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Abstract

The radiation mechanism of fast radio bursts (FRBs) has been extensively stud-
ied but remains elusive. Coherent radiation is identified as a crucial component
in the FRB mechanism, with charged bunches also playing a significant role
under specific circumstances. In the present research, we propose a phenomeno-
logical model that draws upon the coherent curvature radiation framework and
the magnetized neutron star, taking into account the kinetic energy losses of
outflow particles due to inverse Compton scattering (ICS) induced by soft pho-
tons within the magnetosphere. By integrating the ICS deceleration mechanism
for particles, we hypothesize a potential compression effect on the particle num-
ber density within a magnetic tube/family, which could facilitate achieving the
necessary size for coherent radiation in the radial direction. This mechanism
might potentially enable the dynamic formation of bunches capable of emitting
coherent curvature radiation along the curved magnetic field. Moreover, we
examine the formation of bunches from an energy perspective. Our discussion
suggests that within the given parameter space the formation of bunches is fea-
sible. Finally, we apply this model to FRB 20190520B, one of the most active
repeating FRBs discovered and monitored by FAST. Several observed phenom-
ena are explained, including basic characteristics, frequency downward drifting,
and bright spots within certain dynamic spectral ranges.
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ABSTRACT

The radiation mechanism of fast radio bursts (FRBs) has been extensively stud-
ied but still remains elusive. Coherent radiation is identified as a crucial compo-
nent in the FRB mechanism, with charged bunches also playing a significant role
under specific circumstances. In the present research, we propose a phenomeno-
logical model that draws upon the coherent curvature radiation framework and
the magnetized neutron star, taking into account the kinetic energy losses of
outflow particles due to inverse Compton scattering (ICS) induced by soft pho-
tons within the magnetosphere. By integrating the ICS deceleration mechanism
for particles, we hypothesize a potential compression effect on the particle num-
ber density within a magnetic tube/family, which could facilitate achieving the
necessary size for coherent radiation in the radial direction. This mechanism
might potentially enable the dynamic formation of bunches capable of emitting
coherent curvature radiation along the curved magnetic field.

Moreover, we examine the formation of bunches from an energy perspective.
Our discussion suggests that within the given parameter space the formation
of bunches is feasible. Finally, we apply this model to FRB 20190520B, one of
the most active repeating FRBs discovered and monitored by FAST. Several
observed phenomena are explained, including basic characteristics, frequency
downward drifting, and bright spots within certain dynamic spectral ranges.

Keywords: Radio transient sources (2008); Radio bursts (1339); Neutron
stars(1108); Magnetars (992)

1. INTRODUCTION

The systematic study of distant fast radio bursts (FRBs), a class of bright
millisecond radio transients, began in 2007 (Lorimer et al. 2007). Throughout 16
years of accelerated development, numerous significant observational milestones
have been accomplished (Spitler et al. 2016; Chatterjee et al. 2017; Bochenek et
al. 2020; CHIME/FRB Collaboration et al. 2020), as comprehensively reviewed
in the literature (Cordes & Chatterjee 2019; Petroff et al. 2022). To date,
over 700 FRBs (The CHIME/FRB Collaboration et al. 2021) and 5,000 bursts
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have been recorded, and several expansive datasets corresponding to individual
sources have been published (Li et al. 2021; Niu et al. 2022; Xu et al. 2022). In
addition, the abundant data provide a foundation for statistical studies of FRBs
(Feng et al. 2022), such as FRB luminosity function (Luo et al. 2018; Hashimoto
et al. 2022), FRB population analysis (Cui et al. 2021; Pleunis et al. 2021), FRB
as cosmological probes (Macquart et al. 2020; James et al. 2022), etc.

Despite rigorous exploration, the precise origin and radiation mechanism of
FRBs remain enigmatic. Regarding their origin, the magnetar model (Popov
& Postnov 2010) garners support from observations of the Galactic SGR
193542154 (Bochenek et al. 2020; CHIME/FRB Collaboration et al. 2020).
However, no such bright bursts have been detected in subsequent observations
(Lin et al. 2020), and comparable radio bursts have not been exhibited by
other magnetars. As for their radiation mechanism, coherent radiation has
emerged as the most feasible explanation for FRBs, given their exceedingly
high brightness temperature (Lu & Kumar 2018; Lyutikov 2021), yet the exact
physical processes continue to be a topic of considerable debate.

Broadly speaking, FRB mechanisms can be divided into two categories: inside
the magnetosphere (pulsar-like) and outside the magnetosphere (GRB-like); for
detailed information, see the model reviews (Lyubarsky 2021; Xiao et al. 2021;
Zhang 2022). Among these, the model proposing coherent curvature radiation
by bunches (Katz 2014; Cordes & Wasserman 2016; Kumar et al. 2017; Ghis-
ellini & Locatelli 2018; Yang & Zhang 2018; Wang et al. 2020; Cooper & Wijers
2021) represents one of the foremost contenders for explaining FRBs. These
models posit that FRBs stem from the curvature radiation generated by rel-
ativistic bunches traversing along curved magnetic field lines. Observational
constraints stipulate that the size of these bunches (I,) should be less than half
of the wavelength (e.g., \/2 ~ 10 cm for 1 GHz) to ensure that the radiation
signals from various charged particles within a single bunch reach the observer
in approximately the same phase (Wang et al. 2020). This phenomenon is thus
termed coherent curvature radiation.

Nonetheless, these models confront two primary obstacles. The initial chal-
lenge pertains to the formation of relativistic bunches (Melrose 2017), and the
secondary challenge relates to the influence of plasma effects (Lyubarsky 2021;
Beloborodov 2021). In addressing the latter issue, Qu et al. (2022) demonstrated
that bright FRBs could escape the magnetosphere across a vast parameter space
and propagate outward. However, the first issue still lacks a satisfactory res-
olution. Although the hypothesis of a two-stream instability has been posited
(Usov 1987; Melikidze et al. 2000), simulation studies to corroborate this con-
jecture are absent under extreme relativistic conditions (Samuelsson et al. 2010;
Tokluoglu et al. 2018). More specifically, the formation problem is attributed
to the possibility that Coulomb forces, electrostatic potential, or other interac-
tions could cause dispersion among charged particles within the bunch, thereby
inhibiting their congregation (Zhang 2022).

