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ABSTRACT

One widely discussed mechanism to produce highly coherent radio emission of fast radio bursts (FRBs) is coherent emission
by bunches, either via curvature radiation or inverse Compton scattering (ICS). It has been suggested that the plasma oscillation
effect can significantly suppress coherent emission power by bunches. We examine this criticism in this paper. The suppression
factor formalism was derived within the context of radio pulsars in which radio waves are in the low-amplitude, linear regime and
cannot directly be applied to the large-amplitude, non-linear regime relevant for FRBs. Even if one applies this linear treatment,
plasma suppression is not important for two physical reasons. First, for an efficient radiation mechanism such as ICS, the required
plasma density is not high so that a high-density plasma may not exist. Second, both bunched coherent mechanisms demand that
a large global parallel electric field (E})) must exist in the emission region in order to continuously inject energy to the bunches
to power an FRB. In order to produce typical FRB duration via coherent curvature or ICS radiation, a parallel electric field must
be present to balance the acceleration and radiation back-reaction. The plasma suppression factor should be modified with the
existence of E). We show that the correction factor for curvature radiation, feyr, increases with £ and becomes 1 when E|
reaches the radiation-reaction-limited regime. We conclude that the plasma suppression effect can be ignored for realistic FRB

emission models invoking bunched coherent radio emission.
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1 INTRODUCTION

The emission mechanism of fast radio bursts (FRBs) (Lorimer et al.
2007; Petroft et al. 2019; Cordes & Chatterjee 2019) is still puzzling
since their discovery. The brightness temperature of an FRB source
can be estimated as
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where kg is Boltzmann constant, Sy, p is specific flux at the peak time,
v is observing frequency, At is variability timescale and D  is angular
distance of the source. Here the convention Q,, = Q/10" is adopted
in cgs units. In contrast, the maximum brightness temperature of an
incoherent emitting source may be estimated as (Zhang 2022)

@

where I'y, is the bulk Lorentz factor of the emitter towards observer,
me is the electron mass and vy, is the thermal Lorentz factor of elec-
trons. Both I';, and yy, are normalized to 100. The extremely high
brightness temperature of FRBs implies that FRB emission mecha-
nisms must be coherent. The recent detection of the FRB-like event,
FRB 200428 (Bochenek et al. 2020; Chime/Frb Collaboration et al.
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2020) in association with an X-ray burst (Li et al. 2021; Mereghetti
et al. 2020) from the Galactic magnetar SGR 1935+2154 suggested
that magnetars are the sources of at least some FRBs.

The FRB radiation models generally include two classes (Zhang
2020): pulsar-like models invoking emission inside or slightly out-
side of the magnetosphere (Kumar et al. 2017; Yang & Zhang 2018;
Kumar & Bosnjak 2020; Lu et al. 2020; Lyubarsky 2020; Wadiasingh
et al. 2020; Yang & Zhang 2021; Zhang 2022; Qu et al. 2022) and
GRB-like models invoking relativistic shocks far away from the mag-
netar (Waxman 2017; Metzger et al. 2017, 2019; Beloborodov 2017,
2020; Margalit et al. 2020). This paper mainly concerns the former
type of model. In particular, a widely discussed radiation mechanism
for pulsar-like models is coherent curvature radiation by bunches
(Katz 2014; Kumar et al. 2017; Yang & Zhang 2018; Lu et al. 2020;
Cooper & Wijers 2021; Wang et al. 2022). Recently, Zhang (2022)
suggested an alternative mechanism in terms of bunched coherent
inverse Compton scattering (ICS) off low frequency electromagnetic
waves generated in the near-surface region of the magnetar triggered
by crustal-quake-induced magnetospheric oscillations.

Charged bunches, especially those for curvature radiation, may be
surrounded by a dense plasma within the magnetosphere (Goldre-
ich & Julian 1969) and be formed through two-stream instabilities.
Plasma oscillations work against radiation by bunches, which would
suppress the emission power. Gil et al. (2004) considered a point-like
charge moving relativistically in a circularly curved magnetic field
with infinite strength, surrounded by a uniform cold plasma oscillat-
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ing in response of bunch emission and found a suppression factor of
curvature radiation, which is < 1. Assuming that the FRB emission
originates from one bunch, Lyubarsky (2021) calculated the value
of the suppression factor in the context of FRBs and found that it
is a very small value, i.e. chuirl ~ 10710, suggesting that the emitted
power is about 10 orders of magnitude smaller than the vacuum case
(Rybicki & Lightman 1979; Jackson 1998). Lyubarsky (2021) there-
fore suggested that coherent curvature radiation is not a competitive
mechanism to power FRB emission.

In this paper, we critically study the issue raised by Lyubarsky
(2021) based on the Gil et al. (2004) formalism. After reviewing the
curvature and ICS coherent mechanisms in Section 2, we point out
several issues of the Gil et al. (2004) formalism in 3. Besides the
obvious flaw of applying a linear treatment to the non-linear regime
relevant to FRBs, there are two issues of applying the Gil et al. (2004)
suppression factor to FRB problems. The first is that for an efficient
coherent mechanism such as ICS, a bunch can be realized by charge
density fluctuations without the need of a dense plasma surrounding
the bunch (Sect. 3.2). The second is that in order to maintain the
high radiation power of the bunches there must exist an E|| in the
emission region. The suppression factor of Gil et al. (2004) does
not apply in this case (Sect. 3.3). In Section 4, we derive a more
general suppression factor for coherent curvature radiation with the
presence of E)| and prove that feur approaches unity at the radiation
reaction limit. The conclusions are presented in Section 5 with some
discussion.

