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ABSTRACT OF THE DISSERTATION

Plasma Wakefield Acceleration of Ultra-High Energy Particles in Astrophysical Jets
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Ultra-high energy cosmic rays (UHECRs) are the most energetic particles known to exist,

reaching energies as high as 1020 eV – a firm cutoff due to the GZK limit. It is believed

that many of these particles originate in the jets of active galactic nuclei (AGN). Plasma

wakefields propagating along AGN jets, driven by extremely intense electromagnetic pulses

(whose Lorentz invariant vector potential may range from 106 – 1010) are argued to be a likely

mechanism capable of generating ultra-high energy (UHE) charged particles, in addition to

UHE neutrinos and gamma-rays as a result of collisions, among other emission types. A

wakefield acceleration (WFA) model is developed in an effort to shed light on the origin of

the these signals. It is posited that wakefield acceleration in conjunction with the magneto-

rotational instability of the accretion disk explains both structural properties of the jets

and details in their emission signals, such as correlations in neutrino and gamma-ray bursts,

and in the case of blazars, anti-correlations in flux and spectral index. Furthermore, the

model presented herein predicts an upper bound for the energy of UHECRs emitted from a

source given the mass of its central compact object and total jet luminosity. Six case studies

from a comprehensive mass range (1 − 109 M⊙) of astrophysical objects, each of which

possess jets, emit high-energy gamma radiation and in some instances spatially identifiable

UHECRs. All sources are strong candidates for UHECR emission, if not already known to

emit them. To provide context for our model predictions we quantitatively compare them
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with observational data. Since the accretion and acceleration mechanisms are independent

of mass, aside from determining maximum values, blazars (∼ 109 M⊙), radio galaxies (∼

108M⊙), Seyfert galaxies (∼ 106M⊙), starburst galaxies (∼ 103M⊙), even microquasars

(1 ∼ 10 M⊙) interestingly exhibit the same physics.

x



Chapter 1

Introduction

1.1 Astrophysical Jets

The effect of magnetic fields cannot be ignored when trying to understand the dynamics of

astrophysical plasmas in relatively small (e.g. solar dynamo) or large (e.g. galactic disc-jet

structures) scales as Hannes Alfvén himself pointed out, see, for example, his book Cosmic

Plasma [20], specifically Figs. II.9 and II.10. Subsequent research has demonstrated their

importance in the generation of massive cosmic structures. Lovelace and Blandford [86, 30],

and Uchida and Shibata [142, 127, 128] showed that the presence of an axial magnetic field in

an accretion disk can generate extremely long jets, in many cases longer than the host galaxy

(or binary star) is wide. Galaxies that host jets are colloquially known as active galactic

nuclei (AGN) of which perhaps a surprisingly large number of galaxies are categorized.

The shear size of AGN jets, and the fact that they are well-contained and stable against

otherwise destructive instabilities suggests that an extremely energetic force is present. In

this dissertation it is posited that jets and their ultra-highly energy (UHE) emissions cannot

be understood as an independent system on a local scale, but instead a single, global system
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in synchronicity with the host accretion disk from which the jets are created.

A great deal of research has been done in an effort to decipher the nature cosmic plasmas.

For example, Kennel et al. developed numerical magnetohydrodynamics (MHD) simula-

tions of cosmic plasmas [83, 84] that illustrated magnetic fields essential role in determining

global topology of magnetospheres, while also pointing out their influence on small-scale

astrophysical plasmas. Alfvén pointed out the filamentary nature of cosmic plasma, Uchida

and Shibata demonstrated how AGN jets are born out of accretion discs, and Leboeuf et

al. observed a shock cone, among many other works. In this dissertation, Uchida and Shi-

bata’s work on jet formation from an accretion disk (a global MHD model) lies at the heart

of the subsequent model for estimating UHE emissions of jets. It is possible that kinetic

effects could give rise to the dynamo effects that spontaneously produce magnetic fields out

of non-magnetized plasma (see e.g. Ref. [99]). However, barring such microscopic effects,

it is worth pointing out that nonmagnetic, gravitational dynamics of accretion discs cannot

produce jets. This should hopefully convince the reader that the role magnetic fields play in

disc-jets systems is of great significance.

When there is a static constant axial magnetic field, Bz, originally penetrating the accretion

disk plasma, the rotational motion of the accretion disk twists the magnetic field, which

creates an azimuthal component of the field, Bθ (e.g. Fig. 4.17 in [135]). These axially

oriented fields may be from already present intergalactic fields, or from plasma turbulence

within the disk itself. Distortion of the originally uniform Bz field gives rise to the radial

inward current Jr through Ampere’s law,

4π

c
J = ∇×B. (1.1)
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The Lorentz force due to the radial current and azimuthal magnetic field then accelerates

plasma in the axial direction (ẑ), perpendicular to the accretion disc,

f =
1

c
(J ×B). (1.2)

This force is what generates a steady stream of plasma emanating out of the disc. The

longitudinal magnetic field, Bz, and the induced toroidal field, Bθ, generate the helical field

structure of the jets as plasma is forced in the axial directions. Furthermore, the wrapping

pitch increases near the center of the disk due to differential (Keplerian) rotation, giving

rise to a remarkably well-collimated structure we know as ”jets.” See, for example, works by

Shibata et al. and Matsumoto et al. [128, 128, 92], and Fig. 1.1. These jets can extend as

far as nearly a Mpc in length, as in the case of Cygnus A (see Fig. 1.2), in many instances

much longer than the width of their host galaxies’ accretion disc. The interplay between

the immense gravitational pull of the central accreting engine, a super-massive black hole

(SMBH) (or a neutron star, NS, in the case of some microquasars), it’s rotating accretion

disc, and intricately woven jets, which guide plasma away from the center along the axes,

maintains the stable disc-jet structure. Eventually the speed of plasma must slow down due

to inherent collisions with interstellar gases and in turn form large lobes, or plumes at the

end of the jets, where turbulent beam-plasma instabilities dominate the otherwise coherent

stream of plasma.

1.2 UHE Emissions

Ultra-high energy cosmic rays (UHECRs) are the most energetic particles known to exist,

reaching energies as high as 1020 eV – a firm cutoff due to the GZK limit. It is believed
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Figure 1.1: Over the timescale of the disc’s orbital period, the axial magnetic field will
develop twisted, concentric layers of helical fields, where the inner layers having a greater
wrapping pitch than outer layers due to the differential rotation of the accretion disk (from
[135]).

Figure 1.2: VLA image of the radio galaxy Cygnus A (3C 405) with its jets and giant
radio lobes (credit: NRAO/AUI). Matter is accreted from the inner disk (central bright dot)
orbiting the central black hole and subsequently expelled, creating bipolar jets (right and
left thin lines extending from the accretion disk). It is visually evident that the jets are
stable (absence of plasma instabilities) for the majority of their length, until their kinetic
energy has depleted substantially and begins to interact with the ambient plasma, forming
turbulent gaseous lobes (top right and lower left cocoon) at the end of both jets. We consider
wakefield acceleration in the thin, elongated jet.
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that many of these particles originate in the jets of active galactic nuclei (AGN). Some of

these UHE particles may travel to Earth’s atmosphere and upon doing so become UHE-

CRs, creating a cascade of subatomic particles and photons, detectable by ground-based

observatories, when they collide with atmospheric particles. A wide scope of astrophysical

objects ranging from blazars, radio galaxies, Seyfert galaxies, starburst galaxies, and even

microquasars emit intense high energy gamma rays (≥ 10 GeV), often in spatially (localized)

and temporally identifiable fashions. From each respectable class we chose to study at least

one object that is known to host jets – columns of accelerated plasma extending from the

poles of the central compact object (either a black hole or neutron star) – as case studies

to quantitatively compare their emissions with our theory. Wakefield acceleration (WFA)

primarily has implications on UHECRs, UHE neutrinos and gamma-rays, and X-rays, but

the theory has milder implications on optical-band light and radio emissions. Most of the

selected objects emissions are spatially localized. Some also exhibit temporal structure in

their signals, characteristic of WFA. The emissions often are created simultaneously, such

as the coincidental ”bursts” of high energy gamma rays and neutrinos recently detected in

blazar TXS 0506+056 [68, 54, 121].

The high energy phenomena associated with accreting blackholes has been observed with

gamma-ray emission. First, The Fermi Gamma-ray Space Telescope, formerly GLAST

(Gamma-ray Large Area Space Telescope) launched in 2008 [96] observed accreting black-

holes such as active galactic nuclei (AGN) and binary blackholes in the GeV-100 GeV region

[7, 14, 15]. In addition, air Cherenkov telescopes, such as MAGIC [45], H.E.S.S. [45], or VER-

ITAS [116] and water Cherenkov detector such as High Altitude Water Cherenkov (HAWC)

observatory [43] observed accreting blackholes in TeV and multi TeV gamma rays.

Cosmic rays vary from modest to extremely high energies (5 ∗ 1019 eV and beyond). The

conventional theory of first-order Fermi shock acceleration has been successful in explaining

the universal spectral index of approximately 2 [78] for UHECR energy. However, beyond
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1019 eV, protons begin to radiate their energies in very large quantities due to synchrotron

radiation if they are bent by magnetic fields (as required by Fermi acceleration) or other

collisions, since the radiated energy scales quarticly with the Lorentz factor of the particle

[71]. Nonetheless, observations have detected UHECRs with energies beyond 1020 eV coming

from localized origins [11, 64, 44]. Wakefield accelerates particles collinear to the propagation

of the wave (see figure 1.3) and therefore they suffer no inherent energy loss. This also implies

UHE signals generated by WFA should be emitted axially from the jets.

1.3 Wakefield Acceleration

Ebisuzaki and Tajima suggested that an massive accretion event (following the eruption of

the disk due to an instability), at the root of the jet formation region would give rise to

a strong excitation of the otherwise steady emanation of the jet flow, which leads to the

formation of the large collective plasma wave excitations as a result of an extremely intense

electromagnetic (EM) pulse and their further collective behavior in the jet plasma (see Fig

2.1) [46, 47]. As the jet flows accompany the woven fabric of the helical magnetic fields,

should disk eruptions occur episodically, so to would excitations of Alfvén waves (or shocks)

beginning at the root of the jets, which would then propagate outward along the jet. These

Alfvén shocks also give rise to a new structure formation, called wakefields, that trail behind

in the wake of the driving wave. The Alfvén waves (or shocks) group, and phase velocities

are often very close to the speed of light due to the low plasma density and strong magnetic

field within the jet. Even if it is not, we will consider that these Alfvén waves tend to

eventually mode convert into an extremely intense electromagnetic pulse (as the density and

the magnetic field that sustain the Alfvén wave decrease along the length of the jet). We will

see the implications of this as a spectacularly self-organized motion and structure formation

that is due largely to the highly relativistic motion of the wave and it’s extreme intensity.
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We find that such relativistic entities tend to show robust structural and dynamical stability

and resilience [133]. This is why the wave can in theory propagate to the end of its jets.