In this paper, we aim to analyze the formation of dynamic bunches through
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the inverse Compton scattering (ICS) mechanism, which precedes curvature
radiation and leads to additional energy loss that causes compression of the
outflow stream. Building on this model, we intend to further investigate the
observational features of FRB 20190520B. This FRB was detected by the Five-
hundred-meter Aperture Spherical radio Telescope (FAST) (Li et al. 2018; Niu
et al. 2022) and is distinct not only due to its association with a persistent radio
source (PRS) (the other is FRB 20121102A), but also owing to its sustained
activity since its discovery (Niu et al. 2023 in prep.). This allows for ongoing
monitoring and the discovery of new features, and thus we have selected FRB
201905208 as a case study for our modeling and analysis. In Section 2, we estab-
lish the model from the perspective of the bunch compression process. Section
3 presents simulations based on our model, applying it to FRB 20190520B, and
providing explanations for observed phenomena. Subsequently, in Section 4,
we discuss other related implications and concerns. Finally, we summarize our
conclusions in Section 5.

2. COMPRESSED BUNCH MODEL

In this section, we construct our model from a physical perspective. Initially, a
general overview of the model will be provided, followed by the introduction of
three model components. Subsequently, we present the derivation of the model
and parameters, underpinned by plausible assumptions related to neutron stars
(NSs).

2.1. General Illustration

In our model, we consider the whole process of FRB emission, drawing upon
the framework of coherent curvature radiation by bunches and the fundamental
physics of NSs (Lorimer & Kramer 2012; Lyne & Graham-Smith 2012). Gen-
erally speaking, this kind of model should depict at least three components, as
shown in Figure 1 [Figure 1: see original paper], which encompass the original
energy source (trigger region), the formation of bunches (outflow region), and
the radiation ensuing from the movement of bunches or interaction with the
surrounding medium (FRB region).

Firstly, the trigger mechanisms for FRBs are generally associated with several
instances of intense energy release, such as crust cracking of the NS surface
(Thompson & Duncan 2001; Beloborodov & Thompson 2007), sudden magnetic
reconnection (Lyubarsky 2020), or the discharge of magnetic energy following
glitches in the NS (Wang et al. 2021). Thus, all these mechanisms can be
considered as being magnetically powered. These events, which we regard as
feasible in the context of astrophysics, could result in an immense outflow of
relativistic charged particles. Theoretically, such events need to occur outside of
the outflow magnetic field lines, such as beyond the open magnetic field region
(Lu et al. 2020). If this is not the case, the violent eruptions could disrupt the
ordered magnetic field. Therefore, only a minor quantity of charges will enter
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the open field region and stream out along the magnetic field following pair
production, providing the seed charges for FRBs.

Secondly, the formation of bunches poses a key question in this type of model
(Kumar et al. 2017). In this context, we present a potential scenario for the for-
mation of bunches. In contrast to other bunched coherent curvature radiation
mechanisms, we postulate that other radiation processes precede FRB emission
(Longair 2010), including pair production, bremsstrahlung, and inverse Comp-
ton scattering (ICS). These processes are situated closer to the NS surface (in
the outflow region) than the curvature radiation of FRB (FRB region), as de-
picted in Figure 1. Given the considerations of mean free path (acting distance)
(Timokhin & Harding 2019) and scattering cross-section, we argue that ICS is
the predominant process (refer to Appendix B for further details). Therefore,
before reaching the point of FRB emission, the outgoing relativistic charged
particles undergo energy loss due to ICS.

Assuming an environment saturated with soft photons originating from the NS
surface and pervading the inner magnetosphere, the energy loss rate of a rel-
ativistic particle becomes significant. Consequently, its kinetic energy experi-
ences a considerable reduction even over a short period of ICS action. Simulta-
neously, for the upstream particles (the preceding portion of the outflow stream,
represented by the darker segment in sub-figure (b) of Figure 1), the duration
of ICS is extended, resulting in a more pronounced energy loss compared to the
downstream particles (the subsequent portion of the outflow stream, represented
by the lighter segment). Macroscopically, the stream undergoes compression as
it moves, tending towards unification for six dimensions (three spatial and three
momentum dimensions). This process may facilitate the dynamic formation of
bunches.

Finally, the compressed relativistic bunches traverse along the curved magnetic
field, emitting coherent curvature radiation in the tangent direction with various
heights. The frequencies of this radiation are correlated with the distinct radii
of curvature and the Lorentz factor (7) unique to each bunch. Among these,
the number density of the compressed bunch may be exceedingly high, thereby
a magnetic tube/family should be considered, which is related to the state of
NS (Link 2003; Lander 2013). It is crucial to emphasize that the bunches are
dynamically compressed during their movement and radiate at certain instants,
without the need for long-term stability. The previously mentioned content
provides a phenomenological description of the compressed bunch model, and
we will now proceed to outline the physical derivation of this model.

2.2. Physical Derivation

Let us start with the first component: from the energy budget to the estima-
tion of total particles. Assuming we interpret the central engine as a magne-
tized compact object, such as a magnetar (Duncan & Thompson 1992), we can
compute the approximate total magnetic energy within a specific volume as
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B, ~ B2V, /(87), where B, ~ 10'® G denotes the surface magnetic field, and
V., ~ 3 x 1013 cm? signifies a volume that can completely release its magnetic
energy (refer to Appendix A for parameter estimations). The F, , should con-
stitute the upper limit of a single FRB burst. The released energy surges out of
the trigger region as photons or electrons with an extraordinarily high Lorentz
factor 74 ~ 10° (Ruderman & Sutherland 1975; Medin & Lai 2010). Then the
total number of particles is,

Ntot = ntVm/(Sﬂ—’ymecz) ~ 1042B§,15Vm,13’y€;1

in which 7 is efficiency factor of energy conversion, m, is the mass of an electron,
and c is the speed of light. If the conversion rate of this process is close to nuclear
energy release, then the n ~ 1073,

However, considering that the trigger region is outside the outflow region, and
not all outflow particles will be coherent in the FRB region, some constraint
factors need to be further added. For example, ¢ is the particle number rate
from the trigger to the outflow region ~ 1073; also, £ means the volume factor,
which will be given later. Meanwhile, considering that the tube is not full of
the whole outflow region, so another factor is k ~ 1078 (details see Appendix
A). Therefore, the number of seed particles that can coherent is