2 COHERENT EMISSION BY BUNCHES

In general, a charged bunch includes a large number of net charges,
QO = =N, pe emitting in phase, where N, j, is the total number of net
charges in units of the charge unit e, with the + and — signs denoting
the positron and electron bunches, respectively. Since the emission
power scales as Q2, in the following discussion we do not differen-
tiate the species of the charges and adopt the + sign throughout the
paper. This number depends both on net charge density and coherent
volume, and the latter is usually related to the wavelength of the
emitted waves (e.g. Kumar et al. 2017; Yang & Zhang 2018). The
net charge density usually scales with the Goldreich Julian density
in the magnetosphere (Goldreich & Julian 1969).

It is necessary to differentiate two scaling parameters to describe
the charged particle number density. A commonly defined one is the
pair multiplicity & = ngot/ngy, which describes the production of
electron-positron pairs. This parameter gives a good description of
the plasma effect, but may not describe the net charge density in the
bunch, since the charges of the produced electrons and positrons can-
cel out each other. The second parameter that is relevant to bunched
coherent emisssion is the net charge factor ¢ = npet/ngy. In order to
increase £, one needs to redistribute the pair charges through some
mechanisms such as two-stream instabilities (e.g. Melikidze et al.
2000). Therefore a higher ¢ requires an even higher £. Models in-
voking a large ¢ (e.g. the bunched curvature radiation as discussed
below) would require a large &, so that the plasma suppression ef-
fect would be more important. In almost all previous works (but see
Zhang 2022), the two parameters ¢ and { were not differentiated and
were usually denoted as &.

2.1 Coherent curvature radiation by bunches

A commonly discussed FRB emission mechanism is coherent curva-
ture radiation by bunches (Kumar et al. 2017; Yang & Zhang 2018;
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Lu et al. 2020). Relativistic bunches could be formed via two-stream
instabilities in a dynamical magnetosphere, possible related to the
propagation of low-frequency Alfven waves triggered by the crustal
deformation on the magnetar surface. The bunches move relativisti-
cally along the curved local magnetic field lines to produce coherent
curvature radiation. For simplicity, the charged bunches are consid-
ered as point charges. In order to produce the 1-GHz radio waves,
one requires

Teur = 241(pgvo) /3, 3)

where p is the curvature radius of the magnetic field line. One
important feature for the bunched coherent mechanism is that the
emission power of N, , leptons in a bunch is Nz’b times of the
emission power of individual particle. This makes the cooling time
of the bunches much shorter than milliseconds. As aresult, in order to
continuously power a high-luminosity FRB lasting for milliseconds,
a E| in the emission region is needed to continuously supply energy
to the bunches. The balance between E | acceleration and curvature
radiation cooling requires (Kumar et al. 2017)
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The parallel electric field can be calculated as

-2/3_4/3
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where
Nep = nAly = 10%° 5B, 1P~ 753 vg? (6)

is the total number of net charges in one bunch, A = n(y1)? =
(7.6 % 108 cm2) 1/9_2 is the cross section of a bunch (e.g. Kumar et al.
2017), 1) = Ais the longitudinal scale of the bunch, 4 = (30 cm) v;l
is the characteristic wavelength of the FRB emission, and the GJ
density is

QB B,Q
2rnec  2mec

-3
-
ngy ~ (—) = (7x 107 em™) By 1sP7'7° (7)
R* ’
at a normalized radius 7 = r/Rx = 100 7, (R is the neutron star ra-
dius). If one neglects the plasma suppression effect, the total emission
power of Ny, bunches can be estimated as

2 cure
Pvac,cur = NbNe,brcur sz 8)

~ (9.0 x 1037 erg sfl) Nb,8Nz,h,20Fc6:ur,2.38p§2'

This emission is beamed within a 1/Icy; cone. For an observer look-
ing down into the relativistic beam, the observed isotropic luminosity
is a factor ~ I'2,, larger, i.c.

_ 2
Lyac,cuv = Pvac,cuvrcur

- _ ©
= (52x10% ergs™") Ny gN2 ) 50751 5 3595

Note that even if the plasma suppression effect is not considered,
{ ~ 102 and Np ~ 108 are needed to reach the desired isotropic
luminosity of a bright FRB.

In the literature, the charges producing coherent curvature radi-
ation are sometimes delineated as one giant charge surrounded by
a plasma (e.g. Gil et al. 2004; Lyubarsky 2021). Since { > 1 is
required, one has £ > 1 and the plasma suppression effect should be
considered. However, whatever the bunching mechanism is, it is hard
to justify that only one bunch is generated as assumed by Lyubarsky
(2021). Very generally, the observed total luminosity should be the
incoherent superposition of a total of Ny, bunches (see Eq.(9)).