Figure 1.3: Classic 1D PIC simulation of wakefield depicting the trailing electrostatic field
in red, electron density in blue, and the driving laser pulse in yellow. The clear coherency
due to the high phase velocity (in fact relativistic) wakefields is demonstrated (from [136]).

Inspired by spatially pinpointed, and temporal coincidences in various emission types from

sources possessing jets, a quantitative comparison of the observational features mentioned

in the previous sub-chapter is done using a wakefield acceleration (WFA) model layed out

in Ch. 2, a mechanism that can readily give rise to such characteristics [46, 47]. This

endeavour has already garnered interest from the broader scientific community [77, 67] as

a new acceleration mechanism potentially capable of shedding light on the mystery that

are UHECRs in addition to coincidental GRBs and neutrino events. It is argued that the

compact central objects (active galactic nuclei, or active stellar binaries) can accompany

accretion disk and jets [129, 135, 35]. Under these circumstances, in spite of the disparate

central masses among the selected objects, similar physical sequences and observational

features may be expected. The structure and dynamics, we study in theory and find in

observations, lead to unique and characteristic spatial, temporal and energetic features. It

will be shown that many of the various emission signals observed are in fair agreement with

their corresponding predicted values. However, foregoing providing accurate analyses of
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UHECR flux we might expect to see from Earth for each particular source. This is because

intergalactic magnetic fields, the angle between our line of sight (LOS) and the polar axes of

the accreting object, and the power-law index, p, that determines the rate of spreading for a

given source’s jets (see appendix A) all heavily factor into providing an accurate estimation

of the flux one might expect to arrive at Earth. Instead we opted to report the total values,

as if an observer were to capture all of the emitted UHECRs. Other acceleration mechanisms,

such as first-order Fermi shock acceleration [29, 28], magnetic reconnection [41, 39, 122], and

turbulent heating/acceleration [109] are contrasted with the present model.

A charged particle can be trapped by a plasma wave (wakefield), and thus accelerated only

if its velocity is within the trapping velocity width of the wave, vtr =
√

qE/mk, where E is

the electrostatic field created by the plasma wake, k is the wavenumber, and q and m are

the charge and mass of the particle, respectively [108]. Typically vph ≫ vth when exciting

wakefields, where vph is the phase velocity of the wave, and vth is the thermal velocity of

the plasma. Otherwise, if vph ∼ vth, then the wave is resonant with the bulk plasma and

instabilities such as the drift wave instability can occur and the wakefield becomes unstable

[136]. When the wave is intense enough such that vtr ∼ vph ≫ vth the wakefield traps the

bulk of the plasma and is stable. We also note that in addition to the particle acceleration

vector being parallel to the electrostatic wave vector, the acceleration gradient is constant in

time (before the wave begins to dissipate) and Lorentz invariant, making WFA very efficient

(see Fig. 1.2).

In a typical young star-forming galaxy with an AGN, the rotational plasma motion around

the AGN amplifies the embedded magnetic field of the disk leading to large accretion events

[25, 91, 46]. This accretion is followed by the Shibata & Uchida [128] MHD propulsion of

the accretion jets with a remarkable structure formation, whose relativistic factor of the jet

motion, Γ, may be as large as 103. Such jets can exhibit a huge spatial extent and structural

integrity over 10 - 103 times the accretion disk diameter. Typically, the well collimated,
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narrowly defined jets show a clean and undisturbed structure, suggesting that such highly

relativistic dynamics shields itself from rapid turbulence and destruction of the jet structure.

(After a long propagation and emanation of its energy, the jet begins to deplete, and then

the jet motion starts to interact strongly with the surrounding intergalactic plasma, forming

cocoon-like swollen clouds of plasma instabilities as seen at the end of each jet in Fig. 1.2).

We consider intense wakefield formation in these jets, triggered by the episodic events of

large bulk accretion driven by the magnetorotational instability (MRI) [25] process in the

accretion disk [91], which can cause a large pulse of shear motion of the magnetic fields

at the root of the plasma jet [46]. We find from our estimate that the induced wakefields

normalized intensity, a0 ≡ qE/mωc, is as large as 1010 (ultra-relativistic regime of wakefield

acceleration; [136]), which implies vtr ≈ c. In general, the greater the relativistic intensity

(i.e. a0) is, the stronger are the coherence and integrity of the wakefields [133]. Therefore,

we expect that the resultant wakefields can persist over quite a large spatial extent within

the jets without quickly depleting its energy. The Alfvén speed, vA, in a jet is nearly equal

to the speed of light due to the generally very strong magnetic field and low plasma density.

Since vtr ∼ vph = vA ≫ vth, the condition is met for stable acceleration of the bulk plasma

in a jet.

1.4 Accretion disk Dynamics

The starting point of the present model for wakefield acceleration of UHE particles in AGN

jets utilizes Shakura & Sunyaev’s (S&S) analysis of accretion disk structure from their semi-

nal paper on the topic [126], with an inclusion of a modified orbital resistivity, α (see 1.5), due

to the resistivity of sheared magnetic fields. The following assumptions are made in order to

obtain a steady-state, closed system of equations for the disc’s thickness 2zd, density ρd, and

internal energy εd: disk is axisymmetric and geometrically thin, hydrostatic equilibrium in
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the z-direction, rate of accretion of matter is constant, and angular momentum is conserved.

This allows one to obtain the accretion rate

Ṁ = ṁṀc =
2πcR0

3ϵκT

ṁm, (1.3)

where Ṁc is the critical accretion rate at the Eddington limit [124], and radiation luminosity

of the disc

Lrad =
4πcGM⊙

κT

ṁm, (1.4)

in terms of fundamental parameters, and simply the mass of the central accreting object,

m (normalized by the solar mass constant M⊙). c is the speed of light, R0 ≡ 6GM⊙/c
2 is

the ratio of the innermost stable circular orbit and m, ϵ is the radiation efficiency of the

accretion disc, and κT is the opacity for Thomson electron scattering. Notice, ṁ, can be

evaluated using observational estimates for the radiation luminosity and mass – this will be

useful later on when estimating final values.

Famously, S&S found that their evaluation of the fluid dynamic resistivity was roughly two to

three orders of magnitude smaller than observational estimates. Decades later, Balbus and

Hawley’s analysis of the MRI of accretion disc’s demonstrated the significance of magnetic

resistivity in accretion disk dynamics [25]. Matsumoto and Tajima’s evaluation for the

magnetic resistivity
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Figure 1.4: The physical consequences of the magneto-rotational instability. A) Magnetic
field is amplified by the winding motion due to the differential rotation of the accretion
disk. When the field strength becomes too resistive for the accretion disk to maintain
steady-state Keplerian rotation, a sudden, massive accretion event occurs, causing the field
to snap back to the less magnetized state, emitting an Alfvénic burst as a result (from [55]).
B) Magneto-Rotational Instability (MRI) produces an electro-static field, which accelerates
charged particles and heats up the disk halo. They eventually produce low energy photons
in keV-MeV energy range (from [63]).

α =
⟨δB2⟩
12πρC2

s

=
1

3⟨β⟩
(1.5)

is used in the present model [91], where ⟨δB2⟩ is the time-averaged magnetic fluctuations, and

β is the usual ratio of thermal plasma energy to magnetic energy. This resistivity parameter

will reappear in later formulae that are dependent on density, and internal energy of the

accretion disc.
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Balbus & Hawley found in their analysis that a negative angular velocity gradient (as is

always the case in a accretion disk – differential rotation) in combination with any small

seed field always leads to dynamic instability. This is due to the inevitable shearing of

the azimuthal magnetic field, causing the resistivity to increase, disturbing the otherwise

steady-state orbit of the disc. The magnetic fields grow until β ∼ 1. This implies the

maximum value of α is approximately 1/3, which on the order of observational estimates of

0.1 – 0.01. The growth rate of the MRI is on the order of several rotational periods. The

critical wavelength of the instability is

λ =
vA
Cs

Ω

A
zd =

R0√
6ϵ
α1/2ṁm, (1.6)

which is assumed to be the wavelength for the Alfvén wave excited by the eruption of the disk

[25]. vA is the Alfvén speed (∼ c), Ω the orbital angular velocity (evaluated at the innermost

stable orbit in the present case), Cs is the sound speed, and A is the Oort constant of the

disc. The frequency of the wave is therefore

ωA =
2πc

λ
=

2
√
6πϵc

R0

1

α1/2ṁm
. (1.7)

Large clumps of matter form in the areas of the disk where the field is weaker (see Fig. 1.4),

falling out of equilibrium with the gravitational pull of the central accreting object, leading

to violent eruptions of the disk when said clumps accrete onto the SMBH (or NS). (See Fig.

2.1). Angular momentum is transported outward to the ”second ring,” which then moves

outward [25], and is therefore conserved.
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We now consider the likely scenario that electromagnetic pulses are produced in the jets

near the innermost part of the accretion disk. When large amounts of matter suddenly

accrete onto the central compact object, the magnetic field at the base of the jet is per-

turbed, creating an extremely intense Alfvénic-type wave capable of accelerating charged

particles to very high energies by electromagnetic wave-particle interaction via wakefields

[134]. The episodic, eruptive accretion from the disk caused by the MRI [25] can give rise to

such strong electromagnetic pulses, which act as the drivers of the collective acceleration of

the pondermotive force. The pondermotive force drives the electrostatic wakes that follow

behind, similar to a duck or boat creating a wake behind it as it moves through the water,

which trap and accelerate protons. The accelerated protons are released to the intergalactic

space and some eventually reach, and decay in Earth’s atmosphere as cosmic rays. Some of

them collide with slower protons in the jet, or gaseous lobes to produce secondary particles,

such as neutrinos and gamma-rays. The high-energy electrons, on the other hand, driven by

the pondermotive force in front of the seed wave emit photons as a result of their orbits, and

from collisions with electromagnetic perturbances, to produce various non-thermal emissions

(radio, IR, visible, UV, and gamma-rays).

