constant flux of particles leaks
from above to below kN in energy space [through the advective term in equation , which
remains nonzero in the Thomson regime even though Q%) (7) vanishes|. Once there, the rate

of change of each particle’s energy is approximately Thomson: —y ~ —41 = v/teoo, (7). To

determine NA%) (7) in the Thomson limit v < kN then requires solving a simplified version of

equation ([7.27]),

where the source term Q%)d (y—v&N) = 6(y—knN) [ Q%) () dv gives the flux into ygN of particles
from higher energiesﬂ The solution to can be obtained exactly, and the steps are detailed
in Appendix [E] The result is a low-energy distribution of particles arriving at the layer in each

generation of

2

(n) (n) L v Y > :Ycool,l
N’y'y (7 S ’YKN) = ny 'Ycool; . (B.lO)
0 7 < :Ycool,l
Equivalently, one can use Yeool = (10/7yy)Ycoo1,1 = (10/744)(3/50)7kN to express this as
3 10L VKN/VQ Y > :Ycool,l
NI (y S n) = QY = — (B.11)

7 50 ToynC 3 ’
0 v < Ycool, 1

1 Strictly speaking, the first generation of pairs Q%) () may have particles at energies between Jeoo1,2 and ’yél) =

v2/4 if y2 > 4Fcoo1,2. In that case, taking Qiff) =[ Q%) (7) dv, and not cutting off the integral at Ycoo1,2, Overestimates

the number of particles in the low-energy Thomson regime, artifically reducing the estimate of *’yﬁ)

of fr(lzzool .

and, hence,
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which will be a slightly more useful form later. For reference, the average energy of this distribution

is

flmi“va(Z)()dv_~ L (2’YKN>

fﬁ/mm N d’y ’?cool,l

=~ 3.5%cool,1 5 (B.12)

where the integrals are taken through vy, = 2vkn because, as detailed below, this is where I match
the Thomson solution (B.11]) to the one I will obtain below in the deep Klein-Nishina regime.

Next, I determine the high-energy (v > vkn) part of the steady-state distributions N$) (7).

I note that QS/Z) can be written [cf. equation 1j as

r-1
—T+1 . ~I'+1
Q) ~ B, = |1 | I ~ B, (B.13)
T2

Plugging this into the right-hand-side of (B.8)) gives

N’s?y) (’7 Z ’YKN) = é [tcool,IC ('7)] |:Q n+1)(7/4)}

(3 10L 1 5 <7)F
50wacquN() | ntl 4

|

13100 1 :
== — | |A(M)B4 4T
8 |50 Ty afin(a) | L D)Bad’y }
131wz 1 1] L/ v\ "
~ - |22 AW (T — 1 .1( )
8 _50 TyyC ¢ fKN (9) L ( )Q’W ( )'Ymm Ymin
1 310L 1 -
- (n) | 2 7 > . B.14
QWKNQW [50 T’y'yCQfKN(Q)] <’Ymin ( )

The third line follows from ([7.36)), the fourth line from (B.13|), and the last line from (7.37)) along
with Ymin = 29kN. Rigorously matching the low-energy Thomson solution (B.11)) to the high-energy

Klein-Nishina result (B.14]) requires a detailed analysis of the radiative physics near v ~ ygn. I

expect this, at most, to modify (B.11) and (B.14)) by order-unity factors near v ~ vkn, since the

assumptions from which these solutions are derived are fairly robust in their respective limits (far

from ykn). Moreover, the solutions are already of similar scale at a natural matching point, v =

Ymin = 27KN, With equation (B.14]) a factor of about 1/fkn(2) ~ 5 larger than (B.11)) when both
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are evaluated at yyin. This is independent of I'. Thus, as a rough estimate, I take the overall

distribution of nth-generation pairs (including both v > ygn and v < ykN) to be

7

3 10L
(M) (~n) ~ Q) 2 72 - - n
Nyy (7) = Q3 50 T c Yning SN (@)™ (7/Ymin) ™" Amin <y < ’Yé )

0 otherwise

\

If one leverages the fact that ¢ > 2 when v > iy to approximate qfixn(q) ~ ¢°

becomes

() 3 10L

() (7)) ~ Bl -
Nﬁw (’Y) - Q’}m{ 50 Ty~ C (\/§/Vmin)(7/’ymin) o5 Ymin < ¥ < ,)/27"0

