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Abstract. Fast radio bursts (FRBs) are radio transients of extragalactic origin lasting for about a few to several
milli-seconds. Their actual physical nature is still being actively researched on. In this paper, we have analyzed
both non-CHIME and CHIME FRB data. To circumvent the absence of measured fluence and flux density of FRBs
belonging to the CHIME catalog, we have devised a novel approach that utilizes the ratio of the lower limits of
the flux density S νO to the fluence FνO of individual FRB events to construct several parameters to investigate the
presence of underlying trends in the FRB population drawn from both CHIME and non-CHIME data sets. In this
context, one of these parameters defined involve true brightness temperature as well as energy density, despite not
knowing the actual size of the FRB emission region.
Our first robust conclusion is that the non-CHIME FRBs fall under two broad categories - those with luminosity
density less than about 4 × 1033 erg/s/Hz at the frequency 300 MHz and those having larger luminosity density
values than this. Our second robust result is that the parameters computed using S νO/FνO and other measured
quantities are almost the same for both CHIME and non-CHIME FRB populations, vindicating our use of the
technique based on the ratio of the lower limits of the flux density to the fluence. This universality is also seen in
the underlying patterns exhibited by the distributions of the computed parameters for both CHIME as well as the
non-CHIME FRB population, suggesting thereby the presence of the two luminosity density based categories even
for the CHIME FRB population. Assuming that FRBs are caused by magnetar glitches, we have discussed in this
paper a simple physical model, incorporating an abrupt change in the light cylinder radius of an oblique rotator, to
address the existence of these two categories.
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1. Introduction

The first reported fast radio burst (FRB) was discovered
serendipitously from the Parkes telescope archival data
by Lorimer et al. (2007) [1]. Since then numerous other
FRBs have continued to be gleaned from different radio
bands, ranging from 110 MHz to about 8 GHz, by a
host of radio telescopes.

FRBs are luminous radio sources that are sporadic, and
distant, appearing from random directions and lasting
for about a few milliseconds. From the observed large
dispersion measures (DMs) associated, in general, with
these radio transients, their extra-galactic origin is al-
most certain. While a majority of the FRB events are
one-off affairs individually, several of the FRBs are re-
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peaters including FRB 20121102A (the first ever re-
peater discovered [2]) located in a star-forming dwarf
galaxy having a redshift z = 0.19 ([3]-[5]). The all-sky
FRB event rate has been estimated to be fairly large
∼ 104 [6].

Active radio transients from two of the repeaters
- FRB 20121102A and FRB 20180916B, appear
to be bunched with observed inter-bunch gaps of
∼ 157 days and ∼ 16 days, respectively, random
occurrences within a bunch notwithstanding. All
the aforementioned points have been discussed
comprehensively and thoroughly in many excellent
reviews on the subject (e.g. [7]- [12]). Because of
the milli-second nature of the FRB durations, there
are roughly two broad classes of models that are
pursued seriously - one associated directly with
magnetars (e.g. [6], [13]-[20]) and the other, with
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the gravitational collapse of supra-massive spinning
neutron stars ([21]-[23]).

After the discovery of a low luminosity Galactic radio
burst (FRB 20200428A) along with an associated
X-ray burst from a Soft Gamma Repeater (SGR)
- the magnetar SGR 1935+2154 ([24]-[29]), the
balance tilted somewhat in favor of the magnetar
origin for at least a group of FRBs. However, the
Five-hundred-meter Aperture Spherical Radio Tele-
scope (FAST) has not seen any FRB-SGR connection
so far, indicating that transient radio emission from
magnetars during their soft gamma radiation phase is
extremely rare ([30],[10]). Furthermore, searches for
high energy counterparts of FRBs have also led to low
values of stringent upper limits on the flux densities of
high energy photons ([31]-[34]).

Despite a large body of research papers that continue
to explore the theoretical modeling of FRBs, the real
physical nature of these perplexing objects is still an
enigma and is an area of active investigation. There-
fore, it is very crucial to search for patterns that emerge
from the observed FRB data to reach closer to the phys-
ical nature of FRBs. Some general trends that have en-
sued are that repeaters tend to have a larger observed
duration than the non-repeaters and that the spectral
width of the former is narrower leading to a wide vari-
ation in their spectral index values ([35],[12]).

In this paper, by considering first the distribution of
radio luminosity densities of non-CHIME FRBs, we
present statistical evidence that suggests the existence
of two categories of radio transients- a high luminosity
density category and a lower one. The analysis
assumed that most of the non-repeating FRBs have a
spectral index value of 1.5 while the spectral index of
various recurrences of radio transients from repeaters
lie in a broad interval, ranging from -2 to 1.5.

Since only lower limits to the FRB fluence and flux
density can be obtained from the CHIME catalog, we
have introduced a new technique that makes use of di-
mensionless quantities that are computed using the ra-
tio of the fluence lower limit to the flux density lower
limit for each FRB and have carried out an investiga-
tion to demonstrate the existence of very similar sta-
tistical trends for both CHIME as well as non-CHIME
FRBs. The observed universality in the values and dis-
tributions of these dimensionless quantities buttresses
the validity of this technique.

2. Basic Framework

For a transient radio source with a power law spectrum,
the explicitly time-dependent intrinsic luminosity den-
sity may be expressed as,

Lν(t) = L0(t) ν−α , (1)

where L0(t), α, ν, and t are the time-dependent source
luminosity parameter, spectral index in the radio range,
frequency, and time in the rest frame of the source, re-
spectively.