Blandford and Payne’s [31], and Blandford and Znajek’s jet models [32] are steady-state,

ideal MHD theories that focus on local magnetic fields. An important implication from these

theories is that jets are born magnetically dominated and therefore there must be a process

or processes that convert this magnetic energy into kinetic energy. WFA may be one such

process, and would also explain the long, coherent structure of jets given the increased sta-

bility at relativistic intensities [136]. Our theory, assumes a constantly evolving, fluctuating,

global magnetized accretion disk (see Fig. 1.4). The triggering of an Alfvénic burst that

excites a wakefield is dependent upon global (entire disk) magnetic field instabilities. When

a global magnetic field is present in a Keplerian rotating accretion disk, Balbus-Hawley type

instabilities (MRI) are unavoidable. Matsumoto and Tajima [91] showed the beta parameter

can vary from ∼ 100 to ≤ 1 in the accretion disk (also see eqn. 4.32, 4.28 in Ref. [135])
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due to the MRI. Furthermore, jet formation requires a global field theory [63, 135, 129, 25].

The strength of the magnetic field and the size of the perturbation, which depends on the

black hole mass, dictate the intensity of the Alfvén wave, similar to how the magnetic recon-

nection power scales with the mass of the black hole [130, 74]. The beta and magnetization

parameters of the accretion disk may indirectly affect the intensity of the waves and how

frequently they are launched, but fine tuning of model parameters can account for this and

the physics remains the same, as will be shown.

The dynamics of ultra-relativistic WFA are distinct from magnetic reconnection (MR). MR

accelerates particles via the magnetic component of the Lorentz force in magnetic discontinu-

ities. In WFA it is the pondermotive force of the electromagnetic wave that drives electrons

ahead of the wave. The wake, a depression in the plasma density behind the wave, traps

positively charged particles that are accelerated by the electrostatic pull of the cluster of

electrons ahead of them [134]. MR and WFA would occur in different parts of the AGN-jet

system. MR can occur in the accretion disk and in the jet before it becomes kinetically

dominant [95], at which point WFA is strongest. WFA occurs solely in the jet and the

acceleration direction is always parallel to the wave vector, unlike MR. The latter point is

important to realize since this may imply isotropic emission of UHE particles from MR, in

contrast to observations (see Fig. 3.1). The wakefield traveling along the jet can remain

coherent and accelerate particles virtually the entire length of the jet [46].

It should also be mentioned that MR plays an important role in disk-jet evolution in addition

to particle acceleration. E. M. de Gouveia Dal Pino et al. showed that violent MR of the

the jet and disk fields accelerates and injects particles from the disk into the jet [41, 40].

Also, Nishikawa et al. showed that at larger scales kinetic instabilities in the jet plumes

can drive MR and is capable of accelerating electrons and protons [106]. MR and MRI

are intimately related, likely occurring together or sequentially. The accretion disk must

fluctuate magnetically due to Keplerian twisting of the disk fields, stretching field lines until
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the magnetic resistivity is great enough that matter accretes onto the black hole and then

snaps back to its original state. Once the field strength has reached it’s threshold, magnetic

energy is released via MR and intense Alfvénic pulses (like a rubber band snapping back to

it’s relaxed state), which subsequently heats the disk corona, launches particles into the jet

and accelerates them. While MR [95, 39, 106] and shocks [94] are capable of accelerating

particles to ultra-high energies, we will argue in the following chapters that WFA may be

responsible for the generation of the majority, and most energetic UHECRs, given it’s ease

at coherently accelerating ultra-relativistic charged particles over parsec to kilo-parsec scales

depending only on the mass of the central accreting object in galactic and extragalactic

sources possessing jets.

Before we close this chapter, let us mention a separate, but important associated result of

the recent simultaneous observation of the gravitational waves [101] and gamma rays from

the collision of two neutron stars [5, 6]. When LIGO observed the gravitational wave (GW)

arrival [6]. It was suggested [137] that a collision of two neutron stars can yield not only

the emission of violent phenomena such as GWs, but also gives rise to the formation of

an accretion disk and its jets. It follows that an eruption at the base of the jets, such as

a massive accretion, produces wakefield acceleration of electrons (and thus gamma rays),

following the emission of a GW. Thus, we see that the gamma ray emission is an important

indicator of the underlying physical process of the electron acceleration (by WFA) and alerts

us to the importance of the multi-messenger astrophysics approach.
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Chapter 2

Wakefield Acceleration in Jets

The emerging new mechanism of wakefield acceleration of [134] has quite a different theoret-

ical construct in contrast to a stochastic acceleration mechanism. It is based principally on

a single astrophysical object such as an AGN and its accretion disk and associated jets. An

accretion disk instability, such as the MRI, can introduce the rapid increase of the present

magnetic fields in the disk, which triggers episodic disruption of the accretion disk and sub-

sequent disturbances at the feet of the jets [102, 55]. See Fig. 1.4. This disturbance may be

considered as the trigger of intense electromagnetic (originally Alfvénic shock) pulses in the

jets. The basic physical parameters of WFA in AGN jets are evaluated.

In the WFA theory, developed by T. Ebisuzaki and T. Tajima [46, 47], input parameters are

m and ṁ. The former, m, the BH mass, normalised by the solar mass (M⊙ = 2.0× 1033 g),

can be estimated by observations such as stellar dynamics, QPO/recurrence period, and

Eddington limit. The latter is the accretion rate, ṁ, normalised by the critical accretion

rate, Ṁc = 2πcR0/3ϵκT, where κT is the Thomson scattering opacity and ϵ = 0.06 is the

radiation efficiency of the disk. The non-dimensional accretion rate ṁ can be calculated

using the radiation luminosity given by Eqn. 1.4, which is proportional to the product of ṁ
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Figure 2.1: WFA theory for the accreting black hole-jet system of an AGN (from [67]). A)
The cross section of an AGN, its accretion disk and jets. Alfvén waves generated upon large
mass accretions at the base of the jet propagate along the field line of the jet. They eventually
mode-convert into intense electromagnetic waves when the wave frequency matches the local
plasma frequency, ω′

p = (4πnjete
2/meγΓ

3)1/2, where γ is the Lorentz factor of a trapped
particle, and Γ is the bulk Lorentz factor of the jet. B) The structure of the bow wake. An
electron cloud is formed at the front (top) of the wave pulse and a proton cloud follows. The
resultant electric field accelerates protons in the back side and electrons in the front side of
the bow wake. Since this acceleration structure moves at a velocity close to the speed of
light, the charged particles with the same velocity (light velocity) in the field are accelerated
for a long time and distance.
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and m. The radiation luminosity Lrad can be estimated by emission lines from the nucleus

for the case of active galactic nuclei (blazars, radio galaxies, and Seyfert galaxies) or by

the X-ray luminosity for the case of less massive black holes (< 1000M⊙: intermediate and

stellar mass blackholes). Since X-rays are believed to be emitted directly from the accretion

disk by thermal mechanisms (not necessarily from the jets by non-thermal mechanisms) in

the less massive blackholes, their anisotropies are minimal compared with those of gamma

rays.

When m and ṁ, or equivalently Lrad are given, WFA theory predicts the rise time 2π/ω of

the burst, the episodic recurrence time 1/ν, and the acceleration time D3/c, as follows:

2π/ω =
R0

6ϵc
α1/2ṁm, (2.1)

1/ν =

√
6R0

c
α−1/2m, (2.2)

D3/c =
1

36

(
e2R4

0

4π3c5m2
eϵ

5κT

)1/3

α5/6ṁ5/3m4/3, (2.3)

where R0 = 6GM⊙/c
2 = 9.0 × 105 cm is the radius of the innermost stable orbit of a one

solar mass black hole, c the light velocity, α the disk-resistivity parameter [126], e and me

are the electron charge and mass, respectively. Note that we have assumed a value of p = 0.5

for the power-law jet-spreading index in our formulation (see appendix A). This value can

be adjusted on a per-source basis to obtain a more accurate model, however, due to lack of

accurate data on jet angles this value is adopted in the analysis of each source.

18



Figure 2.2: Plot of frequencies versus distance from the accretion disk normalized by the
radius of the innermost stable circular orbit, where log here is base 10 (from [46]). The
frequency of the emitted Alfvén wave ωA, relativistic plasma frequency ω′

p, and relativistic
electron cyclotron frequency ω′

c are shown. When the (orginally of Alfvénic type) wave
reaches the overdense plasma ωA > ω′

p it mode converts to a more typical electromagnetic
wave, and wakefield acceleration occurs, if not before then.

Protons are accelerated in the back side of the bow wake (see Fig. 2.1B). The maximum

proton energy (i.e. UHECR) is obtained by integrating the pondermotive force of the longi-

tudinally polarized electrostatic wake F = zΓmecaω (see Fig. 2.2), for a particle with charge

z, where a is the Lorentz invariant vector potential of the wave, and Γ is the bulk Lorentz

factor of the jet.

Wmax =
1

9

(
e4c2R2

0

2meϵ4κ2
T

)1/3

zΓα2/3ṁ4/3m2/3 (2.4)

See Fig. 2.3.

The luminosity of UHECR is calculated as:

LUHECR =
ζσα1/2

6ϵ
Lrad, (2.5)
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Figure 2.3: The maximum energies of protons, Wmax, are predicted using the mass of the cen-
tral black hole (normalized by one solar mass), m, on the right abscissa, and total radiation
luminosity, Lrad, by the wakefield acceleration theory [136] on the left abscissa. Various astro-
nomical objects, such as microquasars (m = 1 ∼ 10), ultra luminous X-ray sources (ULXs;
m = 100 ∼ 10000) in starburst galaxies, central blackholes of Seyfert galaxies m ∼ 106 and
radio galaxies/blazars (m = 107 ∼ 1010) can accelerate UHECRs with energy above 1020 eV.
The individual points (or boxes) are plotted based on their known (or estimated) central
mass according to our theory. Here, we assume the charge is z = 1, the bulk Lorentz factor
of the flow of the jets Γ = 10, and α = 0.1 the “α” parameter of the disk. From top to
bottom, the three dashed lines represent ṁ = 10−1, 10−3, and 10−5 (from [67]).
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where σ is the energy efficiency of the charged-particle acceleration, including the conversion

of Alfven wave into electromagnetic waves, and

ζ =
ln(Wmax/W0)

ln(Wmax/Wmin)
. (2.6)

Here, W0 = 0.57× 1020eV.

On the other hand, the electrons are accelerated in the front side of the bow wake (Fig. 2.1B),

simultaneously with protons behind. The accelerated electrons emit high energy gamma-rays

with the energies ranging GeV-PeV due to the collision with the magnetic perturbations.

The luminosity of gamma-rays is given as:

Lγ =
σα1/2

6ϵ
Lrad. (2.7)

For the reader’s convenience, we summarize the scaling laws represented by the equations

above in Table 2.1.

The UHECR flux at Earth is calculated as:

FUHECR = 6.7× 10−1

[
UHECRs

100 km2yr

](
d

3.6Mpc

)−2(
Lrad

1042ergs−1

)
(2.8)

for the case of iostropic radiation with ln(Wmax/Wmin) = 30, α = 0.1, and σ = 0.1.

