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Eckhart Tolle





Agradecimientos
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Abstract

Fast Radio Bursts (FRBs) are bright millisecond-long radio flashes whose lu-

minosities range between L ∼ 1038 − 1046 erg/s, thus implying strong electro-

magnetic waves (EMW), of amplitude E = B, in their vicinity. We analyzed

the acceleration experienced by particles under such intense fields, and we ob-

tained that they will quickly –within the inverse of the cyclotron frequency,

ω−1
c ≡ mc/eE– become relativistic and move in the direction of the incident

wave, k̂ (a process known as “surfatron”). In this process, the particles period-

ically reach a Lorentz factor, γmax ∼ (ωc/2πν)2 � 1, which remains valid up

to the radial distance, rf = (e/2mcν)
√
L/c ∼ 3×1010 cm (m/mp)

−1 L
1/2
42 ν−1

9 .

We analyzed the possible formation of a charge separation region (CSR) due

to the different rf of protons and electrons, and then we argue that the elec-

tron acceleration process can be disrupted by the CSR beyond rf,p+ . We also

analyzed the incoherent and coherent radiation processes experienced by the

accelerating particles. We concluded that the coherent radiation can substan-

tially modify the incident wave, potentially dispersing its electromagnetic en-

ergy budget if the emission mechanism of the FRB is activated at ract . rf,p+ .

Based on this, and assuming a neutron star (NS) progenitor scenario for FRBs,

we argue that our model disfavours mechanisms in which the FRB is emitted

from within the magnetosphere of a NS or magnetar. Although the model

was applied to FRBs, it is applicable to other FRB-like phenomena, such as

the “giant pulses” of radio pulsars. In order to reduce several limitations of

our model, we propose to extend our analysis by self-consistently solving the

Maxwell equations and the equations of motion for the plasma.
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Chapter 1

Introduction

Fast radio burst (FRBs) are bright (∼ 0.1−100 Jy), millisecond-long radio (0.3−8 GHz;

Chawla et al., 2020, Shannon et al., 2018, Gajjar et al., 2018) flashes. Their extragalactic

origin has been confirmed for several events (Chatterjee et al., 2017, Bannister et al.,

2019, Ravi et al., 2019, Prochaska et al., 2019, Marcote et al., 2020), but their progenitors

remain unknown for the major part of their population (to date, the only exception is for

FRB 121102; see The CHIME/FRB Collaboration et al., 2020, Bochenek et al., 2020). In

the following sections we will provide some background about the history and properties

of FRBs as well as the motivation of our work in this thesis.

1.1 A little history

The history of the detection of radio transients is closely related to the search for pul-

sars –rapidly rotating neutron stars (NS) whose emission comes from the open magnetic

field lines that emerge from the NS’s magnetic poles– in 1967 (Hewish et al., 1968, Lorimer

and Kramer, 2004). Over the years, the search for more pulsars motivated the develop-

ment of instrumentation towards higher time resolution, broader bandwidths and narrower

frequency channels, which favored more sensitive pulsar with higher “dispersion measures”

(DM; see Subsection 1.2.1). Several decades later, although single-pulse searches were left

aside given the more fruitful finding of periodical signals through Fast Fourier Transforms

(FFTs; Dimoudi et al., 2018) and Fast Folding Algorithms (FFAs; Morello et al., 2020),

1



CHAPTER 1. INTRODUCTION

a return to the single pulse search was motivated by McLaughlin and Cordes (2003) and

Cordes and McLaughlin (2003) in an attempt to find more sources. In 2006, this finally led

to the discovery of the “rotating radio transients” (RRATs) –sources of short and bright

radio pulses that are thought to be a subset of pulsars with higher pulse-to-pulse variability.

The latter explains why they were more readily discovered through single pulse searches

rather than in FFT searches (see McLaughlin et al., 2006)–.

A year later, all these efforts led to the unexpected discovery of the first FRB, identified

as FRB 010724 (and also known as the “Lorimer burst”, see Figure 1.2; Lorimer et al.,

2007), during a single-pulse search of archival data recorded by the Parkes telescope. This

burst was astonishing not only by its intensity (of monochromatic flux density, Fν > 30 Jy)

but also for its high dispersion measure (DM; see Subsection 1.2.1) ≈ 375 pc cm−3, which

was ∼ 8 times higher than the contribution expected from the Milky way along the line of

sight. Such DM implied an extragalactic origin and a high luminosity for this event.

In 2011, several man-made (terrestrial) symmetric radio signals of duration > 20 ms and

imperfect dispersive sweeps of DM ∼ 400 pc cm−3 were detected during searches among the

archival data of Parkes Telescope. These detection resembled the spectral characteristic

of the, at that moment, very recent Lorimer burst. As a consequence, some astronomers

speculated that the Lorimer burst could be artificial too (Burke-Spolaor et al., 2011).

Strong new support in favor of FRBs as a real astrophysical phenomenon came from

Thornton et al. (2013), who detected four new events (that we dubbed here as “Thornton

bursts”) using the High Time Resolution Universe survey at the Parkes telescope (HTRU;

Keith et al., 2010). All Thornton bursts presented properties similar to those of the Lorimer

burst, but with a much larger and (apparently) randomly-distributed DM. They adhere

to a dispersive sweep to high precision; three (of the four) bursts are shorter in time by

a factor of > 3 than all known perytons; furthermore, one of them (FRB 110220) showed

a fast-rise and exponential-tail profile, making a clear case for cold plasma propagation

(see Subsection 1.2.3). Is worth to note that all Thornton bursts were only detected in

a single beam, while perytons were detected by all the beams of the Parkes’ 13-beam

receiver. Given these evidence, Thornton et al. (2013) concluded that FRBs were not

obvious analogs of perytons, so they could have a celestial rather than a terrestrial origin,
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1.1. A LITTLE HISTORY

thus implying there is a population of extragalactic radio sources producing these events.

In the mean time, Petroff et al. (2015b) showed that perytons were produced by the

microwave ovens of Parkes observatory with a bimodal DM distribution around ∼ 200 and

400 pc cm−3. They also demonstrated that the Lorimer burst could not be a peryton since,

at the time of its detection, the receivers of Parkes were pointing to a blocked region for the

location of the microwave ovens. In addition, they showed that perytons do not perfectly

mimic a genuine DM dispersive sweep and that they are not consistent with the properties

of scattering trough cold plasma observed in one FRB. This way, Petroff et al. (2015b)

demonstrated that FRBs are likely extragalactic transients.

After the discovery of Thornton et al. (2013) and the publication of Petroff et al.

(2015b), a major interest was put on FRBs given their more reliable astrophysical origin,

their fast-transient nature, and high luminosity (∼ 1042 erg/s; see Subsection 1.2.8), which

can be related with high-energy events and cataclysmic mechanisms (for a complete cata-

log of theories see Platts et al., 2018). As a consequence, searches for FRBs were carried

by several telescopes around the globe, such as the Canadian Hydrogen Intensity Mapping

Experiment (CHIME, Boyle and Chime/Frb Collaboration, 2018); the Upgraded Molonglo

Synthesis Telescope (UTMOST, Caleb et al., 2016); the Arecibo Telescope Spitler et al.,

2014 ; the Green Bank Telescope (GBT, Masui et al., 2015); The Australian Square Kilo-

metre Array Pathfinder (ASKAP, Bannister et al., 2017); and others. This resulted in the

discovery of so far ∼ 100 FRBs (for a complete online-catalog of the registered FRBs see

Petroff et al., 2016).

Worthy of note that, to date, there is no strict formalism to classify determined signals

as FRBs. In practice, this means that there is a loose criteria which includes pulse duration,

broadbandedness, brightness, and in particular whether the signal’s DM is larger than the

maximum Galactic contribution, DMMW. As consequence, events with DM close to DMMW

might be ambiguously classified as FRB or Galactic pulsar/RRAT (see Figure 1.1; Spitler

et al., 2014 and Petroff et al., 2019).

Among the actual FRB population, there are important events, like the detection of

the first repeating FRB 121102 (Spitler et al., 2014, Spitler et al., 2016), which led to

milli-arcsecond localization and, consecutively, to the association of the progenitor of this

3



CHAPTER 1. INTRODUCTION

Figure 1.1: Dispersion measure (DM) of Galactic pulsars, RRATS, radio pulsars in the Small
and Large Magellanic Clouds, and some of the published FRBs in comparison with the modeled
maximum DMMW along each respective line of sight from the NE2001 model (Cordes and Lazio,
2002). Sources with DM/DMMW > 1 are thought to be extragalactic. Figure from Petroff et al.
(2019), based on an earlier version presented in Spitler et al. (2014).

FRB with a persistent radio source within a low-metallicity, irregular, dwarf (∼ 108M�)

galaxy at z = 0.193 (∼ 1Gpc; see Chatterjee et al., 2017, Marcote et al., 2017, Tendulkar

et al., 2017, Adachi and Kasai, 2012). This detection was highly revealing, not only be-

cause of presenting strong support to the extragalactic origin of FRBs (and its implications

over their energetic properties), but also because of its implications when constraining the-

ory –repetitions rule out any cataclysmic-like event to produce all the FRBs–. Moreover,

whichever the progenitor, it must be able to provide energy for at least, until now, 8 years.

After that, ∼ hundred FRBs have been detected, and 20 of them has been observed to re-

peat (CHIME/FRB Collaboration et al., 2019a, CHIME/FRB Collaboration et al., 2019c,

Kumar et al., 2019 Fonseca et al., 2020). In addition, 3 one-off FRBs (Bannister et al., 2019

Ravi et al., 2019 Prochaska et al., 2019), and one repater source (FRB 180916.J0158+65;
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Marcote et al., 2020) have been localized into higher-metallicity, massive (∼ 1010−1011M�)

elliptical or star-forming galaxies.

Another important event was the recent discovery of a Mega-Jansky FRB 200428 (The

CHIME/FRB Collaboration et al., 2020, Bochenek et al., 2020). FRB 200428 was quickly

associated with an X-ray bursts from the galactic magnetar SGR 1935+2154 (∼ 10kpc

away, and 1 − 10 kyr old; see Kothes et al., 2018, Mereghetti et al., 2020). Soon after,

much fainter FRB-like detections were done by the FAST telescope ( Fν ∼ 30 mJy at

ν = 1.25 GHz; Zhang et al., 2020), and others (Fnu ∼ 100 Jy and Fnu ∼ 20 Jy, at 1.3

GHz; Kirsten et al., 2020). This brand new connection clearly proposes magnetars as the

progenitor of at least some of the FRB population (see Mereghetti et al., 2020), and give

us new information about the possible emission mechanism for FRBs (see Bochenek et al.,

2020).

Other highlights include: Polarization profile measurements of some FRBs (Petroff

et al., 2015a, Masui et al., 2015, Michilli et al., 2018, Caleb et al., 2018, CHIME/FRB

Collaboration et al., 2019a, CHIME/FRB Collaboration et al., 2019c, Chawla et al., 2020).

Also, the detection of a downward frequency drift within a fraction of the bursts from

repeateating sources (see Hessels et al., 2018,CHIME/FRB Collaboration et al., 2019a,

CHIME/FRB Collaboration et al., 2019c)

1.2 Main properties and order-of-magnitude estimates of

FRBs

The extragalactic origin of FRBs implies they will inevitably pass through matter at the

vicinity of their local source –e.g., the accretion disk of a binary system (likely containing

a compact star or black hole), a supernova remnant (SNR), or pulsar/magnetar nebula,

depending on the model–, the interstellar medium (ISM) of their host galaxy, the IGM, our

galaxy ISM and even our atmosphere. As a consequence, the EM pulse interacts with the

plasma along the line of sight, leading to propagation effects such as dispersion, Faraday

rotation and scattering. The first two effects are quantified with the dispersion measure

(DM), and rotation measure (RM).
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CHAPTER 1. INTRODUCTION

The aim of this section is to establish a theoretical background about the key observed

properties of FRBs in order to infer their likely energy range, physical mechanisms and

potential progenitors. For additional information see Katz (2016), Katz (2018b), Petroff

et al. (2019), and Lorimer and Kramer (2004).

1.2.1 Dispersion measure as distance indicator and more

As mentioned above, FRBs share the common property of having a highly dispersed

signal. This dispersion can be explained by a frequency-dependent group velocity, vg,

among the waves traversing a cold plasma. The amount of dispersion can be observationally

quantified by the time delay of the pulse as function of the observing frequency as

∆t =

∫ d

0
dl

(
1

vg(ν1)
− 1

vg(ν2)

)
=

∫ d

0

dl

c

[(
1− (νp/ν1)2

)−1/2
−
(

1− (νp/ν2)2
)−1/2

]
(1.1)

where ν1 and ν2 are two different observing frequencies, we used vg = c
√

1− (νp/ν)2, l is

a path length, d is the distance from here to the emitting source, c is the speed of light,

νp =
√
e2ne/πme ' 8.5 kHz (ne/cm−3)1/2 is the definition of the plasma frequency, e (−e)

is the proton (electron) charge, ne is the electron number density, and me is the electron

mass.