In the case of a Friedmann-Lemaître-Robertson-Walker
(FLRW) model, with the line element given by,

ds2 = c2dt2 − a2(t)
[ dr2

1 − kr2 + r2(dθ2 + sin2 θdϕ2)
]
, (2)

the observed flux density corresponding to a cosmolog-
ically distant extragalactic transient source then is given
by,

S νO(tO) =
(1 + z)LνO(1+z)(t)

4πD2
L(z)

(3)

=
(1 + z)1−αν−αO L0(t)

4πD2
L(z)

(4)

where z, νO, tO and DL(z) are the source cosmologi-
cal redshift, observed frequency, cosmic time in the ob-
server’s rest frame and the luminosity distance of the
source, respectively, with time t in the rest frame of
the transient source being related to the observer’s rest
frame time tO by the equation,

a(tO)
a(t)

= 1 + z (5)

and luminosity distance given by,

DL(z) =
c

H0

∫ z

0

dz′√
ΩΛ,0 + Ωm,0(1 + z′)3

. (6)

In the subsequent analysis, to evaluate the luminosity
distance from eq.(6), we have used the following val-
ues for the cosmological parameters pertaining to a flat
ΛCDM model: H0 = 73.04 km/s/Mpc,Ωm,0 = 0.28 and
ΩΛ,0 = 0.72.

The luminosity parameter L0(t) can be expressed in
terms of the observed quantities using eq.(6),

L0(t) =
4πD2

L(z)ναOS νO(tO)
(1 + z)1−α (7)
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The observed fluence is given by,

FνO =
∫ tO+∆tO

tO
S νO(t′) dt′ , (8)

where ∆tO = (1 + z) ∆t is the observed time duration
of the source while ∆t is the intrinsic duration of the
transient source in its rest frame.

The energy released by the source is given by,

E =
∫ ν2
ν1

dν
∫ t+∆t

t
Lν(τ)dτ (9)

ν1 and ν2 being the radio frequency range so that, after
making use of eqs. (1), (7) and (8) in the above, we
obtain,

E = 4πD2
L(z)(1 + z)α−2FνO ν

α
O

[ν1−α1 − ν1−α2

α − 1

]
(10)

The redshifts of the repeating FRBs are estimated from
the accurately measured redshifts of their host galax-
ies while the observed dispersion measures (DMs) are
used to estimate the cosmological redshifts of the non-
repeating FRBs. The local contributions like from the
source Doppler shift or gravitational redshifts to the
overall redshift of a FRB are, in general, negligible. For
instance, if a source has a speed ∼ 300 km/s with re-
spect to the cosmological rest frame, the corresponding
Doppler shift is only ∼ 10−3.

As far as gravitational redshift is concerned, emissions
from around a massive and near-spherical object
of mass M and size R ≥ 2GM/c2 would incur a
gravitational redshift zgr when observed at robs ≫ R,

zgr(R) �

√√
1 − 2GM

c2robs

1 − 2GM
c2R

− 1 ≈
(
1 −

2GM
c2R

)−1/2
− 1 . (11)

So, according to eq. (11), FRB radiation climbing
out of the gravitational potential of a galaxy of mass
∼ 1012 M⊙ and radial size ∼ 15 kpc, would undergo a
gravitational redshift zgr ∼ 10−6, which is negligible.

However, in the context of magnetar-centric FRB mod-
els, if a radio transient is assumed to originate from
a location close to the surface of a magnetar of mass
∼ 2 M⊙ and radius ∼ 12 km, the corresponding gravi-
tational redshift is ∼ 0.4, which cannot be ignored. On
the other hand, if the emission takes place at distances
closer to the light cylinder Rlc of the magnetar,

Rlc =
cP
2π
≈ 50

( P
10−3 s

)
km , (12)

Figure 1. A schematic diagram for an FRB event

the gravitational redshift caused by even a milli-second
magnetar’s gravity is not very appreciable, since from
eqs. (11) and (12), zgr(Rlc) � 0.066 if the magnetar’s
mass and radius are ∼ 2 M⊙ and ∼ 12 km, respec-
tively. Therefore, one may consider only the cosmo-
logical redshift z in the analysis, as it is the dominant
component.

In terms of the observed quantities, the source lumi-
nosity density at the rest frequency of 300 MHz can be
obtained from eqs.(1) and (7),

L300 ≡ 4πD2
L(z)(1 + z)α−1S νO

(
νO

300 MHz

)α
(13)

Analogously, the expression for the luminosity density
at any specified frequency can be expressed.

2.1 Brightness Temperature and Energy Density

There is strong evidence that brightness temperatures
of FRBs are very high, (Tb)FRB ≳ 1036 ◦K ([36],[37]).
In what ensues, we will consider the rest frame bright-
ness temperature of a FRB (derived first by [38], in a
somewhat different manner), for which the emission re-
gion has a radial size ∼ lem. The brightness temperature
corresponding to the rest frame frequency ν is given by,

Tb,FRB =
c2

2kBν2
Iν,FRB , (14)

where Iν,FRB is the rest frame specific intensity. Since,

Iν ∆A ∆t ∆Ω ∆ν = S ν ∆A ∆t ∆ν , (15)
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at a radial distance R ≫ lem from the FRB, that is within
the galaxy hosting the FRB, Iν,FRB is related to the rest
frame flux density S ν (see Fig (1)),

Iν,FRB =
S ν
∆Ω
=

R2 S ν
πl2em

. (16)

As the observation point is at a cosmological distance
from the FRB, to express Tb,FRB in terms of the mea-
sured flux density S νO at the observed frequency νO, we
may use the total number of photons ∆N emitted by the
FRB in the frequency interval (ν, ν + ∆ν) and the time
interval (t, t + ∆t),

∆N = 4πR2 S ν ∆ν ∆t/hν (17)

= 4πa2
0 r2S νO ∆νO ∆tO/hνO , (18)

where a0 and r are the present-day expansion scale fac-
tor and the Robertson-Walker radial coordinate of the
FRB, respectively.