Ultra-high-energy protons, accelerated by the wakefield, may collide with another proton in

the plume of decelerated material in the jet or interstellar gas near to produce pions, which
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decay into gamma rays, electrons, and neutrinos. The neutrino flux at Earth, Fν , can be

obtained from,

W 2
νFν =

fppσα
1/2Lrad

6Ωd2ϵ lnWmax/Wmin

(2.9)

where fpp is the collision probability of protons, Ω is the solid angle of the emission (Ω = 4π

for the isotropic case) and we assume Wν = 0.05Wp, where Wp is the same as Wmax.

It may be possible that the angle at which the jet spreads out from the central accretion

object alters these parameter values. Such an assumption is not made in the present model

nor in our results, however, we have included alternate formulas for an arbitrary value of p

in appendix A.

Table 2.1: Time Scales, Maximum Energy, and Luminosities estimates (see Huxtable et al.
[67])

Quantities Scaling Laws Units Equation Numbers

2π/ω 8.2× 10−5α−1/2ṁm s 2.1

1/ν 7.3× 10−5α−1/2m s 2.2

D3/c 1.7× 102α5/6ṁ5/3m4/3 s 2.3

Wmax 3.2× 10−31zΓα2/3m−2/3L
4/3
rad eV 2.4

Lrad 1.5× 1038ṁm erg s−1 1.4

Lγ 2.78σα1/2Lrad erg s−1 2.7

LUHECR 2.78σζα1/2Lrad erg s−1 2.5

We have seen that the rotating accretion disk accompanied by the magnetic fields emanates
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well-collimated extended jets that are wrapped by helical magnetic fields. These astrophysi-

cal jets are one of the largest structured of the Universe (see Fig. 1.2). This structure, as has

been observed in many astrophysical objects, is also accompanied by additional structured

entities in it, such as the formation of wakefields that propagate through the jets. First, the

presence of the magnetic fields in the jets allows the disturbances (Alfvén shocks) from the

accretion disk to propagate in the plasma due to the physical properties of the electromag-

netic waves in the plasma. This allows the EM disturbances created at or near the accretion

disk to propagate through the [otherwise evanescent (ω > ω′
p)] plasma to its accelerating

range (ω > ω′
p). Thus, the presence of the magnetic field in the jets acts as a conduit for

these intense EM disturbances that may be created by the accretion disk.

The created intense EM waves (due in part to their highly relativistic dynamics) often have

highly relativistic group velocities. As has been discuessed above, the EM waves with high

group velocity are capable of creating an intense longitudinal plasma wave structure, whose

phase velocity is also relativistic (close to c), in other words a wakefield. It has been shown

and demonstrated (experimentally and theoretically) that these wakefields generated with

high phase velocity is close to the speed of light, by far, much greater than the the thermal

velocities of the bulk plasma, so the plasma remains quite stable and the excited waves

remain robust. In other words, by the time the plasma electrons repond to the wakefield’s

electric fields, with the elctron speed less than c, the waves have escaped away from the

responding electrons, thus keeping these high-amplitude plasma waves in tact.

It remains robust also due to the fact that all electrons in this regime, even while responding

to the high phase velocity, can move at (or near) the speed of light, which is in fact the speed

at which the wakefields are moving, so these electrons, in fact, can reinforce the movement of

the wakefields. This is called relativistic coherence [136] and is the reason why the wakefields

themselves are stable and robust, in addition to the robustness of the observed astrophysical

jets.
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We see that the astrophysical jets only eventually begin to form lobes at their ends when the

particles that propagate through the jets have now expended their energies to become weak

enough to interact with the bulk plasma strongly where a variety of plasma instabilities may

take place.

As discussed above, the conditions for strong acceleration by wakefields are:

(a) the acceleration structure (wave) is very close to the relativistic propagation velocity

(phase velocity), i.e. the speed of light; and

(b) the wave has a relativistic amplitude (i.e. the particles in the wave have relativistic

momentum ejE/ω > mjc in one photon cycle, where ej and mj are the charge and the

mass of the particle j, and E and ω are the electric field and angular frequency of the

wave, respectively).

We applied the above WFA model to six candidates from a broad range of central black hole

(BH), or neutron star (NS) mass. In this chapter we first derive the formulae used in our

predictions, then in the proceeding chapter each case study is presented in descending order of

mass: blazar TXS 0506+056, radio galaxy Centaurus A, Seyfert galaxy NGC 1068, starburst

galaxies M82 and NGC 0253, and finally microquasar SS 433. We survey and scrutinize

general commonalities as well as specific characteristics of their various signals, including

cosmic-rays and UHE gamma rays. Localized UHECRs or neutrinos have been observed

in all cases, except SS 433. These six astrophysical objects have vastly different central

masses from ∼ 109 down to only several solar masses. Nonetheless, their polar jets exhibit

common phenomena of intense acceleration, and in a fundamentally linear fashion with a

pulsed operation given the episodic motion associated with the central object’s accretion

disk [25, 55]. Thus, the direction of arrival of UHECRs is localized (anisotropic) as well

as accompanied by gamma-ray emission (due to the electron acceleration) with a specific

separation in the arrival time of the signals. Neutrino arrival may be coincidental, but
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delayed in time as well. In other words, though the mass scales differ vastly, the underlying

mechanisms are remarkably common; the burst periods and rise and fall times may differ

among cases, but the mass dependence and qualitative features are curiously common. This

is what we wish to investigate in detail for our six astrophysical objects. The emerging

picture is a surprisingly unified, integrated physical mechanism of wakefield acceleration.
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Chapter 3

Test Cases

In each of the following sub-chapters, and single source that is known (or shows strong

evidence) to possess jets is surveyed. Six different sources in total, ranging in central accreting

object (SMBH or neutron star) mass from O(1) to O(108) M⊙, are scrutinized on their

probability to be significant sources of UHECRs as well as ultra-high energy (UHE) gamma-

rays and neutrinos. A candidate likely to produce detectable UHECRs was chosen from

several different classes of objects: blazar, radio galaxy, Seyfert galaxy, starburst galaxy

(M82 & NGC 253), and microquasar. This was done to illustrate the unifying power of WFA

theory in explaining not only the emitted signals, their temporal and spatial variability, but

also the structural similarities of blazars, microquasars and every system in between that

exhibits jets.

3.1 Blazar: TXS 0506+056

TXS 0506+056 in constellation Orion is a blazar with a redshift of 0.3365 ± 0.0010 [111],

which corresponds to about 1.75 Gpc from Earth. TXS 0506+056 was first cataloged as
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a radio source in 1983 [82], and then confirmed to be a blazar [89]. Gamma-rays emitted

from TXS 0506+056 were detected by the EGRET and Fermi -LAT missions [80, 62, 8]. In

addition, radio observations have shown apparent superluminal motion in the jet [120].

On 22 September, 2017 the IceCube Neutrino Observatory detected high-energy neutrinos

coming from a direction consistent with this flaring gamma-ray blazar TXS 0506+056 [69].

The most probable energy for the observed neutrino is around 190 TeV with a 90% confidence

level, and lower limit of 183 TeV, depending only weakly on the assumed astrophysical energy

spectrum. This suggests the existence of high-energy protons or nuclei with tens of PeV

generated in the jet of the Blazar. The detection of high energy neutrinos suggests charged

particles are accelerated parallel to the jet axis.

During approximately 2 weeks of the neutrino observation, a peak flux of gamma-ray emission

around 5.3 × 10−7 cm−2 s−1 is also reported by Fermi -LAT, with an energy range between

0.1 ∼ 100 GeV [68]. The associated isotropic luminosity during the period reaches as high as

1.2×1047 erg s−1[69]. Analysing the data prior to the event, a long-term isotropic gamma-ray

luminosity between 0.1 GeV and 100 GeV is derived with an averaged value of 0.28 × 1047

erg/s over 9.5 years of Fermi -LAT observations of TXS 0506+056 [69]. According to their

study, the neutrino emission coincides with a peak in very high energy (VHE) gamma-ray

flux and a local minimum of the spectral index (Fig. 1 of [68]), which is similar to fluctuations

of the spectral index caused by the MRI as depicted in Fig. 7 in [34].

The coincidental detection of high energy signals encouraged us to test WFA as an alternative

explanation. According to the WFA theory, the relativistic pondermotive acceleration in the

jet can boost particles to an energy over ZeV [46, 47, 136]. Also, because the particles are

accelerated linearly, the corresponding signal detected can be highly beamed and emitted

axially from the jets. In the rest of the chapter, we will estimate several physical parameters

using our WFA model and compare them with their analogous observational value.
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Mass estimation is difficult in general for blazars. Padovani et al. [110], however, estimated

the central black hole mass to be 3 × 108M⊙ using the relations of black holes mass and

R-band bulge magnitude M(R) ∼ −2.9 [112, 111], assuming the host galaxy to be a giant

elliptical. The bolometric luminosity (≃ Lrad) of 1.7 × 1045 erg s−1 takes into account the

over estimation due to the jet-induced component of the bolometric luminosity derived from

the OII and OIII lines (LOII = 9 × 1045 erg s−1 and LOIII = 3 × 1045 erg s−1), respectively.

Substituting m = 3 × 108 and Lrad = 1.7 × 1045 erg s−1 into equations 2.4, 2.1, and 2.2, we

derivedWmax = 3.1×1024eV, 2π/ω = 3.0×103 s, 1/ν = 6.9×104 s, and Lγ = 1.5×1044 erg s−1,

as shown in Table 3.1.

Greisen, Zatsepin and Kusmin (GZK) [59, 145] showed that UHE protons traveling through

the cosmic microwave background will undergo inelastic collisions with photons, limiting

the maximum energy of UHECRs that traveled 100 Mpc to 1020 eV. If this distance is

shorter, however, the attenuation is less, and the opposite is true if the source is farther

away. Given the distance between the source and Earth, the attenuated maximum energy

can be calculated. This attenuated value for Wmax can then be substituted into eqn. 2.6 to

obtain a more accurate prediction of UHECR flux and luminosity that terrestrial observers

might detect. We have not accounted for this effect in our calculations, because there are

additional factors that can reduce the energy and flux of UHECRs and they are difficult to

account for. We have already mentioned the jet-spreading index p and the anisotropy of

UHE particles emitted from jets, but extragalactic magnetic fields and gaseous clouds also

attenuate UHECR luminosity.

According to the MAGIC observation [22] VHE gamma-rays, above 90 GeV, from TXS

0506+056 varied, increasing by a factor of 6 within a day. We may set 2π/ω = 4.8 × 104 s

or shorter as an e-raising time. There are two periods (3-4 October 2017, and 31 October

2017) of enhanced gamma-ray emission. We may set 1/ν as 2.4 × 106 s or shorter, taking

into account the incomplete observation in TeV gamma rays.
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The theoretical gamma-ray luminosity is calculated as Lγ = 1.5 × 1044 erg s−1 (see Eq.