For νp � ν, we find

∆t =
e2

2πmec

(
ν1
−2 − ν2

−2
)

DM ≈ 4.15 ms

[( ν1

1 GHz

)−2
−
( ν2

1 GHz

)−2
](

DM

1 pc cm−3

)
,

(1.2)

where DM is the dispersion measure, whose definition is

DM ≡
∫ d

0
ne(l) dl. (1.3)

As exemplified by the Lorimer burst from Figure 1.2, the time delay from the observed

FRBs follow ∆t ∝ ν−2 with high precision, which is highly consistent with radiation

traversing cold plasma under the approximation νp � ν.
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1.2. MAIN PROPERTIES AND ORDER-OF-MAGNITUDE ESTIMATES OF FRBS

Figure 1.2: Two-dimensional plot of intensity as function of radio frequency versus arrival time of
the Lorimer Burst (FRB 010724). The time-dispersion of the signal is clearly seen as a quadratic
sweep across the frequency band, with broadening towards lower frequencies, being this consistent
with a propagation through cold plasma with DM = 375 ± 1 pc cm−3 (see subsections 1.2.1 and
1.2.3). The horizontal line at ∼ 1.34 GHz is an artifact in the data caused by a malfunctioning
frequency channel. Figure from Lorimer et al. (2007).

Now, the DM can be expanded as

DM = DME + DMMW, (1.4)

where DMMW is the dispersion contribution from our galaxy, which can be obtained from

electron density models such as NE2001 (Cordes and Lazio, 2002) and YMW16 (Yao et al.,

2017), and DME is the dispersion measure excess

DME = DMIGM(z) +
DMHost

1 + z
. (1.5)

In this last expression, DMHost is the host galaxy contribution and the factor (1 + z)

accounts for cosmological time dilation, and DMIGM is the intergalactic dispersion, whose

7



CHAPTER 1. INTRODUCTION

mean contribution is

DMIGM =

∫
ne,IGMdl = KIGM

∫ z

0

(1 + z)x(z)dz√
Ωm(1 + z)3 + ΩΛ

' 1000 z pc cm−3, (1.6)

which is obtained assuming all baryons are homogeneously distributed. Here, x(z) is the

IGM ionization fraction (' 7/8 at low redshift), KIGM = 933pc cm−3 assumes standard

Planck cosmological parameters and a baryonic mass fraction of 83% (Yang and Zhang,

2016), and Ωm and ΩΛ are, respectively, the energy densities of matter and dark energy.

Note that the rightmost equality of equation (1.6) is obtained taking a low-redshift ap-

proximation (which is valid for our interests).

As last step, this redshift estimate can be converted into luminosity distance, DL, using

the expansion expression in Taylor series in redshift z, DL ' 2z(z+2.4) Gpc, which is valid

for z < 1 (Chiba and Nakamura, 1998, Petroff et al., 2019). This way, DME acts as an

upper limit for DMIGM that can be used to constrain the luminosity distance as follows

(see also Deng and Zhang, 2014, Yang and Zhang, 2016 and Adachi and Kasai, 2012):

DL <

(
DME

500 pc cm−3

)[
2.4 +

(
DME

1000 pc cm−3

)]
Gpc. (1.7)

As we can see from Figure 1.3 (Shannon et al., 2018), leaving aside the repeater

FRB 121102 case, the excess of dispersion of the FRB population is & 100 pc cm−3, which

implies constraints on the luminosity distance & 100 Mpc. In addition, this figure shows

that the FRB population from Parkes and ASKAP telescopes is consistent with DME as

distance indicator since the Parkes bursts (black dots) might present themselves as a more

distant versions of the ASKAP events (blue dots). See (Shannon et al., 2018) for further

details.

DM: Some other uses

Provided we can dissentagle DM contribution of the IGM from the rest (ISM and local),

plus an independent redshift or distance estimation, a DM measurement can be used to

probe the properties of the IGM. This has been already done using FRBs (see Macquart

8



1.2. MAIN PROPERTIES AND ORDER-OF-MAGNITUDE ESTIMATES OF FRBS

Figure 1.3: The figure shows the fluence (Eν) against the extragalactic dispersion measure, DMEG

(equal to our DME), for FRBs detected with the ASKAP (blue dots), Parkes (black dots), UT-
MOST (red dots), Green Bank Telescope (magenta dot) and Arecibo (orange dot) radio telescopes.
The figure also shows a cyan dot for the candidate FRB 010621, and the beam-corrected fluences of
two Parkes FRBs (grey dots). Repeated pulses from FRB 121102 are displayed in green. In addi-
tion, the upper horizontal axis shows redshift, assuming a homogeneously distributed intergalactic
plasma and a host contribution of 50(1+z)−1. The blue dashed curves show extrapolation to larger
distances of the expected fluence from the ASKAP-detected bursts. As order-of-magnitude refer-
ence, the black curves shows contours of constant spectral-energy density (in units of erg Hz−1).
The dash-dotted black curves are lines of constant fluence after accounting redshift-dependent time
dilation. Figure from Shannon et al. (2018).

et al., 2020).

In addition, again assuming a correct disentanglement, DMLocal and DMHost can be

used to distinguish between progenitor models for FRBs since these two strongly depend

on the properties of the local plasma and the host galaxy type.

1.2.2 Rotation measure (RM) as magnetized source indicator

As explained in Lorimer and Kramer, 2004 (Chapter 4), the interaction of a EMW and

a magneto-ionized plasma leads to a different dispersion relation for right- and left-handed

9
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circular polarized EMWs. As a result of this, their group velocities are

vR,L(ν,B‖, ne) = c

√
1− νp2

ν2
∓ νp2νB

ν3
≈ c

[
1− νp

2

2ν2

(
1∓ νB

ν

)]
, (1.8)

where B‖ is the component of the plasma magnetic field parallel to the wave vector ~k, and

νB = eB‖/2πmec ' 3 MHz (B‖/G) is the cyclotron frequency related to B‖. Note that we

assumed νp � ν and νB � ν to obtain the approximation in the last part of this equation.

As an observational consequence, a linearly polarized wave (a superposition of a right-

and left- circular wave) would present a rotation of its linear polarization plane, whose

polarization position angle (PPA) is then

Θ = RMλ2 + Θ0, (1.9)

where Θ0 is the initial PPA, and RM is the Faraday rotation measure (or just rotation

measure), which is defined as

RM ≡ e3

2πm2
ec

4

∫ d

0
neB‖dl ≈ 812 rad m−2

∫ d

0

( ne
cm−3

)(B‖
µG

)(
dl

kpc

)
. (1.10)

Note that the sign of RM gives the direction of the magnetic field (by convention RM > 0

implies a magnetic field directed towards the observer).

Figure 1.4 shows the measured Stokes parameters, U/L and Q/L, of the repeating

FRB 121102, whose RM is particularly high (∼ 105 rad m−2). The results exhibit a

good fit of the measured parameters with the theory related to Faraday Rotation (where

Q/L = cos(2Θ) and U/L = sin(2Θ)). Note, however, that FRB 121102 is not necessar-

ily representative of the FRB population. Only a relatively small fraction of the pub-

lished FRBs have measured polarization profiles, including some FRBs consistent with

RMlocal ∼ 0 (see for example Ravi et al., 2016, Petroff et al., 2017, Caleb et al., 2018,

CHIME/FRB Collaboration et al., 2019c, and others).

We note that RM, like DM, can be decomposed into contributions from different regions,

but to disentangle them correctly is more complicated than in the DM case, since magnetic

field variations along the line of sight can add or cancel each other’s RM contributions.

10
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Figure 1.4: The figure shows the Faraday rotation seen in FRB 121102. Panels (a) and (b) show
the values of the normalized Stokes Q and U parameters of the polarized signal across its observed
frequency. Panel (c) shows the residual of the polarization angle compared to a Faraday rotation
model. Colored dots in the figure represent measurements from different bursts detected in the
same observing session. Figure from Michilli et al. (2018).

Now, since the IGM may provide a small RM contribution (< 10 rad m−2, Ravi et al.,

2016) and the Galactic contribution can be modeled (Oppermann et al., 2015), we might

be able to relate the RM (and its potential variability) to the local environment of the

source. A good example of this is the case of the repeating FRB 121102, whose extremely

high RM ∼ 105 rad m−2 has decreased 10% over a time-scale ∼ 7 months. As Michilli

et al. (2018) claim, this large and variable rotation measure could imply that FRB 121102

is in an extreme and dynamic magneto-ionic environment which (along with the bursts

timescales, see Subsection 1.2.8) suggest an origin related to the vicinity of a massive black

hole, a neutron star, or both.

From the measurement of the DM and the RM, we can estimate the average magnetic

field of the local environment weighted by the electron number density along the path

length: 〈
B‖
〉
≡
∫ d

0 neB‖dl∫ d
0 nedl

≈ 1.23µG

(
RM

rad m−2

)(
DM

pc cm−3

)−1

. (1.11)

In the case of FRB 121102, this leads to a lower limit estimate of the (likely local to

the source) line-of-sight magnetic field
〈
B‖
〉

= (0.6−2.4)fDM mG. In the latter expression,

the range is due to an inferred DMHost ∼ 70− 270 pc cm−3 (Tendulkar et al., 2017), where

fDM ≡ DMHost/DMRM > 1 since the dispersion measure contribution specifically related
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to the observed rotation measure (DMRM) could be much smaller than the total dispersion

measure contribution of the host (DMHost). For comparison, typical magnetic fields within

our ISM are only ∼ 5µG (Haverkorn, 2015), which is in agreement with inferring that

the source of the repeating FRB 121102 could be embedded within a highly magnetized

environment (see Michilli et al., 2018).

1.2.3 Scattering as indicator of turbulence and inhomogeneity

Following Lorimer and Kramer (2004) (chapter 4), scattering can be (more easily)

understood when considering a thin screen model between observer and source. This screen

concentrates all possible inhomogeneities (of length ∼ a and electron density fluctuations

∼ ∆ne) along a distance D between them. The inhomogeneities lead to a bending of

the wavefront by an angle θs, which can finally be quantified in terms of an exponential

decay of the FRB radiation as a function of time. This exponential decay over time can

be explained by the geometric time delay between the straight and the deflected waves,

whose characteristic timescale is

τscatt ∼
θ2
sD

c
∝ ∆n2

eD
2

a
ν−4. (1.12)

Note that, in reality the variations in electron density show a distribution of scales rather

than a single size. For this reason, a more detailed and used model of scattering is the

“Kolmogorov spectrum”, for which τscatt ∝ ν−β, and where β = 4.4 is its scattering index

(Lorimer and Kramer, 2004).

Thus, scattering is a strongly frequency-dependent propagation effect. As Equation (1.12)

makes clear, the main observable property of a scattered signal is its exponential tail widen-

ing, but this also means that the flux becomes smoother as the frequency decreases. Be-

cause of the latter, although debated (Sokolowski et al., 2018), it is known that scattering

could make difficult to detect FRBs at very low frequencies (. 1 GHz). We must highlight

that observed FRBs are consistent with the picture of scattering described above for the

thin screen model (β = 4) and the Kolmogorov spectrum (β = 4.4), as Thornton et al.

(2013) obtained β = 4 ± 0.4, Shannon et al. (2018) measured β = 3.5 ± 0.6, and Masui
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et al. (2015) estimated β = 3.6± 1.4 (see also Figure 1.5).

Figure 1.5: The main panel shows the dynamic spectrum of FRB 110220 along with its clear
dispersive sweep. The three mini-panels on right top show the exponential decay of the signal
as a function of time observed at different frequencies. From the figure is also possible how the
exponential decay is broadened towards lower frequencies. Figure from Thornton et al. (2013).

Equation (1.12) also tells us that τscatt ∝ ∆n2
e. Thus, scattering measurements can be

used to study inhomogeneities and turbulence of the ionized material along the line of sight.

Regarding this idea, some authors observed that the FRB population has less scattering

than predicted from the Galactic DM/scattering trend (see Cordes et al., 2016, Xu and

Zhang, 2016, and CHIME/FRB Collaboration et al., 2019b), which can be explained by

a low scattering contribution of the IGM (compared to its inferred high DM contribution,

see Macquart and Koay, 2013 and Zhu et al., 2018).

CHIME/FRB Collaboration et al. (2019b) recently reported FRBs between 0.4 −

0.8 GHz that have more scattering than expected from our Galactic ISM. From this, they

suggest that FRBs may come from overdense regions with stronger scattering properties

than the quiescent diffuse ISM, as very young SNRs, star-forming regions, or galactic cen-

ters. However, other FRBs in the new CHIME sample have very narrow pulse widths (as
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low as ∼ 0.1 ms) at these frequencies (where scattering is expected to be stronger). To date

FRBs have been observed down to 300 MHz (see Chawla et al., 2020, Pilia et al., 2020)

in at least one source, suggesting that some of their circumburst environments could have

weak scattering properties (Chawla et al., 2020). In any case, the origin of the unscattered

events is still an open question.

1.2.4 Scintillation

Again following Lorimer and Kramer (2004), scintillation is interpreted as short-term

intensity variations seen on the radio signal of some sources, like pulsars. These intensity

variations can be understood in terms of the model of scattering explained before. The de-

lay imparted by the refractive and diffractive effects as the signal passes through a clumpy

and turbulent environment produces a variety of phases within a range δΦ ∼ 2π∆ν τscatt.

Thus, once the waves come back together, constructive and destructive interference pat-

terns (over the time τscatt and a bandwidth ∆ν) are produced if the phase of the waves do

not differ by more than 1 radian:

2π∆νd τscatt ∼ 1 rad. (1.13)

As a consequence, there is a limitation in bandwidth of the interfering waves, which is

called “the decorrelation bandwidth”, ∆νd ∝ τ−1
scatt ∝ ν4 (interference could be seen on

frequency scales . ∆νd). This produces a complex frequency structure of the radiation

that also varies with time, given the relative motion of the observer, source and scattering

screen.

Given their small source size and large distances (see Subection 1.2.8; Michilli et al.,

2018 and Tendulkar et al., 2017), FRBs should be point-like sources; as a consequence,

they will scintillate unless they present a significant angular broadening of the source.