2.2 Coherent inverse Compton scattering by bunches

The general picture of the ICS mechanism is the following (Zhang
2022): A low frequency electromagnetic wave with angular fre-
quency w; would be excited from the surface of the magnetar due
to the crust cracking and plasma oscillations near the surface of
the magnetar. The waves could propagate freely within the magneto-
sphere if allowed by the dispersion relation and would be upscattered
by relativistic bunches to produce FRBs. Zhang (2022) showed (in
Appendix) that in the case of k I B (1? is the low-frequency wave
number vector and B is the local magnetic field vector), both eigen-
modes (L-mode and R-mode) of the waves can propagate freely. In
the case of £ L B only the X-mode (EW L B where E,, is the
electric field vector of the low-frequency wave) can propagate, while
the O-mode (EW I E) propagation is forbidden. He did not derive

dispersion relation in most general oblique case (0 < <E, §> <n/2,

where <I§, §> is the angle between k and é). Since in the parallel

case both eigen-modes are “extraordinary” (E w L E) and are free to
propagate, he more generally stated that the “X-mode” of the waves
can propagate freely.

In the more general oblique case, the two elgen modes are defined
as the mode (1), where kis parallel to the (k B) plane, and mode
(2), where kis perpendicular to the (k B) plane. In the literature,
mode (1) is also called the “O-mode” while mode (2) is also called
the “X-mode”. However, this termmology is more relevant in the
quasi-perpendicular case, i.e. when k and B are nearly perpendicular
to each other. In the quasi-parallel case (k and B are nearly parallel),
both modes (1) and (2) are nearly extraordinary and the so-called
O-mode can also propagate. The mode (2) (X-mode) can propagate
freely in any case. In Appendix A, we have treated the dispersion
relation of waves with an arbitrary 6 = <I¥, §> angle. For the (2)
mode (X-mode), one can prove that the wave can propagate freely
in the entire w — @ plane. For the (1) mode (O-mode), the situation
is more complicated. We have calculated the cutoffs and resonances
and marked the forbidden region for wave propagation in Figure Al.
As shown by the figure, mode (1) low-frequency waves can propagate
in essentially all <1? , E> angles except <1? , E> ~ /2. For the outgoing
scattered FRB waves with GHz frequency, mode (1) can propagate if
<l§, §> < 0.33. In the ICS model of FRBs, the low-frequency waves
have an incident angle < 7/2 and the outgoing FRB waves travel
with a direction nearly parallel to the local B field. As a result, mode
(1) can travel for both the incoming and outgoing radio waves.

In the rest frame of electron, the Compton scattering cross section
for the two modes of photons in a strong magnetic field is given by

(Herold 1979; Xia et al. 1985)
w/2 w/2
+ s
(w + o/, )2 (w’ — a);?)2

(10)

1
o’'(1) =op {sin2 07 + 3 cos? 6;

and

o (2)_ s (11)

w/2 w/2 }

(" + ', )2 (w’—a)jg)2

where o’/ (1) and o’ (2) denote the cross sections that the photons
are scattered to modes (1) and (2), respectively, and 6)1{ is the incident

angle <I;’ B’ > of the incoming waves. The two terms within the

braces in Eq.(10) denote the contributions of (1)-to-(1) and (2)-to-
(1) scatterings, respectively, while the two terms within the square
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brackets in Eq.(11) denote the contributions of (1)-to-(2) and (2)-
to-(2) scatterings, respectively. For typical parameters in a magnetar
magnetosphere, the (1)-to-(1) term is much greater than the other
three terms (which is of the order of (w’/ a);_,g)2 < 1). Since the mode
(1) of both incoming and outgoing radio waves can propagate, the
cross section is dominated by the ¢’ = op sin? 67 term, as suggested
by Zhang (2022).

In the lab frame, the ICS cross section is (Qiao & Lin 1998; Zhang
2022)

sin? 0;

~ o' (1)(1 - Beosb;) = op—— b L
o=~0'(1)(1-Bcosb;) G—TF%CS(]—ﬂCOSH[)

= f(6:)or/Tics-
(12)

where 6; is the incident angle (1? §> of the incoming waves in the
lab frame, I'jcg is the Lorentz factor of the changed bunch, and
F£(6;) =sin?6;/(1 = Bcos 6;) is a factor of order unity.

In order to produce 1-GHz radio waves through the ICS mechanism
one requires

Tics = 316 v;/zv;i/z(l — Beos6;)" /2, (13)

where 6; is the angle between the incident photon momentum and the
electron momentum, v; and v denote the frequencies of the incident
and scattered waves, respectively. The balance between acceleration
and ICS radiation cooling requires
Ejics = (8.6 X 10° esu) £rv5 Tieg 5 sBx1sP™" f(6; )530 o3
14)

where 7 = r/R is the emission radius normalized to the radius of the
neutron star R.