Ntc = HWCEBEVm/(87T’7meC2> ~ 1.5 x 1028£B§,I5Vm,13’ygl

where £ is given in Eq.8. When these ultra-relativistic particles flow out, their
high Lorentz factor cannot be maintained because of the pair production process
(Ruderman & Sutherland 1975). The cascade is not the key question of this
article, so we will only describe it phenomenologically. Generally, the change of
the v is related to the cascade number, and the pair production becomes the
main factor in the decrease of +, such as in the condition of v5. However, as the
7 decreases to 3 ~ 103 (Longair 2010), the effect of ICS becomes significant (see
Appendix B). Thus, the cascade number is estimated as (Timokhin & Harding
2019)
Ncas = 10g2(76/73) ~ 10,

and the particle number after the pair production is N, = 2Neas N, . Here,
we have roughly completed the first part of the model that the estimation of
particle number for the energy budget.

Next, the second part focuses on the energy loss and compressed mechanism
to dynamically form the relativistic bunches. As we considered in Section 2.1,
particles have energy loss mechanisms during their outflow process, and the
energy variation can be expressed through changes in the 7. If we believe
that the upstream particles lose energy for a longer time than the downstream
particles, then the upstream part will experience a greater energy loss and have a
smaller . In other words, there will be a speed difference between the upstream
and downstream, and a distance change will occur after some time. Specifically,
this manifests as a reduction in the distance difference between them, and the
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downstream will move towards the upstream, resulting in a compression effect,
as illustrated in Figure 1. Then the compressed length is written as

ol ~ (Ui - vo>5t = (Ui - Uo)(% - Vo)meCQ/Eloss’

where 0t is the compression time, v is the velocity of electrons, subscripts i
and o represent the parameters at the beginning (in) and end (out) of the
compression, respectively, and EIOSS is the power of energy loss mechanism. As
analyzed above, the ICS is dominated during this process, which power for a
single electron can be calculated as (Longair 2010)

— 202
Peic - O'TCVoﬁ Uphv

where § = v/c ~ 1 under the relativistic condition, and U, = 04,T*/c is the
internal energy of photons with a constant temperature distribution 7' ~ 106 K
(Goldreich & Julian 1969) (surface temperature of a NS) and Stefan-Boltzmann
constant og,. If we consider that v varies with time, the Eq. 5 can be written
as follows,

— L _ 24
Peic - Eloss = MC 05

and by solving the equation, «y,(t) can be expressed as

(1) = g
Yolt) = :
? 3Upnor(t +tp)

When we choose v, 3 = 103 as the 7 at the ICS initial point of ¢ = 0, the constant
to = 1.6 x 107 s. Subsequently, the relation between v and ICS compression
time can be obtained, as shown in Figure 2 [Figure 2: see original paper]. From
the figure, we can observe that regardless of the initial -, when the compression
time approaches around 10~ s, their values are approximately 100. Meanwhile,
since it is generally believed that v of coherent radiation in the FRB region
is ~ 10! — 10? (Kumar et al. 2017; Wang et al. 2020), we take its value as
Yo,2 ~ 100.

Furthermore, from Figure 2, we also notice that at a compression time of 10~
s, the compression length is ~ 5 x 102 cm. Additionally, it can be found that
for different initial y;¢g ;, the compression length remains ~ 10% cm. Based on
these results, we can incorporate the values of v, , ~ 100, dt ~ 107* s, and
5l ~ 5 x 10? cm into the calculations. Because the 6/ > [,, where [, ~ 10
cm is the bunch size, dl can be regarded as the length of the particle outflow
before compression that [, ~ dl. Here, the physical interpretation of [, is that it
represents the portion of the total particle outflow that can be compressed into
the size of the bunch. Then we can use [, to evaluate the volume factor &,

6 = (Stubelc)/(stubelstr) = lc/(Cttri)7

where [, is the length of the total particle stream, and t,; is the duration
of the trigger burst. If the duration of the trigger is ¢,; ~ 10 s like neutron
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star glitch (Ashton et al. 2019), then ¢ ~ 7.7 x 1071%. Through this process, a
particle stream with ~ 5 x 102 cm can potentially be compressed to 10 cm in
length. Now, we can say that the bunch is dynamically formed, and the number
of particles of each bunch can be estimated as

N, ~2.5 % 1022B2 13V, 13755

In the third part, we will calculate the luminosity and energy for coherent curva-
ture radiation. For a single electron, the power of curvature radiation (Longair
2010) is
- 2e2ydc
ecr 3,02

So, for one bunch, the power of coherent curvature radiation is

2e2N2~ie
elecr — 77

in which p, ~ 107 cm is the radius of curvature. If multiple bunches (N, ~ 10%)
are involved in radiation, then they are incoherent with each other, which power
can be written as
2e2ydc

3p2
Because of the transformation of the coordinates (Kumar et al. 2017), the
isotropic luminosity is

Pcr = NbNe2

Liso = Vo Pey ~ 3.0 X 102N}, 4 N2 5975 5p7% erg st

Regarding the duration of FRBs, as our model is also based on the curvature
radiation, some models have already analyzed it thoroughly (Wang et al. 2020).
Therefore, we only provide a brief analysis here that the duration is related to
the height difference (6h) of multiple bunches as tpgg ~ 0h/c ~ 1 ms, and dh is
ten times the radius of a NS. 6h = hy — h; < py — p; ~ 107 cm, where hy (hs)
and p; (p,) represent the bunch at position 1 (2), respectively.

The characteristic frequency (Longair 2010) of the curvature radiation is related
with v and p that

3 3
= 20 1~ 0.793 ,p7 ! GHz.

