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Abstract In this article we update constraints on supercon-
ducting cosmic strings (SCSs) in the light of the recent obser-
vational developments of fast radio bursts (FRBs) astronomy.
Assuming strings follow an exponential distribution charac-
terized by a current, we show that two parameters in our con-
text, which are the characteristic tension (G ) and a param-
eter which describes the aforementioned exponential distri-
bution (/.), can be constrained by FRB experiments. Partic-
ularly, we investigate data sets from Parkes and ASKAP. We
looked at a parameter space where G ~ [10~17, 10~ !2] and
I. ~ [107!, 10%] GeV, and found our results show that Parkes
jointly with ASKAP can constrain the parameter space for
SCSs.

1 Introduction

Since the first observation of the fast radio transient phe-
nomenon in the universe [1], the astronomy of fast radio
bursts (FRBs) has attracted broad interests from both the
observational and the theoretical perspectives [2,3]. Due
to their large dispersion measure and bright pulses, many
researchers attempt to investigate these mysterious signals
from cosmological interpretations. A major effort has been
made to establish the broad-band, wide-field surveys for the
purpose of hunting for FRB events from the perspective
of observational astronomy, such as Parkes [4-7], Arecibo
[8,9], Green Bank Telescope (GBT) [10], Square Kilome-
tre Array (SKA) [11,12], Molonglo Observatory Synthesis
Telescope (MOST) [13,14], and Canadian Hydrogen Inten-
sity Mapping Experiment (CHIME) [15]. Meanwhile, dif-
ferent theoretical models have been proposed to understand
the possible origin of these FRB signals [16], namely, syn-
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chrotron maser emission from young magnetars in super-
nova remnants [17], radiation from cosmic string cusps [18],
charged primordial black hole binaries coalescence [19], and
many other possible models [20-23]. Finding the origin of
FRBs has become one of the most important tasks for under-
standing them.

Cosmic strings [24], being one-dimensional topological
defects, formed during the early evolution of the universe
[25]. Tt might be possible that cosmic strings are super-
conducting wires if they carry electric charge [26]. These
so-called superconducting cosmic strings (SCSs) can be
achieved by introducing a charged scalar field whose flux is
trapped inside strings with the electromagnetic gauge invari-
ance broken, and hence can yield electromagnetic effects
[24]. These primordial relics, if they exist in the sky, could
behave as giant wires that may release electromagnetic sig-
nals in a wide range of frequencies [27,28]. Thus, it is natural
to explore the hypothetical possibility for SCSs to explain
the observed FRB events, namely, due to the oscillations
of string loops [29], dynamics of string cusps and kinks
[30-32], and effects of the magnetic field upon string loops
[33].

The parameters of SCSs (string tension G u and current on
the string /) have been constrained by different types of astro-
nomical observations. Namely, the CMB analyses based on
the Wilkinson Microwave Anisotropy Probe (WMAP) and
the South Pole Telescope can lead to an upper bound on the
string tension of G < 1.7 x 1077 [34], and this bound
was later improved to G < 1.3 x 1077 with the data from
the Planck satellite [35]. Both CMB and the pulsar timing
measurements put a robust bound on the string tension in
the same order [36—41]. The spectral distortions of the CMB
photons [42—44] suggested some additional constraints on
parameter spacei.e. 1071 < Gu < 1077 and I > 10* GeV
would be excluded [45]. In most of the previous work, it
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has been assumed that all SCSs take the exact same value
of the current, which would greatly simplify the analysis
while one could grasp the basic picture of the underlying
physics. However, in a much realistic situation, one would
expect a probability distribution for the currents inside vari-
ous strings in the universe. To explore this possibility, in this
article we put forward a novel parameterization for SCSs,
in which the currents are assumed to follow the exponential
distribution. For this type of distribution, the probability of
electric neutral strings is the highest, which corresponds to
uncharged cosmic strings. The probability for cosmic strings
with larger current becomes lower, which indicates that SCSs
can hardly be formed at extremely high-energy scales. Such
an exponential distribution as considered in the present work
is not based on a particular fundamental theory, but gener-
ally from the intuitive observation that the lifetime of a string
with the fixed tension should be shorter if it would carry a
larger current due to the energy loss of both gravitational and
electromagnetic radiations. We also update the constraints
on the parameter space of SCSs using the latest published
data.

This article is organized as follows. In Sect. 2 we describe
the parameterized model of SCSs and the associated radi-
ation mechanism. In Sect. 3 we present the numerical esti-
mation based on the newly proposed parametrization and
report the updated constraint on the parameter space of
these cosmic strings. Section 4 is devoted to a summary
of our results accompanied by a discussion. In the the-
oretical derivations, we used the natural units with 7 =
¢ = 1. In the numerical calculations, we followed the
setups of the Parkes multi-beam receiver and ASKAP sur-
vey.!