The ICS power of individual electrons is (7-8) orders of magnitude
higher than that of curvature radiation. As a result, the ICS radiation

power (without plasma suppression effect) of Ny, relativistic bunches
can be estimated as (Zhang 2022)

4
Pyac,ics = NbNe sTics3 3 TesocUph

~ (2.1x10% ergs™") Np sN2 ) 1T 2.5 (0)5BG (757,

15)

where the emission power of N, ; particles is also enhanced by a
factor of N2 in the coherent ICS model, o ~ f(6;)or /FICS ~

10~ O’TFICS 5 5 is the scattering cross section, 6By is the initial
amplitude of the low-frequency electromagnetic waves at the surface,
and

Nep =nAly = 108 (B, 1sP7'T3 s75°vg3 (16)

is adopted, where /|| ~ 2 and A ~ 7(I'2)? with A being the wave-
length of the FRB waves. The observed isotropic luminosity is

Lvac,ICS = Pyac ICSF%CS
= (2.1 x10% ergs™) Np sNZ |, 16Tl 2.5 (08B (757
17
Note that { ~ 1 can be adopted for such a model, with a much smaller
total number of bunches, Ny, ~ 103, to produce the characteristic
FRB luminosity. The bunches in the coherent ICS model are merely

density fluctuations. One can in principle produce FRB emission
with a fluctuating Goldreich-Julian outflow without the association
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of a pair plasma, i.e. £ ~ { ~ 1. As a result, the plasma suppression
effect could be neglected for this model.

We note that induced Compton scattering is not considered within
magnetospheric FRB models. This is because in order to excite in-
duced Compton scattering, electrons should be allowed to jump be-
tween two energy levels with an interval defined by the typical fre-
quency of the FRB emission, vprpg = (10° Hz) vg, On the other hand,
electrons can only stay at Landau levels in a strong magnetic field. The
minimum energy between two Landau levels is Ej, = fieB/(mec).
The condition for induced Compton scattering is Eni, < AVERB,
which gives B < B. = (357 G) vg. In the FRB emission region
(typically # ~ 100), one has B ~ (10° G) B*’15f2’3 > B for a
magnetar with a surface magnetic field By = (1013 G) By 15. There-
fore, induced Compton scattering is not allowed within a magnetar
magnetosphere.

3 PLASMA SUPPRESSION EFFECT IN FRBS: A
CRITIQUE

3.1 General discussion

Within the context of radio pulsars, considering curvature radiation
emitted by a charged bunch with bulk Lorentz factor I" surrounded by
a cold plasma moving with a Lorentz factor y < I', Gil et al. (2004)
introduced a suppression factor

2 2
Gil _ L w_é 1- 7_2 (18)
cur — 47 w;) F2 s

where w). = cI'3/(py) is the characteristic frequency of curvature
radiation in the comoving frame and p is the curvature radius. One
can see that the suppression degree is proportional to ~ (w/. /w ;))2 1y,
which could be extremely small if the plasma is dense enough. Also,
aty =1, fCGui\,l = 0, suggesting that the emission is completely
suppressed if the plasma and the bunch move with the same Lorentz
factor. Lyubarsky (2021) applied this formula to FRBs by assuming
that the FRB emission originates from one macro bunch, and argued
that fc(j‘\,l is of the order of 10717, so that coherent curvature radiation
by bunches cannot account for the FRB emission.

However, there are several issues of applying Eq.(18) to the FRB
problem.

First of all, Eq.(18) was derived within the pulsar context by as-
suming that the magnetic field B has an infinite strength. The plasma
oscillations are introduced as a small perturbation so that the treat-
ment was fully in the linear regime. In the case of an FRB, the waves
are in the highly non-linear regime, characterized by a nonlinear
parameter defined as

12
eE,, 25 412l
“= MeCW - mec320r = 1.6x10 Lfrb,42v9 rys > L. (19)

In the FRB emission region, the wave electric field strength is even
stronger than the magnetic field strength and electrons are accelerated
to high Lorentz factors (Qu et al. 2022). The treatment of Gil et al.
(2004) no longer applies. One cannot simply use Eq.(18) to quantify
the plasma suppression effect.

The full treatment of the plasma suppression effect in the non-
linear regime is beyond the scope of the current paper. However,

' Other plasma effects, e.g. the plasma nature of the low-frequency waves,
may be considered. However, the general feature of the model, i.e. the high
emission power of the process, should be retained as argued by Zhang (2022).
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even within the framework of linear treatment of Gil et al. (2004),
there are still two issues against the argument of Lyubarsky (2021).

First, Lyubarsky (2021) argued for a very small fcﬁ}‘ by assuming
w,. < w’,,i.e.there exists a very dense plasma in the emission region.
However, this requirement is not necessarily needed, especially if the
radiation mechanism is ICS. Second, in the FRB emission region
there must exist a large E|, which will separate electron positron
pairs and affect the plasma suppression factor. We discuss these two

effects in the following.

3.2 Plasma density and the required multiplicity factor &

The first physical condition for significant plasma suppression is the
existence of a dense pair plasma, i.e. the pair-multiplicity parameter
& > 1. One can make this condition more quantitative. The physical
reason that the plasma will suppress emission is that oscillations of
the emitted waves with angular frequency w would induce plasma
oscillations with the angular frequency

4reln [2e£BxQ (1 -3/2
wWp = = _
p Me Mmec Ry

- 124~ (20)
= (4.7%10° rad s7") &)/ BL2 p1/2773/

*,

- 7 —1\ £1/2p1/2 p-1/2,-3/2
~(1.5x 10" rads™ ") & B*,ISP 7,

where the last two expressions have made use of the typical parame-
ters for the curvature radiation and ICS mechanisms, respectively.