0 otherwise

B.2 Evaluating f,oco0l

'7min/2'72 ﬁ/cool,l < Y < Ymin

7min/272 :Ycool,l <9 < Ymin

(B.15)

% equation (B.15))

(B.16)

Armed with the pair distributions N7(2) (7), and knowing, from section the injected

distributions Q(ﬂ/) (7), I can now explicitly evaluate equation 1' to obtain frocool. Assembling all

of the ingredients — equations ([7.21)), (B.1)-(B.4]), (B.13)), and (B.16]) — one has

2-T
) 1r—1|1- (2/4+1/2)
Yop 4T =2 |q1_ (2/47”'1/2)1711

10L 3/50 z \"F
(n) 105 _E
Q 1 + f [ <4n+1/2> 9

9

¥y _
TyyC L5

and

_(n) 2.5-T
3 2v/2
I3 Jas 22 < © ) 1
Ypp 400 25— |\ 4nt1/2

e ()]

—15 gn+1/2

-1

(B.17)

(B.18)

(B.19)
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Some special numbers that appear in these expressions are: 3.5 ~ In(2 x 3/50) = In(Ymin/¥eool,1) i
the numerator of [cf. equation ]; 1/4 = Ymin/Ypp, the prefactor of ; and 3/400 =
Feool,1/Ypp = frocool,min, the prefactor of . In writing these expressions, I assume that the layer
particle distribution cuts off at y2 < 4%.001,2 and, therefore, that it is justified to replace vgn) /Ymin
with 9 /2ygN4"™ = z/4"+1/2, as I have done.

Some important features and limits of these formulae are as follows. First, noting that I' ~
prN+1 =~ p+0.5, one sees that I' € [1.5,3.5]. Thus, the second term in the braces of equation
is almost always small, and, generally, N. 57 ~ Qﬂw 10L/7y~e: the number of particles in the steady
state is dominated by those in the Thomson regime. Next, when I' is on the softer side (I' 2
2.5), all expressions become virtually z-independent (unless z ~ 4"t1/2). This is because the
distributions of pairs are so steep that all quantities are dominated by the low energies [near Ypin
for the Q(n)(v)’s and near Ygoo1,1 for the N,(yz)( )’s]. In this limit, the weights 'yQ W /Zk 7R N W

used to average the f nocool S 1 (B.5) exhibit a very simple n-dependence: 'y(n)N Ny X Q%) o

A(T)™ < 1. Thus, fuocool 18 dominated by the first generation, tending to
~(n)

(1) N
Flig)l fnocool - F1—> fnocool = Fig)lﬁ W
Q
3 3.5 +2v2

= 700 B5-1)/435-9) ~(0.1. (B.20)

This is much higher than the pessimistic (small fhocool) estimate fnocoolmin = 3/400 from equa-
tion , and owes to the extended nature of the power-law distribution of particles. Though
dominated by the low energies, this distribution still carries an average particle energy that is a
factor of several higher than Jcoo1,1-

Finally, I note that '7](\7) becomes highly z-dependent when I' < 2.5, and so does Y0

~(n)
when I' < 2. As the result of this, the highest values of z that I study — all the way up
to 2 = 4%cool2/7KkN =~ 1100 — produce fhocool Of order unity (between 0.4 and 0.5). Thus, in
my quantitative framework, fhocool is rather weakly dependent on the physical parameters z and p,

only varying between about 0.1 and 0.5 over the broad parameter space, (p, z) € [1,3] x [8,1100].

However, one should bear in mind that I have made many simplifying assumptions in this model,
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and so a wider range of fiocool may be possible in reality. Thus I would like to stress the overall
qualitative insight — that fhocool is never really too small (always at least several per cent) and may

potentially reach order unity — more than the exact quantitative values. So, even though I now

(n) ~(n)

repeat my analysis from section |7.2.1| using the functional form for fyocoo1 (via those for 4,7, Yo

and N%L)

) obtained in this section, I aim to stress general features, showing how the (now somewhat
more self-consistent) dynamics predicted by the pair-regulated Klein-Nishina reconnection model

depend in a very qualitative sense on z and p.