Ve

dmp

Due to multiple bunches, various «, exist, which will move along with magnetic
tubes that have different p. Hence, the maximum radiation frequency bandwidth

for one burst is 5 .
3¢ (7, Y
A ~ Uy — Uy = — | Lol To2
Finax TP T g ( pL P ) ’

where v,; and +,, are Lorentz factors of bunches at the lowest and highest po-
sitions within the FRB region (see Figure 1), respectively. It should be noted
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that the Av,, .. here is not the observed bandwidth but rather the theoretical
bandwidth of a single burst. In reality, only a portion of the bandwidth may
be observed due to the signal-to-noise ratio. Additionally, the time of bunches
emission is also sequential, so there may be frequency drift, which will be dis-
cussed later. Above all, the structure of our model has been completed, and we
will apply it to FRB 20190520B in the next Section.

3. RESULTS AND APPLICATION

In this section, we utilize the model derived in the preceding section to illustrate
its performance under various parameters and provide associated inferences. Ini-
tially, considering our model as a dynamic mechanism incorporating parameters
such as v and p, we will present a series of inferences based on the model. Then,
we will conduct basic simulations to enrich our understanding. Subsequently,
these results will be compared with the actual observations of FRB 20190520B,
with the aim of elucidating several phenomena, including but not limited to
frequency drifting and morphology.

3.1. Model Inferences

Due to the multiple bunches involved in FRB radiation, each bunch contributes
to the total radiation. However, in Eq.13, we assume that their contributions
are equal (as in most other models). This assumption may not reflect physical
reality accurately as different bunches may originate from varying heights and
v. The existence of these different parameters is roughly what causes the burst
duration to broaden to approximately ~ 1 ms. As such, it becomes important
to examine the properties of individual bunches and their contributions to the
FRB emission.

Considering a single bunch, its characteristic frequency (v,) and luminosity
(Liso,) can be computed using N,, v,, and p according to Eq.11 and Eq.15. It
is plausible that the higher the launching position of a bunch (i.e., larger p), the
farther it travels, leading to longer energy loss and consequently, a smaller v,
value. Given these parameters, the variation of v, is graphically represented in
Figure 3 [Figure 3: see original paper]. As depicted in Figure 3, as v, increases
and p decreases, v, correspondingly increases. Concurrently, Figure 4 [Figure
4: see original paper] illustrates the distribution of L,,, across varying values
of v, and p. However, as v, and p increase, L, also increases, which may
appear counter-intuitive. This anomaly arises due to the fact that both p and
v, are provided in the simulation code, and the region above the p —y, curve
is physically implausible, because when the launching position is higher, the ~,
should be smaller. Hence, only the area beneath the curve can accurately reflect
the actual physical conditions. Having elucidated the properties of individual
bunches, we can now proceed to scrutinize the characteristics of a single burst
that encompasses multiple bunches.
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3.2. A Concise Simulation

In this subsection, we introduce the concept and method of how multiple
bunches in different slices are simulated. If we assume that the outflow region is
circular, and the magnetic field lines/tubes are uniformly distributed within it,
then we can regard that the curvature radius of adjacent lines/tubes is similar.
First, we randomly distribute points within a circle of radius R (outflow region
radius) using the Monte Carlo method, with the total number of dots equaling
the number of bunches like N, ~ 10% and each point representing a bunch,
as shown in Figure 5 [Figure 5: see original paper]. Then, we slice the circle
uniformly into bins along the direction of the line of sight, for example, from
right to left, and count the number of points (bunches) in each slice. After
uniformly dividing the emission height, we can calculate several properties
of the bunches, such as compression length (Eq.4), coherent particle number
(Eq.9), isotropic luminosity (Eq.13), and characteristic frequency (Eq.15).
When we assume that the Lorentz factor and curvature radiation luminosity
of the bunches in one slice are the same in the FRB region, we use the sum
of the luminosity of all bunches to represent the luminosity of a slice (one dot
in Figure 6 [Figure 6: see original paper]). Finally, these luminosities and
characteristic frequencies are plotted in Figure 6 and divided into two groups
based on a threshold of 100 MHz.

For Figure 6, in the upper panel, the luminosity variation with frequency is
shown for a slice, while the bottom panel represents the cumulative luminosity
variation for one burst. Meanwhile, in our simulation, the high-frequency
bunches emit radiation earlier compared to the middle-frequency and low-
frequency bunches. Moreover, the overall luminosity distribution appears to
exhibit a phenomenon of rapid brightening followed by a gradual dimming.
If we consider the possibility of a low-frequency cutoff and only focus on
the middle and high-frequency component, the luminosity of a burst could
potentially follow a power-law distribution. Furthermore, if the frequency range
corresponding to the rapid rise in luminosity falls within the observational
range, our model may potentially explain the occurrence of bright spots
during the burst. Of course, it should be noted that the high, middle, and
low frequencies are relative values rather than strict bands. Therefore, these
findings suggest that, for an individual burst, there may exist phenomena of
frequency downward drifting and bright spots. Coincidentally, these features
bear some resemblance to the observed phenomenon of FRB 20190520B.

3.3. Application for FRB 20190520B

FRB 20190520B, a compelling source discovered by FAST (Niu et al. 2022),
presents characteristics of active bursts, association with a PRS, and a DM;qy;
that markedly deviates from the Macquart relation (Macquart et al. 2020).
These phenomena earmark this source as a distinctive and representative FRB,
thus analyzing this source from a theoretical perspective is important. From an
energy burst perspective, FRB 20190520B manifests a log-normal distribution
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with a mean isotropic burst energy of around ~ 103® erg. Assuming a duration
of approximately 1 ms, the mean isotropic luminosity is around 10%' erg s,
which falls within the given value of Eq.13. Considering the higher-luminosity
bursts within the dataset, which approach 102 erg s~', these also conform
to the value indicated in Eq.13. Concurrently, when considering each slice in
Figure 6 as having distinct luminosities, the cumulative luminosity approximates
~ 1.3 x 10*3 erg s7!. Limiting consideration to slices with a frequency above
100 MHz, the luminosity sum is ~ 8.2 x 10*? erg s™!, sufficient for an FRB
201905208 burst. Even restricting the calculation to the FAST observation band
(1-1.5 GHz), the cumulative luminosities remain substantial at ~ 7.0 x 10*! erg
s~1, thereby still meeting the observational requirements of FRB 20190520B.
Consequently, from a luminosity perspective, our model adequately satisfies
observational demands.