2.7), which is much less than the observed isotropic gamma-ray luminosity 2.8× 1046 erg s−1

observed by Fermi -LAT [69]. This is likely due to the under estimation of the total luminosity

as a result of the large distance (1.75 Gpc) between us and the blazar.

If the actual emission is strongly beamed, assuming isotropic emission will overestimate the

luminosity by integrating the whole sphere. If we assume a 10◦ angle of spread for the beam,

the corrected estimation of the Fermi -LAT luminosity will be 2 orders of magnitude lower

than their reported value. That is, L
(10◦)
γ = 4.6 × 1044 erg/s, which is consistent with the

theoretical luminosity.

Here, Wν , and Wp are the energies of the neutrino and the proton, respectively. Substituting

fpp = 1.0, Lrad = 1.7 × 1045 erg s−1, d=1.8 Gpc, σ = 0.1, α = 0.1, ϵ = 0.06, Ω/4π =

4.8 × 10−2 for θ = 10◦, and ln(Wmax/Wmin) = 30 into equation 2.9, we obtain Fν = 8.1 ×

10−16TeV−1 cm−2 s−1 at 100 TeV. It is consistent within 50% of the observed flux by IceCube

of Fν = 1.6× 10−15TeV−1 cm−2 s−1 at 100 TeV [69].

WFA theory might explain the simultaneous arrival of high energy gamma-rays and neutrinos

from blazars, because particles are linearly accelerated and would continue traveling along

the jet’s axis once emitted. Our WFA model gives an underestimated gamma-ray luminosity

compared to the observational data. This discrepancy may be explained by the localization

of the beam-like emission in contrast to the isotropic emission. The periodicity of neutrino

bursts may be qualitatively explained by fluctuations of the magneto-rotational instability

that trigger intense electromagnetic pulses, which accelerates protons to become UHECRs

and produces VHE gamma rays. Although it can be difficult to detect the highest energy

particles at present, future studies may find more evidence to support our theory.
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Table 3.1: Comparison of observed parameters (shaded) and theoretical parameters (without
shade). Taken from Huxtable et al. (2023) [67]. Theoretical and observational values for
a range of astrophysical objects, including a blazar (BL), a radio galaxy (RG), a Seyfert
galaxy (SyG), starburst galaxies (SBG) and a micro-quasar (MQ).

parameter TX 0506+056 Cen A NGC1068 M82 NGC 0253 SS 433
type BL RG SyG SBG SBG MQ

log d (pc) 9.24 6.53 7.15 6.56 6.54 3.54

logMBH(M⊙) 8.48 7.74 6.20 2.60 2.79 0.40

logLrad(erg s
−1) 45.23 42.36 45.26 41.30 39.96 40.00

logWmax (eV) 24.49 21.16 26.05 23.17 21.26 22.91
logLUHECR (erg s−1) 43.17 40.31 43.20 39.24 37.90 37.94
FUHECR(/100 km

2/yr) - 0.69 - 0.052 0.0026 -

FUHECR(/100 km
2/yr) - 0.016 - 0.040 0.013 -

log 2π/ω (s) 3.47 0.62 3.50 -0.46 -1.81 -1.76

log 2π/ω (s) < 4.68 - - - - -

log 1/ν (s) 4.84 4.10 2.56 -1.04 -0.85 -3.24

log 1/ν, (s) < 6.38 4.18 - -0.70 < 2.0 < 1.0

logLγ (erg s
−1) 44.17 41.31 44.20 40.24 38.90 38.94

logLγ (erg s
−1) 47.08 38.04 45.53 40.18 39.78 37.57

3.2 Radio Galaxy: Centaurus as A

Centaurus A (also known as NGC 5128), in constellation Centaurus, is a radio galaxy with

kpc size jets, and is 3.4 Mpc from the Earth [70]. Cen A hosts an AGN (active galactic nuclei)

believed to be a supermassive blackhole, whose mass is well defined by stellar dynamics [103]

to be m = 5.5 × 107. The radiation luminosity is also determined to be Lrad = 2.3 × 1042

erg s−1 from X-ray observations [73]. Substituting the mass and radiation luminosity into

equations 2.4, 2.1, 2.2, and 2.7 give us Wmax = 1.4×1021 eV, 2π/ω = 4.2 s, 1/ν = 1.3×104 s,

and Lγ = 2.0× 1041 erg s−1, as shown in table 3.1.

Our theory predicts that Cen A is capable of accelerating protons to energies above 1021

eV (see Table 3.1). If we assume isotropic emission of UHECRs, their predicted flux is

0.60 /km2 /yr. However, [1] observed UHECRs as energetic as 1020 eV arriving from the

direction of Cen A (Fig. 3.1) with an observed flux of 0.016 /km2 /yr. As mentioned in the
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previous sub-chapter, the large discrepancy in the perceived UHECR flux is likely due to

the fact that the jets of Cen A are oriented nearly perpendicular to our line-of-sight (LOS),

thus the vast majority of cosmic rays, especially the most energetic, ejected from its jets

never reach Earth. Intergalactic magnetic fields may deflect some less-energetic protons

towards Earth to become UHECRs. The episodic recurrence time predicted by our model

is consistent with the observation of [53, 123], who detected fluctuating x-ray luminosity in

the time scale of 10− 20 ks (1/ν ∼ 1.5× 104) (see table 3.1).

Cen A has been known to emit gamma rays in the range of TeV and greater for decades now.

The H.E.S.S. telescope measured a gamma-ray flux of 0.45± 0.07× 10−13 ph cm−2 s−1TeV−1

at 1 TeV (Fig. 4 in [17]) with a corresponding total gamma-ray luminosity of 1.1×1038 erg s−1

[61]. The factor of ∼ 2000 difference between the theoretical and observational value for Lγ

is again likely due to the fact that the axis of the jets are at a large angle to our line of sight

(LOS), and naturally gamma-ray emissions are strongly beamed in the axially direction of

the jets in the context of WFA.

3.3 Seyfert Galaxy: NGC 1068

NGC1068 is a Seyfert galaxy that has a bright nucleus with a central black hole of 1.6 ×

106M⊙ [58]. It is also undergoing an intense starburst process. It is located at a distance

of 14 Mpc [140] in the constellation Cetus. A bolometric luminosity of the nucleus of 1.8×

1045 erg s−1 was obtained from OIV line [58]. Substituting m = 1.6 × 106, Lrad = 1.8 ×

1045 erg s−1, and α = 0.1 into equations 2.4, 2.1, 2.2, and 2.7 gives us Wmax = 1.1× 1026 eV,

2π/ω = 3.2× 103 s, 1/ν = 3.63× 102 s, Lγ = 1.6× 1044 erg s−1 (see table 3.1).

Since Wmax > 1020 eV, NGC 1068 is capable of efficiently accelerating charged particles to

UHE levels. In fact; isotropic UHECR is as high as ∼ 30UHECRs/100 km2 /yr (Table 3.1),
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Figure 3.1: Prominent candidates of pin-pointed UHECR emission (from [67]). Based on
morphology of the candidates and their existing data, WFA theory predicts M82, NGC0253,
Cen A, and NGC4945 are promising UHECR sources. The three hot spots in the observed
skymap (red circles) of UHECRs > 6× 1019 eV [1] are consistent with prediction.
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though the spot size would be too large (70 degree or more) due to intergalactic magnetic

fields and a distance to Earth three times larger than M82, Cen A, and NGC 0253 [56].

There is no significant luminosity change in the intrinsic luminosity from the accretion disk

of the nucleus of NGC 1068. Although Zaino et al. reported a time variability on the scale

of 1-6 months [144], the detailed spectral analysis revealed that the variability is not due to

the change in the intrinsic accretion rate but due to the change in the obscuring Compton

thick cloud (NH > 1025 cm−2) [93], which surrounds the nucleus. This view is consistent

with the infrared and optical observations [138, 66].

Measurements from the Fermi -LAT telescope showed isotropic gamma-ray luminosity of

1.5× 1041 erg s−1 [15]. This is inconsistent with the model prediction above (see Table 3.1).

On the other hand, The MAGIC Telescopes’ more recent results set an upper limit of gamma-

ray flux above 200 GeV at 5.1 × 10−13 erg cm−2 s−1 [13], which corresponds to an isotropic

luminosity of 3.5×1045 erg s−1 that is slightly more than one order of magnitude larger when

compared with the theoretical prediction.

The IceCube collaboration reported the positive detection of neutrinos at 1 TeV of 3 ×

10−13TeV−1 cm−2 s−1 from NGC 1068 [2]. Substituting m = 1.6 × 106, Lrad = 1.8 ×

1045 erg s−1, Ω = 4π, and α = 0.1 into equation 2.9, we obtain the theoretical isotropic

flux as: 2.2 × 10−11TeV−1 cm−2 s−1. In other words, WFA theory can explain IceCube ob-

servation, if 1% of the neutrinos emitted from the jets travel towards Earth; the neutrinos

from the jets are most likely to be strongly beamed.

It is possible there are two primary sources of neutrinos emitted from an AGN: magnetic

reconnection in the accretion disk, and WFA in the jets. Khiali et al. showed that magnetic

reconnection in the disk can account for neutrino emission below 10 PeV in BL Lacs and

low-luminosity AGNs [76]. Rodreiguez-Ramirez et al. did the same for Cen A, the nearest

AGN whose jets happen to be nearly perpendicular to our LOS providing good resolution
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of the galactic center [122]. WFA is capable of creating neutrinos well beyond 10 PeV by

accelerating protons to ZeV energies and beyond, which then collide with slower protons.

Our estimate for the neutrino flux at 100 TeV for blazar TXS 0506+056 is within 50%, but

our estimate for NGC 1068, whose jets are not aligned with our LOS, at 1 TeV was roughly 2

orders of magnitude larger. Therefore, it may be the case that WFA can only explain axially

emitted neutrinos, produced in the jet, far away from the central object. Future observations

of neutrino emissions from blazars could confirm this.

3.4 Starburst Galaxy: M82

M82 is a starburst galaxy at a distance of 3.6 Mpc from Earth [52] in the constellation Ursa

Major. The starburst activity takes place in a relatively small central region, radius of ∼ 200

pc [143] from the dynamic center of the galaxy.

Ultra luminous X-ray (ULX) sources of luminosity ≳ 1040 erg s−1 inside M82 has been ob-

served (see [72] & the references therein). Among them, M82 X-1 is the brightest ULX in

M82, located about 200 pc away from the dynamic center of the galaxy [90, 139, 114, 42, 51].