B.3 Reconnection dynamics with self-consistent fico01

Putting froesc = 1 as in section (see also Appendix , the energy recapture efficiency
is just & = froescSnocool = Jnocool- 1 denote the (new in this Appendix) self-consistent functional

dependence of &, through fiocool, 0N prN and z by writing

§= E(pKN> Z) = fnocool ) (B.Ql)

where fhocool 1S evaluating according to equation (B.5|) using equations (B.13]) and (B.17)-(B.19).

Note that = is a function of p only through pxy. This is because the power-law scaling of the
upstream particle distributions I' is inherited strictly from the deep Klein-Nishina-regime layer
particles: I' ~ pgn + 1. Equation eliminates £ as a free parameter from the problem — just
like F, it is entirely determined in terms of pxn (and, hence, in terms of oy,) and z = 72/7kN.
This allows me to repeat the analysis from section except using the expression for £ in
instead of scanning across it as a free parameter. This I do in Figs. B.I{B.3

Each of these figures presents results from two cases, one where radiation back reaction on
the layer distribution of emitting particles is ignored [i.e., where pp = pgn = p(oy)] and one where
it is crudely taken into account [i.e., where pt = p(on) + 1 and pkn = p(on) — 0.5]. In the former

case, equation ([7.15)) generalizes to

Oh,0
14 2Z[p(onn), 2| Flp(onm), zlono/3

i1 = H(onn) = (B.22)
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whereas, in the latter, equation (7.19) generalizes to

5 Oh,0
Ohnt+l = H(O’hﬂ) = = = . (B23)
14+ 2E[p(onn), 2] Fp(onn), zlono/3
Here, I have defined
Z(p,z)=E(p—0.5,2). (B.24)

I note that, when evaluating = and = through equation , I replace the symbol Q%) in the
expression for NW(Z) [equation ] with Byt TH1 — (4712 /2)F =1 /(T — 1) rather than adopt
the cruder approximation Q%) ~ any;ﬁFnH /(T'—1) [see equation ] This maintains continuity
of fhocool, €nsuring that contributions from each successive generation turn on gradually with z (as
they do in reality) rather than discretely. I have checked that this does not introduce significant error
into the calculation, even though it is slightly inconsistent with the derivations of equations —
(B.19) [particularly one of the steps in equation ], which assume Q(ﬁ) ~ anyI;gl+1 /(T —1).

In Figs. I analyze more thoroughly the dependence of the solution o}, on z than in
section There are two reasons for this. First, eliminating £ as a free parameter renders z the
only independent variable in the problem, and so examining z-dependence is now easier. Second,
unlike when I treated £ as a free parameter, = and = both depend on z, so examining z-dependence
is now more necessary. I conduct an analysis in the broad range of z = 72/ykn spanning from
the minimum for pair production to occur in the upstream region, z = 8, to the maximum such
that all newborn particles are injected with Lorentz factors less than J.012. In the latter case, z

(

is determined by setting the cutoff in the first generation’s injected distribution 721) t0 Yeool,2,

yielding z = vo /ykNn = (4751))/%{1\1 = 4Fcool,2/ KN ~ 1100 [equation ]

Fig. shows how the solutions o, = H(oy,) and oy, = H(oy,), where ¢ is determined self-
consistently, differ from the corresponding solutions oy, = h(oy) and o, = h(oy), when € is taken to
be constant. This is done for the extreme case z = 1100, which is most suitable for comparing with

section where z is infinite. Additionally, Fig. also displays the functions Z and Z. One can

see that, at small oy, = and = are small [~ 0.1, as predicted by equation (B.20))]. Furthermore, =
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Figure B.1: Top subpanels: On the left (right), the function H (o) [H (on)], which includes a calculation of ¢ including (excluding) the
effect of radiation-reaction on the distribution of radiating particles in the reconnection layer, for the case z = ~vo/yxn = 1100. This
function is overlaid on several constant-& contours of h(oy,) [h(oy)], which are taken from Fig. ﬁ(Fig. left panel). When a contour is
crossed, it means that the value of £ = E (€ = ) equals the corresponding contour value. Bottom subpanels: The function Z (Z) plotted
explicitly, alongside the minimum and maximum allowed values, 3/400 ~ 0.01 and 1, respectively. The energy recapture efficiency ¢
is always much higher than the minimum, regardless of the assumptions made about radiation reaction, and, if radiation reaction is