Indeed, only focusing on luminosity or energy analysis does not entirely illus-
trate the strength of our model, since these aspects can be managed by adjusting
model parameters. What truly showcases the value of our model is its potential
to interpret the complex observational phenomena of FRB 20190520B, such as
frequency drifting and the localization of bright spots. In regard to frequency
drifting, we have noted that a downward-drifting pattern is frequently observed
in FRBs (Pleunis et al. 2021; Zhou et al. 2022). Wang et al. (2019) suggested
that for a constant v, this downward drifting feature may manifest in FRBs. Our
model extends this notion by incorporating a variable «, which can also give rise
to a downward frequency drift phenomenon. In the context of FRB 201905208,
we investigated 75 reported bursts and identified 12 pairs of sub-bursts with
conspicuous downward drifting, akin to the patterns shown in sub-figure (a) in
Figure 7 [Figure 7: see original paper|. If we postulate that different sub-bursts
from one pair emanate from different components of the same burst, our model
could offer a plausible explanation for this occurrence. As illustrated in Fig-
ure 6, high-frequency components are emitted earlier than their low-frequency
counterparts. Further discussion is shown in Section 4.3.

Lastly, we have observed that for some bursts, the luminosities are not uniform
in the time-frequency plot but feature bright spots, as exemplified in sub-figure
(b) in Figure 7. This phenomenon could be ascribed to scintillation, which re-
sults in conspicuous bright-dim stripe patterns in the dynamic spectrum (Main
et al. 2022). However, if bright spots, instead of stripes, are observed, they
might be associated with the FRB mechanism itself, a common occurrence in
FRBs. For instance, in the case of FRB 20190520B, roughly one-third of the
bright spots manifest in the middle of the burst channel (mid-frequency), as
opposed to the top (high-frequency) or bottom (low-frequency). In our sim-
ulation, as illustrated in Figure 6, we find that the luminosities around 500
MHz outshine those in other frequency bands. Consequently, this could mani-
fest observationally as bright spots occurring near mid-frequencies. Meanwhile,
for mid-frequencies around 500 MHz, the CHIME telescope may offer a more
suitable platform for validating this simulation.
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Indeed, some bursts documented in CHIME/FRB Catalog 1 have exhibited a
brightening phenomenon at mid-frequencies (Pleunis et al. 2021). It is worth
noting that this simulation does not precisely match the current observations
of FRB 20190520B. For example, the mid-frequency range with the highest lu-
minosity may differ. Nevertheless, when examining the region of the FAST
frequency in Figure 6, we can also discern luminosity fluctuations. Thus, the
luminosity variation in our model may provide a clue for explaining the phe-
nomenon of bright spots.

4. DISCUSSION

In this section, we discuss several related implications of our model, including
model assumptions and the initial considerations for bunch formation. Addi-
tionally, possible observational concerns are also addressed, which encompass
frequency downward drifting, bright spots, narrow-band signals, and potential
applicability to other FRBs.

4.1. Propagation of FRBs

A fundamental assumption underlying our model is that the radiation emits
from the inner magnetosphere. This assumption gives rise to a simple but
significant question: can the radio signals effectively propagate through the sur-
rounding medium? If we make an assumption that the medium has a density of
the Goldreich-Julian density (Goldreich & Julian 1969) that ngy ~ 1072B,Q ~
10"B, 1595 cm™?, where Q is the rotation angular frequency of NS and we take
Qg ~ 1000 rad s~!, then the plasma frequency is v, oy = (e2ngy/mm,)"/? ~ 900
GHz. Moreover, presuming that the density of the surrounding medium is ap-
proximately n, ~ 10*7 cm~3, the corresponding Vpp ~ 2.8 X 10% GHz is found.
Notably, both v, ¢ and v, are significantly greater than the propagation fre-
quency of FRBs (~ 1 GHz). Hence, the outflow region must either be located
within the region of open magnetic field lines, rather than the co-rotating region,
or a triggering mechanism must be in place to clear the surrounding medium
and enable the propagation of FRB signals. Additionally, several theories pro-
pose that as long as the condition vprg > yﬁ [Veye is met, radio waves can
penetrate high-density medium (Arons & Barnard 1986; Kumar et al. 2017),
where v, = eB,/(2mm c) ~ 2.8 x 102 B, ;5 GHz is the electron cyclotron fre-
quency. From this viewpoint, even though vprp < v, o5, GHz waves can still
propagate at close to the speed of light. Besides, it is worth noting that the
radiation pressure may exceed the plasma pressure in the magnetosphere (Wang
et al. 2022), which could allow FRBs to break out of the surrounding medium.
Thus, based on the mentioned three perspectives, the propagation problem of
FRB can be roughly addressed.
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4.2. Formation of Bunches

Revisiting our initial question: can bunches be formed? According to our model,
bunches may dynamically form as a result of the electron deceleration mecha-
nism, and the compression effect could result in the necessary particle number
within the magnetic tube. Whether such high-density bunches can form still
needs further discussion, as many models tend to avoid addressing this issue.
To begin with, we can provide a rough phenomenological analysis from the per-
spectives of electrostatic potential energy and kinetic energy. The electrostatic
potential energy (Ep) can be viewed as the potential energy of all electrons in
the bunch with respect to the electrons entering the bunch, which is written as

£ _ 3ke?N,
P 50 7
where k is Coulomb constant, and r represents the distance between the bunch
and the entering electron, which is similar to /. On the other hand, the particle

kinetic energy (E),) refers to the kinetic energy of the relativistic electron at the
onset of ICS, which can be expressed as

1/2 9

E,=FE, . — Ey = (m2c* + p2c?)""" —m,c?,

e,tot

where E_ . is total energy of a relativistic electron, E, = m,c? is the rest
energy of the electron, and p, = ym,c is the momentum of the electron. If
the kinetic energy is greater than the potential energy, it can be approximated
that the electrons have the ability to enter the bunch, thereby facilitating the

compression process as we described.