There has been a lot of discussions in the past 20 years regarding the mass of M82 X-1,

which has converged to the intermediate mass range, in other words 102 − 103 M⊙. We

adopt the mass of 400M⊙ by [113], who used QPO frequency to fit a mass value. Substi-

tuting m = 4 × 102 and Lrad = 2 × 1041 erg s−1, and α = 0.1 into equations 2.4, 2.1, 2.2,

and 2.7, we computed Wmax = 1.5 × 1023 eV, 2π/ω = 3.5 × 10−1 s, 1/ν = 9.1 × 10−2 s, and

Lγ = 1.7× 1040 erg s−1, as shown in Table 3.1.

The WFA theory predicts that M82 X-1 is capable of accelerating protons and nuclei to

energies above 1020eV, in spite of its less massive black hole (∼ 400M⊙; Table 3.1). In fact;

the Telescope Array (TA) team suggested that there is a hot spot in the northern sky of
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arrival direction of the UHECRs above 57 EeV in close proximity to M82 [4] (see Fig. 3.1).

He et al. divided the events belonging to the northern hot spot into two by energy, and

found that there was a systematic deviation between them [64]. Assuming that this is due

to the deflection by the magnetic field [56], the position of the true source was estimated.

While the estimated position, though extended to 10 degrees, included several high-energy

celestial objects such as M82 and Mrk 180, only M82 was located within the GZK-horizon

( 100 Mpc), the limit UHECRs can travel without significant energy loss. The Telescope

Array (TA) team detected 72 cosmic rays of 57 EeV in 5 years. Among them, 19 events are

within the hot spot [4], while approximately 4.5 events were expected from uniform arrival.

Since the effective area of TA is 700 km2, the observed excess flux in the hot spot direction

is about 0.040UHECRs/100 km2/yr, which is in good agreement with the expected isotropic

flux from equation 2.5 (∼ 0.052UHECRs/100 km2/yr, as shown in Table 3.1).

The QPO period of M82 X-1 is observed in X-ray band to be 0.2 s [113]. As we have carried

out in chapters 3.1 and 3.3, the theoretical recurrence time is 1/ν = 9.23× 10−2 s (see table

3.1). This predicted value is consistent with the QPO period within a factor of two.

In the WFA theory, electrons can also be accelerated in a similar way that protons are

(see Fig. 2.1B). This is separate from the electron cloud that is accelerated in front of

the electromagnetic wave. The high energy electrons, accelerated in the wakefield in the

direction of the jet, emit gamma rays by synchrotron radiation due to interaction with

magnetic perturbations in the jets. As previously mentioned the gamma-ray luminosity

of M82 X-1 is predicted to be 1.7 × 1040 erg/s (Table 3.1). On the other hand, a bright

and isolated gamma-ray excess, consistent with the location of the position of M82 of 100

MeV to 700 GeV gamma-rays that are isotropic in luminosity of 1.5 × 1040 erg/s with

Fermi -LAT [15]). This is consistent with the theoretical prediction, though it might just be

chance, taking into account the anisotropic nature of WFA theory (particle trajectories are

predominantly linear). We cannot observe M82 and its jets along their axis (like a blazar),
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therefore observational data samples oblique emissions, which we have used in our model

predictions. Although it is encouraging that our predictions are consistent with data, both

heavily underreport the true total luminosity, and flux of each signal.

3.5 Starburst Galaxy: NGC 0253

NGC 0253 is a nearly edge-on starburst galaxy located 3.5± 0.2 Mpc from the Earth [118]

in the constellation Sculptor. The Pierre Auger Collaboration reanalyzed the data of arrival

direction observed by Pierre Auger Observatory (PAO) and found that a significant (4σ

level) enhancement in the arrival direction map of UHECRs above 39 EeV with the search

radius of 12.9 degree toward nearby starburst galaxies, NGC 0253 (Fig. 3.1) [1]. The result

is consistent with the data of Telescope Array team, though statistically marginal [1, 24].

Gutiérrez et al. proposed two candidates for the source of UHECRs [60]: TH2 [141] and

NGC253 X-1. Although TH2 was presumed the brightest radio source nearly coincident

to the center of the galaxy, the recent observation by ALMA revealed that the position of

TH2 exactly coincides to one of the knots in the central region of NGC 0253, which are

most likely HII regions excited by young compact star clusters. The mass of the clusters

are estimated as 106M⊙ and are not likely to have any blackholes, since there are no X-

ray emissions. Although one may still assume a hidden non-accreting black hole in the

cluster, any blackhole without accretion cannot emit any energy. They assumed a strong

magnetic field of 104 G around the blackhole to produce jet luminosity through the Blandford-

Znajek effect [60, 32]. However, this magnetic field will decay rapidly if there is no matter

accreting on the blackhole, and thus the luminosity in equation 3 of [60] is not sustainable.

In conclusion, TH2 is unlikely to be a source of UHECRs.

Ultra Luminous X-ray Sources (ULXs), on the other hand, are promising as UHECR sources,
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such as NGC 0253 X-1, if we take into account wakefield acceleration. NGC 0253 harbors at

least three ULXs with the luminosity ranging between (2.4−4.1)×1039 erg s−1 [26]. The sum

of the luminosities of the ULXs reaches 9.1 × 1039 erg s−1 as shown in Table 3.1. They are

considered to be intermediate black holes with masses that range from 102−104M⊙. In fact,

we can estimate the mass to be 6.1×102M⊙ by substituting α = 0.1, Lrad = 9.1×1039 erg s−1,

and ṁ = 0.1 into equation 1.4. Substituting m = 6.1 × 102 and Lrad = 9.1 × 1039 erg s−1,

and α = 0.1 into equations 2.4, 2.1, 2.2, and 2.7, we can derive Wmax = 1.8 × 1021 eV,

2π/ω = 1.5× 10−2 s, 1/ν = 1.4× 10−1 s, and Lγ = 7.9× 1038 erg s−1, as shown in Table 3.1.

The maximum energy of protons are estimated to be Wmax = 1.8 × 1021 eV. The expected

UHECR flux (0.013UHECRs/100 km2/yr) is approximately a factor of 5 larger than the

observed flux (0.0026UHECRs/100 km2/yr) for the isotropic distribution, as seen in Table

3.1 within of a factor of five.

The episodic recurrence time is estimated by our WFA model to be 1/ν = 1.4× 10−1 s. [26]

reports significant variabilities can be seen in 100 second bin, which are much longer when

compared with the theoretical predictions. Since observations for very short time variabilities

(less than seconds) have unfortunately not been done for the ULXSs in NGC 253, the theory

is not constrained by the observations.

The theoretical gamma-ray luminosity is estimated to be Lγ = 7.9 × 1038 erg s−1. The

observed gamma-ray luminosity (isotropic) is 6.0 × 1039 erg s−1 in 1-100 GeV [15], which is

one order of magnitude higher than the expected gamma-ray flux. Direct comparison of Lγ

luminosity with our model is difficult, however, due to other contributions from supernova

remnants [48].
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3.6 Microquasar: SS 433

SS 433 is a galactic binary system consisting of a supergiant star M = 10 − 30M⊙ and a

compact object ofM = 2−3M⊙ (commonly considered to be a black hole) in the constellation

Aquarius. The distance to the SS 433 system was estimated to be 3.5 kpc [33] and is located

inside of the supernova remnant W50, which exploded 17-24 thousands years ago [57]. SS433

jet’s have an approximate length of 40 pc, and a bulk velocity of 0.26c [88, 50]. The two

precessing jets model is well established [49, 97, 9, 75, 65].

Kubota et al. determined the mass of the compact object from orbital analyses to be 2.5

M⊙ [79]. According to [10, 37], the jet luminosity is as high as 1040 erg s−1, because of super-

critical accretion, in spite of very low luminosity (1035−36 erg s−1) in the X-ray band [125].

Substituting m = 2.5, Lrad = 1.0 × 1040 erg s−1, and α = 0.1 into equations 2.4, 2.1, 2.2,

and 2.7, we derived Wmax = 8.1 × 1022 eV, 2π/ω = 1.7 × 10−2 s, 1/ν = 5.8 × 10−4 s, and

Lγ = 8.7× 1038 ergs−1, as shown in Table 3.1.

According to our WFA model, SS433 is capable of accelerating protons, and thus a potential

source for UHECRs; in fact, the maximum acceleration energyWmax is as high as 3.5×1021 eV

(Table 3.1). The UHECRs produced in SS433, may not be very localized unfortunately, since

it is located near the galactic center, where the magnetic field is large compared with the

outer region. It may produce a broad (more than several ten degrees) concentration toward

the galactic center, together with other microquasars in the galactic center region [136].

Although a significant variation in flux at the time scale of 10 s was observed [119], there is

no information in the millisecond range. Therefore, our prediction for the recurrence time,

1/ν = 5.8× 10−4, is unconstrained by observation.

The model-predicted gamma-ray luminosity is Lγ = 8.7 × 1038 erg s−1 (Table 3.1). Since

gamma rays are strongly beamed in the direction of the jets, they are not necessarily seen
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from Earth; our LOS is not aligned with the jets of SS433. The angle between our LOS

and the axis of the jet precession is about 74 degrees [38] and the precession angle is about

20 degrees [37]. Careful analysis of data from the Fermi gamma-ray observatory Large

Area Telescope reveals that the SS433 system emits gamma rays with a peak around 250

MeV. It showed a modulation of ∼ 10−10 erg cm−2 s−1 correlation with the precession period

[117]. The corresponding isotropic luminosity is 3.6× 1037 erg s−1. This component may be

related to the gamma rays emitted from the electrons accelerated by wakefield in the jets,

as suggested by Tajima et al. [136], though the observed flux is much less compared with

the theoretical prediction for the case of isotropic emission, again likely due to the oblique

angle between our LOS and the jet axis.

At 20 TeV, the HAWC detector reported the emission is spatially localized in the three lobes

(e1, e2, and w1), 40 pc away from the SS433 system [10]. Since the lobes are located where

the jets interact with the nebula gas, the gamma-rays are expected to be primarily a result

of synchrotron emission from high energy electrons accelerated by the bow-shock which then

collide with a magnetic field of ∼ 10µGauss produced by the interaction of jets with nebula

clouds.