accounted for, may even approach order unity.
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and Z both increase with o},. This results from the power-law index p(on) of radiating layer particles
becoming harder, which causes fioco0l t0 be dominated by the high-energy particles. These particles
have their radiative cooling somewhat suppressed by Klein-Nishina effects and, for high enough z,
may retain a large portion of the initially injected energy, substantially increasing fnocool- 1hus,
as oy, grows, one observes the solution H(oy,) [H(0y)] cross progressively larger constant-¢ contours
of h(oy) [A(on)]. In fact, when radiation reaction on the layer particles is taken into account, =
grows large enough at high z to initiate a dramatic 2-state swing cycle — a very stark difference
from when £ is pessimistically estimated as frocool,min ~ 0.01.

In Fig. Iillustrate how the picture changes at smaller z. Here, the monotonic dependence
of £ on oy from Fig. remains but is weaker. In particular, the largest value that £ reaches,
which occurs at high-op,, diminishes as one reduces z. Thus, a high cutoff in the layer particle
energy distribution is needed to achieve order-unity efficiency. However, it is not the case that a
lower cutoff causes & to plummet. As long as z > 8, and consistent with equation , all models
have appreciable efficiency, with { ~ 0.1 > fiocool,min- This implies an important conclusion:
even for a radiating layer particle distribution that cuts off barely beyond z = 8, establishing a
universal steady state is still possible for finite oy, 9. The initial magnetization must only be greater
than ~ 1/min(§) ~ 10.

Finally, in Fig. [B3] I present a complete stability analysis in z between 8 and 1100. This
includes both how the fixed point solution oy,(z) varies with z, and whether a two-state swing
cycle appears, with respective high and low magnetizations oy, ~(2) and oy, <(2). The model that
neglects radiation reaction on the layer particles never develops oscillatory behavior, but always
converges toward the fixed points oy, (2). (However, this could change if z is made even larger. In
that case, layer particles with energies > 49.0012 spawn upstream pairs that retain nearly all of
their energy while traveling back toward the layer, increasing &, and likely raising ‘H ! (oh)| above 1
in Fig. [B.3]) However, in the more radiatively self-consistent model, a swing cycle develops at a
critical z = 2} ~ 880. Intriguingly, this is before the fixed point op,(z) becomes unstable, which

does not happen for any z < 1100. Instead, an unstable 2-cycle appears and intercepts the flow
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Figure B.2: The same as Fig. but without constant-¢ contours of the functions h and h. Instead, on the left (right), the func-
tions H (H) and Z () are plotted for several different values of z. On both sides, the maximum &-value occurs at high-oy, and is sensitive
to z. Both radiation reaction and high-z are required for £ to reach order unity. In contrast, the low value of £, occuring at low-oy, is
virtually independent of z and is always around = 0.1 >> fiocool,min- Thus, order-unity efficiency requires both high z and high oy, but
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extremely low efficiency (¢ ~ 1072) is averted across the domain of all models.
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Figure B.3: On the left (right), a stability analysis of the function H(oy) [H (0] for all z between 8 and 1100. For visual clarity on
the right plot, the horizontal axis scale beyond z = 800 is highly zoomed (and thus the kinks in curves crossing z = 800 are not real).
The model without radiation back reaction on the layer particles does not possess high enough efficiency for its fixed point o, (2) to go
unstable, or to develop a two-state swing cycle. In contrast, the model with radiation reaction displays limit-cycle behavior. There, pair
feedback is so efficient that the system immediately starts, from the first readvection time, in a swing cycle whenever z > z.x = 880.
This is true even though the fixed point o,(z) does not become locally unstable for any z < 1100. Instead, an unstable cycle appears
and intercepts the flow on the iterated map, blocking all states that start from o}, o from ever reaching the fixed point. Thus, the model
on the right illustrates the argument in Appendix [D]that a locally unstable fixed point is a sufficient but not necessary condition for the
system to globally asymptote to a limit cycle.
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of the interated map oy 11 = H(on ), blocking states that start at oy o from reaching the fixed
point.