1If w;, Jw" = wp/w > 1, plasma oscillations would be significant,
which would produce a strong screening electric field to suppress the
radiation of the bunch. On the other hand, if w;, Jo' = wplw <1
is satisfied, the response of the plasma is very slow compared with
the radiated waves. The suppression effect is therefore negligible. As
a result, the first physical condition for plasma suppression can be
expressed as

W) > W, 1)

which can be translated to

mecw? [ r \>
£> 253*9 (R—*) ~ 1.8 x 10° v3B} ! sP#;. (22)
As discussed in Section 2, ¢ > ¢ ~ 100 is required by the curvature
radiation model. So plasma suppression may be considered for this
model. However, for the ICS model £ ~ 1 is already enough to power
the observed FRB luminosity. The plasma suppression effect would
not be important for the ICS model.

3.3 Parallel electric field £,

The second physical condition for significant plasma suppression is
that the bunch is surrounded by a plasma. As discussed in Sections
2.1 and 2.2, in both coherent bunching models to produce FRB
emission, a significant )| is needed to continuously supply energy
to the bunches in order to provide the necessary power for FRBs.
Such an E | tends to separate the pair plasma (Yang et al. 2020).

One may define a critical E. ||, which is the one required to sepa-
rate an e* plasma surrounding a bunch. We consider a pair number
density in a magnetar magnetosphere as

(JCB*Q r
n= —
2ngc \ Ry

-3
) ~ (7x10° cm_3)§23*,15Ri’6P_1f2_3. (23)

The mean separation distance between an electron and a positron may



beestimatedas! = n~ /3 =~ (5x107* cm™3) 52_1/3B;11/;R;16P1/3f2.
The critical parallel electric field needed to separate this pair may be
estimated as

e - 2
Eejl~ 75 = (171073 esu) &

BRI e
which means that the pairs are easily separated. However, the situa-
tion is more complicated with the presence of macro bunched charges
with charge Q. The plasma tends to be associated with the bunches
through Coulomb interaction. Take the typical separation between
the bunch and a charged particle as A ~ A4 ~ 30 cm (Melikidze et al.
2000). The critical E)| needed to overcome this Coulomb force is

Ocure

Ee o = =55~ = (5.3 107 esu) (B, 5P~ 75 vg°, (25)
and

E _Qiese | (535102 By 5P~ FT3v33 26
c.llIcs = = = (5.3x 107 esu) {By 15P™ 757 vy", (26)

for the curvature and ICS mechanisms, respectively, where
Ocur/ics = eNep is net charge of one bunch. Comparing these
critical values with those required by the curvature radiation (Eq.(5))
and ICS (Eq.(14)) mechanisms, one can see that the pair plasma is
bound to the bunches in the case of curvature radiation but is charge-
separated in the case of the ICS mechanism. This again suggests that
the plasma suppression effect is irrelevant to the ICS mechanism
even if bunches are initially surrounded by a plasma. As shown in
Section 4 below, even if £ cannot fully separate charges (e.g. for
the curvature radiation case), it will modify the plasma suppression
factor.

4 PLASMA SUPPRESSION FACTOR WITH THE
PRESENCE OF A PARALLEL ELECTRIC FIELD

Let us consider that a dense plasma is surrounding a charged bunch,
which is radiating curvature radiation with the presence of an E)|.
The expression of feyr would be modified.

We start by summarizing the theoretical framework of Gil et al.
(2004). Since the background magnetic field is strong in the linear
treatment, charged particles can only move along magnetic field lines.
One can adopt a cylindrical geometry, assign the 6-direction as the
direction of the magnetic field, and assume that the magnetic field
has a semi-circular configuration. Since the field line is circular, the
radius p can be adopted to denote the curvature radius for curvature
radiation. Next, one can divide the current density into two parts:
Jbunch produced by the charged bunch moving along the magnetic
field and jplasma produced by the ambient plasma induced by the
oscillating electric field of curvature radiation. The bunch current
density is jpunch = (QV/R)S(r — R)6(6 — Vt/R)6(z), where 6 is the
azimuthal angle, Q and V are the total charge quantity and velocity of
the bunch. The plasma current and bunch current can be excited only
in the #-direction. By introducing perturbations in plasma number
density and velocity, one can treat the problem in the Fourier do-
main, leading to Eq.(18). See the details in Gil et al. (2004)%. In the
following we derive a more general expression of feyr by introducing
E|| in the problem.
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Figure 1. The suppression factor as a function of parallel electric field inten-
sity. Following parameters are adopted: & = 102, By = 1015 G, Ry = 10°
cm, P = 1 s. The Lorentz factor of curvature bunch is I" = 241.

4.1 Constant parallel electric field

We first consider the case that | is essentially a constant. This as-
sumption is relevant for FRBs, which requires that emission happens
in the radiation-reaction-limited regime.