Scintillation could have been observed in some FBRs like FRB 121102, whose frequency

structure has been proposed to be attributed to scintillation from our Galaxy (Gajjar et al.,

2018). In the case of FRB 150807, the observed scintillation is speculated to be produced

by weak scattering in the IGM or host galaxy (Ravi et al., 2016). A final interesting
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case is FRB 110523, whose measured scattering time ≈ 1.66 ± 0.14 ms and decorrelation

bandwidth ≈ 1.2 ± 4 MHz can only be explained by two scattering screens (one located

within 44 kpc of the source, and the other within our Galactic ISM, see Masui et al., 2015).

We need to remark that scintillation can give us important information about the

magnitude of fluctuations, turbulence and the location of scattering screens, and therefore,

potential insights about the possible progenitor of FRBs. However, this has to be carefully

studied since some spectral features could be related to propagation or to broad- or narrow-

band impulsive “radio frequency interference” (RFI), and thus, not being intrinsic to the

emission mechanism.

1.2.5 Plasma lensing

Similarly as described for scattering, any refractive medium (e.g. plasma) can act as a

lens. Thus, plasma structures has the potential to bend the radio waves to finally produce

bright, time-dependent, and highly monochromatic caustic spots (Clegg et al., 1998).

Plasma lensing has been convincingly demonstrated in the Crab pulsar (whose fila-

ments have an estimated radii ∼ 1 AU which can contribute DM ∼ 1pc cm−3, see Backer

et al., 2000 and Graham Smith et al., 2011) and more recently in the Black Widow pulsar

B1957+20 (produced by intra-binary plasma that has been blown off the pulsar’s com-

panion star, see Main et al., 2018). Considering this and previous insights from scattering

and scintillation produced in the close and intermediate vicinity of some FRB sources, it

has been proposed that FRBs could also present plasma lensing features in their spectra

(produced, for example, by a young SNR, a nebula or any high density environment).

Cordes et al. (2017) studied the potential effects of plasma lensing over FRBs since it

can mask the spectra and energetic properties of any source. Plasma lensing could reduce

. 100 times the energy of FRBs bursts and might explain the highly variable radio spectra

seen in the repeating FRB 121102 (Cordes et al., 2017). In addition, it has been also recalled

to explain the time-frequency downward drifting (quantified by the “frequency drift”, see

the last part of Subsection 1.2.7) of the repeating FRB 121102 (Hessels et al., 2018).

However, frequency drift from plasma lensing is supposed to be symmetric in time, while

FRB 121102, FRB 180814.J0422+73 (the second repeater; CHIME/FRB Collaboration
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et al., 2019a), and others, present only descending time-frequency structures. In that

sense, the relevance of plasma lensing for FRBs becomes less clear (although it could be

tested with ultra-wide-band observations from ∼ 0.1− 10 GHz, Cordes et al., 2017).

1.2.6 Free-free absorption

Another important effect we need to consider is the absorption of energy by the ionized

plasma along the line of sight of propagation path. The free-free optical depth can be

expressed as (Draine, 2011 and Margalit et al., 2018)

τff = 0.018Z2ν−2

∫
T−3/2 ni ne gff dr. (1.14)

where T is the temperature of the environment, ne and ni are the electron and ion number

density, gff is the velocity averaged Gaunt factor, and Z is the atomic number of the

plasma.

Equation (1.14) tell us that radio wave opacity is dependent of the thermal, ioniza-

tion and density state of the emitting source, along with a dependence of the observing

frequency. This become particularly important when considering low-frequency radiation

(. 1 GHz) passing through dense environments (like a SNR or star forming regions). Re-

garding this, radio transparency requirements for FRBs against free-free absorption are

being used to put constraints on the age of SNRs as possible progenitors of these events

(see Margalit et al., 2018).

To date, despite large efforts and very optimistic detection predictions for LOFAR and

MWA telescopes (Hassall et al., 2013), no FRB has been detected below ∼ 300 MHz. While

this could be explained by the intrinsic spectra of FRBs or scattering effects, the strong

frequency dependence of the free-free optical depth (∝ ν−2.1 for more detailed models)

might also be a contributing factor. Since all the discussed propagation effects are strongly

dependent on the observing frequency, a large sample of events is needed to disentangle

the relevant factors to explain the lack of detections at these low frequencies.
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1.2.7 Intrinsic spectra

As we have discussed previously, FRB signals could be highly masked by propagation

effects (e.g. scattering, free-free absorption, etc.), so the correct disentangling of each in

order to make a correct analysis of the intrinsic spectra of FRBs is not a trivial task.

Additional complications arise from observational constraints, such as the small avail-

able observing bandwidth, and the (generally) poor localization of FRBs within telescope

beams, which is at least of several arcminutes. As a consequence, the spectral index of

FRBs, α (from the flux density definition Fν ∝ να), is poorly constrained.

From broad-band spectral analysis, some of the most stringent constraints on the spec-

tral index come from non-detections of FRBs at low frequencies. For example, Chawla

et al. (2017) proposed α > −0.9 from previous non-detections at GBT (at 0.35 GHz), and

Karastergiou et al. (2015) propose α > +0.1 from non-detections at LOFAR (at 0.145

GHz). Law et al. (2017), during a multi-telescope observing campaign on the repeater

FRB 121102, obtained α = 2.1 from Arecibo (1.4 GHz)-VLA (3 GHz) telescope observa-

tions, and α < −1.4 from VLA-Effelsberg (4.5 GHz) (along with other similar constraints,

see Figure 1.6). In addition, Macquart et al. (2019) obtained α ≈ −1.5+0.3
−0.2 from a recent

study of the ASKAP FRBs.

The previously mentioned constraints are clearly in disagreement. Because of this,

it has been proposed that the spectra of FRBs could present intrinsic (related to the

emission mechanism) or extrinsic (related to propagation effects) turnovers, or that they

may not follow a power law at all, but that they are better represented by spectral emission

envelopes (of ∼ 500 MHz wide, see Law et al., 2017, Gourdji et al., 2019 and Hessels et al.,

2018).

Another important spectral feature of FRBs is the frequency drift –time-dependent

changes on the observing frequency of the FRB sub-pulses as time progress–. It has been

proposed that this feature could be related to the emission mechanism or propagation

effects like plasma lensing. To date, frequency drifts has been measured only on repeating

FRBs, e.g., ∼ −200 MHz ms−1 for FRB 121102 (Hessels et al., 2018), and ∼ −5 MHz ms−1

for FRB 180814.J0422+73 (CHIME/FRB Collaboration et al., 2019a). We note that, to

date, the observed drifts are only negative (meaning that the peak frequency of each sub-
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Figure 1.6: Broadband spectra measurements and limits for three bursts of FRB 121102 with
observing coverage by VLA (3 GHz), Arecibo (1.4 GHz) or Effelsberg (4.5 GHz) telescopes. Mea-
surements are show as dots and upper limits as triangles. Limits are estimated assuming pulse
width = 2 ms and a 5σ detection threshold. Errors in flux density are comparable to symbol sizes
and are not shown. Figure from Law et al. (2017).

pulse decreases with time; see Hessels et al., 2018 and CHIME/FRB Collaboration et al.,

2019a). Since plasma lensing is expected to produce temporally symmetrical features, it

has been proposed that the frequency drift on FRB 121102 and FRB 180814.J0422+73

would be better explained by the emission mechanism of FRBs (Metzger et al., 2019).

1.2.8 FRBs: Implications from luminosity and pulse width

Emitting source size

One of the first and easiest estimates we can do is to constrain the emitting source size

using the expression for the light-crossing time (t ∼ R/c) as

rs ≤ c∆t ≈ 300 km ∆t−3, (1.15)

where rs is the estimated source size, ∆t ∼ 1 ms is the pulse width of typical FRBs,

c = 3 × 1010cm s−1 is the speed of light. Here, the inequality come because the light-

crossing time considers the absolute minimum communication time between the spatial
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limits of an event. Note that a more general expression for this constraint is rs ≤ c∆tΓ2,

which considers beamed emission (into an angle ≈ 1/Γ) from a relativistically expanding

source with a Lorentz factor Γ (see Katz, 2014 and Luan and Goldreich, 2014). Hereafter,

we employ the short-hand notation qx = q/10x in cgs units, e.g., L42 = L/(1042 erg s−1).

It is highlighted that the estimation of the source size, rs, from Equation (1.15) implies

a relatively small source size which might be related to compact sources like neutron stars

or stellar-mass black holes.

Luminosity and energy

As previously mentioned, the precise localization of FRB 121102 has helped identify its

host galaxy and its extragalactic origin (∼ 1 Gpc), thus establishing the FRBs as a truly

new class of extragalactic events.

Taking FRB 121102 as reference, we can estimate the instantaneous luminosity of FRBs

as

L = 4πD2νFν ∼ 1042 erg s−1 FJy ν9D
2
Gpc, (1.16)

where D is the source distance from Earth, Fν is the measured monochromatic flux, and

ν is the radio frequency (usually ∼ 1 GHz).

Considering an emission timescale ∆t ∼ 1 ms, we can estimate the total energy of this

FRB as

EFRB = L∆t ∼ 1039 ergFJy ν9D
2
Gpc∆t−3. (1.17)

Then, the estimated energy of FRBs could be significantly lower than the kinetic energy

released by supernovae (SNe, ESN ∼ 1051 erg; see Khokhlov et al. (1993)). In the case of

neutron stars (NSs), with magnetic fields ranging B? ∼ 108 − 1015 G and rotation periods

ranging P? ∼ 10−3 − 10 s (see Manchester et al., 2005), their rotational energy budget

is E?,rot ∼ 1048 erg P−2
?−1, and their magnetic energy budget is E?,B? ∼ 1043 erg B2

?13.

Thus, any NS could have enough rotational energy to produce a FRB, while only NSs

with B? > 1011 G have enough magnetic energy to produce these events (see Murase et al.,

2016). In any case, progenitors with � 1039 erg will be necessary since we know repeating

FRB sources do exist.
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Brightness temperature

The observed luminosity of FRBs give us insights related to their physical mechanism

and/or their progenitor. For instance, following Katz (2014) and Lyutikov (2017), we can

estimate the brightness temperature, TFRB, of FRBs as

TFRB ' 1036KFJy ν
−2
9 ∆t−2

−3D
2
Gpc (1.18)

where we assumed a black body equivalent luminosity for the FRB at the Rayleigh-Jeans

limit.

The huge temperature from Equation (1.18) implies a coherent emission mechanism (see

Figure 1.7), which needs the contribution of bunched particles radiating in phase within

a relatively small space volume (see Katz, 2014). A corollary from this is that FRBs

cannot be produced by thermal processes; and therefore, as was previously mentioned,

they need to be produced by highly energetic processes like those involved in gamma

ray bursts (GRBs), giant pulses (GPs) from pulsars, nano-shots (nanosecond subpulses

observed within the Crab pulsar’s GPs), and some others (see Hankins and Eilek, 2007,

Katz, 2014, Lyutikov et al., 2016, and Margalit et al., 2018).

Electromagnetic field at the source

Another estimate that can be done is to calculate the electromagnetic field at the FRB

source. Similar as Lyutikov (2017) did, we can estimate the electromagnetic field from the

definition of the Poynting vector and its connection with the energy flux

|~S| ≡ c

4π
| ~E × ~B| = c

4π
E2 =

L

4πr2
≡ F, (1.19)

where we assumed B = E. Then, evaluating at the estimated source size, r ∼ rs, we obtain

Es ∼
L1/2

c1/2rs
∼ 108 GF

1/2
Jy ν

1/2
9 DGpc ∆t−1

−3

= 108 GL
1/2
42 ∆t−1

−3,

(1.20)
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Figure 1.7: The present figure shows the monochromatic brightness (Lν = L/ν) against ν W
(where W is the pulse width) of different types of astrophysical events. Despite there are no
clear physical restrictions to classify coherent and incoherent astrophysical events, astronomers

usually consider the temperature T ∼ 1012 K (ν/GHz)
−1/5

to avoid the so-called “Inverse Compton
catastrophe” (see Tsang and Kirk, 2007). Figure from Pietka et al. (2015).

where for simplicity we have normalized the FRB luminosity by L42 = 1042 erg/s.

Therefore, an order-of-magnitude estimation of the magnetic field at the emission source

(Equation 1.20) hints toward a highly magnetized progenitor. This, along with the small

source size, high brightness temperature, high scattering, RM measurements, and con-

straints from the persistent radio source of FRB 121102 (Chatterjee et al., 2017), suggest

that NSs are the most promising progenitors of FRBs, as has been already observed for

one FRB source (see Pen and Connor, 2015, Lyutikov et al., 2016, Hessels, 2018 Masui

et al., 2015, Beloborodov, 2017, The CHIME/FRB Collaboration et al., 2020, Bochenek

et al., 2020, and Mereghetti et al., 2020).

21



Chapter 2

Particle acceleration

To accelerate a particle (of mass m and charge e) to light speed within a time compa-

rable to a half of the wave cycle period, ν−1/2, it would be necessary to have an electro-

magnetic field of amplitude

Ecrit ≡ 2mcν/e, (2.1)

thus implying Ecrit ∼ 300 G (ν/1GHz)−1 for electrons, and ∼ 105 G (ν/1GHz)−1 for pro-

tons. Since the estimated amplitude of the electromagnetic wave (EMW) near the FRB

source (Equation 1.20) is several orders of magnitude larger, FRBs could be producing a

big impact on the surrounding plasma close to the source.