While swing cycles appear to require quite extended particle distributions in this model (zqx =
880 is close to the upper limit z = 1100 that I study), I do not think that this necessarily precludes
their operation in all but the most extreme systems. Instead, I have found that the particular value
of z where swing-cycles set in is highly sensitive to order-unity changes in £, and, thus, this value
could be either much higher (in which case swing cycles would be unlikely in reality) or much lower

(in which case they may be quite common).

B.4 Summary of self-consistent f,coo0l

This discussion shows how, by self-consistently determining & = fyocoo1 (through the func-
tions = and é), one may achieve significantly higher efficiencies than a simple and pessismistic
estimate, £ = frocool,min = 3/400, would predict. Rather than radiating away most of the energy it
receives from the reconnection layer, the newly created upstream plasma may catch and hold onto
this energy, delivering an appreciable portion of it back to the layer. The reason is not that the
fresh pairs radiate inefficiently. On the contrary, given a full readvection time, all of them would
cool to energies ~ Jco01,1- Rather, the broad distribution of newborn pairs is constantly being
replenished, due to injection from photon annihilation, at high energies, and this allows the typical
energy of radiating particles, as they enter the layer, to be quite high.

Thus, at some finite large (but not excessively large) initial magnetization o < 1/ min(&) ~
10, the layer always has a universal fixed point solution. Furthermore — and depending on how
significantly radiation back reaction modifies the distribution of layer particles — energy recapture
by the layer may reach order-unity effiency when a long high-energy tail of layer particles extends
beyond ykn. In this case, the reconnection layer may overshoot its fixed point steady state, and

undergo late-time limit-cycle oscillations about this solution rather than converge toward it.



Appendix C

The Particle Escape Factor f, es

In this Appendix, I discuss a complementary channel, besides radiative cooling, through which
newly created upstream matter may lose energy: particle escape. Escape occurs when newborn
pairs stream a distance ~ L along the unreconnected magnetic field, vacating the system. Pairs
can be born with essentially any pitch angle, so the typical escape time is ~ L/c (except for a few
particles with very small pitch angles). Therefore, the escape factor fpeesc is close to unity if the
readvection time, .4, satisfies tyo ~ 10L/7,,c < L/c, which requires 7, > 10.

Beyond this simple consideration, there are also other, more complicated kinetic effects that
may influence the value of froesc. Many of these effects, at the same time, also help to decide
whether above-threshold photons radiated from the layer ever reach the upstream region in the
first place, as assumed throughout this work [e.g., assumption of section . These are, in
principle, independent concepts: froesc pertains to pairs that have already been born into the
upstream region; photon escape from the layer to the upstream region concerns the emission and
propagation of radiation before pairs are ever produced. However, the same processes dictate both,
and I discuss these parallel influences simultaneously.

Consider first the shape of the unreconnected magnetic field lines at a transverse distance |y| <
0.1L from the layer. In this region, the unreconnected field is perturbed by the presence of large
plasmoids, the largest of which may extend a distance ~ 0.1L into the upstream region (Uzdensky
et al) 2010; [Sironi et al., |2016)). Because the field is asymptotically uniform as |y| — oo, it is

necessarily stronger (i.e., compressed), when |y| < 0.1L, in regions above plasmoids. This may lead
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to a magnetic bottling effect, where particles produced at |y| < 0.1L tend to be mirror-confined
between large plasmoids (even when they might otherwise escape), pushing fyoesc closer to unity.
Unlike the effects discussed below, this confinement mechanism only pertains to particles already
born and, therefore, does not affect what fraction of photons escape the layer to the upstream
region.

I move now to a separate issue: anisotropy in the distribution of radiating layer particles.
The layer tends to drive bulk plasma motion and, through the kinetic beaming mechanism (e.g.,
Cerutti et al., [2012b}, 2013; Mehlhaff et al., 2020)), collimated bunches of high-energy particles, into
the +z-directions (either to the left or to the right in Figs. and . This biases the emitted
photons (which are relativistically beamed along the directions of their emitters) into these same
directions, and may, in turn, increase fnoesc- Suppose, for example, that a given above-threshold
photon travels at an angle 6 from the reconnection midplane. This reduces the total distance it
propagates into the upstream region from |y| ~ Amg, to [y| ~ Amgp sinf. The readvection time for
the produced pair is therefore reduced by the same factor: sinf. Meanwhile, the escape time is
still ~ L/c. Thus, the readvection time decreases relative to the escape time. This increases the
fraction froesc Of particles captured by the reconnection layer.