Using the well known relations, luminosity dis-
tance DL(z) = a0(1 + z)r, ∆tO = (1 + z) ∆t and
∆νO = ∆ν/(1 + z) in eqs.(17) and (18), we obtain the
required relation,

R2 S ν = D2
L(z)
( S νO
(1 + z)

)
, (19)

so that after making use of eqs.(16) and (19) in eq.(14),
the rest frame brightness temperature is of the form,

Tb,FRB =
c2

2πkBν
2
O

(S νO
l2em

)( D2
L(z)

(1 + z)3

)
(20)

=
c2

2πkBν
2
O

S νO(1 + z)
(D2

A(z)
l2em

)
, (21)

where DA(z) = DL(z)/(1 + z)2 is the angular diameter
distance.

From special relativity and causality arguments, it fol-
lows that lem ≲ c∆t so that the brightness temperature
of the source in its rest frame (eq.(20)) satisfies an in-
equality,

Tb,FRB ≳ Tb ≡

( c2

2πkBν
2
O

)
S νO(1 + z)

(DA(z)
c∆t

)2
(22)

=
S νO D2

L(z)(1 + z)

2πkB

(
∆tO νO(1 + z)

)2 , (23)

The lower limit Tb to the actual brightness temperature
given by eq.(21) has been thoroughly discussed by Luo
et. al. and Zhang ([38],[12]).

The relativistic causality considerations can also be
used to estimate a lower bound to the energy density of
the radio photons within the emitting region,

uFRB �
E

l3em
≳ u �

E
(c∆t)3 (24)

The energy density uFRB is likely to be associated with
the magnetic field as well as the spin angular momen-
tum of the compact object.

2.2 FRB Parameters constructed using measured
quantities and ratio of flux density to fluence

It is useful to define dimensionless as well as dimen-
sional quantities that make use of various measured and
estimated physical quantities related to the FRBs so that
we may compare the obtained outcomes for both non-
CHIME as well as CHIME FRBs. Since the CHIME
catalog only provides lower bounds to the fluence and
flux density of individual radio transients, we have in-
troduced a new technique that involves taking the ra-
tio of fluence to flux density and vice versa. As the
FRB energy E (eq.(10)) and the luminosity density L300
(eq.(13)) are proportional to fluence and flux density,
respectively, we have defined various parameters below
that can be computed for CHIME FRBs too in a mean-
ingful manner (except for the quantity X5, which is a
dimensionless characterization of the energy density u
and can be computed only for non-CHIME data).

X1 ≡
E L300

(F2
νO
+ S 2

νO
∆t2

O)ν2O( DM
ne

)4
(25)

=
E L300

F2
νO

(1 +
S 2
νO

F2
νO
∆t2

O)ν2O( DM
ne

)4
(26)

X2 ≡
E L300

(F2
νO
+ S 2

νO
∆t2

O)( DM
ne

)2c2
(27)

=
E L300

F2
νO

(1 +
S 2
νO

F2
νO
∆t2

O)( DM
ne

)2c2
(28)

X3 ≡
L300√

(F2
νO
+ S 2

νO
∆t2

O) νO( DM
ne

)2
(29)

=
L300

FνO

√
(1 +

S 2
νO

F2
νO
∆t2

O) νO( DM
ne

)2

(30)
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X4 ≡
u

L300
.
(DM

ne

)3 (31)

X5 ≡
u c3

hν4O
(32)

X6 ≡
kB Tb

E
(33)

X7 ≡
kBTb,FRB

u2/3
FRBE1/3

(34)

=
c2

2πν20

(S ν0
E

)( D2
L(z)

(1 + z)3

)
(35)

In the expressions for X1 to X4, ne that appears is a
fiducial number density of electrons used to obtain a
‘length’ dimension from the DM. In this paper, we have
set ne = 0.03 cm−3, which is the mean value of the
Galactic disc electron number density. The parameter
X7 defined by eq.(34), involving the actual brightness
temperature given by eq.(21) and the energy density
E/l3em, is so constructed that only the measured and es-
timated quantities as well as the ratio of flux density to
fluence come into play (eq.(35)) in computing the pa-
rameter, despite not knowing the FRB size lem. There-
fore, X7 can be estimated for the CHIME FRBs.

3. Data

The non-CHIME FRB data analyzed in the present
work is obtained from the Transient Name Server
(TNS) website https : //www.wis − tns.org/. A
majority of these transient events were detected using
telescopes like the Australian Square Kilometre Array
Pathfinder (ASKAP), Parkes, Arecibo, etc. While the
Canadian Hydrogen Intensity Mapping Experiment
(CHIME) data is taken from the CHIME/FRB
first catalog paper from the CHIME data website
https : //www.chime − f rb.ca/catalog [39].