2 Characteristics of cosmic strings

Cosmic strings could form via phase transitions of the very
early universe when the manifold of the vacuum background
has nontrivial topology for symmetry breaking. These cosmic
relics reveal crucial information about fundamental physics
at extremely high-energy scales. In particular, these strings
could carry a current, i.e. SCSs, which could be achieved by
a charged scalar field whose flux is trapped in normal cos-
mic strings with the electromagnetic gauge invariance bro-
ken inside the strings, and hence would give rise to elec-
tromagnetic effects. Namely, as described in [32], radiations

1 'We refer to http:/frbcat.org/ for details. Additionally, we have con-
sidered two data sets from radio experiments, which are the Parkes
multi-beam system and ASKAP with redshift z smaller than 2.1 and
0.84, respectively. All these events acquire extra-galactic origin and the
flux ranges within a few Jy.
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can be emitted from various structures of SCSs. In the fol-
lowing, we briefly review the radiation mechanism of SCSs
and put forward a parametrized distribution function for
SCSs.

2.1 Parametrization of SCSs

Recall that a cosmic string in general can emit both gravita-
tional and electromagnetic radiation if there is a current. In
the following context, we consider a string with the initial
length L; at the initial time #;. Its length evolves as [24]

L(t)=L; —TGu( —1), ey

where I' is a scaling factor for the total radiation power P
from SCSs. It takes the form [32]

P P+ P

N=—
Gu? Gu?

, @)

where Pg and Py denote the powers of gravitational and the
cusp-sourced electromagnetic radiations, respectively.

As cosmic strings yield both gravitational and electromag-
netic radiations, the lifetime of a typical string loop can be
estimated by [24]

Li
T=—. 3
'Géu

Note that, in the literature on the electromagnetic effects of
cosmic string, it was often assumed that all strings carry the
same value of the current. However, this assumption could
be relaxed by adopting a probability distribution for the cur-
rents inside various strings that may exist in the universe.
Accordingly, the number density of SCSs can be expressed
as

dnscs = ®(I) dncs dl, 4)

where dngcys is the number density of SCSs and dncgs is
that of non-superconducting cosmic strings, while ®(7) is
the probability distribution for the current. In the following
context, we discuss a toy model where @ (1) is an exponential
distribution:

o) = Ile—f/'c, 5)

c

with /. being a positively valued parameter. The choice of
the exponential distribution is based on an intuitive picture
that strings with smaller currents emit lower electromagnetic
radiation power and hence will exist longer.
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We comment that, as these topological defects have
formed at different energy scales, the value of the correspond-
ing current inside the strings varies along with the relevant
energy scales for phase transitions. For an infinite current, the
probability approaches zero, which is in agreement with the
description of the exponential distribution function. Note that
a truncated Gaussian distribution could be another attractive
candidate for parametrization, in particular if one takes into
account the possible correlation between the current and the
string tension. In this case, there is automatically a theoretical
bound on the maximal value of current for a fixed Gu when
the current is uniformly distributed around a mean value for
different strings. However, this case would be sensitive to the
underlying theoretical models. As the present work focuses
on the development of the analysis method on confronting
the SCSs with FRB data, we wish to leave more detailed dis-
cussions on the parametrization of the distribution function
for a future study.

2.2 Radiations from string loops

The gravitational radiation from cosmic strings can be
expressed as [24]

Py =ToGp?, (6)

where I'; ~ 100. For electromagnetic radiation, the case
becomes complicated. Note that it is crucial to study the
energy emitted from SCSs by taking into account the effect of
the charge carriers upon the motion of the string itself, which
has been exactly examined in the case of the chiral current
in [46]. For a generic case, the electromagnetic backreaction
becomes important when it is comparable with the string ten-
sion itself, and thus, this leads to a cutoff on the frequency of
the emitted radiation as addressed in [31], which is typically
above the observational region for the FRB astronomy. The
electromagnetic radiation power of SCS loops with length L
mainly comes from cusps and kinks regions, which can be
estimated as [27,31,32]

PS ~ k1R, 7

Pk~ 12N\1/1n<@), 8)

Wmin

where the superscripts ¢ and k stand for cusps and kinks,
respectively. Here k¥ ~ 10 is a numerical coefficient, w4
and wp,;, denote the highest and lowest frequency cutoffs
for kinks, which are estimated as wy,qx ~ /I, and wpin ~
(L/N) ~ 1. We assume that neither the numbers of kinks
per loop N nor sharpness of discontinuity ¥ would induce
an order-of-magnitude change to the radiations from kinks;
hence we take NW = 1 in this work.