To estimate the balance between the two energies, statistical methods can be
employed. Assuming that the parameters N,, r, and -y conform to a Gaussian
distribution, a ratio (R) can be introduced to assess this matter as

R = Ek(,u’ya O-'y)/Ep(/’énv/’érv Unva-r)v

where y and ¢ are mean and variance in the Gaussian distribution. For this,
we can specify values for which p, = 1000, o, = 200, p, = 10%2, p, = 20
cm, 0, = 5 x 10!, and o, = 10 cm. We perform random sampling 1000
times for calculation, and the distribution is shown in Figure 9 [Figure 9: see
original paper]. When R > 1, the kinetic energy surpasses the potential energy,
implying that bunches can potentially form. Meanwhile, as R, .., = 1.3 >
1, the formation of bunches is feasible in the majority of cases. To further
mitigate the potential errors caused by different samplings each time, we cycle
the aforementioned process 100 times, obtaining the mean value of the ratio
for each time. Based on these computed values, the harmonic mean value is
calculated to be Ry, = 1.5, closing with the value depicted in Figure 9. Hence,
from a statistical viewpoint, the formation of bunches appears plausible.

Furthermore, the magnetic pressure generated by the strong magnetic fields
surrounding the bunches also plays a crucial role in confining these bunches.
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From this perspective, we can estimate the relationship between the electrostatic
potential (E,) and the work done by the magnetic field (Wp). A criterion
for when bunches may disperse can be determined as follows: AE, > AWp,
where AE, = (3ke?/5r%)dr and AWp = 4w Pprdr represents the changes in
electrostatic potential and the work done by the magnetic field, respectively.
Assuming that the bunches are located at an altitude of ~ 107 cm, when the
surface magnetic field is B, ;5 = 10' G and the neutron star (NS) radius is
Ryns ~ 10°% cm, the magnetic field within the bunches is By, = 102 G, so
the magnetic pressure Py ~ B2,/(8m). When we substitute the parameters
mentioned earlier, we find that the criterion outlined in Eq.22 is not satisfied.
Therefore, the magnetic field should be sufficient to confine the bunches at this
altitude.

According to the above discussions, we can summarize a few key conclusions.
Firstly, an energy-based analysis of the formation of bunches under our mecha-
nism provides an intuitive understanding of the process. Secondly, by examining
the Ey, the E,, and the Wp under given parameters, we find that the forma-
tion of bunches is plausible. Lastly, when we apply statistical methods to these
considerations, the results support the likelihood of bunch formation within the
defined parameter space. Additionally, our model does not require the bunches
to maintain a certain size after the FRB emission. Simultaneously, given the
exceedingly short radiation duration of each bunch, there is no requirement for
them to sustain their structural integrity over an extended period (Zhang 2022).
However, it should be noted that the characteristics of bunches in the variable
magnetosphere are quite complex, which needs further investigation, like consid-
ering electromagnetic fields, magneto-hydrodynamic waves, and particle-in-cell
simulation, to make a complete understanding of this process. Thus, our discus-
sion represents merely an initial exploratory effort concerning this matter.

4.3. Concerns of the Application

From the standpoint of frequency downward drifting, although we have ad-
dressed it in Section 3.3, it needs additional consideration. In our model, the
prerequisites for a downward frequency drift are less stringent, not necessitating
sub-bursts, and a single burst may also engender it. This implies that within
what is perceived as a single burst, multiple structures might exist, although
they are challenging to distinguish. It should, however, be noted that frequency
drifting in a single burst might also be attributed to fluctuating dispersion mea-
sures. Especially in the case of FRB 20190520B, with its complex environmental
surroundings, further observational and analysis is required.

The ability of this model to explain other bursts with varying patterns, such
as bright spots located in the low or high-frequency bands, is something to
consider. We hypothesize that this could be connected to the structure of the
outflow region. If we partition the region into several equal parts along the
line of sight, their horizontal scales would be the same, but due to the shape
of the region, their vertical scales would differ. Consequently, the area of each
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slice would also vary, leading to a difference in the number of magnetic tubes
contained in each slice, and this would influence the variation in the number of
bunches that can be generated by the outflow particles. In other words, if the
number of bunches in a slice is relatively large, the luminosity will be higher
than in other slices. For a standard circle, assuming a line of sight from right
to left as in Figure 5, our previous analysis suggests that the bright spot should
be around the mid-frequency band. However, if the region is a triangle with its
apex pointing to the left, the spot should appear in the high-frequency band.
Conversely, if the apex is pointing to the right, the spot should be present in the
low-frequency band. Hence, based on this concept, the model could potentially
account for different burst patterns and even structures with multiple peaks.

The issue of narrow-band signals is indeed a common challenge faced by present
relativistic coherent radiation models. For FRB 20190520B (as seen in sub-figure
(a) of Figure 8 [Figure 8: see original paper]), the majority of observed bursts
have a frequency bandwidth that is less than half of the instrument bandwidth,
i.e., less than approximately 250 MHz for FAST. In our model, the maximum
frequency bandwidth is around 3 GHz, which indicates a broadband model.
However, a possible explanation is that if we assume that the bright part in Fig-
ure 6 represents the observed bursts with high signal-to-noise ratios, it could be
considered as a narrow-band signal. Further clarification is also required regard-
ing the definition of intrinsic narrow-band characteristics, which is necessary for
accurately analyzing the radiation features of FRBs. Although certain studies
on giant pulses of pulsars and FRBs have suggested that the narrow-band is
Av/vyg, ~ 0.1 (Metzger et al. 2019; Thulasiram & Lin 2021), where v, is
the bandwidth of the telescope, this is still dependent on the instrument and
not intrinsic to the source. Even different telescope settings and parameters
could affect the identification and classification of narrow-band signals (Law et
al. 2017). Additionally, we find that some bursts of FRB 20190520B are located
at the upper or lower edges of the telescope’s bandwidth as seen in sub-figure
(b) of Figure 8. It remains uncertain whether there are signals beyond the fre-
quency boundary in such cases, and further joint observations are needed to
provide evidence. If such situations do exist, it is important for us to gain a
further understanding of the morphology and burst mechanism of FRBs.