The redshift information for non-CHIME one-off FRBs
has been taken from FRBSTATS [40] and the corre-
sponding data for non-repeaters (NRs) in the CHIME
catalog from Tang et. al. [41]. We have also used
the individual sub-burst data of FRB 20121102 ([2]-
[5], [42]), and each of these sub-bursts has been treated

as distinct bursts in our study, and have been classi-
fied as repeaters (REPs). We have adopted this clas-
sification for every repeater (e.g. sub-bursts of FRB
180916.J0158+65 [43]).

4. Analysis and Results

Spectral index for NRs is taken to be 1.5 throughout
(this is found to be true for 23 ASKAP FRBs [44]),
except in the cases of FRB 20070724A and FRB
20110523A for which the spectral indices are taken
to be 4 and 7.8, respectively ([1],[45]). The spectral
indices for REPs vary over a wide range, presumably
because of their narrow spectral width [35,12]. For the
calculations of energy as well as luminosity density
(eqs. (10) and (13)) and subsequent analysis, we have
considered five independent trials in each of which
a set of values of α ∈ {−2,−1.5,−1.3,−0.5, 1.3, 1.5}
are randomly chosen, using a uniform probability
distribution, and assigned to the REPs. Thereafter, we
have also considered another trial and in this sixth trial,
all the REPs are assigned α = 1.5. The same procedure
has been carried out for each of the recurrences of a
CHIME repeater too. (For the constraints on the values
of α see ([46]-[49])).

4.1 Non-CHIME

The distributions of FRB luminosity density, energy,
energy density as well as the ratio of luminosity den-
sity to the energy have been studied comprehensively.
Figures (2) to (7) describe the trends observed for the
non-CHIME FRBs. Whenever necessary, the median
values of the plotted quantities have been specified in
the figures, separately for REPs and NRs. The lumi-
nosity density could be calculated for 194 FRB events
based on the available flux density and the estimated
redshift data.

The histograms of luminosity density at 300 MHz show
bimodal distributions for all five trials of randomly as-
signed spectral indices to the REPs as well as for the
sixth trial. For one such trial corresponding to the ran-
dom assignment of spectral indices, the histogram is
shown in fig.(2a). The number distribution n(L300) ex-
hibits a minimum at L300 � 4 × 1033 erg/s/Hz. This
is also verified in a bin-width independent analysis by
considering the slope of,

N(≤ L300) ≡
∫ L300

0
n(L)dL (36)

as a function of the luminosity density at 300 MHz. It
is expected that if n(L300) has a minimum, the slope
will change from being positive to 0 (near the location
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of the minimum) and then positive again. Indeed, as
can be seen from fig.(2b), this slope vanishes around
� 4 × 1033 erg/s/Hz, thus confirming the inference that
was based on fig.(2a).

The minimum occurs at � 4 × 1033 erg/s/Hz for all the
five trials that use random assignment of α values. For
the sixth trial (i.e., α = 1.5 case), the minimum is lo-
cated at � 5 × 1033 erg/s/Hz. When an identical exer-
cise was carried out for the luminosity density at 1 GHz
case, the minimum in the distribution was found to be
slightly lower, at � 1033 erg/s/Hz.

Hence, from the above analysis, we conclude that irre-
spective of the assignment of the spectral index value,
the individual FRB events may be classified into two
categories - high L, those with L300 > 4×1033 erg/s/Hz,
and a remaining weaker lot, low L, L300 ≲ 4 × 1033

erg/s/Hz. To check for the robustness of this classifica-
tion, a Kolmogorov-Smirnov (K-S) test was performed
for the non-CHIME data by considering two of the in-
dependent trials on the random assignment of α val-
ues to the repeating events, and asking whether both of
them were realizations of a given distribution.

For 194 distinct FRB events, the K-S Statistic is
0.0773196 corresponding to the p-value 0.137894.
Therefore, the null hypothesis that both of the trials
come from the same parent distribution is not rejected
at the 5 percent level. It is natural to ask whether the
repeating and non-repeating FRBs display marked
differences as far as low L and high L classification is
concerned.

Fig.(3) displays the histograms of L300 distributions,
distinguishing the FRB events belonging to REPs (rep-
resented by lilac color) from that of the one-off FRBs
(in light blue), for all the six independent trials. From
the median values and the spread, in all six trials, it is
evident that REPs on average fall in the low L category.
The histograms of energy E corresponding to the six
trials show minima that vary appreciably with individ-
ual trials, and hence, the evidence for bi-modality is not
very strong.

Fig.(4a) and Fig.(4b) show the distributions of E for
(a) one of the trials on random assignment of α values
and for (b) the sixth trial i.e., α = 1.5 to the REPs, re-
spectively. From the median values of E as well as the
spread, one may infer that REPs tend to have lower val-
ues of E compared to those of the NRs. The scatter plot
given in fig.(5a) confirms this inference and points to
the positive statistical correlation between luminosity
density and energy of FRBs.

On the other hand, fig.(5b) shows that for a given ob-
served duration ∆tO, a non-repeater tends to be associ-

ated with a somewhat greater lower limit to the energy
density, i.e. u. Since u ≈ E/(c∆t)3 the negative correla-
tion seen in this figure between u and ∆tO is expected.
From the histograms of figures (6a) and (6b) (and the
corresponding median values), it is quite clear that NRs
tend to have larger values of u, which is consistent with
the corresponding dimensionless X5 values.