2.3 Event rate of burst

We consider the event rate of radio signals from string
loops that reach scaling in the matter-dominated epoch.
Assuming the spatially flat Friedmann-Lemaitre—
Robertson—Walker (FLRW) universe, the number density
of these string loops can be expressed in terms of the redshift
z and the length L as [24,31],

C 1 °P(1
dnscs(z, L, 1) =~ — L(Z)(32+Z) (2 SdLdl . (9)
151(1 +2)3/2L + TG o)

where the exponential distribution has already been consid-
ered and 79 denotes the age of the universe at present.
Moreover,

ted* (1 4 2)34

JA+232L +TGuty

Cr@) =1+ (10)

The burst event rate in terms of string loop length L,
redshift z, and kink sharpness W, with the beam width
©u = (Lw)~'/3 per unit volume is [31]

P—3m
dN(z, L, 1) ~ — _dnges(z, L, 1AV (2), 11
( ) Iad+2) scs( )dV () (11)
where we have (p = 0,m = —%)forcusps and(p=1,m =

—1) for kinks. Additionally, ®,, = [vo(1 + z)L]~"/? with
Vo being the observed frequency of the bursts. The physical
volume element is given by

r0(2)?

(1+2)°

dV(z) =4m dz, (12)

where

1
ro(z) = 31‘0(1 — m) (13)

is the comoving distance.

So far, we have demonstrated the burst event rate in terms
of loop length and redshift. From an observational point of
view, it is rather peculiar that we can relate the burst event rate
to measured variables, namely, the energy flux per frequency
interval S and the observed duration A of the burst. The
burst event rate in terms of measured parameters then takes
the form [32]

[voL(S,z, DI"

dN(S,z, 1) = A 5

fn(z, S, H®(I)dzdSdl,
(14)
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where

~ 3ANPt

A= 30 am) (15)

2 1+ 29A 2133"1) 243m

LS. T) = |:ro(z) EZ\WZ) } ( [vo(1 _}_Z)]%fﬁm ’

(16)
m—1 2
Pz, S, 1) = CL@U+2)" 2(J1+z-1) ’ a7

[(1+2)2L + DG puto)?

with A ~ 50. [47-49]

A radio signal, all the way from source to receiver, expe-
riences scattering effects in various ways. For the observed
width A of the FRB signal, we considered both intrinsic and
scattering duration caused by astrophysical medium given by
(50]

A% = Aty + Atigy + Aty (18)

where At;spy and Atjg s are the scattering duration due to
the interstellar medium (ISM) and the intergalactic medium
(IGM), respectively. Note that the ISM and IGM mainly
affect the propagations of photons but not the sources when
they are extra-galactic. However, it is interesting to examine
SCSs within the IGM environment, such as involving cer-
tain intergalactic magnetic fields [51]. This may give rise to
novel phenomena of experimental interest at different obser-
vational windows.

Due to ISM, the time broadening effects (scattering) for
the radio pulse, therefore yield [50,52]

logyo(At;sy) = — 6.5+ 0.151og,o(DM/spm)

+ 1.11og,o(DMjsp)* — 3.910g,0(v0),
(19)

where D Mgy is a constant equivalent to 95pc/ cm?3. Like-
wise, the rescaling of the time broadening effect through IGM
gives [50,53]

log o(Atigm) = —9.540.15log;o (DM GMm)

+ 1.1log;o(DMGm)* — 3.91og o (vo).
(20)

The observed FRBs are all from extra-galactic sources. Then
one finds that the dispersion measure of the IGM takes [54—
56]

3cHo2 fiom [ (1 +2)d7
DMiGm(z) = 3 /. — (2D
nGm, 0 E(Z))

@ Springer

with

E@) = V(1 +2)3 + Q4, (22)

where we have introduced the Hubble parameter Hy, the den-
sity parameter of matter €2, and that of dark energy 2,5 of
the present universe; €25 is the baryon mass fraction of the
universe, figuy the fraction of the baryon mass in the inter-
galactic medium, and m, is the mass of the proton.

To deal with time dilation at observation point for cusps,
one needs to consider the cosmological expansion factor.
Therefore, the intrinsic duration at the point of the observer
is [27,31,32]

(4L

(Aint)cusp ~ 1/3 , (23)
Ve

where v, = vo(1+2z) is the emitted frequency of the radiation
and v is the observed one. The intrinsic duration of kinks is
very short and is given by

14z

e

(Aint)kink ~ ~ 0. (24)

Hence only the scattering effect will be considered.