On the other hand, if the beaming of plasma motion (both on bulk and kinetic levels) is
strong enough, the angle 6 discussed above could be so small that most photons do not cross
the separatrices into the upstream plasma before annihilating. This would occur if the transverse
propagation distance |y| ~ Amgpsin@ is smaller than the thickness A of the layer radiation zone
(discussed in more detail below). In such a scenario, the created pairs would not load the inflow
plasma and thus the pair-regulation mechanism would be somewhat suppressed.

I next discuss how the thickness, A, of radiation zones, where most pair-producing photons are
emitted (discussed in section and Fig. , influences the escape of photons to the upstream
region and fheesc. If most photons are radiated from inside large plasmoids, instead of from thin
strip-like radiation zones (of the kind argued for in section , then the condition 7,, > 10,

although it maintains ¢,, < L/c and helps keep froesc Near unity, also confines most of the above-
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threshold photons to within the separatrices: inside plasmoids exceeding g, in size. This inhibits
pair feedback. If, instead, the primary radiation sites are thin, even kinetic-scale, current sheets
(e.g., with A < Ay, as argued in section [7.2.1) most photons travel to the upstream region
and effectively load its plasma when they annihilate (modulo potential extreme beaming effects
described above)ﬂ

Finally, let me consider how reconnection current sheets between merging plasmoids play into
this picture. These miniature reconnection layers are oriented perpendicularly with respect to the
main reconnection current sheet and therefore bias the motion of particles and emitted photons
in the transverse +y-directions. The produced upstream pairs then have suppressed pitch angles
(the 4y direction is perpendicular to the unreconnected magnetic field), which inhibits particle
escape. However, if 7.,, > 10, then not all radiation produced at merging-plasmoid current sheets
escapes back into the inflow plasma: there will at least be some photon-confining plasmoids larger
than Ayng, < L/10. Mergers between such plasmoids would not source significant self-regulating
pair production. This, however, does not preclude merging-plasmoid reconnection from regulating
itself (just on a smaller scale) in the same way that the main reconnection layer does as a whole.

In light of this discussion, there are clearly several details, influencing both fyesc and the
delivery of photons to the upstream region, that are beyond the scope of the present work to
calculate quantitatively. These will require a future computational study in order to properly
diagnose. Nevertheless, many of these effects (especially when 7., > 10) promote order-unity fnoesc,
and — modulo extreme beaming near reconnection X-points — allow photon escape to the upstream

region from the primary large-scale current sheet.

! Note that, if Amgp > 0.1, it is irrelevant whether most of the pair-producing photons come from thin structures
or from large round plasmoids. Either way, the photons escape to the upstream region.



Appendix D

Global Stability of the Iterated Map x,.1 = h(x,)

In this Appendix, the phrase ‘late-time’ or ‘late times’ refers to the limit lim,,_,, t,, where t,, =
NAmfp/ BrecC. Late times defined in this sense are not necessarily reached by the reconnection system
before reconnection terminates.

Here, I argue that the condition deciding the local stability of the iterated magnetization
map ohpt1 = h(on,,) from section also reveals, in some cases, its global stability. In particu-
lar, I argue that local instability ’h’ (Uh)’ > 1 implies that a system starting at magnetization oy,
asymptotically approaches a two-state swing-cycle. If, on the other hand, the fixed point is sta-

ble,

n (ah)‘ < 1, then the system may or may not converge toward it. Thus, local instability is
sufficient, but not necessary, for global instability.

I focus here only on strictly decreasing functions h(z) [such that h(y) < h(z) if y > x] that
map into their own domain [1, 0y, 0] (i.e., h: [1,0n0] = [1,0n0]). Here, the upper end of the domain

happens to coincide with the starting point of the map oy, 9. The particular functions h(z) and H(z)

specified in equations ([7.15) and (B.22)) fall into this class. [Note here that I am overloading the

symbol h(z), designating with it a general class of functions and not necessarily the particular
form in equation ] The arguments in this section can be generalized to non-increasing
functions h*(z) such that h*(y) < h*(z) if y > z [into which category fall the functions h(z)
and H(zx) in equations and ] without difficulty, but require additional edge cases
(saturation of the inequalities) to be considered, and so I do not formally treat them here.