The histograms presented in fig.(7) show that, for all the
five trials, distributions of the ratio of L300 to the energy
E as well as the corresponding median values point to
REPs tending to have lower values of this dimension-
less quantity compared to that of the NRs. However,
the difference is very marginal for the sixth trial (i.e.,
α = 1.5 for all the REPs). The interesting point is that
since L300/E involves the ratio S νO/FνO , this analysis
can be carried over to the CHIME FRBs as well.

4.2 CHIME

Given that many of the FRBs detected by CHIME are
from off the center of the latter’s beam pattern, one can
only set lower limits to the FRB’s actual flux density
and fluence. However, for a CHIME FRB, it is rea-
sonable to assume that the ratio of its measured flux
density to fluence is close to the true ratio had the FRB
been detected in the direction coinciding with the beam
center of the telescope. So, to compare the results we
have obtained in the case of non-CHIME FRBs with
the CHIME ones, we have introduced a new technique
whereby we use the quantities L300/E, X1, X2, X3, X4,
X6 and X7 that involve the ratio S νO/FνO (or its recip-
rocal) in our analysis for both these data sets.

The other advantage of this technique is that the
numerical values of each of the parameters (eqs.
(25)-(35)) as well as L300/E lie in the same range
for both CHIME and non-CHIME FRBs leading
thereby to a meaningful comparison of CHIME and
non-CHIME FRBS. This feature also supports our
novel use of considering the ratio of flux density to
fluence in defining the constructed parameters. For
instance, the histograms of figs.7 (a)-(f) demonstrate
that distributions of L300/E and the corresponding
median values of non-CHIME FRBs show the same
trends as in the case of CHIME (figs.8 (a)-(f)),
entailing an internal consistency of our new method.
The bi-modality in the distribution of L300/E is
displayed in both CHIME and non-CHIME FRBs,
albeit the evidence being weaker when all the repeaters
are assigned α = 1.5. This encourages us to claim that
even CHIME FRBs would have shown a bi-modal
distribution in L300 had the measured values of the flux
density for each of the FRBs were available.

From fig.(9) to fig.(13), the distributions of the
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dimensionless quantities have been shown for both
non-CHIME (left-hand panel) and CHIME FRBs
(right-hand panel) for comparisons. There is an overall
agreement in the FRBs’ trends in the two distinct data
sets. Figs. (14a) and (14b), although not dimensionless
but involves the ratio FνO/S νO , show that the ratio of
the lower limit to the energy density to the luminosity
density tends to be larger for REPs in comparison to
that of the NRs for non-CHIME FRBs and marginally
larger for the CHIME ones. The histogram of kBTb/E
for the CHIME FRBs fig.(13b) suggests that the NRs
tend to have higher brightness temperatures than their
repeating counterparts, although this trend is marginal
for the non-CHIME FRBs fig.(13a).

Using both supervised [38] and unsupervised [50]
machine learning methods, a recent study aimed to
look for potential repeating FRBs among NRs in the
CHIME first catalog. According to their findings,
few of the earlier classified NRs are predicted to be
potential REPs suggesting a search for recurring radio
transients for these FRBs. The authors classify those
potential REPs as strong which have been identified in
both of the papers ([38],[50]). In the scatter plots of our
present study, we represent the strong REP candidates
with a magenta asterisk, while those identified via an
unsupervised (supervised) machine learning as type
I (type II) REPs with a blue (red) asterisk. In our
analysis, from figs. (9b) to (12b), it is very interesting
to note that the majority of these potential REPs indeed
follow the patterns that are common to the standard
REPs.

Figs. (15a) and (15b) are for the CHIME bursts alone
corresponding to a trial involving random assignment
of α values to the REPs. The distributions of X2 and
X3 as well as their median values reflect the tendency
of NRs to have higher values than those of the REPs.
Marginal bi-modalities are seen in the distributions of
REPs entailing a hint of two distinct modes of radio-
emission from the REPs. It may be pointed out, that
these trends survive even for the sixth trial (i.e. α = 1.5
for all the REPs). More future detections of REPs are
required to strengthen this surmise. The histogram of
the flux-density to fluence for CHIME FRBs is shown
in (15c). Although the REPs and NRs do show a differ-
ence in the distribution, there is no bi-modality in the
distribution as such.

The histograms as well as scatter diagrams of X7 have
been plotted in (16a), (16b), (17a) and (17b). The REPs
tend to have a smaller median value of X7 compared to
that of NRs. It is important to emphasize here that the
parameter X7 involves the true brightness temperature
and energy density even though the size of the emission
region is not known to us.

5. Simple Theoretical Considerations: Pul-
sar/Magnetar Glitches, Goldreich-Julian Charge
Density and FRBs

Since many pulsars exhibit rapid spin-up at times, with
∆ω/ω � 10−11 − 10−5, it is natural to expect theoreti-
cal models linking FRB activities to sudden glitches of
magnetized neutron stars [51, 52]. The recent detection
of an anti-glitch |∆ω/ω| � 5.8 × 10−6 from the mag-
netar SGR 1935+2154, followed by three radio tran-
sients from it akin to FRBs [53], has given boost to
such models [51, 52, 55]. Earlier, another magnetar
1E 2259+586 had also exhibited an anti-glitch [54]. It
has also been reported that SGR 1935+2154 displayed
a very large glitch ∆ω/2π � +19.8 × 10−6 Hz before
the FRB 200428 event [56]. Large glitches can also
significantly impact the magnetosphere and inner gap
of pulsars, causing pulsars below the death line to get
activated [57, 58].