3 Numerical results

At this stage, we have tackled the theoretical predictions of
SCSs according to observational data of FRB. In this regard,
there are five parameters in total that describe the FRB data:
Gu, I, vo, A and S. We fit the event burst rate to the nor-
malized observed data, hence for each (G, I.), we express
the event burst rate in terms of the redshift. As a result, we
infer values for the pairs (Gu, I.) according to the FRB sig-
nals. For each I, the range of the current / is chosen to
be (0, 10*]GeV; based on the previous work [32], we need
to integrate Eq. (14) over respective bandwidth and energy
flux for different receivers to get the burst event rates for
cusps and kinks. For Parkes and ASKAP receivers, using the
radiometer equation, the threshold flux is [50,57]

SNR X Tsys

S* i —————
Gsys(/ABNpo;

(25)

where Ty, is the temperature of the system, Gy is the sys-
tem gain, B is the bandwidth, N, is the polarization number
and SN R is the signal-to-noise ratio. Following Table 1, one
can get threshold flux for Parkes and ASKAP.

The observational parameters are displayed in Table 2.
For the event rate of the bursts, the contribution of the flux
has been suppressed outside the given range and is consistent
with the detected events [32]. We put a few limitations on the
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Table 1 Parameters of Parkes multi-beam and ASKAP recivers. The
values of system parameters including the system gain Gy, the band-
width B, the polarization number N, the system temperature 7y, and
the signal-to-noise ratio SNR are listed

Parkes ASKAP
Gyys (K/ly) 0.69 0.029
B (GHz) 0.34 0.336
Npor 2 2
Tsys (K) 28 58
SNR 10 10

Table 2 Observational parameters including redshift, energy flux and
observed frequency for Parkes and ASKAP are listed

Parkes ASKAP
z [0,2.1] [0, 0.84]
5 Jy) [10-1,1072] [10-1, 1072
vo (GHz) [1.182, 1.522] [1.129, 1.465]

loop length for cusps. Given the tension of the string, from Eq.
(7) we can get the upper boundon L, i.e. L < /L% /(1P Wmax).
Also, for the given G i, one expects that the current through
strings greater than a critical value, i.e. [, >~ 1020 x (Gp)3/?
GeV, yields a major contribution in the form of electromag-
netic radiation [32]. For statistical analysis, we divide each
data set into 6 bins. Note that we normalize the data as

> Yobs Azpin = 1. (26)

with y,ps being the normalized event number per redshift.
To examine the compatibility of theoretical data with the
observed ones, we create different values of the normalized
event burst rate in terms of (G, I..) so that

/yidz = 1. 27)

In order to quantify the ability of FRB observations to con-
strain the parameter space for SCSs, we perform the follow-
ing x? fit:

n

w2
X2 _ Z (yobs2 yi) ’ (28)
i €obs

where n is the number of bins, e, is the respective error
bar of observational data for each redshift bin, and y; is the
theoretical event rate at the center of redshift bin. We are inter-
ested in the regime with burst event rates per year between
102 to 10°.

=
=
=
=

10—11
10—12
10—13

10714

Gu

10-15

10-16

~

x?2 Distribution for ASKAP
~

x? Distribution for Parkes

107%7

101 10° 10! 102
I.(GeV)

Fig. 1 The x?2 distribution with 2o significance for Parkes (red
shadow) and ASKAP (purple shadow), respectively

106 106
10—11
-12
10 102 Mi05 §
10—13 % %
< &
& 107 10 & M10* 8
10-16 1033 (11033
10717
2 2
107! 10° 101 102 10 10
1.(GeV)

Fig. 2 The contour for the burst event rate distribution with 2o sig-
nificance for Parkes (red shadow) and ASKAP (purple shadow). The
lighter to darker shadows of each color correspond to the regimes with
N (year™!) from 102 to 10°, respectively

We investigate two observational data sets consisting of 25
signals from Parkes and 26 from ASKAP. In our analysis, we
examine a 20 significance level to scrutinize the parameter
space for each experiment. For both instruments, the signifi-
cance of 20 demonstrates the contour with x> < 11. This is
shown in Fig. 1. The red shaded region corresponds to Parkes
and the purple region is for ASKAP. Both data sets allow us
to constrain the parameter space to Gu ~ [10717, 10712]
and I, ~ [107!, 102] GeV. Further observations reveal
that, for Parkes, the range of the parameter space is slightly
broadened as calculated by [32], which could be due to the
increase in both data points and redshift range.