I begin with a few basic observations. First, if the map does not start on the unique fixed
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point oy, then each successive iteration lands on the opposite side of the fixed point from the
preceding iteration. That is, if oy, < oy, then oy 4,41 > oy, and if oy, > oy, then oy 41 < o

This is because

Ohntl = h(Uh,n) < h(Uh) = Op, (Dl)

where the ‘<’ follows when oy, ,, > oy, by the strictly decreasing hypothesis. The same proof, but
with a ‘>’ sign, follows when oy, ,, < 01,. This precludes all non-fixed-point odd-period orbits. Hence,
one cannot automatically infer the presence of chaos in the system using the 3-period theorem (Li
& Yorkel 2004). As I now show, the dynamics are even more constrained: chaotic behavior is, in
fact, completely precluded.

For my second observation, I note that if, for any starting index m, one discovers that oy ;12 <
Oh,m, then for all integers n > 1, it is necessarily the case that on mt2n < Onmi2(m—1)- That is, even
though each successive iteration bounces to the opposite side of the fixed point, every consecutive

even (or odd) iteration moves strictly in one direction. This follows inductively because

Oh,m+3 = h(Uh,m+2) > h(o'h,m) = Oh,m+1

= Ohmta = M(Ohm+3) < h(Ohmi1) = Ohme2- (D.2)

The first line follows from the strictly decreasing hypothesis and the starting assumption
that oy m+y2 < onm- The second line follows from the strictly decreasing hypothesis and the
first line.

This is a very powerful constraint because it severely limits the potential late-time dynamics
of the system. In effect, the system can only either approach the fixed point o, = h(oy) or a two-
state swing-cycle. To see this, let me suppose that oy, 9 < op0. (Note that oy, 2 = op o implies that
the system begins in a two-cycle, and the condition oy 2 > op, is impossible because h(z) maps
onto its own domain.) Then each successive oy, 9, marches resolutely toward smaller values. This
continuing reduction in oy 2, can only be terminated in one way. It must be the case that there

exists some oy, oo such that oy, < op oo = limy 500 Oh 25 If 0h oo = on, then the system approaches
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the fixed point oy, in a late-time steady state. If oy, oo > oy, then the system approaches a two-cycle.
Note that it is not possible for the system to approach any 2n-cycle for n > 1 that is not also a
two-cycle. If that were the case, then one of the o},,,’s on the cycle would be on the same side of
the fixed point as another oy, of the same parity (even or odd), and the two would not be equal.
This would contradict the result that oy, 2,19 < o 25.

Thus, there are only two possible asymptotic behaviors of the map oy pi1 = h(ony): ei-
ther oy, approaches the fixed point oy, or the map converges to a two-state cycle, and one of the
states has magnetization oy, ~ > oy,. It follows that the flow of the iterated map from oy, ¢ to oy, is
always intercepted by a two-cycle when the local instability criterion ’h’ (ah)’ > 1 is met. Otherwise,
there would not be a suitable attractor [i.e., one consistent with both equations and ] to
catch the strictly decreasing flow of the map oy, p12 = h(h(on,,)). Let me illustrate these remarks
with an example.

I display the particular map oy 42 = h(h(on,)), where h is defined as in equation ,
in Fig. [D.1l For low & (in this case, lower than { = 0.84), all of the h(h(oy,,)) curves intersect
the diagonal line only once and with a gentle slope ’dh(h(ahm)) / dah,n} < 1. These intersection
points coincide with the stable fixed points oy, illustrated in Fig. [7.5] The fixed point becomes
unstable when the slope of the twice-iterated map becomes tangent to the diagonal at a critical
value & ~ 0.84. For ¢ higher than this value, the map must intercept the diagonal at at least
two other locations — the values oy, « and oy, ~ corresponding to a two-cycle. This is demanded
in order for h(h(x)) to be at or below the diagonal as oy, , approaches oy, ¢ and to be at or above
the diagonal as oy, ,, approaches 1 (which itself is required by the fact that h maps into its own
domain).