In this work, we assume that a pre-FRB is triggered at the source, then that its energy

is transported outwards and, eventually, converted into the coherent radiation of the FRB

at a given location. Beyond this point, the FRB EMW will interact with its surrounding

plasma (see Figure 2.1). The motivation of this work is to study the behavior of charged

particles accelerated by a strong EMW in order to determine possible observational or

theoretical constraints over FRBs and the local environment of their progenitors.
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Figure 2.1: Representation of the assumed FRB emission scenario. We assume that a pre-FRB is
triggered at the source (the FRB progenitor) due to an uncertain mechanism. Then, the pre-FRB
energy is transported outwards and eventually converted (through a coherent emission mechanism)
into the actual FRB signal at an uncertain location. Beyond this point, the FRB EMW will interact
with its surrounding plasma (initially at rest).

2.1 Particle acceleration by an intense electromagnetic wave

of constant amplitude

As a first step towards understanding the particle’s movement, consider an electromag-

netic wave with ~E = Eŷ, ~B = Bẑ (where E = B), and wave vector ~k ≡ kk̂ = kx̂. This

electromagnetic wave will interact with the particle a Lorentz force, given by

~F = e

(
~E +

~v

c
× ~B

)
. (2.2)

A particle at rest at t = 0 will first only interact with the electric field, accelerating
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in the direction of the electric field (ŷ). After that, the particle will no longer have null

velocity, and therefore will be interacting with the magnetic field as well. Following the

right-hand rule
(
v̂ × B̂ = ŷ × ẑ = x̂

)
, the particle will now also accelerate in the direction

k̂. This will produce a magnetic force in the −ŷ direction that largely cancels the electric

force as the particle becomes relativistic. As consequence, the particle will asymptotically

approach the speed of light moving along with the incident wave that accelerated it (almost

surfing it, a process called “Surfatron”; see Gunn and Ostriker, 1969 and Katsouleas and

Dawson, 1983).

2.1.1 The equations of motion

As we have obtained some insight on the particle’s behavior, we describe the EMW

field as ~E = E cos Φ ŷ and ~B = B cos Φ ẑ (again with B = E), where Φ ≡ kx − ωt is

the relative phase of the wave with respect to the particle and ω ≡ 2πν is the angular

frequency of the wave. Any radiative effect will be discussed later.

Since the particle’s movement could (qualitatively) be in 2D, we analyze its behavior

using polar coordinates for the velocity, v, and its angle, θ, with respect to the wave vector,

~k = kx̂ (see Figure 2.2). This means

~v = vv̂, (2.3)

and therefore

~̇v = v̇v̂ + v ˙̂v = v̇v̂ + vθ̇θ̂, (2.4)

where v̂ · θ̂ = 0.

Rewriting the Lorentz force shown in Equation (2.2) using our polar coordinates (Equa-

tions 2.3 and 2.4), we obtain that the left-hand side is

~F ≡ d~p

dt
=

d

dt
[mγ~v] = mv̇γ3v̂ + vmγθ̇θ̂, (2.5)

where γ = (1− v2/c2)−1/2 is the Lorentz factor of the particle.
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Figure 2.2: Representation of the velocity vector (~v), and the unit vectors v̂ and θ̂ in polar

coordinates. Note v̂ and θ̂ are always perpendicular to each other, which is represented here by a
red square.

Doing the same with the right-hand side of Equation (2.2), we obtain

d~p

dt
= e

(
~E +

~v

c
× ~B

)
= e cos Φ

[
Evv̂ +

(
Eθ −

v

c
B
)
θ̂
]
, (2.6)

where we have decomposed ~E = cos Φ
(
Evv̂ + Eθθ̂

)
and ~v × ~B = vv̂ × Bẑ cos Φ =

−vB cos Φ θ̂. Since B = E, Ev = E sin θ, and Eθ = E cos θ, then Equation (2.6) can

be rewritten as
d~p

dt
= eE cos Φ

[
sin θ v̂ +

(
cos θ − v

c

)
θ̂
]
, (2.7)

and we can finally obtain the equations of motion of the particle by equating the compo-

nents along the polar basis vectors:

γ̇ = ωc
(
1− γ−2

)1/2
sin θ cos Φ, (2.8)

θ̇ = ωcγ
−1
(
1− γ−2

)−1/2
[
cos θ −

(
1− γ−2

)1/2]
cos Φ, (2.9)

Φ̇ = ω
[(

1− γ−2
)1/2

cos θ − 1
]
, (2.10)

where we used ωc ≡ eE/mc. We have converted the equations to dimensionless units by
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defining µ ≡ ω/ωc and τ ≡ ωct and obtained

dγ

dτ
=
(
1− γ−2

)1/2
sin θ cos Φ, (2.11)

dθ

dτ
= γ−1

(
1− γ−2

)−1/2
[
cos θ −

(
1− γ−2

)1/2]
cos Φ, (2.12)

dΦ

dτ
= µ

[(
1− γ−2

)1/2
cos θ − 1

]
. (2.13)

2.1.2 Asymptotic analytic solution

In this subsection we will focus on exploring the particle’s behavior assuming it moves

relativistically (γ � 1) and nearly co-linear with the wave (θ � 1). Given that, another

reasonable approximation is to take a constant phase (Φ = 0). Of course, given that our

particle’s speed will never equal c (and might never point exactly towards k̂), the constant

phase approximation is valid for a limited period of time. However, given the cyclical

behavior of waves, we can also expect a cyclical acceleration process for our particle.

Later in this subsection, we will discuss the amount of time for which the constant-phase

approximation is valid.

Summarizing, the approximations γ � 1, θ � 1, and Φ = 0 (with Φ̇ = 0) imply that

the equations of motion (Equations 2.11 and 2.12) now become:

dγ

dτ
≈ θ, (2.14)

and
dθ

dτ
≈ 1

2
γ−1

(
γ−2 − θ2

)
. (2.15)

From these equations, we see that if θ < γ−1, then Equation (2.15) would make θ

increase, ultimately making the assumption θ < γ−1 no longer valid. As a consequence,

we see that θ > γ−1 is the only stable relation for γ and θ (later we will see that this

approximation works well enough). Then, we approximate θ2 � γ−2, so the equations can

be approximated as
dγ

dτ
≈ θ, (2.16)
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and
dθ

dτ
≈ −1

2
γ−1θ2. (2.17)

We can easily solve this system of equations by taking dθ
dτ /

dγ
dτ to obtain

θ ≈ (Dγ)−1/2 , (2.18)

which we replace in Equations (2.16) and (2.17) to obtain the asymptotic solutions for

large τ :

γ =

[
3

2
D−1/2 τ

]2/3

, (2.19)

and

θ =

[
3

2
D τ

]−1/3

, (2.20)

where D is a constant that depends on the initial conditions of γ and θ. We note that, in

principle, the solutions from Equations (2.19) and (2.20) contain constants of integration

∼ 1. For simplicity here we neglect these constants since we expect to be working with

τ � 1 (see Subsection 2.1.3).

We explored the behavior and value of the constant D by considering the change of

variable, ε = γ−1. If we divide Equation (2.11) by Equation (2.12) we obtain

dε

dθ
= −

ε
(
1− ε2

)
sin θ

cos θ − (1− ε2)1/2
, (2.21)

so we can construct the relation between ε and θ by considering the initial condition

ε(θmin) = Dθ2
min (obtained from Equation 2.18), where θmin � 1 is a free parameter. Note

that, by doing this, we are actually integrating the equations of motion (Equations 2.11,

2.12, and Φ̇ = 0) backwards in time.

Figure 2.3 shows some solutions of Equation (2.21) using the initial condition ε(θmin) =

Dθ2
min, with θmin = 10−3, for different values of the constant D. As a reference, we show

the numerical solution of Equations (2.11) and (2.12) with constant phase Φ = 0 and the

initial conditions γ(t = 0) = 1, and θ(t = 0) = π/2 (a test particle starting from rest and

initially moving in the direction of the electric field). From these results we can see that the
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Figure 2.3: Inverse of the Lorentz factor, ε = γ−1, as function of the velocity inclination angle,
θ, obtained by two numerical integration methods. The black doted line (“Numerical sol”) is set
as the reference result: It is obtained by solving the Equations (2.11) and (2.12) from τ = 0 to
τ = 104 with fixed phase (Φ = 0) and the initial conditions γ(t = 0) = 1, and θ(t = 0) = π/2 (a
test particle starting from rest and initially moving in the direction of the electric field). The rest of
the curves are obtained by solving the equation (2.21) with the initial condition ε(θmin) = Dθ2min
(Equation 2.18), where we tried different values for the constant D. Without losing generality, we
took θmin = 10−3 for these simulations.

solution for the equations of motion are highly consistent with D = 1/2 (Equation 2.18),

which is why we will take that value when evaluating any expression from now on.

Figure 2.4 shows the comparison of the numerical versus the asymptotic behavior of

the combination γ/θ. We note that [γ/θ]asympt = 3τ/2 is independent of the parameter

D. Therefore, here we are only exploring the linear dependence of γ/θ with time, and its

consistency with the numerical results at τ � 1.

2.1.3 A limit for the constant-phase approximation: Succession of accel-

eration cycles

As discussed in the previous subsection, regardless of whether our accelerating particle

is able to reach an asymptotic behavior with γ−1 � θ � 1, it will gradually accumulate

phase, Φ, due to the velocity inclination angle, θ, and the fact that v < c is always true. A

combination of this fact with the cyclical nature of the EMW imply a cyclic acceleration

process for our particle, albeit with a different timescale period than ω−1. In this subsection

we will focus on estimating this timescale and its implications on the equations of motion.
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Figure 2.4: Ratio of the numerically simulated (Equations 2.11 and 2.12) to the asymptotic
(Equations 2.19 and 2.20) combination γ/θ. For the numerical simulation we took Φ = 0 =constant
from τ = 0 to τ = 104.

Assuming that the constant phase approximation should dominate the evolution of the

equations of motion, it is possible to study the conditions that define each cycle dura-

tion using the expressions for γ (Equation 2.19) and θ (Equation 2.20) that we obtained

previously. From Equation (2.13) we have

Φ(τ) = kx− 2πt = ω

∫ (v
c

cos θ − 1
)

dt

= µ

∫ τ

0

((
1− γ−2

)1/2
cos θ − 1

)
dτ

∼ µ
∫ τ

0

θ2

2
dτ,

(2.22)

where we have approximated γ−1 � θ � 1. Then, using θ (Equation 2.20) and imposing

Φ(τsc) = π, we can obtain the timescale that defines a semi-cycle

τsc =
2

3
π3D2µ−3, (2.23)
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which implies a distance

∆sc = cτsc/ωc =
2

3
π3D2

( c
ω

)
µ−2 ∼ 2× 1012 cm

(
m

me

)−2

E2
8 ν
−3
9 , (2.24)

traveled by the particle during that time, where.

In turn, we can evaluate γ (Equation 2.19) and θ (2.20) at τsc to obtain

γmax ∼
[

3

2
D−1/2τsc

]2/3

= Dπ2µ−2 ∼ 4× 1011

(
m

me

)−2

E2
8 ν
−2
9 , (2.25)

and

θmin ∼
[

3

2
Dτsc

]−1/3

= D−1π−1µ ∼ 2× 10−6

(
m

me

)
E−1

8 ν9, (2.26)

which are the maximum Lorentz factor and minimum velocity inclination angle that each

accelerating particle can reach within a cycle.

In order to check these estimates (along with the respective approximations and as-

sumptions from which they were obtained) we present Figure 2.5, which shows the full

numerical solution of the equations of motion for γ, θ, x, and Φ as function of τ/τsc using

µ = 0.1 (panels (a) and (b)) and µ = 10−3 (panels (c) and (d)). The results are con-

sistent with the expected periodic behavior, except for a factor ∼ 2 of deviation in the

estimation of τsc (Equation 2.23), which also implies a similar deviation for γmax and θmin.

Nonetheless, our estimations seem to be consistent over time and over different values of

µ. We stress that our test particle returns to rest (γ = 1) periodically, which implies that,

ignoring any radiative effect, all mechanical work done on the particle is undone by the

end of each cycle.

The Figure 2.5 also shows the linear advance (in the wave direction k̂), x =
∫
v cos θdt ∼

ct, which, as expected, grows linearly over time with v ≈ c.

2.1.4 Radiative effects on the particle acceleration

As of now, we have assumed that radiative effects do not play a relevant role on particle

acceleration. The validity of this assumption can be checked by comparing the radiated
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(a) (b)

Figure 2.5: Numerical solution of the Lorentz factor, γ, velocity angle, θ, radial advance, x
(normalized by ∆sc), and relative phase, Φ, as function of the dimensionless “time”, τ (normalized
by τsc; Equation 2.23) for an accelerating electron in the presence of a constant-amplitude EMW
with µ ≡ ω/ωc using the full equations of motion (Equations 2.11, 2.12, and 2.13). Panel (a) shows
the case for µ = 0.1, while panel (b) shows the case for µ = 10−3, both up to a timescale τ/τsc = 3.
The red dots represent the ends of each semi-cycle experienced by the accelerating particle.

energy with the kinetic energy gained (and lost) in each cycle.

The radiated power has the general expression

Prad =
2

3

e2γ4

c3
(γ2a2

‖ + a2
⊥) =

2

3

e2γ6

c3

[
~̇v

2 −
(
~v

c
× ~̇v
)2
]

=
2

3

e2

c

[
(1− γ−2)−1γ̇2 + (1− γ−2)γ4θ̇2

]
,

(2.27)

where the components of the acceleration are a‖ = v̇ and a⊥ = θ̇v (Rybicki and Lightman,

1986).

In the following, we will assess the validity of our assumptions in the non-relativistic
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and ultra-relativistic regimes.