Galactic black hole binaries, such as SS433, Cyg X-1, Cyg X-3, Sco X-1 exhibit relativistic

jets, violent variabilities in time scales ranging from milliseconds to years, and emit radiation

from radio to very high energy gamma-rays (∼ TeV). Because of such non-thermal phenom-

ena, they are considered counterparts of quasars (∼ 106−9M⊙) in million times smaller scales

with masses of ∼ 10M⊙ (i.e. micorquasars) yet they are capable of generating high energy

gamma rays and UHECRs.
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Chapter 4

Conclusions

4.1 Applications

The magnetic field structure of the jet, and the nature of plasma acceleration in the high-

density region of the jet (nearest to the accretion) are relevant to other areas of study in

plasma physics, such as high-density LWFA (Laser Wakefield Acceleration) and fusion in

FRCs (Field Reversed Configuration). The seed-wave that creates the wakefield behind it is

created when a large amount of matter from the accretion disk suddenly falls onto the central

accreting engine (e.g. SMBH or neutron star) when, for example, a magneto-rotational

instability occurs. This accretion creates an intense perturbation of the magnetic fields of

the jet at their base (near the accretion disk). The perturbation of the helical magnetic

field of the jet occurs in the over-dense (ne > nc where nc is the critical density of the wave

and ne is the electron density of the plasma) area of the jet, therefore the perturbation will

propagate along the field lines as an Alfvén wave. As shown earlier, the Alfvén speed of

the jet is nearly equal to the speed of light, and thus the phase velocity of the wave is fast

enough that bulk-plasma interaction will not occur, but instead wakefield acceleration can.
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Magnetic WFA is largely unexplored, however, it could be useful in laboratory LWFA ex-

periments in the case where low frequency waves are unable to penetrate a target medium

because the electron density is too high. If a magnetic field were applied, low-frequency

Alfvén waves could propagate through an otherwise over-dense medium. This is the case in

WFA in AGN jets, where the plasma density is initially too high for the frequency of the

wave to exist as a typical EM wave, but instead as an Alfvén wave. The wave eventually

mode-converts into a regular EM wave. This is the nature-suggested natural transformation

from ne > ncr to ne < ncr for LWFA. If the wave is intense enough to strip electrons from

a high-density medium and propel them into a low-density region (such in the case of strip-

ping electrons from carbon-nanotubes [105, 27]), then they can be accelerated via wakefiled

in the lower density region where the wave’s phase velocity, the Alfvén speed vA, is much

greater. then LWFA could in-principle accelerate high-energy charged particles from over-

dense mediums. Thus we learn from nature that the smooth transition from high-density to

low-density mediums may happen in the neighborhood of the critical density region in the

lab.

The Keplerian motion of the accretion disk spawns helical jets by laterally twisting polar-

oriented magnetic field lines. The MRI in the disk creates an extremely intense perturbation

of the jet magnetic field, which then propagates as a shear, Alfvén ion-cyclotron (AIC)

wave that travels outward from the core, along the jet. This AIC wave then eventually

mode-converts into a typical electromagnetic wave was reaching the underdense region of

the jet plasms, and excites a wakefield, which accelerates plasma in the jet parallel to its

wave vector. The natural helical structure of the jet, and coherent acceleration of plasma

along the narrow jet suggests this is a favorable structure for the confinement and transfer of

plasma. Therefore, we propose a helical magnetic field may be beneficial to fusion devices,

such as in Field-Reversed Configuration (FRC) type reactors, for increasing confinement.

Also, if an AIC wave were applied to the end-plug of an FRC fusion device, such that it is

resonant with the local cyclotron frequency, angular (perpendicular) momentum would be
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absorbed by the species that is resonant with the wave, effectively decreasing the pitch-angle

in velocity-space – preventing ions from escaping the mirror field. Confinement of the plasma

would be improved while also heating the plasma [104, 87]. This inspires us that the nature

producing accretion disk-triggered shear motion on the magnetic field can produce inward

plasma flows, potentially reproducible in a magnetic confinement devices such as an FRC.

In 2000, well before the famous gravitational wave detection’s by LIGO [5], Takahashi cor-

rectly predicted a burst of gamma-ray emission would coincide with neutron star-neutron

star collisions [137]. LIGO and Fermi observed gravitational wave and nearly simultaneous

(delayed only by 1.74s) arrival of a gamma-ray burst. Takahashi explained that the upon

the merger of the two neutron stars, when all of the mass of the smaller neutron star is

sucked into the central balck hole, an extremely intense bow-wake wave is created in the

neutrino-cooled accetion disk (or neutrino-dominated accretion flows, NDAF), capable of

exciting wakefields 6-7 orders of magnitude higher than radiation-cooled accretion disks (see

figure 4.1).

4.2 Wakefield Acceleration in AGN Jets

The objects that we have detailed above, in reality, are only a few “good candidates” out of

tens and maybe even thousands or more of blazars, quasars and microquasars that possess

jets of parsec to hundreds of kiloparsec length and are capable of accelerating charged par-

ticles to energies > 1026 eV (as shown in Table 3.1). WFA is almost certainly present in all

astrophysical objects that have “jets,” regardless if they are as small as a binary star (10-100

Ms) or as large as blazars (≥ 108 Ms); the parameter values change, but the physics is the

same (or similar). Although we have primarily focused on extragalactic jets as candidates

for WFA – resulting in pinpointed emission of UHECRs and correlated, localized emission

of gamma-rays with pronounced structure – through chapters 3.1-3.5, we also find that jets
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Figure 4.1: Upon the merger of two colliding neutron stars, gravitational waves are emitted,
followed by a long-duration gamma-ray burst. Takahashi predicted that this dense burst of
gamma-rays creates an extremely intesne bow-wake capable of creating a substantial flux of
extremely high-energy cosmic-rays with energies exceeding 1021 eV. (from [137]).
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from much smaller objects, namely microquasars in our own galaxy, are also capable of emit-

ting UHECRs (including neutrinos) and simultaneously gamma-rays (see chapter 3.6). In

fact our theory anticipates that much more microquasars are potential sources of a variety

of signals including UHECRs.

Tables 3.1 summarizes the measurables of the six astrophysical objects we surveyed in rela-

tion to their observed properties along with the theoretically derived values. More accurate

predictions of the UHECR flux, and luminosity can be calculated if the GZK limited max-

imum energy is substituted for Wmax in equation 2.6. However, this is a straightforward

calculation, and so the reporting of unattenuated values was favored to illustrate the capa-

bility of WFA at generating extremely high-energy charged particles in astrophysical jets of

all sizes. In chapter 2 we adopted reasonable values for several model parameters including,

but not limited to, p, κT , α since it is beyond the scope of this thesis to determine accurate

values for each and every model parameter on a per source basis. We expect that the model

predictions would be closer to their observational counterparts if more accurate values were

used in the calculations. Despite some inaccuracy in the model parameters, WFA theory

implies that the flux of all emitted particles and photons will be greatest when the observers

LOS is parallel to the jet axis, such as the case for blazars, but closer to Earth than blazars

typically are. This is because wakefields travel parallel to the jet and thus trapped charged

particles accelerated by the wake also travel, and are eventually emitted parallel to the jet

assuming little or no deflection from extrinsic factors. It is reasonable then to assume that

the flux of these signals has a radial dependence on the distance from the jet axis that de-

creases outward. This may explain why we have only observed neutrinos from blazars, and

not quasars. Furthermore, the most energetic particles are more likely to be emitted paral-

lel or very near parallel to the jet axis since they are least susceptible to being perturbed.

The anisotropy in emission of course also implies that the amount of observable UHECRs,

gamma-rays, et cetera produced by nearby quasars and microquasars is less than it otherwise

would be if their jets were oriented (anti)parallel to our LOS. Thus, it is expected that our
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model predictions would over estimate observational data.

Our theory and predictions suggest that WFA is very capable of generating cosmic rays with

energies equal to and even greater than the most energetic UHECRs that have ever been

detected, as well as UHE gamma-rays and neutrinos. Many quasars, and microquasars alike

show evidence of being pinpointed origins of UHE gamma-rays and UHECRs (and sometimes

neutrinos) including the six objects studied herein. We acknowledge, however, that shock

acceleration and magnetic reconnection are also potential sources for lower energy signals

such as cosmic-rays below 1018 eV (before synchrotron radiation becomes insurmountable

at large gamma factors), and most of the synchrotron emissions of VHE gamma-rays down

to radio frequencies. In particular, magnetic reconnection may be capable of generating

UHECRs as well.

A linear acceleration mechanism, such as WFA, is not hindered by deleterious synchrotron

emissions. Furthermore, in the special case of blazars, our theory can explain time signa-

tures, specifically anti-correlations in the spectral index and flux (Fig. 7 in [34]) observed

in blazar 3C 453.4 that steady state theories, such as Fermi acceleration, cannot. Neutrino

bursts, coincidental with gamma-ray bursts originating from blazars have recently been de-

tected [54, 121]. This is also readily explained by WFA since it accelerates a dense cloud of

electrons ahead of the wave that emit gamma-rays due to their orbit or collisions with mag-

netic inhomogenities, and pockets of UHE protons behind that can undergo collisions with

slower protons to produce neutrinos, thereby creating simultaneous ”bursts” of UHECRs,

neutrinos, and gamma-rays. For decades astronomers have known that knots within AGN

jets propagate at superluminal speeds, for example Cen A [70, 132]. This may be understood

from WFA that it is natural to have extremely energetic, periodic structures that occur in

the jets, part of which contain bow wakes [46, 47, 136] that form dense pockets of electrons

propagating ahead of the pulse, and protons behind it.

WFA sheds new light on interesting time evolving processes, such as fluctuations in the
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spectra of blazars, and the movement, and acceleration of matter inside astrophysical jets,

and now even neutrino bursts. WFA coupled with the magneto-rotational instability (MRI)

may be able to provide a virtually complete picture of the generation of UHECRs, UHE

gamma rays, and dynamical time signature bursts and fluctuations from start to finish;

beginning with MRI causing disk eruption and massive accretion of matter, and ending with

the extremely fast particles colliding with decelerated particles in gaseous lobes at the end

of the jets (to produce secondary particles and gamma-rays), or in Earth’s atmosphere as

UHECRs.

It was previously stated in chapter 1 that the condition for stable, bulk plasma acceleration

via wakefields is satisfied since vtr ∼ vph ≫ vth. This does not imply that the entire plasma in

the vicinty of the wakefield is trapped and accelerated for the duration of the wave. Instead,

slower particles are accelerated for a lesser amount of time and even slower particles will

experience multiple kicks as they randomly pass through accelerating-decelerating phases

of the wake when the wave contains multiple frequencies. Chen et al. showed that the

stochasticty of the kicks generates a power-law dependence of the particle energy spectrum

with an index equal to 2 [36]. Lau et al. simulated relativistic wakefield acceleration using

a 1D PIC code and plotted the resulting energy spectrum of the plasma in Fig. 7 of their

paper [81]. It should be noted that the spectral index from WFA [98, 36] is similar to that

of shock acceleration, however, the index can become greater than 2 in the case of WFA, see

for example Fig. 4 in Canac et al. [34]. This is important for explaining the anti-correlations

in flux and spectral-index of blazars.

