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Abstract

We present the first three-dimensional fully kinetic particle-in-cell simulations of the relativistic

Kelvin-Helmholtz instability (KHI) in an unmagnetized scenario and discuss the main features, in-

cluding particle-density structure formation, and magnetic field generation, evolution and saturation.

We perform a detailed comparison between the development of the KHI in shearing electron-positron

and electron-proton clouds, distinguishing the underlying physics in each case. Simulations provide

new insights into the evolution of the KHI in three dimensions, revealing the formation of complex

structures due to the transverse dynamics of the KHI. Furthermore, the linear theory of the KHI in-

cluding arbitrary density jumps between shearing flows is presented. Results show that the onset of the

instability is robust to density-jumps, indicating that the KHI is ubiquitous in astrophysical settings.

The study of the KHI is relevant to understand the origin of large-scale magnetic fields and cosmic

ray production in extreme astrophysical scenarios such as active galactic nuclei and gamma-ray bursts.
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1 Introduction

Magnetic field generation in extreme astrophysi-

cal scenarios, such as active galactic nuclei (AGN)

and gamma-ray bursts (GRBs), is not fully under-

stood. While such phenomena is of fundamental

interest, it is also closely related to open questions

like processes of non-thermal radiation and cos-

mic ray production. Recently, collisionless plasma

effects have been proposed as candidate mecha-

nisms for magnetic field generation [1] as, for in-

stance, the Weibel [2] and Kelvin-Helmholtz insta-

bilities. The Kelvin-Helmholtz instability (KHI)

is an important candidate, capable of generating

magnetic fields in the presence of strong velocity

shears which naturally arise from the matter out-
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flows in AGN and GRBs. These fields can then be

further amplified by the dynamo effect proposed in

[3].

Recent work on magnetic field generation via

plasma instabilities has been strongly supported

by numerical simulations. For instance, three-

dimensional (3D) particle-in-cell (PIC) simulations

of Weibel turbulence are reported in [4, 5], showing

magnetic field generation and particle acceleration;

a 3D magnetohydrodynamic (MHD) simulation of

KH turbulence is presented in [6], where magnetic

field amplification due to KH-induced turbulent

dynamo is observed; and 2D PIC simulations of

relativistic collisionless shocks, demonstrating both

magnetic field generation and particle acceleration,

are discussed in [7, 8]. However, a 3D PIC simu-

lation of the KHI has been lacking. This work is

presented in Chapter 5 of this thesis.

In addition to the numerical simulation work,

we derive the linear theory of KHI. The current

theory is presented in [3], where the author de-

rives and analyzes the dispersion relation of elec-

tromagnetic waves for the special case of a tan-

gential discontinuity velocity shear between equal

density flows. However, since realistic astrophysi-

cal shear scenarios are most likely to occur between

different density flows, it is relevant to understand

the sensitivity of the onset of the KHI to a den-

sity contrast between shearing plasma clouds. This

problem is addressed in Chapter 3 of this thesis.

The calculations in [3] are extended to include a

density-jump between flows and the novel features

of the instability are explored and verified with 2D

particle-in-cell (PIC) simulations.

We begin by analyzing the physical processes

underlying the longitudinal and transverse dynam-

ics of the KHI, in Chapter 2 of this thesis. This

analysis is focused on the formation of the particle-

density and magnetic field structures. In Chapter

3, we develop a theoretical model for the linear

evolution of the longitudinal dynamics of the KHI

in scenarios with a density jump between shear-

ing plasma clouds. The density contrast effects,

predicted by the theoretical model, on the onset

of the KHI are verified with 2D PIC simulations

in Chapter 4, showing excellent agreement. Re-

sults of the first 3D PIC simulation of the KHI are

presented in Chapter 5. The discussion is focused

on the coupling/interplay between the longitudinal

and transverse dynamics in the 3D development of

the instability. In Chapter 6, we draw the conclu-

sions of this thesis and discuss prospects for future

work.

2 Physical processes underlying

the KHI dynamics

In Chapter 2 of this thesis, we analyze the phys-

ical processes underlying the linear development

of the longitudinal and transverse dynamics of the

KHI using 2D PIC simulations, focusing on density

structure formation and magnetic field generation.

The onset of the KHI is further studied in shear-

ing electron-proton (e−p+) and electron-positron
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(e−e+) plasma clouds, distinguishing the different

physical processes in each case.

The longitudinal dynamics of the KHI is

marked by the formation of the (well known) KH

vortices in the particle densities (Figure 1 a),

while the transverse dynamics of the KHI gener-

ates mushroom-like density structures (Figure 1 b).

In the e−p+ scenario, the asymmetric inertia be-

tween electrons and protons leads to deviations in

the current neutrality around the shear surface. As

the electrons wiggle in noisy electromagnetic fields

at the shear boundary, the unperturbed protons

form currents that induce a strong magnetic field.

This magnetic field plays a crucial part in rolling-

up the electrons in the longitudinal dynamics of the

KHI, leading to the formation of the KH vortices.

Regarding the transverse KHI dynamics, this mag-

netic field is responsible for accelerating the elec-

tron bunches across the shear surface, generating

the mushroom-like density structures. Moreover,

as the electrons are curved by the magnetic field,

the deviation from current neutrality around the

shear surface is intensified, further increasing the

magnetic field in a feedback loop process. This

magnetic field generation mechanism, based on the

asymmetric inertia of electrons and protons, does

not operate in the e−e+ scenario due to the sym-

metric dynamics of electrons and positrons.