Finally, the question arises: can this model be extended to other FRBs? We
believe that this is currently an open question due to the uncertain diversity
in the origins and mechanisms of FRBs. This model has been applied to FRB
20190520B in order to illustrate its capabilities in accounting for observed phe-
nomena, but it would be a premature claim to consider it as a comprehensive
and universally applicable model for all FRBs. However, some of the phenom-
ena observed in FRB 20190520B have also been documented in other FRBs
(Pleunis et al. 2021), implying possible shared characteristics among them. For
instance, the downward frequency drifting has been noted in many repeating
FRBs, including FRB 20121102A (Hessels et al. 2019) and FRB 20201124A
(Zhou et al. 2022). Moreover, for some FRBs, the flux of a single burst ex-
hibits non-monotonic variation trends with fluctuations or bright spots (Day et
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al. 2020), such as FRB 20180814A (CHIME/FRB Collaboration et al. 2019) and
FRB 20180916B (Marcote et al. 2020). Taken as a whole, these observations
suggest that our model may provide some insights into explaining these com-
monly observed phenomena, particularly in relation to the compression effects
of the bunch model.

5. CONCLUSION

In this work, we have expanded on the mechanism of FRBs, produced by bunches
via coherent curvature radiation within a NS framework. Our primary focus has
been on the compression effect exerted by the ICS process on outflow particles.
We have provided a phenomenological discussion on the feasibility of bunch for-
mation from an energy standpoint. Upon further analysis of the corresponding
observational effects, our model potentially explains some of the phenomena
observed in FRB 20190520B. We wrap up our paper with a brief summary of
key conclusions:

e We have developed a model for the FRB mechanism rooted in coherent cur-
vature radiation and magnetized NS. This model incorporates the process
of bunch compression, thereby offering a novel approach towards under-
standing the formation of these bunches.

e We introduced the mechanisms of pair production and ICS preceding cur-
vature radiation (FRB emission). Our estimations suggest that ICS plays
a significant role in compressing the bunches. Consequently, these bunches
may dynamically form and emit curvature radiation along a curved mag-
netic field tube/family at specific positions.

e We discussed factors influencing the formation of bunches, encompassing
the electrostatic potential energy within the bunch, the kinetic energy of
relativistic electrons, and the work done by the magnetic field. According
to our analysis, the compressed bunch model fulfills the conditions required
for the formation of bunches.

o We utilized this model to FRB 20190520B and successfully explained var-
ious observed phenomena, including some basic characteristics and the
frequency downward drifting. Furthermore, we provided insights into the
position of bright spots in FRB 20190520B.
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APPENDIX
A. DETERMINATION OF MODEL PARAMETERS

In this section, we introduce the selection of parameters in the model, as well
as the rationale for utilizing these values. In summary, the parameters can
be divided into three parts: neutron star (NS) parameters, particle outflow
parameters, and FRB burst parameters. Finally, we will provide a notation list
as Table 1 .

Firstly, for the NS part, the parameters include the surface magnetic field By,
the volume of magnetic energy release V,,,, the energy conversion efficiency 7, the
initial Lorentz factor 4, and the surrounding temperature 7'. Since an FRB-like
signal has already been observed from Galactic magnetar SGR 193542154, it
is reasonable to consider magnetars as the central powering objects. Moreover,
the characteristic surface magnetic field of magnetars is typically in the range
of 10415 G, and considering that FRB bursts are expected to be relatively
violent, selecting a value of 10'® G is justified.

Regarding the volume part, there are two parameters: the radius and depth
of energy release that can be triggered by the mechanism, such as starquakes,
magnetic reconnection, and explosions. The selection of radius is arbitrary, and
we assume it may be close to the polar cap area of the NS, although they are not
necessarily the same, which is R, ~ 5 x 10 cm. The selection of depth is based
on the balance between the magnetic pressure and the material pressure that
h, = B2/(870,c0ns) ~ 4 % 103 cm, where g,. ~ 10! g cm™3 is the density of NS
crust and g, ~ 10'* cm s72 is the gravitational acceleration of NS. Therefore,
the corresponding volume is V,, ~ 3 x 10'3 ecm®. For the estimation of energy
efficiency, radio efficiency cannot be directly used. Instead, the efficiency of
conversion between matter and energy should be selected. Additionally, since
the efficiency corresponding to starquakes and magnetic reconnection is still
uncertain, we adopt the efficiency of a nuclear explosion n ~ 1073. For the
initial Lorentz factor, we arbitrarily select a value of 74 ~ 106, which is close to
the v of particles through the acceleration gap (although the meanings of the
two are different). Some accretion NS systems can produce TeV photons (North
et al. 1987), which also corresponds to the value of 10°.

Next is the trigger time, which is selected based on the NS glitch time ¢,; ~ 10
s (Ashton et al. 2019). Finally, for NS temperature 7', it is not the brightness
temperature but the actual temperature of soft photons that was heated by the
surface of NS and suffuse the inner magnetosphere, which we select a value of
T ~ 105 K (Goldreich & Julian 1969).

The second part concerns the outflow parameters, including the ratio of the
number of particles from the trigger to the outflow region (, the ratio of magnetic
flux tube cross-section to outflow area s, the Lorentz factor after cascading vs,
and the compression time dt. The selection of ¢ ~ 1072 is flexible because the
particles generated by the triggering mechanism are isotropic, but the outflow
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region is outside the triggering region. So the value is variable, but it should
be small. The parameter x ~ 1072 is calculated by S, pe/Show, Where Sy pe =
257 cm? is the cross-sectional area at the bottom of the magnetic tube and
Show = 25 x 1087w cm? is the area of the outflow region. Next is v ~ 103,
which is related to the pair production and inverse Compton scattering (ICS)
mechanisms, which will be discussed in Appendix B. Finally, regarding the
compression time dt ~ 107* s, we referred to the integrated time of the ICS

electron lifetime t;., ~ YiegMoC*/ Puy., Where 7., we take 73 — 7, 5 ~ 100.

In the end, we will discuss the parameters related to the FRB region, containing
the number of bunches N, and the curvature radius p. Here, N, ~ 3 x 10 is
based on the average energy of FRB 20190520B, but this parameter may vary
for other FRBs, so it is also flexible. The selection of the p needs to satisfy
two conditions. To begin with, it should be larger than the radius of the NS
(pns ~ 10 cm) because we need the open magnetic tubes in the outflow region.
Then, it should be larger than the distance that particles move during the
compression time (~ 3 x 10 ¢cm). Moreover, considering that the compression
does not start from the surface of the NS, selecting p, ~ 107 cm is reasonable.