The non-relativistic regime

In this regime, γ ∼ 1 and a‖ � a⊥. Thus, the acceleration by the electric field,

a‖ = v̇ ∼ eE/m, is the main contributor to the particle radiation. Then, integrating

Equation 2.27 up to tv→c ∼ c/v̇ = ω−1
c (when the particle becomes relativistic), we obtain

Erad
γmc2

∼ PL ∆tv→c
mc2

∼ e2

c3
a2
‖

∆tv→c
mc2

∼ e2ωc
c3m

∼ 10−8

(
m

me

)−2

E8,

(2.28)

where take E ∼ 108 G as a reference value according to Es (Equation 1.20). Thus, our

estimation predicts that the radiated energy is much smaller than the rest mass energy of

the particle, which was verified by our simulations (not presented here). This confirms that

radiation does not significantly affect the particle’s motion in the non-relativistic regime.

The relativistic regime

Once the accelerating particle is relativistic (γ−1 � θ � 1), we can use the asymptotic

solution we developed in Subsection 2.1.2 (Equations 2.19 and 2.20). In that case, we can

estimate the radiated power (Equation 2.27) as

Prad ∼
2e2

3c

D−1

4
γγ̇2 ∼ 2e2

3c

D−2

4
µ−2ω2 =

2e2

3c

D−2

4
ω2
c

≈ 60 erg s−1

(
m

me

)−2

E2
8 ,

(2.29)

where we used θ̇2 = D−1

4 γ−3γ̇2, and the combination γγ̇2 ∼ ω2
cD
−1 = constant. We can

write Prad = (D/0.5)−2 ‖~S‖σT , where ‖~S‖ is the norm of the Poynting vector, ~S = c
4π
~E× ~B,

and σT = 8π
3

(
e2/mc2

)2
is the Thompson cross section. Then, This might be an indirect

way to verify D = 1/2.
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With equation (2.29) we can calculate the radiated energy in a semi-cycle as

Erad ∼ Prad
(µ
ω

)∫ τsc

0
dτ =

π3

9
me (reω) cµ−4, (2.30)

where re = e2/mec
2 is the classical electron radius.

In the asymptotic case, the energy gained by the particle within a semi-cycle is

Ekin ∼ γmaxmc2 = Dπ2µ−2mc2, (2.31)

so we can estimate the ratio of the radiated and gained (or lose) energy densities within a

semi-cyle as

εrad
εkin

=

∫
nPrad dt∫
nPkin dt

∼ Erad
Ekin

=
π

9D

(re
c

)
ωµ−2 =

π

9D

ω2
c

ω (c/re)

(
m

me

)−1

∼ 10−2

(
m

me

)−3

E2
8 ν
−1
9 ,

(2.32)

where we have approximated a particle density, n = constant.

This indicates that radiative losses will be negligible with respect to the gained kinetic

energy rate (and thus, should not modify the particle’s movement) as long as

E

108 G
� 10

(
m

me

)3/2

ν
1/2
9 , (2.33)

which is naturally satisfied for our nominal FRB parameters considering that E . Es ∼

108 GL
1/2
42 ∆t−1

−3.

Figure 2.6 show the numerical simulated results of the radiated energy rate, Prad, in

comparison with its asymptotic estimation (Equation 2.29) as function of the dimensionless

time, τ . The results of the figure show a clear consistency between simulations and our

asymptotic model, which is also the case for the kinetic energy (as seen in the simulated

results for γ from Figure 2.5 in comparison with its asymptotic estimation; Equation 2.25).

As a consequence, all these results support our assumptions about the negligible effects

of radiation over the particle’s movement (Equation 2.32), as long as Equation (2.33) is
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satisfied. Worthy of note that any simulation presented in this thesis is numerically solved

by the program “Mathematica” using the package “NDsolve”, which adapts its step size

so that the estimated error in the solutions is within specified tolerance parameters (using

at least 10 digits of accuracy and precision).

Figure 2.6: Numerical simulation of the radiated energy, Prad (Equation 2.27) normalized by its
asymptotic estimation (Equation 2.29) as function of the dimensionless “time”, τ , up to τ/τsc ∼ 1
(Equation 2.23) for an electron accelerated by an EMW with µ ≡ ω/ωc. Here we used the equations
of motion from Equations (2.11), (2.12), and (2.13). In this particular case we used µ = 0.1.
However, it is worth noting that these results will be similar for any µ sufficiently small.

2.2 Particle acceleration by an EMW of decaying amplitude

As one could suppose, to consider an EMW of constant amplitude is an ideal case

whose purpose is to have a glimpse of the particle’s behavior. A more realistic case would

be to consider an EMW with radially-decaying amplitude. The energy conservation of the

FRB radiation demands that the amplitude of the waves decrease as 1/r, where r is the

distance from the source, so we define

ωc(r) = ωi
ri
r

= ωi
ri

ri + ∆r
= ωif(ri,∆r), (2.34)

where f(ri,∆r) ≡ ri/(ri + ∆r) and ωi ≡ eEi/mc. In addition, ri ≥ rs and Ei ≤ Es are the

initial (starting) radius and electric field of our accelerating particle, and

∆r =

∫
v cos θdt = cµω−1

∫ (
1− γ−2

)1/2
cos θdτ (2.35)
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is the radial distance traveled by an accelerating particle after a (dimensionless) time τ .

Following Subsection 2.1, we rewrite our asymptotic (γ−1 � θ � 1 and Φ = 0 =constant)

equations of motion as
dγ

dτ
≈ θf(τ), (2.36)

dθ

dτ
= −1

2
γ−1θ2f(τ), (2.37)

where this time τ = ωit, µ ≡ ω/ωi, and

∆r ∼ ct, (2.38)

so

f(τ) ∼ 1

1 + ct/ri
=

1

1 + cτ/ωiri
, (2.39)

where
ωiri
c

=
e

mc2

L1/2

c1/2
∼ 3× 1012 L

1/2
42

(
m

me

)−1

(2.40)

is a constant that we will often use, hereafter.

By combining Equations (2.36) and (2.37) we obtain

θ ∼ (Dγ)−1/2 , (2.41)

which is the same of the constant-amplitude case, as it could be expected since dγ/dθ is

independent from f(τ). Given this, we might expect D = 1/2, which was verified by our

simulations.

After that, we can replace Equation (2.41) in Equations (2.36) and (2.37) to finally

obtain the solutions

γ ∼
[

3

2
√
D

ωiri
c

ln (1 + cτ/ωiri)

]2/3

=

[
3

2
√
D

ωiri
c

ln

(
r

ri

)]2/3

, (2.42)
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and

θ ∼
[

3D

2

ωiri
c

ln (1 + cτ/ωiri)

]−1/3

=

[
3D

2

ωiri
c

ln

(
r

ri

)]−1/3

, (2.43)

which is valid as long as γ−1 � θ � 1 and ω−1
i � ω−1. Note that, same as in Subsec-

tion 2.1.2, here we are neglecting integration constants ∼ 1 for τ � 1. In addition, our

solutions become equivalent to the constant-amplitude-wave case when cτ/ωiri = r/ri � 1.

Further discussion of the latter will follow on Subsection 2.2.1. On the other hand, the

solutions are highly constrained when cτ/ωiri = r/ri > 1 due to the presence of the natural

logarithm. Let us first consider the case cτ/ωiri = r/ri > 1.

Since ln(1 + cτ/ωiri) grows slowly at τ ≥ ωiri/c, we can approximate

γ1/r ∼


[

3
2
√
D
τ
]2/3

τ � ωiri
c[

3
2
√
D

ωiri
c

]2/3
∼ 4× 108

(
m
me

)−2/3
L

1/3
42 τ & ωiri

c

(2.44)

and

θ1/r ∼


[

3D
2 τ
]−1/3

τ � ωiri
c[

3D
2
ωiri
c

]−1/3 ∼ 7× 10−5
(
m
me

)1/3
L
−1/6
42 τ & ωiri

c

(2.45)

Therefore, exploring the limits of the constant phase approximation for this case (see

Subsection 2.1.3), assuming τ � ωiri/c, we have

Φ(τ) ∼ µ

2

∫ τ

0
θ2

1/rdτ ∼
µ

2

[∫ ωiri
c

0

(
3D

2
τ

)−2/3

dτ +

∫ τ

ωiri
c

(
3D

2

ωiri
c

)−2/3

dτ

]

∼
(

3D

2

ωiri
c

)−2/3 µ

2
τ.

(2.46)

which, imposing |∆Φ(τ∗sc)| ∼ π, implies

τ∗sc ∼
2π

µ

(
3D

2

ωiri
c

)2/3

, (2.47)

and

∆∗sc ∼
(

3D

2

ωiri
c

)2/3 ( c
ν

)
, (2.48)
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being the latter independent of µ and, therefore, of the starting radius, ri.

Noticing that τ ∼ τ∗sc � ωiri/c implies ∆r ∼ ∆∗sc � ri, we may expect that the particle

does not return to rest after the first semi-cycle (unlike the constant-amplitude-wave case)

since the intensity of the wave decays as f(τ) ∼ ri/∆r ∼ ri/∆∗sc � 1.

Figure 2.7 shows the numerical solutions γ and θ of an accelerating electron in the

presence of a radially decaying EMW with µ = 10−5 as function of τ/τ∗sc. We note

that these results are consistent with our estimations from Equations (2.44) and (2.45)

at τ ∼ τ∗sc � ωiri/c. We also remark that these results are consistent with our guess

that the accelerating electron would not return to rest after the first cycle, but will remain

relativistic.

(a)

(b)

Figure 2.7: Numerical simulated Lorentz factor, γ (panel (a)), and velocity angle, θ (panel (b)), as
function of τ/τ∗sc (Equation 2.47) for an accelerating electron in the presence of a radially decaying
EMW with µ = 10−5. Note also that, in the right hand frames of both panels, we are comparing
the simulated results with their estimated values γ1/r (Equation 2.44) and θ1/r (Equation 2.45).
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2.2.1 Transition between a constant-amplitude and a radially decaying

EMW

As it was previously mentioned, the solutions for the equations of motion when con-

sidering a radially decaying EMW (Equations 2.42 and 2.43) could be connected with the

constant-amplitude-wave case under the approximation cτ/ωiri = r/ri � 1, but there

could be other conditions for this to hold. In this subsection we will focus in defin-

ing such conditions in order to simplify our analysis. Regarding that, from the function

f(ri, τ) ≡ ri/(ri + ∆r) we can see that whenever ∆r � ri (i.e., the accumulated radial

advance of our test particle is negligible with respect to its initial accelerating radius) the

constant-amplitude solutions are valid as an approximation.

Our accelerating particle should behave consistent with the cyclical (of dimensionless

period τsc) and symmetrical solutions of Subsection 2.1.2 (Equations 2.19 and 2.20 with

their respective maximum (γmax; Equation 2.25) and minimum (θmin; Equation 2.26)) as

long as the decay of the wave intensity over the length of one cycle would be much less

than the initial wave intensity (parametrized as ωi = eL/mc3/2 ri). This condition can be

set as ∆sc � ri (Equation 2.24), which implies

µ�
[

2

3
π3D2

(ωiri
c

)−1
]1/3

≡ µlim

� 10−4

(
m

me

)1/3

L
−1/6
42 ,

(2.49)

or

ri �
c

ω

[
2

3
π3D2

(ωiri
c

)2
]1/3

≡ rlim

� 109 cm

(
m

me

)−2/3

L
1/3
42 ν−1

9 .

(2.50)

Therefore, particles starting their acceleration at ri � rlim will follow the solutions of

the constant-amplitude wave case according to the initial intensity they perceive, ωi. Note

that the restrictions from comparing ∆sc or ∆∗sc with ri differ by a factor 3, so they are

equivalent for an order-of-magnitude estimation.
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Figure 2.8 shows numerical simulated result of the Lorentz factor, γ, as function of the

dimensionless time, τ , for an accelerating electron in the presence of a radially decaying

EMW for different values of µ. The results show a transition in the behavior of γ: From

logarithmic, with smooth oscillations, when considering µ = 10−5 in panel (a) (where we

have used τ∗sc (Equation 2.47) as dimensionless time normalization constant) to symmetrical

and cyclic (oscillating between rest and relativistic) when µ = 10−3 in panel (c) (where we

have used τsc (Equation 2.23) as dimensionless time normalization constant).

Regarding the transition from Figure 2.8, a geometrical average points to µ ∼ 10−4 as

the a critical value for this behavioral transition. This is also supported by the substantial

change on the observed numbers of cycles of this panel with respect to panel (a), which

tell us τ∗sc is ceasing to be a good estimation to describe a semi-cycle. All this consistent

with our prediction from Equation (2.49) for electrons. On the other hand, in the case

of protons (along with our nominal parameters for FRBs: L ∼ 1042 erg/s, D = 1/2 and

ν ∼ 1GHz) we have ri ≥ rs ∼ rlim, which means that their solutions are consistent with

the constant-amplitude-wave approximation for any starting radius, ri.

2.2.2 A radial distance scale limit for our particle acceleration model

Now we already analyzed the solutions for the particle’s acceleration by a radially-

decaying wave, we note there is a radius ri above which Ei ≤ Ecrit, in which case our

accelerating particle will qualitatively be only oscillating along the electric field axis with

γ ∼ 1. Since energy conservation allows us to write Ei = Esrs/ri, then the condition

Ei > Ecrit (to ensure a relativistic particle) is rewritten as

ri <
Es
Ecrit

rs =
e

mc

L1/2

c1/22ν
≡ rf

≈ 5× 1013 cm

(
m

me

)−1

L
1/2
42 ν−1

9 ,

(2.51)

which would imply two different radial distance ranges in which our particle acceleration

is valid; rs ≤ ri < rf,p+ = 3 × 1010 cmL
1/2
42 ν−1

9 for protons, and rs ≤ ri < rf,e− =

5× 1013 cmL
1/2
42 ν−1

9 for electrons.