The curvature radiation power of the bunch can be most generally
calculated as

P = jounch(Eg + E))). 27
Here
ch“4 I3 2 72 2
0= —> 7 1-=]. (28)
6p°Vy \wppy r

is the global electric field of the system involving a bunch with charge
Q and velocity V and the surrounding plasma without the existence of
E|,as derived in Gil etal. (2004). Note that similar to Gil etal. (2004),
we have assumed that the plasma Lorentz factor y is smaller than
the bunch Lorentz factor I" so that one can have a direct comparison
between the two treatments>. Therefore, the emission power of the
point-like charge can be calculated as P = jpunch (Eg + E|) and the
degree of suppression effect can be compared with vacuum case in
Eq. (18). For a constant parallel electric field, we provide a derivation
in Appendix B to prove that the presence of E| would not affect the
suppression factor term corresponding to E g. Therefore, the modified
total emission power should be calculated as

2

4 3 \2 2
ooy () (- F) =51
602Vy \wp,py 2

P = jounch(Eg + E)) = QV

(29)

2 There is a typo in Eq. (A2) in the Appendix of Gil et al. (2004). It should
read 6V = ieEg /[y me (w —sv/r)].

3 Strictly speaking, the assumption of v < I' may not be always satisfied for
both Gil et al. (2004) and our treatment. A self-consistent, time-dependent
calculation of y and I' is needed. However, the purpose of this paper is to
check how fr is modified from ]guGr“ given the same input parameters.
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This gives the modified suppression factor in the presence of £

P 1 B\’ y2\2  QVE|

Jor=5—=—|— l-=| +—5—
Peur 4y \wppy 2 Peyr 30
L (30)

. _( el ) (1 _ 7_) gk

4y \whpy 2 Peur

where we have assumed V ~ c. One can see that Eq.(30) has two
terms: the first term is the same as that obtained by Gil et al. (2004),
while the second term is a term related to the strength of ). The
value of feur as a function of E| for a fixed I' value and different
v values are presented in Fig. 1. One can see that fcur increases
with E|, suggesting that the presence of an £ can effectively cancel
the plasma suppression effect. Interestingly, at the radiation reaction
limit, i.e. QcE = Pcur, the second term of feyr becomes unity, which
completely removes the plasma suppression effect. This suggests that
even for a linear treatment, under the realistic condition for FRB
production there is no plasma suppression effect.

4.2 Slow-changing parallel electric field

In reality, E | is likely not a constant all the time. More realistic mod-
els (Kumar & BoSnjak 2020) suggests that E|| itself is oscillating,
but with a much lower frequency. We provide a derivation in Ap-
pendix B to prove that such a slowly oscillating electric field would
not modify the suppression factor significantly. Here we consider a
specific mechanism that invokes a charge-starved Alfvén wave as the
source of E| (Kumar & Bosnjak 2020). The electric field parallel to
background magnetic field can be written as

E|| = Eqexp(ikawz — iwawt), 3D

where E; is the wave amplitude, kyw < k and waw < w are the
wave vector and circular frequency of Alfevn wave, respectively. The
modified suppression factor can be written as

2 2
1 [ o3 2 E
Seur = — ( < ) (1 - 7_) + Qe deXP(ikawZ — iwawt)

4y \wppy 2 P

P ) , cur (32)
1 ( 3 ) (1 y2) , Q¢Ea
4y a)'pp‘y 2 Peur

where the oscillation factor is of order of unity and can be approxi-
mately dropped out. The results are similar to the constant £ case.

5 CONCLUSIONS AND DISCUSSION

In this paper, we critically examined the suggested plasma suppres-
sion effect for bunched coherent radio emission (Gil et al. 2004,
Lyubarsky 2021) within the framework of FRBs. We reached the
conclusion that such a suppression effect is not important based on
the following arguments:

e The suppression factor Eq.(18) derived by Gil et al. (2004) was
based on the assumption that the magnetic field has infinite strength.
This is valid for radio pulsar emission but in the case of FRB emission,
the radiation is so intense that the electric field strength in the waves
is comparable to or even exceeds the strength of the background
magnetic field. The linear perturbation treatment of Gil et al. (2004)
is no longer valid. A treatment of the problem in the non-linear
regime is beyond the scope of this paper, but one should be cautious
of using the suppression factor Eq.(18) to the FRB problems.

MNRAS 000, 1-9 (2022)

o Even within the framework of the linear treatment, the plasma
suppression effect can be ignored if there is no dense plasma sur-
rounding the emitting bunch. This condition can be reached under
two conditions: (1) the emission power of the bunch is high so that no
dense plasma is needed to power FRB emission; (2) there is a strong
external £ component in the emission region so that the electron-
positron pairs are separated. Both conditions can be satisfied for the
coherent ICS mechanism for bunches.

e For coherent curvature radiation by bunches, a dense plasma
may still accompany the emitting bunches. However, the existence of
an E)| in the emission region, as is required by the bunched coherent
radiation models for FRBs, would modify the suppression factor.
We show that fqyr increases with E Il and reaches unity when E I
reaches the radiation reaction limited regime, as is required by the
FRB model. This suggests that the bunch emission power is similar
to the vacuum value and the suppression factor can be ignored.
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APPENDIX A: DISPERSION RELATION OF A COLD
PLASMA IN THE OBLIQUE CASE

In this Appendix, we provide a detailed treatment of the disper-
sion relation of waves propagating in a cold plasma for the general
“oblique” case, i.e. k and B have an arbitrary angle. For a pair plasma,
the plasma frequency w, is defined using the number density of elec-

trons only. If w, is defined using the pair density instead, all the 20)%,

terms should be changed to w%.