Table 1. Notation List

Symbol Definition First Appear

B Magnetic field strength Appendix A

B, Surface magnetic field Appendix A
strength

c Speed of light Section 2.2

Eo Energy loss rate Section 2.2
resulting in compression

E, Rest energy of an Section 4.2
electron

Eq tot Total energy of a Section 4.2
relativistic electron

E, Kinetic energy of a Section 4.2
relativistic electron

E, Electrostatic potential Section 4.2
energy

Ei: Total energy released Section 2.2

e Elementary charge Section 2.2

Gns Gravitational Appendix A
acceleration of NS

h Height difference of Section 4.3

various bunches

h, Depth of energy release Appendix A
h Reduced Planck constant Appendix B
k Coulomb constant Section 4.2
L, Isotropic luminosity Section 3.1
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Symbol Definition First Appear

Liso Isotropic luminosity of a  Section 2.2
bunch

ly Length of a bunch Section 2.2

l, Length that can be Section 2.2
compressed to [, for the
particle stream

ler Length of the particle Section 2.2
stream

m, Electron/positron mass Section 2.2

Neas Cascade number Section 2.2

N, Particle number after Section 2.2
cascade

Niot Total outflow particle Section 2.2
number

Ni. Initial particle number Section 2.2

ny, Number density in a Section 2.2
bunch

nag Goldreich-Julian (GJ) Section 4.1
density

Py Pressure of magnetic Section 4.2
field

Py, ICS power of a bunch Section 2.2

P, Power of curvature Section 2.2
radiation

P ICS power of a single Section 2.2
electron

De Momentum of an Section 4.2
electron

R Ratio between E, and Section 4.2
Ey

R, Radius of energy release ~ Appendix A

Ry, Harmonic mean value of  Section 4.2
Ratio

R ean Mean value of ratio Section 4.2

Ryg NS radius Section 4.2

r Distance of electrostatic ~ Section 4.2
potential energy

To Classical radius of the Appendix B
electron

Stiow Area of the outflow Section 2.2
region

Siube Cross-sectional area of Section 2.2
the magnetic tube

T NS temperature Appendix A
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Symbol Definition First Appear

ties ICS electron lifetime Section 2.2

ters Trigger time Section 2.2

Upn Internal energy of the Section 2.2
photon

V. Volume of the magnetic Section 2.2
energy release

v Velocity of the outflow Section 2.2
particle

o, Interaction angle Appendix B

between the incident
photon and particle

8 Speed ratio between the  Section 2.2
particle and light

v Lorentz factor Section 2.2

Yo Lorentz factor of burst Section 2.2

Y3 Lorentz factor after Section 2.2
Cascade

Yo Initial Lorentz factor Section 2.2

AE, Changes of electrostatic Section 4.2
potential

AWpg Changes of work done by  Section 4.2
magnetic field

Av Radiation frequency Section 4.3
bandwidth

AV Maximum radiation Section 2.2
frequency bandwidth for
one burst

i Ratio of material-energy ~ Appendix A
conversion

0 Interaction angle Appendix B

between the scattered
photon and incident

photon

K Ratio of area Appendix A

A Wavelength Section 1

Hoy Mean values of Gaussian ~ Section 4.2
distributions

v, Characteristic frequency  Section 2.2
of curvature radiation

Veye Electron cyclotron Section 4.1
frequency

VFRB FRB frequency Section 4.1

v; Initial frequency Appendix B
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Symbol Definition First Appear

Vp.GJ Plasma frequency with Section 4.1
nagy

Vpb Plasma frequency with Section 4.1
Ty

Viele Frequency telescope Section 4.3
bandwidth

Oonr Variance of Gaussian Section 4.2
distributions

Ogsh Stefan-Boltzmann Section 2.2
constant

or Thomson cross-section Section 2.2

Q Rotation angular Section 4.1
frequency of NS

Qeotid Solid angle Appendix B

Subscript © and o represent the initial and end states of the physical parameters,
respectively.

B. CONDITIONS OF ICS

In our model, we require two effective energy dissipation processes to diminish
the v of the electrons prior to the curvature radiation, namely, pair produc-
tion and ICS. Pair production dissipates energy via cascades, whereas ICS does
so by facilitating interactions between high-energy electrons and soft photons.
Importantly, as v decreases, the mean free path of photons significantly in-
creases (Timokhin & Harding 2019), leading to a substantial reduction in the
efficiency of photon cascades during the pair production. Consequently, when
ICS is dominant, such as when v = 1000, pair production can be approximately
disregarded.

Next, we will analyze the conditions of ICS. Considering a set of relativistic
electrons in a thermal equilibrium photon field with a temperature of T' ~ 10°
K, the energy loss rate due to ICS of the electrons equals this radiation power,
which is Eq. 5. This formula applies when the hot photons are not too hard, as
yhy < m,c?. If not, such as vy ~ 74, the quantum effects should be considered,
and the modified equation is (Rybicki & Lightman 1991)

R
Poie = UT07252Uph <W>
e

where the €2 and € denotes the average of energy squared and energy, respec-
tively. At extreme relativity situation, the scattering cross-section in unit solid
angle should be described by Klein-Nishina formula:

do 1% (€ > e €; 9
49 _To (S oy S gn2p
aQ 2 <61> e © € ST

3
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where 7, ~ 2.8 x 10713 cm is the classical radius of an electron, the ¢, and ¢,
denotes the energy of final state and initial state of photon, respectively, and 6
is the angle between the scattered and incident photon. The scattering cross-
section drops quickly at high frequency, and the energy change of each photon
is small. Apparently, the ICS is not an effective energy-losing mechanism under
this condition. However, as a decrease of -, the cross-section will increase to
op. When we consider that soft photons come from the surface of a NS, then
the applicable condition of ICS with o is

yhy; (1 — cos ;) < mc?,

which gives the restriction relation between the initial energy and the initial
incident angle () of the photon. By considering the photons only coming from
the back that /2 < «; < m, and the energy of hot photons is about 100 €V,
the condition of v « 5 x 10? is required. Meanwhile, in the relativistic electron
frame, ICS efficiency is still low for soft photons coming from directly behind the
electron, but the angle is relatively small ~ 1/v, which can be ignored. Thus,
it is reasonable for us to choose 3 ~ 10% as the end of pair production and the
beginning of ICS.
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