For the aforementioned estimated parameter space, we
can infer the distribution of burst event rates per year. Fig-
ure 2 displays the findings of our analysis. We have cal-
culated the event burst rate per year for each observational
data set. The results of our analysis are compatible with the
ones of [58]. We calculate that N per year varies within
the regime 10% to 10° and show that the parameter space
with string tension G i ~ 10~1* gives the highest event rate
per year. If SCSs radiate bursts with observable frequency
vo and energy flux mentioned in Table 3, the burst produc-
tion rate is of the order of 103-10° per year. Our results

@ Springer
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Table 3 Best fits for Parkes and ASKAP with corresponding parameter
values, N per year and X,%“- ,, are provided

Parkes ASKAP
Gu 3.3 x 10714 1.24 x 1013
I. (GeV) 6.07 2.41 x 107!
X2in 0.77 4.34
N (year™h) 2.2 x 10° 1.94 x 10°
4.0
—— Parkes
ASKAP
3.0
N
Rel
2
E 2.0
"z
he]
1.0 % jl
L e
G0 0.2 04 06 08 10 12 14 16 18 2.0 22

Fig. 3 The normalized observed event rate per redshift from Parkes
(red) and ASKAP (orange), and theoretical fitting curve using SCSs
model are shown with dashed lines. The observational parameters are
listed in Table 2. The Xiin are 0.77 for Parkes and 4.34 for ASKAP.
The corresponding parameter values with event rates per year are listed
in Table 3

suggest that current and future radio experiments can probe
SCS properties in this promising parameter space. For each
instrument, we notice that, when I, > 10% GeV, the event
number becomes stable for the corresponding string ten-
sion.

For the best-fitting contours for each data set in the esti-
mated regime, we examine the best fits shown in Fig. 3.
In this figure, we compare the normalized observed event
rate to our theoretical prediction. The model parameters cor-
responding to X,%”.n are given in Table 3. The best-fitting
spot corresponding to N per year for ASKAP is approxi-
mately consistent with the analysis done by [59]. However,
for Parkes, it might be quite lower than the estimated rate.
In order to get insight in further details, one may refer to
[50].

4 Conclusion and discussion

To summarize, in the present article we have derived the
updated constraints on the parameter space for SCS by con-
fronting the theoretically predicted event rate with obser-
vational data of FRBs. We have analyzed the observed
data from two telescopes, the Parkes and ASKAP tele-
scopes.

@ Springer

Note that we have assumed all cosmic strings to be
superconducting and the currents through the string loops
following the exponential distribution. We put forward a
model in which the number density for SCSs can be
defined in terms of the number density for cosmic strings
and the distribution of strings’ currents. We notice the
parameter space suggested by Parkes data for SCS sug-
gested by [32] is slightly broadened, demonstrated by
Fig. 1.

Another important finding is that the combination of
Parkes and ASKAP constrained the parameter space well
enough. Figure 1 shows that the updated parameter space,
allowed by FRB data from two radio experiments, can
be constrained within Gu ~ [107Y7,10712] and I. ~
[10-t, 102] GeV. For each data set, our detailed analy-
sis declared a best-fitting contour estimated by Xr%”.n. The
burst event rate per year for the aforementioned constrained
parameter space ranges approximately between 102 to 109,
which is consistent with the analysis conducted by [50,
59].

The current studies have been conducted under some sim-
plifying assumptions that can be reconsidered in the future
research. The string tension might rely on the current distri-
bution, i.e. Gu = Gu x ®(I), while we have taken G to
be the averaged tension along the string length in our work.
Also, we have ignored the cosmological expansion for the
number density defined in the dark energy era. As our uni-
verse has entered into a dark energy epoch, it is challenging
to probe the radiation mechanism. The lack of convincing
theoretical arguments to determine the number density in
the dark energy era has given rise to a discrepancy for this
approach.

In addition, from all the detected FRBs, six repeated
bursts from FRB180814.J0422+473 have been reported in
[60]. We intend to look at two aspects for repeated bursts;
one is observational and the other theoretical. For the
observational aspect, we expect more data, and along the
theoretical line, we need more in-depth knowledge to
explore these signals. In this regard, the precise measure-
ment of energy released from our proposed parameteriza-
tion could help to identify the theoretical origin for repeated
FRBs.

Because of the precise constraints from FRBs, SCSs can
be treated as the possible source for FRBs. In this perspec-
tive, the current in the string loops could be in the range of the
GeV scale which makes the SCS a useful tool to investigate
the high-energy paradigm along with collider experiments,
for instance, the International Linear Collider and the Large
Hadron Collider.
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