The general expression of the dispersion relation can be written as
(Stix 1992)
B+F
2 _
T
where the “+” sign denotes the X-mode (or (2) mode in the text),
which means that the wave electric vector E,, is perpendicular to
k — B plane, and the “~" sign denotes the O-mode (or (1) mode in
the text), which means that E,, is parallel to the k — B plane. The
three parameters A, B and F in the cold pair plasma can be written
as

(AD)

202 202
A:(l—z—pz)sin29+( ——f)cosze, (A2)
w* - wy w
2wp 2 ’ Zw%, Zw%,
B=[1- 5 5| sin 6+ -— 1- 5 5
w* - wy w w* - wy (A3)
><(l+COS26’),
and
F =+vVB? —4AC, (A4)
where
Cc=|1 20% 1 Zw% 2 A5
B T 2| (A3)
w w* - wp

and @ is the angle between k and B.

A radio wave can propagate if Eq.(Al) has a real solution, i.e.
0 < n? < +co. In order to find the allowed region in the w — 6
plane, one needs to first find the boundaries of the allowed regions,
which are defined by “cutoffs” (corresponding to n = ck/w = 0) and
“resonances” (corresponding to n = ck /w = o).

First, it is observed that n? = (B + F)/2A > 0 is always satisfied,
so that the X-mode (or (2) mode) can propagate in all 6 for all w in
the magnetosphere. Since |F| < |B|, (B+ F') always carries the same
sign of B. Inspecting B and A and noticing w < wp < wp for the
problem being solved, one can prove that B/A is always positive so
that (B + F)/2A is always positive.

The case of O-mode ((1) mode) is more complicated. The nu-
merical results of the cutoff (B — F = 0) and resonance (A = 0)
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frequency are presented in the left panel of Fig. Al. The forbidden
region is marked in grey. The two critical frequencies of interest,
i.e. w; = (2r)10* rad s~! for the low-frequency waves in the ICS
model and w = (27)10° rad s~! for the FRB waves, are plotted for
comparison. One can see that the O-mode low-frequency waves can
propagate freely essentially in all angles except strictly 6 = 7/2 (the
perpendicular case). For the FRB waves, since w and the cutoff fre-
quency are very close, we zoom in in the right panel of Fig. Al.
One can see that the O-mode FRB waves can propagate freely at
6 < 0.3. This is the case for the ICS model, since the outgoing waves
are expected to align with the relativistic electron moving direction,
which is the B vector direction in the emission region. During the
propagation process ¢ would not go to very large values, especially
with the possible alignment of k and B due to the strong radiation
pressure of the FRB waves (Qu et al. 2022).

APPENDIX B: SUPPRESSION FACTOR IN THE
PRESENCE OF PARALLEL ELECTRIC FIELD

In this Appendix, we derive the modified suppression factor in the
presence of a parallel electric field E}.

We consider the plasma motion under the influence of two electric
fields: E ¢ originated from the plasma oscillations and curvature radi-
ation and a global external £ due to the large scale electrodynamics.
The relativistic motion equation of a single charged particle is

dv
mey3E =e(Eq +E)). (B1)

where 7 is the Lorentz factor of the particle, v is the particle velocity.
We write velocity into two parts: the equilibrium part vy and the
perturbation part 6v. Only the latter is considered in the Fourier
space, where all the parameters are denoted in “tilde”.

(i) We first consider that E) is a constant. We perform Fourier
transformation to Eq. (B1)

mey3i (a) - s%) 67 = eEg + E6(w)8(5)5(k), (B2)

where the Fourier transformation to the constant £ is denoted in
terms of delta functions, which suggests that this term is zero when
w, s and kz # 0. One can see the presence of E | cannot influence the
result of E ¢y obtained by Gil et al. (2004), since only the perturbation
terms are considered and since all the derivations are in the Fourier
space.

(ii) Next, we consider that E|| is a slow-changing field, i.e. E o«
exp(ik| z—iw)t). The magnetic field line is assumed to have a circular
configuration with an infinite B strength similar to Gil et al. (2004),
we use the relation df/dt = v/r and obtain

i e(E pt E ”)

ov = (B3)

Yime (- s7)

Performing Fourier transformation to the current density continuity
equation, one gets

R .S~
—iwdp + l;jp]asma =0. (B4)
The plasma current density along z-axis can be solved as

.y iw%,w(E”’s +E9)
Jplasma = — 3, ;5

dry3(w - s%)2 ' (B3)

The plasma current density is modified in the presence of E| com-
pared with Gil et al. (2004). According to the electric potential, the