We highlight that the difference between these radial scales of acceleration would imply

39



CHAPTER 2. PARTICLE ACCELERATION

(a) (b)

(c)

Figure 2.8: Numerical simulated Lorentz factor, γ, as function of the dimensionless time τ for an
accelerating electron in the presence of a radially decaying EMW. (a) Shows the case for µ = 10−5;
we also use τ∗sc (Equation 2.47) as normalization constant for time. (b) Shows the case for µ = 10−4;
we also use τ∗sc as normalization constant. (c) Shows the case for µ = 10−3; this time we use τsc
(Equation 2.23) as normalization constant.

the formation of a structure of separate charges. We will discuss this later (see chapter

3.3).
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Chapter 3

Particle acceleration model:

Extension to a plasma

Now we have an idea of the behavior of single protons and electrons in the presence

of a strong and low-frequency EMW, we extend our analysis to a plasma surrounding the

FRB source. The aim is to consider some basic properties of such plasma –such density

and location– in order to put constraints on the physical mechanism, progenitor scenario

(or type) or local environment related to the observed FRBs.

3.1 Avoiding EMW depletion

One of the simplest constraints we can set on a plasma under the presence of an intense

EMW comes from imposing that the maximum kinetic energy density transferred by the

EMW to the plasma does not exceed the electromagnetic energy density of the wave in

order to avoid the depletion of the latter’s energy budge. This is εkin ∼ nγmaxmc
2 �

εEM = E2/4π (where for simplicity B = E =constant), which implies

n� ω2m

D4π3e2
∼ 109 cm−3

(
m

me

)
ν2

9 . (3.1)

That way we can constrain the plasma density to ensure we can actually observe the FRB

radiation at ν ∼ 1GHz.
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It is worth noting that Equation (3.1) assumes the equations of motion of the particles

are not modified by radiative effects, which is actually a good approximation as previously

discussed for the case of a single accelerating particle (see subec. 2.1.4). However, the

radiative analysis could be very different from what we previously showed due to radiative

coherence.

3.2 Coherence

We have discussed in Chapter 2 that the incident radiation from FRBs can quickly

accelerate the particles, coupling them to the wave and making them all move in the

direction of the wave vector, k̂. Thus, the acceleration and radiation processes of the

plasma particles in this scenario is reminiscent of a coherent mechanism. In this section we

study the conditions for such coherence (see also Kumar et al. (2017)) and their implications

over the behavior of the plasma.

Considering that the accelerating particles radiate coherently – which means that the

individual radiative contribution of each accelerating particle is increased through con-

structive interference (see Cox, 1979, and Cordes and Wasserman, 2016)–, and that their

emitting frequency is the same as that of the incident wave, ν ∼ 1GHz (Lyubarsky, 2019),

then the size of a coherent source, ll, along the line of sight in our reference frame must

satisfy

ll . k−1 =
λ

2π
. (3.2)

However, the previous condition does not apply to the transverse size of the coherent

source.

Assuming that the emitting particles move towards us with γ, then the radiated wave-

length in their reference frame will be

λ′ ∼ γλ, (3.3)

which remains the same in our reference system. Thus, the transverse coherent source size,
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lt, in our reference frame follows

lt . k−1γ ∼ 8× 106 cm

(
ri

rf,p+

)−2( m

me

)−2

ν−1
9 , (3.4)

where we used γ ∼ γmax (Equation 2.25).

Another important restriction for coherence is that the motion of the accelerating

particles is confined within the emitting cone (∼ 1/γ) of the relativistic particles, so that

the radiation of all the particles involved is aligned. In a radially expanding source, this

implies that the transverse coherent source size, lt, has to satisfy

lt .
ri
γ
∼ 2× 104 cm

(
ri

rf,p+

)3( m

me

)2

L
1/2
42 ν

−1
9 , (3.5)

where we used γ ∼ γmax (Equation 2.25).

However, since the distance path of the radiation from the opposite ends of the trans-

verse source size is increased with respect to the line-of-sight size, then we have to check

that √
l2t + r2

i +
√
l2t +D2 −D − ri � λ (3.6)

in order that coherence is valid, where D is the distance from the FRB source to us.

Equation (3.6) can be rewritten as

lt .

√
2λ

(
1

ri
+

1

D

)−1

∼
√

2λri ∼ 106cm

(
ri

rf,p+

)1/2

ν−1
9 L

1/4
42 , (3.7)

where we neglected D ∼ Gpc since it is substantially greater than the radial distances of

our interest (ri ∼ rf for protons and electrons).

Since all these estimations for lt are relevant, we take

lt ∼ min

{
ri
γ
,
λ

2π
γ,
√

2λri

}
, (3.8)
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from which we obtain

lt ∼


ri/γmax ∼ 2× 104 cm

(
ri

rf,p+

)3 (
m
me

)2
L

1/2
42 ν−1

9 ,
(

ri
rf,p+

)
≤ 3

(
m
me

)−4/5
L
−1/10
42

λ
2πγmax ∼ 8× 106 cm

(
ri

rf,p+

)−2 (
m
me

)−2
ν−1

9 ,
(

ri
rf,p+

)
> 3

(
m
me

)−4/5
L
−1/10
42 .

(3.9)

Notice that the condition from Equation (3.7) is naturally satisfied for our definition of lt

in Equation (3.9).

As a consequence, the plasma density, n, has to satisfy

n� 1

lll
2
t

≡ 1

Vcoh
≡ ncoh (3.10)

in order for coherent radiation to be in operation, where

ncoh
cm−3

≡


γ2
max

k
r2i
≈ 5× 10−10

(
ri

rf,p+

)−6 (
m
me

)−4
L−1

42 ν
3
9 ,

(
ri

rf,p+

)
≤ 3

(
m
me

)− 4
5
L
− 1

10
42

γ−2
maxk

3 ≈ 7× 10−15
(

ri
rf,p+

)4 (
m
me

)4
ν3

9 ,
(

ri
rf,p+

)
> 3

(
m
me

)− 4
5
L
− 1

10
42 .

(3.11)

A reasonable guess to estimate the coherent radiation power is to multiply the incoher-

ent radiation power by the number of particles within the coherent volume (Cordes and

Wasserman, 2016). This means

Prad,coh ∼ nVcoh × Prad, (3.12)

where nVcoh is the number of particles within the coherent volume Vcoh.
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With this, we can calculate

εrad,coh
εkin

=

∫
n2Vcoh Prad dt∫
nPkin dt

∼ nVcohPrad τsc/ωi
mc2γmax

=


8

9π

(
D

1/2

)−3 (mp

me

)−2
nr2

e
cL

ω2
imc

2

(
ri

rf,p+

)2
,
(

ri
rf,p+

)
≤ 3

(
m
me

)− 4
5
L
− 1

10
42

Dπ5

9

(
m
me

)−1 ω6
i

ω5(c/re)

(
c
ω

)3
n,

(
ri

rf,p+

)
> 3

(
m
me

)− 4
5
L
− 1

10
42

∼


20
(

n
cm−3

) (
ri

rf,p+

)4 (
m
me

)
L42 ν

−2
9 ,

(
ri

rf,p+

)
≤ 3

(
m
me

)− 4
5
L
− 1

10
42

106
(

n
cm−3

) (
ri

rf,p+

)−6 (
m
me

)−7
ν−2

9 ,
(

ri
rf,p+

)
> 3

(
m
me

)− 4
5
L
− 1

10
42 .

(3.13)

So, similarly as we did in Subsection 2.1.4, we can neglect radiative effects on the particle’s

movement if εrad,coh � εkin, which is fulfilled when

n�


5× 10−2 cm−3

(
ri

rf,p+

)−4
L−1

42 ν
2
9 ,

(
ri

rf,p+

)
≤ 3L

− 1
10

42

10−6 cm−3
(

ri
rf,p+

)6
ν2

9 ,
(

ri
rf,p+

)
> 3L

− 1
10

42

(3.14)

for electrons, and

n�


3× 10−5 cm−3

(
ri

rf,p+

)−4
L−1

42 ν
2
9 ,

(
ri

rf,p+

)
≤ 7× 10−3L

− 1
10

42

1016 cm−3
(

ri
rf,p+

)6
ν2

9 ,
(

ri
rf,p+

)
> 7× 10−3L

− 1
10

42

(3.15)

for protons. Note that the condition for coherence to modify the motion of protons is

several orders of magnitude less restrictive than for electrons.

Figure 3.1 shows the behaviors and restrictions of the plasma explored so far in terms of

its density, n, and initial accelerating radius, ri. For instance, we show the curve “ncoh” (in

red; Equation 3.11), at which the electrons become coherent, and the curve “εkin = εrad,coh”

(in pink, Equation 3.13), where the coherent radiation starts playing a relevant role in the

equations of motion. Finally, we show the restriction that arises from avoiding the EMW

energy being depleted by the particle acceleration process, εkin � εEMW (dashed and green

curve; Equation 3.1), in which we neglect effects of the coherent radiation over the equations

45



CHAPTER 3. PARTICLE ACCELERATION MODEL: EXTENSION TO A PLASMA

of motion. We note that the region above the latter curve is ruled out for observed FRBs.

Note also that the latter restriction does not apply above the curve “εkin = εrad,coh”.

Figure 3.1: Regimes of behavior and restrictions for electrons accelerated by a EMW of amplitude
E ∼

√
L/c r2i and frequency ν = 1 GHz from an observed FRB of luminosity, L = 1042 erg/s. The

results are expressed in this figure in terms of plasma density as function of the initial radius of
acceleration, ri/rf,p+ . The curve “εkin = εEMW ” (dashed and green curve; Equation 3.1) is set
in order to avoid the EMW energy depletion by particle acceleration, assuming that the coherent
radiation does not modify their equations of motion. The curve “ncoh”(in red; Equation 3.11)
divides the figure into regimes of incoherent and coherent emission. The curve “εkin = εrad,coh” (in
pink, Equation 3.13) divides the figure into regimes in which the coherent radiation modifies and
no does not modify the equations of motion. Notice that “εkin = εEMW ” is only valid in relation
with their position with respect to “εkin = εrad,coh”; and also note that the grey region is restricted.
In addition, the thin dashed grey horizontal line indicates n = 1 cm−3, while the thick dashed grey
vertical line indicates rf,e−/rf,p+ = mp/me.

This figure tells us that coherent radiation is likely to modify the equations of motion

of protons and electrons at some starting radius ri . rf . This case is non-linear and very

complex, therefore we leave it for future work. However, we will present a brief discussion

about this in Section 3.5.

Note that for simplicity we show only the behaviors and restrictions for electrons in Fig-

ure 3.1, while the plasma also contains protons, which can be accelerated up to a radial scale

rf,p+ ≈ 3× 1010 cmL
1/2
42 ν−1

9 . As was previously discussed in Subsection 2.2.2, the different

maximum radii of acceleration between protons and electrons (rf,e− ∼ rf,p+ (mp/me)) and

their implications for the plasma behavior must be analyzed before continuing.
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3.3. THE CHARGE-SEPARATED REGION

3.3 The charge-separated region

As discussed in Subsection 2.2.2, the maximum radii of acceleration are different for

protons and electrons (rf,e− ∼ rf,p+ (mp/me)). In the region between these two radii,

protons are not accelerated to relativistic speeds, while electrons, in principle, can still

become relativistic due to their interaction with the EMW. As a consequence, there will

be a “charge-separated region” (CSR). The aim of this section is to study their implications

on the plasma acceleration process.

If we approximate that the protons are fixed in place, the CSR implies the generation of

an induced electric field that can be naively modeled as a spherical capacitor with electric

field

ECSR =
4π

3
enr

(
1−

r3
f,p+

r3

)
∼ 4π

3
enr (3.16)

where the last expression can be easily obtained at r � rf,p+ .

3.3.1 CSR potential energy and proton/electron separation

Assuming stationary protons and relativistic electrons within the CSR, the potential

energy, Eind, at ri can be estimated as

Eind ∼
∫ ri

rf,p+

E2
CSR

8π
4πr2

i dri =

∫ ri

rf,p+

(
4π

3

)2 n2e2r4
i

2

(
1−

r3
f,p+

r3
i

)2

dri

=

(
4π

3

)2 n2e2r5
i

10

[
1− 5

r3
f,p+

r3
i

+ 9
r5
f,p+

r5
i

− 5
r6
f,p+

r6
i

]

∼ 8× 1033erg
( n

cm−3

)2
(

ri
rf,p+

)5

L
5/2
42 ν−5

9

[
1− 5

r3
f,p+

r3
i

+ 9
r5
f,p+

r5
i

− 5
r6
f,p+

r6
i

]
,

(3.17)

which we can use to set the condition

n� nCSR,FRB ∼ 4× 102 cm−3

(
ri

rf,p+

)−5/2

L
−3/4
42 ν

5/2
9 ∆t

1/2
−3

[
1− 5

r3
f,p+

r3
i

+ 9
r5
f,p+

r5
i

− 5
r6
f,p+

r6
i

]−1/2

,

(3.18)

47



CHAPTER 3. PARTICLE ACCELERATION MODEL: EXTENSION TO A PLASMA

in order to avoid the complete transference of the FRB energy budget (of luminosity

L = 1042 erg/s and duration ∆t = 10−3 s) into the induced electric field, ECSR, of the CSR.