We have considered in this paper a very simple physi-
cal scenario connecting FRBs to magnetar glitches. As-
suming a spinning neutron star (NS) of radius R, angu-
lar velocity ω⃗ = ωk̂ and magnetic field strength Bp at
the poles, the exterior magnetic field distribution is that
of a magnetic dipole moment m⃗ making an angle ξ with
respect to the spin axis, the time-dependent magnetic
field at r⃗ within the light-cylinder is given by,

B⃗(⃗r, t) =
1
r5 [3r⃗ (⃗r.m⃗(t)) − r2m⃗(t)] (37)

where,

m⃗(t) =
BpR3

2
[sin ξ (cos ϕ(t) î+sin ϕ(t) ĵ )+k̂ cos ξ] (38)

with,

ϕ(t) = ϕ −
∫ t

0
Ω(t′)dt′ (39)

and for t > tgl,

Ω(t) � ω + ∆ω [1 − Q (1 − e−
(t−tgl)
τ )] (40)

taking into account the possible occurrence of a glitch
at time tgl (see e.g. [59]). For t > tgl, the angular speed
of the NS is simply ω (We have ignored the slow and
monotonic decrease in ω due to the magnetic braking,
since the time interval over which FRB activities take
place is much shorter in comparison.).

In eq.(40), ∆ω is the jump in the angular speed, Q is the
healing parameter while τ is the relaxation time for the
angular speed to return to its original value that depends
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on the moments of inertia of the superfluid core and the
full NS as well as the frictional coupling between the
superfluid neutrons with the NS crust. For pulsars like
Crab and Vela, the parameters Q and τ are usually less
than unity and several tens of days, respectively [59].

Assuming a spherical polar coordinate system with the
origin at the center of the NS, the Goldreich-Julian (GJ)
charge density within the light cylinder radius Rlc(t) ≡
(r sin θ)lc = c/Ω(t) corresponding to an oblique rotator,
like the above, is given by [60, 61],

ρGJ (⃗r, t) = −
BpR3 Ω(t)

4πc r3

(3 cos θ[cos ξ cos θ + sin ξ sin θ cos ϕ(t)] − cos ξ
1 −Ω2(t)r2 sin2 θ/c2

)
, (41)

after making use of eq.(38) as well as incorporating a
time-dependent angular speed Ω(t) to include the effect
of a glitch/anti-glitch. Eq.(41) is a straightforward gen-
eralization of the expression derived by Melrose and
Yuen [61] for an oblique rotator with a constant spin
angular speed. Before a glitch takes place, the GJ den-
sity below the light-cylinder r ≈ (Rlc − ∆r)/ sin θ with
0 < ∆r ≪ Rlc, can be obtained from eq.(41),

(ρGJ)pre-glitch

(Rlc − ∆r
sin θ

, θ, ϕ, t
)
= −

BpR3 ω

4πc (Rlc − ∆r)3×

( f (θ, ϕ, ξ, ω, t)
1 − ω2(Rlc − ∆r)2 sin2 θ/c2

)
, (42)

where the factor f containing the angles is given by,

f (θ, ϕ, ξ, ω, t) = sin3 θ [3 cos θ(cos ξ cos θ+

+ sin ξ sin θ cos (ϕ − ωt)) − cos ξ] . (43)

In eq.(42), the presence of Rlc −∆r, however tiny ∆r is,
ensures that the denominator does not vanish.

If FRB phenomena is caused by a glitch/anti-glitch the
associated time scale, on the other hand, is expected to
be much less compared to τ. Hence, post glitch, the
angular speed given by eq.(40) during tgl < t ≪ tgl + τ
can be approximated to,

Ω(t) � ω + ∆ω [1 − Q
t − tgl

τ
] = ω + δω(t) , (44)

where δω(t) ≡ ∆ω [1 − Q t−tgl

τ
]. Eq.(42) leads to ϕ(t)

(eq.(39)) having the form,

ϕ(t) � ϕ − (ωt + (t − tgl)δω(t)) . (45)

Therefore, making use of eqs.(41), (43) and (44), the
post-glitch GJ density of charged particles near r ∼
(Rlc − ∆r)/ sin θ is given by,

(ρGJ)post-glitch

(Rlc − ∆r
sin θ

, θ, ϕ, t
)
� −

BpR3 ω(1 + δω(t)/ω)

4πc R3
lc (1 − ∆r/Rlc)3

×

×

( f (θ, ϕ, ξ, ω + δω(t), t)
1 − R2

lcω
2(1 + δω(t)/ω)2(1 − ∆r/Rlc)2/c2)

)
. (46)

Coherent radio emission is expected to occur along the
open magnetic field lines in the regions just beyond the
light-cylinder (LC). When a glitch takes place, the size
of the LC shrinks suddenly for a brief time interval,

δRlc = −Rlc
δω(t)
ω
+ O

(
δω2/ω2

)
(47)

� −2.4 × 105
( P
5 s

)
δω(t)
ω

km , (48)

assuming ∆ω/ω ≪ 1, so that charge particles in the
immediate vicinity of the pre-glitch LC find themselves
outside where open field lines are now present. In the
above equation, P is the spin period of the NS. It is
interesting to note from eq.(46) that |δRlc|/c ∼ 10−3 s,
so relevant for FRBs, when δω/ω ∼ 10−3.