MNRAS 000, 1-9 (2022)
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Figure A1. The resonance and cut-off frequencies for O-mode waves as a function of 6 = <I¥, B > in units of radian. Following parameters are adopted: & = 102,

By = 101 G, Ry = 106 cm, P = 1 s and r = 10% cm. The grey zone is the forbidden region for wave propagation. The right panel is the zoom-in version of
the left panel. The O-mode low frequency waves presented in the left panel can propagate in all angles except 6 = /2. The scattered wave (dashed line in right
panel) can propagate as long as € < 0.33 (see the perpendicular dashed line in the right panel).

global electric field can be written as

Egzi(ﬂAg—fﬁ). (B6)
C r

We apply the short wave approximation, i.e. we simplify the current

density and electric field equations in a narrow region r — rg < rg

in the cylindrical coordinate system and use the short wave approxi-

mation s > 1 and w > k;c (see also Gil et al. (2004)). The global

electric field can be expressed as

4/3

wr?

ics

Eg = 2x+a)Ag +is'PAL], (B7)
where a = 5%/ 3k%c2 J2w? is a dimensionless parameter. In order
to calculate Eg, we need to find the relations of the vector poten-
tial components. The #-direction (along background magnetic field)
component of wave equation in terms of vector potential can be
calculated under short wave approximation as

4 .
A+l +2xg - 2is' A, = —T’_Trgs-‘%jplasma, (BS)

where x = (r — r)s%/3/rg. The point-like charge current density is

- Qv Vit

=—06(r—-R)§[0 - —]d(2), B9
Jbunch R (r ) R (2) (B9)
where Q is the net charge of the bunch and V is the velocity. The
plasma current density term can be expressed in the wave equation

as

_47rr(2)5—4/3jplasma - —i%(l + 23_2/372x)_2
*|Eis +i (2j—fx+k§)Aa - 53:4/4;
0 0
wpy ~2/3.2 o
=87[1+23 v (a+x)]
% [_i%Ell,s +2(x+a)Ag + isl/3A;] ,
(B10)
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where A, and Ag are the vector potential components along ra-
dial and azimuthal directions, respectively. We consider that the ra-
tio of plasma frequency to FRB wave frequency is very large, i.e.
w%y Jw? > 1, then the last term in the square brackets should be
small, i.e. approximately equal to zero. Then we can obtain the rela-
tion*

—is'3A7 +ia)EH’S/c

o= 2(x+a)

(B11)

In order to find the matching condition of A to calculate ¢, we have

Al =— is'3 "4 is!/3 ’r_ iwaWE”»S iwawkaWE”»S
0 2+a) " 2(x+a)2 " 2e(x+a)? 2¢(x +a)
- is13 3 - S8, .

2x+a) " 2x+a)2 T 2k+a) " (xta)

(B12)

where we ignore the last two terms on the right hand side since
Waw and kay have small magnitudes. Therefore, the slow-changing
parallel electric field would not modify the final global electric field
of the system. From the r-direction component of the wave equation

A = 22xA, +2is 3 Ay, (B13)
we have
1 1

A/ = iSI/S X + 0 — Ag

o x+a)" (x+a) (x+a) (B14)

= isl/?’LAr.
(x+a)
The second derivative of Aj is calculated as
1

Ay =is'/? al = A (BI5)

(x+a) r_(x+a)2 r+(x+a) e

4 The first factor on the right hand side can be simplified as (1 — y2/I'?)~2,
which means when y > T, the relation is not valid. Therefore, all the
calculations are only valid when the plasma Lorentz factor is smaller than the
bunch Lorentz factor.



Thus the 6-direction component of wave equation can be re-written
and simplified as

is1/3Ar isl/3xAr
(x+a) (x+a)?

=[S1/3

Ay +2xAg + 2is13 =
(B16)

(x+a)
With the point-like charge current density, we can obtain a general
expression of the wave equation along the 6-direction
_ w%,y i 8S2/ 3 E 0
w3 [1+257283y2(a +x)]?

isl/3 4 +2is_2/3}Ar =
(x+a)?
20 —2/3 v
— 81°QVs 6(x—X)6(w—sE),
(B17)
where X = —a — s2/3 /2I'2 denotes the position of the emitting
particle. One can notice that the second term on the right hand side

is smaller than the first term since s > 1, thus £¢ can be calculated
as

2 -1

B w

Fo=—ts B3 [22Y) 1425220 P (B
8 w3 (x+a)?

Under the short wave approximation we can obtain two relations:

2

2
[1+252B3%2(a+X)]* = (1—;{—2) , (B19)
and
a -2/3 4k§
LR W) S (B20)
(X +a)? w?

We apply the above two relations and use wR = sc to simplify
Eq.(B18) as

2
3 K2 (1- )
Eg :2i7r2s_lf4izcg—r26 (s—wg) u, (B21)

Y
p

w 1+ izz

w
where u is a dimensionless function of the -direction component of
the wave equation. This result is consistent with Gil et al. (2004) (see
their Eq.(32)). We can then conclude that the slow-changing parallel
electric field would not modify the expression of the suppression
factor for the Eg part. Therefore, we can linearly add the E|| in the
calculation of the emission power.

This paper has been typeset from a TRX/IATgX file prepared by the author.
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