Regarding the transverse dynamics of the KHI,

we identified a particle bunching mechanism which

is very similar to the one underlying the Weibel

instability. Although the the Weibel instability is

triggered by bulk interpenetration between flows,

our results indicate that counter streaming flows

interacting via a shear surface set sufficient con-

ditions for this same mechanism to operate. The

particle bunches are strongly stretched in the e−p+

case, due to the intense acceleration caused by

the shear surface magnetic field. In contrast, the

particle bunches in the e−e+ case are only lightly

stretched by space-charge electric fields.

3 Theoretical framework

The derivation of the equations for the linear de-

velopment of the longitudinal KHI, assuming ar-

bitrary velocity and density profiles, is presented

in Chapter 3 of this thesis. This framework is

applied to a ”toy-model”, where the velocity and

density profiles are simple step-functions, allowing

analytical solutions to the differential equations.

The model provides novel insights into the effect

of density-contrasts between shearing flows on the

onset of the KHI.

First, we observe that the development of the

KHI is robust to density jumps, making it a ubiqui-

tous instability in astrophysical settings. The onset

of the KHI shuts down at n+/n− → ∞, when the

n+ plasma cloud streams in vacuum. The similar-

density regime, n+/n− ≈ 1, is relevant in inter-

nal shocks, where shearing occurs between identi-

cal flows, contrasting to the high density-contrast

regime, n+/n− � 1, which is important in ex-

ternal shocks, where shearing may arise between
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the ejecta and the interstellar medium, for exam-

ple. We also observe that the unstable modes ac-

quire a nonzero real frequency when the density

symmetry is broken, meaning that drifting waves

are excited in these scenarios. Furthermore, in

large density-contrast regimes, the KHI dominates

over other common astrophysical plasma instabili-

ties such as the Weibel and Two-Stream instabili-

ties, as is shown by the growth rate scalings with

n+/n−.

4 2D PIC simulations

In Chapter 4, we perform 2D PIC simulations of

the longitudinal dynamics of the KHI in various

density contrast scenarios, in order to verify the

density contrast effects of the theoretical model

developed in Chapter 3. The theoretical model

predictions such as the dependence of the linear

growth rate and wave length of the fastest grow-

ing mode with the density contrast ratio n+/n−,

and vortex drifting in density asymmetric scenar-

ios, presented in Chapter 3, were found to be in

excellent agreement with the simulations results.

Moreover, simulation results revealed further den-

sity contrast effects on magnetic field generation,

evolution and saturation. The magnetic field sat-

uration energy decreases with increasing density

contrast between flows, as lower density flows pro-

vide less particles to undergo the instability.

5 3D PIC simulations

We discuss the first 3D PIC simulations of the

KHI, focusing on understanding the 3D effects on

the evolution of the instability, namely the inter-

play between longitudinal and transverse dynamics

which were separately discussed earlier in the the-

sis. Both the mushroom-like and vortex structures

in the electron density, signatures of the operation

of the transverse and longitudinal dynamics of the

KHI, are identified (Figure 2). In order to probe

the coupling between the two dynamics, results

of the 3D simulation (where the longitudinal and

transverse dynamics develop self-consistently) were

compared with results of 2D simulations of lon-

gitudinal and transverse planes of the 3D system

(where the two dynamics evolve independently).

The typical length scales of the electron density

structures in the 3D system were found to be iden-

tical to those reproduced by the 2D simulations,

indicating that the interplay between longitudinal

and transverse dynamics does not impact on the

typical dimensions of the evolving particle struc-

tures. Furthermore, the growth rates of the in-

stability were compared between the 3D and 2D

settings. We verified that the growth rates of the

magnetic field components in 3D were accurately

reproduced by the 2D simulations, strongly imply-

ing a reduced coupling between longitudinal and

transverse dynamics throughout the evolution of

the 3D system.
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6 Conclusions & Future work

The work presented in this thesis has focused on

the detailed study of the KHI as a mechanism for

magnetic field generation, which is relevant to un-

derstand the origin of large-scale magnetic fields

in astrophysics. With the aid of numerical simu-

lations, using the PIC code OSIRIS, we began by

investigating the physical processes underlying the

longitudinal and transverse dynamics of the KHI in

order to understand the formation of the particle-

density and magnetic field structures. This study

was performed for systems of shearing e−p+ and

e−e+ plasma clouds. Furthermore, we developed

an analytical framework that describes the linear

evolution of the longitudinal dynamics of the KHI

in shearing plasma clouds with different densities.

We demonstrated that the onset of the KHI is ro-

bust to density-contrasts between flows, indicating

that this instability may operate in a wide range

of astrophysical settings. Also, the density contrast

effects predicted by the theoretical model were ver-

ified with 2D PIC simulations, showing excellent

agreement. Moreover, we performed the first 3D

PIC simulations of the KHI, allowing to probe the

interplay between the longitudinal and transverse

dynamics. We concluded that the growth rates and

typical length scales of the 3D simulation (where

both dynamics evolve self-consistently) were accu-

rately reproduced by the 2D simulations (where

each of the dynamics develop independently), re-

vealing the reduced coupling between the longitu-

dinal and transverse dynamics throughout the 3D

evolution of the KHI.

The work developed in this thesis opens new

perspectives regarding future research on the KHI.

From a fundamental research point of view, the

development of the linear theory for the transverse

dynamics of the KHI would be very useful to under-

stand its dependencies on flow velocity and density

contrasts. Regarding astrophysics, the study of the

radiation signature produced by the particles that

undergo the KHI would allow to perform direct

comparisons with experimental observations.
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Figure 1: Electron density structures developed by the a) longitudinal and b) transverse dynamics of the

KHI in a system of shearing electron-proton plasma clouds.

Figure 2: Electron density structures developed in a 3D PIC simulation of the KHI in shearing electron-

proton plasma clouds.
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