Taking the volume of emission region to be
∆V ∼ |δRlc|

3 ≈ R3
lc(δω/ω)3 and using eq.(46), the

estimated number of charged particles, δNe, moving
along the open field lines is given by,

δNe =
(ρGJ)post-glitch

e
∆V � −

BpR3 ω

8π e c

(
1 +
δω(t)
ω

)
×

×

(
δω(t)
ω

)3(
1 +

3∆r
Rlc

)( f (θ, ϕ, ξ, ω + δω(t), t)
∆r/Rlc − δω(t)/ω

)
. (49)

In the above equation, the term ∆r/Rlc − δω(t)/ω =
∆r/Rlc − |δRlc|/Rlc can be very close to zero, since ∆r
and |δRlc| are both≪ Rlc. Hence, introducing a dimen-
sionless parameter η(t) so that,

∆r
Rlc
≡ η

∣∣∣∣∣δRlc

Rlc

∣∣∣∣∣⇒ ∆r
Rlc
−
δω(t)
ω
= (η − 1)

δω(t)
ω

, (50)

we may recast eq.(49) as,

δNe = 6 × 1029 (δω/ω)2

η − 1

(
1 +
δω

ω

)(
1 +

3ηδω
ω

)
f ×
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×

( BP

1014 Gauss

)( R
12 km

)3( P
5 s

)−1
. (51)

FRB brightness temperatures being rather high, we may
invoke curvature radiation due to Nbunch of charge parti-
cles moving coherently along the open field lines just
outside Rlc [22, 23]. Assuming Nbunch ∼ δNe, the radio-
luminosity ensuing from curvature radiation is given
by,

L =
2γ4N2

bunche
2c

3R2
curv

(52)

≈ 3.2 × 1043
(Nbunch

1029

)2( γ
102

)4( Rcurv

120 km

)−2
erg s−1

(53)

at a characteristic radio frequency,

νcurv =
3γ3c

4πRcurv
≈ 590

(
γ

102

)3( Rcurv

120 km

)−1
MHz (54)

where Rcurv is the curvature radius of the field lines that
is expected to be ∼ 10 R [62].

From the results discussed in §4.1 pertaining to the
bi-modality in the luminosity density distribution, the
median values of L300 for repeating and non-repeating
FRBs are � 1032 erg/Hz/s and � 1035 erg/Hz/s,
respectively. These median values correspond to
median radio-luminosities � 2 × 1040 erg/s and
� 2 × 1043 erg/s, respectively, if one takes the spectral
index α = 1.5. This bi-modal feature can be explained,
by making use of eqs.(51) and (53), if one considers
the polar magnetic field to be Bp � 1014 Gauss,
η − 1 � 8 × 10−8 and δω/ω � 1.83 × 10−5 for the
weaker category of FRBs. For the stronger category,
the magnetic field needs to be one order of magnitude
higher, i.e. Bp � 1015 Gauss and δω/ω � 3.25 × 10−5,
keeping the value of η − 1 the same. On the other
hand, if Bp = 1014 Gauss is maintained for the high
luminosity category of FRBs, the median value of
δω/ω needs to go up to � 10−4.

6. Discussions and Conclusion

We have found several interesting patterns based on a
study of the distributions of several parameters asso-
ciated with non-CHIME and CHIME FRBs. Our ro-
bust conclusion is that non-CHIME FRBs come in two
distinct categories based on their L300 distribution: low

and high luminosity density FRBs. The category with
L300 ≲ 4 × 1033 erg/Hz/s consists largely of repeat-
ing FRBs, while most of the non-repeaters have L300 ≳
4 × 1033 erg/Hz/s. Less significantly, the FRB radio
energy E as well as a lower limit to the FRB energy
density (i.e. u) show weak bi-modal distributions.

Introducing a new technique wherein several quantities
have been computed that utilize the ratio of the
observed fluence to flux density (or, its reciprocal).
This exercise was undertaken since only lower limits to
the flux density and fluence are known for the CHIME
FRBs and therefore, using this technique, both CHIME
and non-CHIME FRBs could be studied. Distributions
of these parameters as well as their median values
suggest the presence of significant trends common to
both the data sets.

For instance, the distribution of the dimensionless
quantity L300/E computed for the CHIME FRBs
exhibits a bi-modality that is very similar to that
of the non-CHIME FRBs, with a majority of the
non-repeaters falling in the category of higher values
of L300/E. This strengthens our argument favoring
the existence of two distinct categories of FRB events
wherein repeaters tend to be associated with lower
values of radio luminosity density events.

The other robust conclusion in this regard is that the
values of the quantities constructed using S νO/FνO are
almost identical and lie in the same ranges whether
one is considering CHIME or non-CHIME FRBs. This
universality is also reflected in the distribution patterns
of these quantities, buttressing the validity of studying
quantities that involve S νO/FνO , in the case of CHIME
FRBs. The observed trends pertaining to repeaters and
non-repeaters are strikingly similar for both CHIME
as well as non-CHIME FRBs, particularly when one
assigns randomly the spectral index α values to the
repeaters. However, when α is set to 1.5 for all the
repeaters, several of the trends become marginal. This
draws one’s attention to the importance of α value
determination for the FRBs. The study of fast radio
transients using SKA in the future may throw more
light on this crucial aspect [63].