However, the approximation of fixed protons is only consistent as long as the electrons move

a distance ∆r ∼ ri before the protons become relativistic. Assuming an electron velocity

ve− ≈ c, this condition can be written as

ap+ = eECSR/mpc� c/ri, (3.19)

where a ≡ eECSR/mc. This means

n� 3

π
r−1
e

(ν
c

)2
(
mp

me

)3(mec
2

L

c

re

)(
ri

rf,p+

)−2
(

1−
r3
f,p+

r3
i

)−1

∼ 2× 10−6 cm−3

(
ri

rf,p+

)−2
(

1−
r3
f,p+

r3
i

)−1

L−1
42 ν

2
9 .

(3.20)

So, in the cases in which Equation (3.20) is not satisfied, protons can be delayed with

respect to electrons up to a distance scale

∆xp+e− ∼
c

ap+
=

3

2π
n−1r−1

e

(ν
c

)(mp

me

)2(mec
2

L

c

re

)1/2(
ri

rf,p+

)−1
(

1−
r3
f,p+

r3
i

)−1

∼ 5× 104cm
( n

cm−3

)−1
(

ri
rf,p+

)−1
(

1−
r3
f,p+

r3
i

)−1

L
−1/2
42 ν9.

(3.21)

On one side, Equations (3.20) and (3.21) tell us that it is possible that the induced

electric field in the CSR is geometrically more complex –likely, with a separation distri-

bution between protons and electrons along the CSR– than the simple spherical capacitor

with fixed protons and relativistic electrons, in which case our naive plasma density re-

striction to avoiding the EMW absorption by the CSR (Equation 3.18) should be relaxed

(the complex the electric field geometry is, the less electric energy it can contain). On the

other side, the lower limit on the proton-electron distance (Equation 3.21) implies that

protons will be behind the wave-surfing electrons, so that our estimated induced electric
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field (ECSR; Equation 3.16) is fine as an order-of-magnitude estimation around r ∼ ri.

3.3.2 Free electron acceleration within the CSR

In this subsection we explore the limits of our particle acceleration model applied to

electrons within the limits of the CSR (from rf,p+ to rf,e−). A first approach comes from

imposing ECSR � EEMW in order to verify that the electron is accelerating to relativistic

speeds despite the presence of the induced electric field of the CSR. This leads to the

restriction

nCSR �
3

π
r−1
e

(ν
c

)2
(
mp

me

)2 [mec
2

L

(
c

re

)]1/2(
r

rf,p+

)−2
(

1−
r3
f,p+

r3

)−1

∼ 4× 103 cm−3

(
r

rf,p+

)−2
(

1−
r3
f,p+

r3

)−1

L
−1/2
42 ν2

9 .

(3.22)

A more restrictive condition arises by comparing the maximum kinetic energy (γmaxmec
2;

Equation 2.25) of a freely accelerating electron with the potential electric energy stored

within a semi-cycle radial advance (∆x ∼ ∆sc) of the same electron with respect to the

fixed protons at ri. In this case, neglecting radiative effects, we have

eECSR(ri)∆sc . γmaxmec
2 (3.23)

which, assuming ECSR = constant (Equation 3.16), implies

n <
9

π

mp

me

[(
mec

2

L

)
c

re

]1/2

r−1
e

(ν
c

)2
(
D

1/2

)−1( ri
rf,p+

)−1
(

1−
r3
f,p+

r3
i

)−1

≡ nCSR, trf (∆sc)

∼ 5 cm−3

(
ri

rf,p+

)−1
(

1−
r3
f,p+

r3
i

)−1

L
−1/2
42 ν2

9 .

(3.24)

Thus, within a given cycle, the motion of the electrons in a plasma satisfying this condition

will not be strongly modified by ECSR. On the other hand, we must emphasize that a

plasma with n & nCSR, trf (∆sc) would not follow the solutions and restrictions explored in

the previous chapters regarding the plasma acceleration process.
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Regarding the analysis related to Equations (3.23) and (3.24), we can put a more

restrictive condition by demanding the free movement of our accelerating electrons up to

a distance ∆r ∼ ri (which we will see is an important distance scale for radiative matters;

see Section 3.5). In that case

Ecsr(ri,∆r = ri) =

∫ 2ri

ri

2π

3
e2nr

(
1−

r3
f,p+

r3

)
dr =

2π

3
e2nr2

i

(
3−

r3
f,p+

r3
i

)
, (3.25)

so when comparing this energy with the maximum kinetic energy of electrons (γmaxmec
2),

we obtain the restriction

n <
6D

π

(
e2

mpc2

)−2
mp

me

mpcν
2

L

(
ri

rf,p+

)−4
(

3−
r3
f,p+

r3
i

)−1

≡ nCSR, trf (ri)

∼ 3× 10−3cm−3

(
ri

rf,p+

)−4
(

3−
r3
f,p+

r3
i

)−1

L−1
42 ν

2
9 ,

(3.26)

where we have assumed that the equations of motion are not modified by radiative effects.

Figure 3.2 shows the plasma density restrictions for the free movement of electrons

accelerated by a EMW within the CSR zone (∼ 1 cycle, Equation 3.24; and ∆r ∼ ri,

Equation 3.26). We note the figure is empty above the curve “nCSR, trf (∆sc)” since there

we can no longer trust our asymptotic model even for a single cycle. Also note that the

coloured zones of the figure are explained in more detail in Subsection 3.4.

3.3.3 Equations of motion in the CSR

We can verify the restrictions of the curves “nCSR, trf (∆sc)” and “nCSR, trf (ri)” by

adding the electric field of the CSR, ECSR, into the equations of motion. In that case we

have

γ̇ =
(
1− γ−2

)1/2
[ωc sin θ cos Φ− a cos θ] , (3.27)

θ̇ = γ−1
(
1− γ−2

)−1/2
[
ωc cos Φ

(
cos θ −

(
1− γ−2

)1/2)
+ a sin θ

]
, (3.28)

Φ̇ = ω
((

1− γ−2
)1/2

cos θ − 1
)
. (3.29)
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Figure 3.2: Regimes of behavior and restrictions for electrons accelerated by an EMW of ampli-
tude E ∼

√
L/c r2i and frequency ν = 1 GHz from an observed FRB of luminosity L = 1042 erg/s.

The results in this figure are expressed in terms of plasma density as function of the initial radius of
acceleration, ri/rf,p+ . Here are also present the modifications by the induced electric field, ECSR
(Equation 3.16), of the CSR. Some of the curves were previously explained in Figure 3.1. The black
and dashed curve “nCSR, trf (∆sc)” (Equation 3.24) is related to the transference of the maximum ki-
netic energy of electrons to the induced electric field, ECSR, along the path length of one semi-cycle,
∆sc (Equation 2.24). The green curve “nCSR, trf (ri)” (Equation 3.26) is related to the transfer-
ence of the maximum kinetic energy of electrons to the induced electric field, ECSR, along a radial
advance, ∆r ∼ ri. The figure also shows coloured zones for the plasma behavior, which are labeled
as zn and explained in Subsection 3.4. In addition, the thin dashed grey horizontal line indicates

n = 1cm−3, while the thick dashed grey vertical lines indicate rf/rs ∼ 103 (m/me)
−1
L
1/2
42 ν−1

9 ∆t−1
−3

for protons and electrons.

Note that we can reduce the number of free parameters again by defining τ ≡ ωct,

µ ≡ ω/ωc, and the parameter

b ≡ a

ωc
=

ECSR
EEMW

, (3.30)
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so the equations of motion now become

dγ

dτ
=
(
1− γ−2

)1/2
[ sin θ cos Φ− b cos θ] , (3.31)

dθ

dτ
= γ−1

(
1− γ−2

)−1/2
[
cos Φ

(
cos θ −

(
1− γ−2

)1/2)
+ b sin θ

]
, (3.32)

dΦ

dτ
= µ

((
1− γ−2

)1/2
cos θ − 1

)
. (3.33)

We stress that, hereafter, we will consider ECSR (and therefore a) as a constant, which is

partially justified since we consider radial advances ∆r . ri.

Assuming negligible radiative effects, we can rewrite the restriction from the curve

“nCSR, trf (∆sc)” (Equation 3.24) as

b� 3

π

(
D

1/2

)−1

µ ∼ µ (3.34)

to ensure a one-cycle free electron acceleration, and of the curve “nCSR, trf (ri)” (Equa-

tion 3.26) as

b�
(
D

1/2

)
π2

2

(
mec

2

L

c

re

)1/2

µ−2 ∼ 10−8
( µ

10−2

)−2
L
−1/2
42

(3.35)

to ensure free electron acceleration for a radial advance ∆r ∼ ri.

Figure 3.3 shows the case of the curve “nCSR, trf (∆sc)”, in which the kinetic energy of

the electron is expected to be lost within a semi-cycle (∆r ∼ ∆sc). The actual results show

a substantial decrease in the Lorentz factor between cycles (which consequently shortens

over time). We note that, given numerical limitations, we only show our simulations up

to τ/τsc ∼ 0.1, which nevertheless is sufficient to show the validity of the restriction from

Equation (3.34) (and its original equation 3.24). Now, by doing this same exercise with

the condition from the curve“nCSR, trf (ri)” we obtain the same conclusion, except that it

happens in a longer radial scale (∼ ri).

Figure 3.4 shows the Lorentz factor, γstart,cycle, at the beginning of each cycle. Here

the results show that there are no symmetric cycles, unlike what is observed when there is

no induced electric field.
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Figure 3.3: Numerical solution for the Lorentz factor, γ, velocity angle, θ, radial advance, x/∆sc,
and phase, Φ, as functions of τ/τsc (Equation 2.23) for an electron accelerated by an EMW of
amplitude parametrized by µ = ω/ωi. The simulations also consider the presence of the induced
electric field of the CSR, which is parameterized by b ≡ a/ωc. In this case we chose b = µ = 10−2,
according to Equation (3.24).

As we could observe along this subsection, our curves “nCSR, trf (∆sc)” and “nCSR, trf (ri)”

serve as an order-of-magnitude restriction to clarify the limits of our simplified model of

particle acceleration for the case of electrons in the CSR.

3.4 Regions of different plasma behavior

In this section we summarize the plasma behavior in each of the zones identified in

Figure 3.2, which are divided in terms of the plasma density, n, and the radial distance,
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Figure 3.4: Numerical solution for the Lorentz factor, γstart,cycle, at the start of each cycle as a
function of τ/τsc (Equation 2.23) for an electron accelerated by an incident EMW (whose amplitude
is parametrized by µ ≡ ω/ωc) and decelerated by the induced electric field of the CSR (which is
parameterized by b ≡ a/ωc). In this case we chose b = µ = 10−2, according to Equation (3.24).

ri, from the source of the FRB.

• Zone 1 (brown region): Protons and electrons radiate coherently with coherence-

modified equations of motion. This means that we do not know how protons and

electrons move and radiate since the coherent radiation is strong enough to modify

the particle’s energy.

• Zone 2 (purple region): Protons and electrons radiate coherently. Electrons have

coherence-modified equations of motion (thus, we do not exactly know how they move

and radiate). On the other hand, protons have regular equations of motion, so they

follow the Equations 2.19, 2.20, 2.25, 2.26, and radiate according to Equation 3.12.

• Zone 3 (blue region): Here, electrons radiate coherently with coherence-modified

equations of motion, while protons are not accelerated to relativistic speeds.

• Zone 4 (light blue region): Protons and electrons radiate coherently. Protons

with coherence-modified equations of motion. Electrons have regular equations of

motion (Equations 2.19, 2.20, 2.25, 2.26), and radiate according to Equation 3.12.
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• Zone 5 (light red region): Protons and electrons radiate coherently, but this time

both follow the regular equations of motion (Equations 2.19, 2.20, 2.25, 2.26), and

radiate according to Equation 3.12.

• Zone 6 (green region): Here electrons radiate coherently (following Equation 3.12)

while protons incoherently (following Equation 2.29), both with regular equations of

motion.

• Zone 7 (orange region): Here, electrons radiate coherently with regular equations

of motion, while protons are not accelerated at relativistic speeds.

• Zone 8 (yellow region): Electrons radiate incoherently with known equations of

motion while protons radiate coherently with coherence-modified equations of mo-

tion.

• Zone 9 (pink region): Electrons radiate incoherently while protons radiate coher-

ently, both with regular equations of motion.

• Zone 10 (cyan region): Protons and electrons radiate incoherently with regular

equations of motion.

• Zone 11 (light green region): Here, electrons radiate incoherently with regular

equations of motion, while protons are not accelerated to relativistic speeds.

• “nCSR, trf (ri)” (continuous green curve): Below this curve the electrons move

freely for a distance ∆r ∼ ri within the CSR.

• “nCSR, trf (∆sc)” (dashed black curve): Below this curve the electrons move freely

for a distance ∆r ∼ ∆sc (one semi-cycle) within the CSR. As a corollary, above this

curve electrons would be promptly stopped by the induced electric field, ECSR (which

is why above this curve the figure is empty).

3.5 Cumulative coherent radiation analysis

Until this point, we have analyzed the effects of radiation over the equations of motion

of the accelerating particles in order to know how they behave and how much energy is
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drained from the EMF by the conversion into kinetic energy. In this section, we will see

that an important part of the energy budget of the FRB could be cumulatively scattered by

coherent radiation over the several cycles of acceleration that the particles will experience.