Lower energy phenomena of these objects such as localized emissions of radio waves, soft

x-rays with high intensities may be attributable to the disturbances arising not from the jets,

but from the accretion disk itself. This may be a result of the MRI (not as well-organized

as wakefield acceleration in the jets) that arises from the accretion disk itself. This is briefly

explained in Fig. 1.4 (also see [63, 107, 131, 100, 85]). The time correlations (or lack of them)
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in this lower energy range of emissions, along with high energy gamma rays and UHECRs

(or neutrinos) may provide the subtle relation between the halo dynamics, exterior disk and

interior disk, and jets. In appendix A a variation introduced by the spread of the jet, which

changes theoretical values in Table 3.1 is explored.

The magnetic energy stored in an accretion disk obeys a power-law dependency on the BH

mass [126]. This energy is the source from which both disk-jet magnetic reconnection and

MRI [25, 46] draw their power from. That is why Fig. 2 in Singh et al., and multiple figures

in Kadowaki et al. show plots very similar to Fig. 2.3 [130, 74].

Further verification of wakefield acceleration theory in the universe conducted via multi-

messenger observations including TeV gamma-ray telescope facilities is strongly encour-

aged, such as the Cerenkov Telescope Array (CTA; [16]), gravitational wave detectors like

Advanced LIGO [3], the VIRGO [12], and KAGRA [18], and ultra high energy cosmic

rays/neutrino observatories, such as Probe of Extreme Multi-Messenger Astrophysics, (PO-

EMMA; [21]), and The Giant Radio Array for Neutrino Detection (GRAND; [19]). It is the

wish of the author that WFA theory and the work presented here can contribute to these

observational efforts.
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Appendix A

Model Dependence on Arbitrary Jet

Spreading Index

As has been examined in previous chapters 3.1-3.6, in interpreting the individual astrophys-

ical objects and phenomena only one model may serve as sufficient in understanding those

astrophysical objects. While the general theory we described through the excitation of the

disk disturbances, including shaking of the jets, and the subsequent wakefield generation and

acceleration of particles along the jets have turned out to be quite generic and deep rooted

physics common among these objects and their phenomena, despite its disparate scales and

mass differences of the central objects. There are some important individualities that may

matter in detailed manifestations of the objects and parameters. One example of such may

be the jet’s spreading angle. Jets may be strongly collimated by the spiraling surrounding

magnetic fields. This may relax certain constraints on phenomena and parameters. In the

following derivations, a jet spreading index is introduced by one model parameter of the

power-law index that determines the jet diameter as a function of the distance from the

central object, as the jet particles and magnetic fields emanate outward.
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The dependence of model parameters in the jet on distance from the bottom and how the

waves propagate through it are assessed. First, assume that

b(D) = R0m((D/R0m)p + 1) (A1)

where b(D) is the radius of the jet at distance D from the bottom of the jet, which, at the

base, is assumed to be b(0) = 3Rg = R0m. Note, the second term in b(D) is subsequently

dropped since D ≫ R0m for the distances we are generally concerned with. Although the

power-law index, p, is observed to be close to ∼ 0.5 for the case of M87, the closest active

galactic nuclei [23], and many other AGN jets [115], it may fall in the range of 0 (a cylinder)

to 1 (a linear cone) for other AGNs and microquasars.

The cyclotron frequency ω′
c in the jet corrected for relativistic effects is given by

ω′
c =

eBjet

mecγ
(A2)

On the other hand, the magnetic field Bjet in the jet can be calculated assuming that the

magnetic field flux is conserved in the jet.

Bjet = [Bdisk(r = 1)](b/mR0)
−2 (A3)

= [Bdisk(r = 1)]

(
D

mR0

)−2p

(A4)

=

(
32πc2√
6κTR0

)1/2

m−1/2

(
D

mR0

)−2p

(A5)
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Next, assume

γ = a0 ≡
eEw

meωc
(A6)

within the jet, where Ew =
√
vA/c Bdisk(r = 1) and ω are the initial magnitude of the

electric field and frequency of the wave, respectively. a0 can be calculated, assuming that

the wave intensity in the jet is conserved, i.e., the flux Φw,jet is inversely proportional to the

cross-sectional area, πb2, of the jet, such that

a0(D) = a0(D = R0)

(
b(D)

R0m

)−1

. (A7)

In addition, Fig. 2.1 shows the ratio ω′
c/ω of the cyclotron frequency to the wave frequency

and that of plasma frequency ω′
p/ω, plotted against the distance D/(R0m) from the bottom

of the jet for the typical cases (Γ = 10, α = 0.1, ξ = 10−2, ṁ = 0.1, and m = 1, 104, 108).

Evaluating Eqn. A6, one gets

a0(D) =
e

mec

( √
6R0

3πϵ3κT

)1/2

α3/4ṁ3/2m1/2

(
D

R0m

)−p

(A8)

Substituting equations A5, and A6 into equation A2,

ω′
c =

4πcϵ3/2

R0

1

α3/4ṁ3/2m

(
D

R0m

)−p

(A9)

On the other hand, the plasma frequency ω′
p corrected for relativistic effects is given by

ω′
p =

(
4πnjete

2

meγ

)1/2

(A10)
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The plasma density njet in the jet can be solved for as follows, if the kinetic luminosity of

the jet is assumed to be:

Ljet = njetµmHc
3Γ2πb2 = ξLrad (A11)

is conserved through the jet.

njet =
2

3µmHκTR0

ξṁ

Γ2m

(
D

R0m

)−2p

(A12)

Here, ξ is the ratio of the kinetic luminosity of the jet to the radiation luminosity, Γ is

the bulk Lorentz factor, and µ = 1.29 is the mean molecular weight of the accreting gas.

Substituting equations A8 and A12 into equation A10, gives:

ω′
p = 2

(
2

3

)3/8(
π3e2c2ϵ3

µ2m2
HκTR3

0

)1/4
ξ1/2

Γα3/8ṁ1/4m3/4

(
D

R0m

)−p/2

(A13)

For most of the interesting cases, the relationship of ω′
c, ω

′
p > ω holds; In other words, at the

bottom of the jets, the plasma in the over dense state (ω′
p > ω), where plasma waves and

electromagnetic waves cannot propagate. On the other hand, Alfvénic waves can propagate,

since ω′
c > ω. The Alfvén velocity VA,jet at the bottom of the jet is given by

VA,jet =
Bjet√

4πmHnjet

= 2

(
3

2

)1/4
µ1/2cΓ

ξ1/2ṁ1/2

(
D

R0m

)−p

(A14)

In other words, the nominal values of the Alfvén velocity

VA,jet ∼ 1013
(

Γ

10

)(
ξ

10−2

)−1/2(
ṁ

0.1

)−1/2

[cm s−1] (A15)
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This can approach the speed of light, when the approximation breaks down. Then the wave

becomes that of EM waves in magnetized plasma. On the other hand, ω′
p = ω at the distance

D1 given by:

(
D1

R0m

)
=

[(
1

27
√
6π

)(
R0e

2

µ2m2
Hc

2κT ϵ

)
ξ2α1/2ṁ3m

Γ4

]1/2p
(A16)

Past the location of D1 (D > D1), ω > ω′
p so that the plasma wave (electromagnetic wave) is

allowed to propagate. The electromagnetic waves propagated as Alfvén and whistler waves

are converted into plasma waves (electromagnetic waves) by nonlinear mode-conversion when

the wave frequency matches the plasma frequency. This D > D1 leads to the bow wakefield

acceleration as described in the next subsection.

The pondermotive force, Fpm, which acts on the electrons caught in an intense electromag-

netic wave is a force generated from the Lorentz force,
(
v
c

)
×B, in the propagation direction

of the electromagnetic wave. If the motion of the electrons by the wave is not relativistic

(a < 1), it can be calculated as the force resulting from the average of the profiles of the

electromagnetic pulses. In the relativistic regime (a > 1), this force is more simplified. Since

the particle velocity asymptotically approaches the light velocity and if the plasma satisfies

the under dense (ω > ω′
p) condition as well, then B = E. In this case, Fpm, is given by

Fpm = Γmeecaω (A17)

Charged particles are accelerated by an electric field generated by bow wakefield (longitudinal

polarization of electronic distributions). As shown in Fig. 2.1, protons are accelerated at

the back slope of the wakefield, while electrons are accelerated at the front slope. The
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acceleration force Facc is given by

Facc = zFpm = zΓeEw

(
D

R0

)−p

(A18)

=
ec

3

(
π

ϵκTR0

)1/2
zΓα1/4ṁ1/2

m1/2

(
D

R0m

)−p

(A19)

Here z is the charge of the particle. The maximum energy, Wmax, obtained by the particle

is determined by integrating Facc over the acceleration distance, D3

Wmax =

∫ D3

0

FaccdD (A20)

=
ec

3

(
π

ϵκTR0

)1/2
zΓα1/4ṁ1/2

m1/2

∫ D3

0

(
D

R0m

)−p

dD (A21)

=
2ec

3

(
πR0

ϵκT

)1/2

zΓα1/4ṁ1/2m1/2

(
D3

R0m

)1−p

. (A22)

Since generally D3 ≫ D1 it suffices to integrate from along the range [0, D3] for simplicity.

The acceleration distance, D3, is evaluated as:

D3 =
e

432mec

(
R3

0

π3ϵ5κT

)1/2

α5/4ṁ5/2m3/2

(
D3

R0m

)−p

(A23)

Solving equation A23 for (D3/R0m) gives

(
D3

R0m

)
=

(
e

432mec

)1/(1+p)(
R0

π3ϵ5κT

)1/2(1+p)

∗ α5/4(1+p)ṁ5/2(1+p)m1/2(1+p) (A24)
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Substituting equation A24 into equation A20, gives

Wmax =
1

3(4−2p)/(1+p)

(
π−2+4pe4c4pR2

0

22−2pm
2(1−p)
e ϵ6−4pκ2

T

)1/2(1+p)

∗ zΓα(6−4p)/4(1+p)ṁ(6−4p)/2(1+p)m1/(1+p) (A25)

ṁ can also be elimanted to give

Wmax =
1

6

(
32pe4κ4−4p

T

4π8−8pmec18−16pR4−4p
0 ϵ6−4p

)1/2(1+p)

∗ zΓα(6−4p)/4(1+p)m−2(1−p)/(1+p)L
(6−4p)/2(1+p)
rad (A26)

The p-dependent formulae in this section can be naturally reduced, if one assumes p = 1/2,

in the “standard case” for example, as was done in section 2. It may be useful to incorporate

such a dependency on the jet spreading (p-index) in assessing maximum proton energy from

particularly SS433, due to it’s location and rather broad jet, as well as other astrophysical

objects.
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