I stress that this general behavior — where a naked fixed point o}, is immediately concealed
behind a two-cycle as soon as it goes unstable — is demanded by equations and . However,
the inverse — that all stable fixed points occur in isolation from two-cycles — does not hold in general.
The topological argument of the preceding paragraph, which was based on the fact that h(h(on,)) <

on,o and h(h(1)) > 1, does not preclude the possibility that a stable fixed point could spontaneously
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Figure D.1: The twice-iterated map oy pt2 = h(h(onn)) with h(z) as defined in equation (7.15]).
The appearance of a stable two-cycle coincides with the critical value & ~ 0.84 where the fixed
point at o becomes unstable. This is consistent with the fact that there must be an attractor on
the map oy pnt1 = h(on,,) to intercept the flow oy 9542 < oh2n < ono when the local instability
criterion ‘h’ (ah)‘ > 1 is met. If locally unstable, the fixed point cannot be naked: it must be blocked
from the initial state oy, o by a two-state cycle.
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become enshrouded by an even number of two-cycles with alternating stabilities. In this case, the
function h(h(oy ,,)) would simply intersect the diagonal an even number of times on either side of the
fixed point. The first of these intersections, counted as one moves outward from the fixed point to the
boundaries of the domain (1 and oy, ) would be necessarily unstable (since }dh(h(ah))/ th’ > 1),
the next would be stable, the one after unstable, and so on until the outermost stable two-cycle.
This would furthermore be consistent with equations and , ensuring that a stable two-
cycle attracts the late-time dynamics. Although such a state of affairs may seem at first rather
unlikely, this is actually precisely what occurs for the map H defined in equation 1} As shown
in Fig. the fixed point on that map becomes enclosed inside two 2-cycles without ever becoming
locally unstable.

All in all, if the fixed point o}, is unstable (’h’ (Uh)’ > 1) then the system necessarily asymp-
totes to a two-cycle. On the other hand, if oy, is stable, then whether the system approaches it at
late-times depends on whether a two-cycle is present to intercept the flow on the iterated map. If
a stable two-cycle exists, oy, is never reached; otherwise, the system converges to oy,. Fixed points

and two-cycles are the only allowed late-time behaviors for monotonically decreasing maps.



Appendix E

Exact Solution to the Thomson-Limit Energy-Advection Equation

In this section, I solve equation exactly subject to the initial condition NV(Z) (7,0) =0.
I evolve the solution for one readvection time tya = Amfp/BrecC, Which simulates the continual
injection of particles as a parcel of plasma moves from |y| ~ Apg, to the layer. The solution follows
identically for all generations, so I simplify my notation to

0

V0L + - [N 0] = @30y — ). (5.1)

and write =31 = v/tcool,T(Y) = cv? /LYool = 72/ T, abbreviating 7 = Lycool/c. (Note that 7 is a
time and not an optical depth.)

I denote the Laplace transform in time with a tilde:

N(y,s) = /O TN, et dt (E.2)

Laplace-transforming equation (E.1)) gives

_ 190 .
sN — ;877 (’72N> = %5(7 — YKN) 5 (E.3)

where T used the initial condition N(v,0) = 0. Expanding the ~-derivative, rearranging, and

multiplying through by the integrating factor

u(y) = Pe T (E-4)
gives
5 [N G8)] = = Zu(3(y = ) (E:5)
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Next, I integrate 1) from v to some arbitrary yyn; > YN,y Using N (Vhi, $) = 0 (radiative

cooling only populates energies lower than k) yields

- QT H(VKN)@(

N = —
(7,5) e 1) N—")
T
= Qz e~ TR (3 — ) (E.6)
STKN

where ©(x) is the Heaviside step function. Equation (E.6) is the Laplace transform of the sought

(-5)
t—7—— —
Y KN

Thus, constant injection at v = yxn develops into a power-law ~~

solution:

QT

N(v,t) = ?9 O(YKN — ) - (E.7)

2 extending into lower

and lower energies with time. Putting ¢t = Apgp/Brecc =~ 10L /7, c allows the power-law to extend

from kN all the way down to

-1
1 1 - 3
< + = > = Yeool,1 = 7 TKN - (ES)

TKN “Yeool,1 50

Hence [cf. equation (B.10)],

L ’7_2 Yeooll < ¥ < VKN
N('Ya tra) = Q70001; . (Eg)

0 otherwise
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