To do that, we will consider that our estimations related to coherent radiation from

Section 3.2 are valid, which also assumes the validity of the solutions for the regular

equations of motion. To calculate the total coherently radiated energy, we estimated

the radiated energy per particle and per semi-cycle by integrating the coherent radiation

(Equation 3.12) along the timescale tsc = τsc/ωi (Equation 2.23). This is

Erad,coh
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=
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0
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Our next step was to integrate this along all semi-cycles,

N ≡ c∆t

λ/2
∼ 2× 106 ν9 ∆t−3, (3.37)

contained within the FRB pulse. Noticing that each step size is estimated as
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(3.38)

we can estimate the radial distance distribution at any step cycle number, k, by approxi-

mating
dr/rf,p+

dk
∼

∆r/rf,p+

∆k
∼

∆sc,k

rf,p+
∼ C

(
r

rf,p+

)−2

, (3.39)

and then integrating this expression to obtain

rk
rf,p+

∼

[
3Ck +

(
ri

rf,p+

)3
]1/3

, (3.40)
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where
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We integrate the total energy radiated per particle for each of the branches of Erad,coh
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while in the case ri/rf,p+ > 3 (m/me)
− 4
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where
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Then, integrating all the particles within an initial radius, ri,

Etot (ri) ∼ 4πr2
i n Ecycles ∆ri ∼ 4πr3

f,p+n Ecycles
(

ri
rf,p+

)3

, (3.46)

and then comparing this energy with the energy budget of the FRB, we obtain the plasma

density restrictions
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for
(
ri/rf,p+

)
> 3 (m/me)

− 4
5 L
− 1

10
42 . The previous restrictions prevent the complete scat-

tering of the FRB energy through coherent radiation from the accelerating particles.

Figure 3.5 shows the restriction, ncoh,scat (Equations 3.47 and 3.48), to avoid the com-

plete depletion of the energy budget of a putative FRB (of luminosity L ∼ 1042 erg/s and

duration ∆t ∼ 1ms) through the coherent radiation emitted by accelerating protons (con-

tinued yellow line) and electrons (continued blue line) initially located at ri, throughout

their interaction with the EMW of the FRB.

The results of Figure 3.5 show that the most relevant plasma density restriction might

be produced by the coherently radiating electrons, which at ri ∼ rf,p+ impose a plasma
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Figure 3.5: This figure shows the plasma density restriction, ncoh,scat (Equations 3.47 and 3.48),
set to prevent the complete scattering of the FRB energy budged through the coherent radiation
emitted by electrons and protons accelerated by a EMW of amplitude E ∼

√
L/c r2i from an

observed FRB of luminosity, L = 1042 erg/s, and frequency ν = 1GHz.

density limit

n� ncoh,scat(rf,p+) ∼ 3× 10−2 cm−3 L
−7/12
42 ν

5/3
9 ∆t

−1/3
−3 , (3.49)

which is small, and becomes even smaller for L > 1042 erg/s, one of the parameters of

FRBs that varies the most.

The restrictions were set from the consideration of a particle acceleration process at a

given initial radius, ri, so their validity actually depends on whether the coherent radio wave

was produced at that radius or not. We will discuss more about this in the next chapter.

Also note that the restriction were set under the condition that the particles could reach

γ ∼ γmax, which in the case of a radially-decaying EMW amplitude occurs at ri/rf,p+ >

rlim/rf,p+ ∼ 5×10−2 (m/me)
−2/3 L

−1/6
42 (see Equation 2.50 from Subsection 2.2.1), so that

the restriction from equation 3.48 should be valid at ri & 0.1 rf,p+ in the case of Figure 3.5.
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Chapter 4

Discussion and conclusions

In this chapter we want to identify any information that could give a new insight about

the FRB phenomenon. In order to do so, first we make a short comparison of our particle

acceleration model with a previous similar analysis in the literature (Luan and Goldreich,

2014). Then, we analyze the limitations of the plasma density restrictions obtained from

the analysis of our coherent-radiation model. After that, we use our results to constrain

the emitting location of the FRB signal in the context of the “curvature radiation” (Cordes

and Wasserman, 2016; and Kumar et al., 2017) and “synchrotron maser” (Gallant et al.,

1992, Lyubarsky, 2014) mechanisms. Finally we present our conclusions and propose future

work.

4.1 Model comparison

Luan and Goldreich (2014) did a short order-of-magnitude analysis for the particle ac-

celeration process near the FRB source which was based on a previous study by (Gunn and

Ostriker, 1969). We note that the results from Luan and Goldreich (2014) and Gunn and

Ostriker (1969) are consistent with ours when estimating the cyclical behavior and maxi-

mum Lorentz factor experienced by the accelerating particles under such intense EMWs.

However, we emphasize that our work went further by analyzing the potential radiative

effects of the particles on themselves and on the incident EMW of the FRB.
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4.2 Limitations on the radiative restrictions

One of the most obvious limitations of our radiative analysis and, thus, of our plasma

density restrictions (Equations 3.47 and 3.48) comes from analyzing their validity near

and above the curve εkin = εrad,coh (Equation 3.13), i.e, where the coherent radiation can

significantly affect the particle’s movement. What we might expect, however, is that the

condition εkin < εrad,coh indicates that the true equilibrium Lorentz factor γeq < γmax for

the accelerating (and radiating) plasma particles. In that case, given our definition for

the lateral coherent scale lt (Equation 3.9), we could naively say that, for γeq < γmax,

our restriction for the plasma density could become more restrictive in its first branch

(Equation 3.47) and less restrictive in its second branch (Equation 3.48). However, in

order to obtain a more robust plasma density restriction we require a fully developed (and

more complex) result for the Lorentz factor when εkin < εrad,coh, which is beyond the scope

of our order-of-magnitude analysis.

We also notice that the plasma density restrictions of Equations (3.47) and (3.48)

were established from assuming that the outgoing coherent radiation from the accelerating

particles can completely scatter the incident electromagnetic energy of the FRB out to its

nearby surroundings. Now, even though the coherent emission of the accelerating particles

could in fact “modify” the original FRB signal, we are not certain that this modification

could directly imply the complete scattering of the FRB energy. Thus, further analysis is

needed to derive more reliable conclusions. Despite these limitations, for simplicity, here

we take our plasma density restrictions as valid.

In order to resolve the limitations mentioned in this section, it is needed to self-

consistently solve the Maxwell equations in conjunction with the equations of motion of

the plasma particles –for example, when deriving the dispersion relation of waves in plas-

mas (Thorne and Blandford, 2017)–. One of the major complexities of completing this

task is related to the highly relativistic nature of plasma when faced with such intense

low-frequency waves.
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4.3 Emission mechanism analysis

In the following analysis, we will assume NS-related progenitor scenarios, as was al-

ready observed for the galactic FRB 200428 (The CHIME/FRB Collaboration et al., 2020,

Bochenek et al., 2020). We discuss the implications of our restrictions for two of the most

accepted coherent emission mechanisms for FRBs in the literature:

4.3.1 Curvature radiation

The curvature radiation is the emission by relativistic bunches of particles (mainly

positrons and electrons) that coherently radiate while following the curved magnetic field

lines of their NS. Given the latter, the activation radius, ract, of the FRB for this mechanism

is restricted to occur within the NS magnetosphere (Cordes and Wasserman (2016); Kumar

et al. (2017); Ghisellini and Locatelli (2018); Katz (2018a); Lu and Kumar (2019)), whose

characteristic radius is set by the light cylinder

rL =
cP?
2π
∼ 0.5× 1010 cmP?0, (4.1)

where we normalized the latter expression by a rotational period, P? = 1 s.

Now, considering that rL < rf,p+ , the relevant density restriction (in this case, Equa-

tion 3.47) from our model of coherent radiation can be rewritten as

n� ncoh,scat ∼ 0.5 cm−3

(
ri
rL

)−3/2

P
−3/2
?0 L

1/6
42 ν

1/6
9 ∆t

−1/3
−3 , (4.2)

which is relatively low in comparison with the density one might expect to find within a

NS magnetosphere (see Pétri, 2016; Cordes and Wasserman, 2016; and Cerutti and Be-

loborodov, 2017). As a consequence, we propose that emission mechanisms for FRBs pro-

duced within a NS magnetosphere (i.e., ract . rL, like in this case for curvature radiation)

could be disadvantaged according to our model.
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4.3.2 Synchrotron maser

After the onset of a magnetar flare, it is expected the expulsion of a substantial amount

of magnetic energy and relativistic (and/or transrelativistic) plasma particles (see Gaensler

et al., 2005, Granot et al., 2006, Beloborodov, 2017). This magnetic energy is transported

outwards along with the plasma, and it has been proposed that it is transformed into the

EMW of FRBs via the synchrotron maser mechanism, which is the stimulated emission

from energetic particles gyrating in a strong and ordered magnetic field (Langdon et al.,

1988, Hoshino et al., 1992, Gallant et al., 1992, Usov and Katz, 2000, Sagiv and Waxman,

2002). For FRBs, there are two possible distance scales, ract, for which this process could

occur:

The wind termination shock

For a magnetar of dipolar magnetic field B? = 1015G, radius r? = 106 cm, and rota-

tional period P? = 1 s, the wind termination shock is determined by the radial distance

at which the wind pressure, Lsd/4πr
2c (where Lsd = 16π4B6

?r
6
?/c

3P 4
? is the spin-down

luminosity of the NS), equals the pressure, p, of the nebula:

rts =

√
4π3B2

?r
6
?

P 4
?0c

4p
∼ 1015 cmB?15 r

3
?6 P

−2
?0 p

−1/2
−4 , (4.3)

where the pressure, p, is normalized to 10−4 dyn/cm2 (the estimated pressure within the

nebula of the repeater FRB 121102; Beloborodov, 2017, Lyubarsky, 2020).

Lyubarsky (2014) claims that rts ∼ 1015−1016 cm is a promising location for the coher-

ent radio emission of FRBs via the synchrotron maser mechanism in a positron/electron

wind plasma. Since the restrictions of our model for this case could be extended up to

rf,e− ∼ 1013 cmL
1/2
42 ν

−1
9 , we cannot put any constraints over this model, even for the more

extreme observed FRBs.
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Around the place of collision of the wind with previously-ejected baryonic

material

Metzger et al. (2019) and others (Beloborodov, 2017, Beloborodov, 2020, and Margalit

et al., 2020) propose that the wind deceleration, and therefore, the radio emission of FRBs,

could be produced at the meeting place between the newly and previously ejected baryonic

material from the flares of a repeating FRB source. According to Metzger et al. (2019),

this could occur at ∼ 1012− 1014 cm, where there would be an ion/electron plasma density

n ∼ 102 − 105 cm−3. In such case, the restrictions from our model can be set up to

rf,p+ ∼ 1010 cmL
1/2
42 ν

−1
9 , which means we cannot constrain the emission mechanism for

this model.

We highlight that our restrictions are only moderately dependent on the FRB luminos-

ity, except for the distance scale rf ∝ L−1/2, which could induce some differences in our

analysis. As a consequence, all the implications discussed in this section work well over a

wide range of luminosities around L ∼ 1042 erg/s. However, our restrictions might allow

the emission of FRBs from within the magnetosphere of a NS for the less luminous events

(the lower the luminosity is, the deeper in the magnetosphere FRBs can be produced), such

as the case of the galactic FRB 200428 (with L ∼ 1038 erg/s; The CHIME/FRB Collabo-

ration et al., 2020, and Bochenek et al., 2020) from the magnetar SGR 1935+2154 (with

rL ∼ 1010 cmP?/3.2s; Israel et al., 2014). Nevertheless, since a FRB mechanism should

cover the complete FRB luminosity range, and that a vast fraction of it constrained by

our model if FRBs are produced within the magnetosphere of a NS, we propose that the

latter restriction hold for all FRBs.

4.4 Conclusions

In this thesis, we outlined a model of particle acceleration, which was motivated by

the intense EMW that should be present in the vicinity of the source of a FRB. We

showed that the accelerating particles will quickly become relativistic and move in the

direction of the incident FRB wave. In this process the particles periodically reach a

Lorentz factor, γmax ∼ (ωc/2πν)2 � 1, which remains valid up to the radial distance,
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rf = (e/2mcν)
√
L/c ∼ 3 × 1010 cm (m/mp)

−1 L
1/2
42 ν−1

9 . The fact that rf is different for

protons and electrons implies that a charge-separation region will form, disrupting the

acceleration process of electrons beyond rf,p+ if the plasma composition of the FRB source

is dominated by ions and electrons.

In our model, we also analyzed the incoherent and coherent radiation processes experi-

enced by the accelerating particles and concluded that the total emitted coherent radiation

can be strong enough to modify the original FRB signal, potentially scattering the electro-

magnetic energy budget of this event out to the source environment if the FRB activation

mechanism is produced at ract < rf (depending on the plasma density and its composi-

tion). As a consequence of the latter, we propose that mechanisms that invoke the emission

of FRBs from within the magnetosphere of a NS or magnetar (like the “coherent curva-

ture radiation”) might not be favoured by our model. Instead, we support alternative

mechanisms in which the FRB is emitted far from the magnetosphere of a neutron star

or magnetar, such as the “synchrotron maser”. Naturally, given the limitations of our

order-of-magnitude estimations, further work is required to obtain more conclusive results.

4.5 Future work

As discussed in this chapter, we need a further analysis of the solutions for the equations

of motion of the plasma particles when εkin < εrad,coh in order to obtain more reliable

plasma density restrictions. In addition, it is necessary to understand how the coherent

radiation modifies the incident FRB signal and how much of the initial FRB energy is

transferred to the source environment. In order to solve these limitations, we propose to

extend our work by self-consistently solving the Maxwell equations and the equations of

motion of the plasma. We propose to look for more applications of our results to other

progenitor scenarios for FRBs (see Platts et al., 2018). In addition, although this model was

applied to FRBs, it is applicable to other FRB-like phenomena (such as the “giant pulses”

of radio pulsars; Cordes and Wasserman, 2016); thus, we propose to look for applications

in such kind of events.
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