We have also discussed a simple theoretical model to
explain the observed bi-modality in the FRB luminos-
ity. The model hinges on the effect of magnetar glitches
on the Goldreich-Julian charge density as well as on
the abrupt decrease in the light-cylinder radius. The bi-
modality emerges if one considers for the stronger FRB
category a polar magnetic field of ∼ 1015 Gauss and
δω/ω ∼ 3.25× 10−5 as against the values ∼ 1014 Gauss
and ∼ 1.8× 10−5, respectively, for the weaker category.
Of course, with a larger value of glitch, δω/ω ∼ 10−4,
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the higher luminosity category FRBs can ensue from
magnetars with Bp � 1014 Gauss.

Based on the studies of Crab and Vela pulsars, it has
also been suggested that strong glitches can lead to pre-
cession of the spin axis of compact stars [64]. Preces-
sion may play an important role in explaining the pe-
riodic occurrences of some of the repeaters. Similarly,
repeaters and non-repeaters could have distinct origins
as a class of non-repeating FRBs may be caused by res-
onant conversion of high frequency gravitational waves
into radio by means of the Gertsenshtein–Zel’dovich ef-
fect [65].
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(a)

(b)

Figure 2. (a) A histogram for L300 shows a bi-modality with a
minimum at L300 � 3.98 × 1033 erg/sec/Hz. (b) A bin-width in-
dependent way of arriving at the same conclusion is seen from the
observed N(≤ L300) versus log10 (L300) in which the slope is close to
� 0 around L300 � 3.98 × 1033 erg/sec/Hz.

(a)

(b)

(c)
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(d)

(e)

(f)

Figure 3. Histograms of L300 of repeaters and non-repeaters. The
first five figures correspond to five different sets in each of which the
repeaters are assigned six randomly generated spectral index values.
The last histogram is for the case when all the repeaters are assigned
α=1.5.

(a)

(b)

Figure 4. (a) A histogram of energy E with repeaters assigned
randomly a set of spectral indices. (b) A histogram of E when α is
set to be 1.5 for all the repeaters.

(a)
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(b)

Figure 5. (a) A scatter plot of E versus L300 shows that they are
statistically correlated with each other. (b) The energy density u
against observed duration ∆tO shows segregation between the re-
peaters and the non-repeaters.

(a)

(b)

Figure 6. (a) A histogram of the energy density u shows that the re-
peaters tend to have lower values of u in comparison with that of the
one-off FRBs. (b) A histogram of the dimensionless X5 also shows
an appreciable segregation of repeaters from the one-off FRBs.

(a)

(b)

(c)
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(d)

(e)

(f)

Figure 7. Histograms of the ratio of Luminosity density at 300 MHz
to Energy for non-CHIME FRBs show bimodal behavior when re-
peaters are assigned six randomly generated values of the spectral
index. The last figure corresponds to α=1.5 assigned to all the re-
peaters.

(a)

(b)

(c)
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(d)

(e)

(f)

Figure 8. For CHIME FRBs, histograms of L300/E show similar
bimodality when repeaters are given six randomly generated val-
ues of the spectral index. The last histogram corresponds to α=1.5
being set for all the repeaters.

(a)

(b)

Figure 9. Scatter diagrams of X1 against the observed FRB dura-
tion for (a) non-CHIME and (b) CHIME. For both, repeaters tend
to have lower values of X1.

(a)
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(b)

Figure 10. Scatter plots of X2 versus ∆tO for (a) non-CHIME and
(b) CHIME both show similar behavior with repeaters tending to
have marginally smaller values of X2.

(a)

(b)

Figure 11. Scatter diagrams of X3 against ∆tO for (a) non-CHIME
and (b) CHIME both show similar trends, in that, repeaters tend to
have lower values of X3.

(a)

(b)

Figure 12. The dimensionless quantity X4 when plotted versus
intrinsic duration ∆t show for (a) non-CHIME as well as (b) CHIME
that X4 for the repeaters tend to lie to the right of those for the non-
repeaters.

(a)
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(b)

Figure 13. The CHIME histogram of the ratio X6 ≡ kB Tb/E in (b)
shows considerable separation in the peaks for REPs and NRs. In
the case of (a) non-CHIME FRBs, the difference is marginal.

(a)

(b)

Figure 14. (a) A histogram of the energy density u/L300 for non-
CHIME shows that the repeaters tend to have higher values in com-
parison with that of the one-off FRBs. (b) A histogram of the di-
mensionless X5 shows the marginal segregation of repeaters and
one-off FRBs and their distribution with repeaters tending to have
lower values.

(a)

(b)

(c)

Figure 15. The histograms for (a) X2, (b) X3, and (c) ratio of flux
density fluence for CHIME FRBs show segregation in the distribu-
tions for repeaters and non-repeaters.
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(a)

(b)

Figure 16. Histograms of X7 for CHIME FRBs: (a) For a case
when random values of α were assigned to the repeaters and (b)
when α = 1.5 is set for all the repeaters. The median values reflect
the difference exhibited by repeaters and non-repeaters.

(a)

(b)

Figure 17. Scatter diagrams of X7 for CHIME FRBs against the
observed FRB duration: (a) With random values of α assigned to
the repeaters and (b) with α = 1.5 is assigned to all the repeaters.


	Introduction
	Basic Framework
	Brightness Temperature and Energy Density
	FRB Parameters constructed using measured quantities and ratio of flux density to fluence

	Data
	Analysis and Results
	Non-CHIME
	CHIME

	Simple Theoretical Considerations: Pulsar/Magnetar Glitches, Goldreich-Julian Charge Density and FRBs
	Discussions and Conclusion

