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Abstract: Pulsar timing arrays (PTAs) are designed to detect nanohertz-frequency gravita-
tional waves (GWs). Since GWs are anticipated from cosmic strings, PTAs offer a viable
approach to testing their existence. We present the results of the first Bayesian search for
gravitational-wave bursts from cosmic string cusps (GWCSs) using the third PPTA data
release for 30 ms pulsars. In this data collection, we find no evidence for GWCS signals.
We compare a model with a GWCS signal to one with only noise, including a common
spatially uncorrelated red noise (CURN), and find that our data are more consistent with the
noise-only model. We then establish upper limits on the strain amplitude of GWCSs at the
pulsar term, based on the analysis of 30 ms pulsars, after finding no compelling evidence.
We find the addition of a CURN with different spectral indices into the noise model has
a negligible impact on the upper limits. And the upper limit range of the amplitude of
the pulsar-term GWCSs is concentrated between 107! and 10~!!. Finally, we set upper
limits on the amplitude of GWCS events, parametrized by width and event epoch, for
a single-pulsar PSR J1857 + 0943. Moreover, we derive the upper limit on the cosmic string
tension as a function of burst width and compare it with previous results.

Keywords: pulsars; gravitational waves; Bayesian statistical

1. Introduction

Low-frequency GWs between 10~? and 10~7 Hz can be detected with high sensitivity
using a pulsar timing array (PTA), which consists of a group of millisecond pulsars with
extremely stable rotational periods [1]. Owing to their stability, it is anticipated that timing
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residuals affected by a gravitational wave (GW) can be observed by closely monitoring
the times of arrival (TOAs) of radio pulses from these millisecond pulsars [2]. Timing
residuals are the discrepancies between the TOAs and the predictions of the pulsar timing
model [3]. Factors other than GWs that can lead to timing residuals include clock faults,
unmodeled variability in the solar wind, interstellar medium scattering, flaws in the solar
system ephemeris (SSE), and offsets caused by the observational instrument [4]. Therefore,
there will be a significant difficulty in detecting gravitational waves. The North American
Nanohertz Observatory for Gravitational Waves (NANOGrav) [5], the European Pulsar
Timing Array (EPTA) [6], the Parkes Pulsar Timing Array (PPTA) [7], and the Indian Pulsar
Timing Array (InPTA) [8] are among the PTA collaborations that are currently in operation.
These partnerships result in the International Pulsar Timing Array (IPTA) [9]. Furthermore,
the first analyses from the Chinese Pulsar Timing Array (CPTA) [10] and the MeerTime
Pulsar Timing Array (MPTA) [11] have been published recently.

PTAs are currently the most promising method for detecting nanohertz GWs, pri-
marily generated by the inspiraling of supermassive black hole binaries (SMBHBs) [12].
The incoherent superposition of these binary systems produces a stochastic GW back-
ground. Recent studies by NANOGrav [13], PPTA [14], EPTA [15], and CPTA [10] have
reported that the significance of a GW origin is between 20 and 40. The observed cor-
relations between pulsar timing residuals closely match the predicted Hellings—-Downs
pattern, a characteristic signature of such a background. This finding has significant impli-
cations for our understanding of supermassive black holes and the large-scale structure of
the Universe.

Beyond the stochastic gravitational-wave background, PTA data can also be used to
probe a variety of other astrophysical phenomena. For instance, continuous gravitational
waves emitted by single supermassive black holes [16], known as continuous waves, can
be detected or constrained using PTA observations. Additionally, PTAs are sensitive
to gravitational wave memory [17,18], a permanent distortion of spacetime caused by
extreme gravitational events like the merger of two black holes. Furthermore, PTAs can
provide insights into the nature of dark matter [19]. By searching for characteristic signals
from ultralight scalar-field dark matter, PTAs can constrain the properties of this elusive
component of the Universe.

One particularly intriguing possibility is the detection of GWCSs, hypothetical defects
in the fabric of spacetime that may have formed during the early Universe. Such bursts,
if they exist, could be within the detectable frequency range of PTAs. Theoretical models
suggest that a spontaneous symmetry-breaking phase transition in the early Universe [20]
could have resulted in the formation of macroscopic, one-dimensional, stable, and highly
energetic cosmic strings. Quantum field theory and condensed matter models predict these
cosmic strings as topological defects, which play a role in various supersymmetric unified
field theories, including D-brane models [21]. Initially, cosmic strings were proposed as
a potential explanation for the formation of large-scale structure in the early Universe, with
symmetry breaking occurring at the grand unification scale [22].

Due to the predicted emission of GWCSs, experiments like the PTAs offer a potential
method to verify their existence. The most powerful GW bursts are generated at cusps,
which are highly Lorentz-boosted singularities on string loops [20]. A cusp is a region
in the loop that is highly Lorentz-boosted and produces a powerful beam of GWs. In
general, the gravitational wave background is primarily the result of the overlap of multiple
bursts. However, in specific regions of parameter space, a limited number of distinct GW
bursts can contribute significantly to the overall background. A sufficiently large GW
amplitude from such an event could render it detectable as a single burst. The Laser
Interferometer Gravitational-Wave Observatory (LIGO) [23-25] has conducted searches for
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individual GWs from cosmic strings in the direction of fast radio burst sources. Leveraging
the second data release from the PPTA project, Yonemaru et al. [21] performed the first
search for GWCSs, employing a frequentist-based approach. In this paper, we will search
and place limits on GWCSs based on the third PPTA data release (PPTA-DR3) using
a Bayesian approach.

This paper is organized as follows. In Section 2, we provide a short description of
PPTA-DR3. In Section 3, we examine the impact of GWCSs on TOAs from a PTA. We
provide a concise overview of the Bayesian method and software employed in this search in
Section 4. In Section 5, we demonstrate the implementation of the proposed algorithm on
the PPTA data and discuss the resulting outcomes. Finally, the conclusion is presented
in Section 6.

2. Data

This analysis is based on the PPTA-DR3 data and the noise analyses of individual
pulsars. We will provide a concise summary of the most significant aspects of this dataset,
with additional details available in the work of Zic et al. [26] and Reardon et al. [27].

The 64-meter Parkes “Murriyang” radio telescope was utilized to observe 32 pulsars,
which are included in the release. Observations commenced in 2004, and the data were
collected over the course of 18 years (MJD 53,040-59,640) consisting of approximately 48 h
of observations made every 2-3 weeks. This release combines an updated version of the
second PPTA data release (PPTA-DR2) with approximately three years of more recent data.
The data were predominantly obtained using an ultra-wide-bandwidth receiver system
that operates between 704 and 4032 MHz. One of the pulsars that was previously included
in PPTA-DR2, PSR J1732 — 5049, was excluded due to the significant uncertainties in
its TOAs, which resulted in periodic observations ceasing in 2011. Six additional binary
pulsars (PSRs J0125 — 2327, J0614 — 3329, J0900 — 3144, J1741 + 1351, J1902 — 5105, and
J1933 — 6211) and one solitary pulsar (PSR JO030 + 0451) are included in this release, in
contrast to previous data releases. After the UWL receiver was commissioned, these pulsars
were incorporated into PPTA observations, despite not having been previously included. In
large part, the enhanced observation efficiency of the UWL receiver enabled the inclusion
of these pulsars in the PPTA observations.

The dataset utilized for this analysis, which encompasses the pulsar ephemerides
and TOAs, is detailed in Zic et al.’s work [26]. Commencing with the timing analyses of
the preceding data releases [28,29], the initial timing models of each pulsar were fitted
using TEMPO?2 [3]. For the pulsars newly included in the PPTA following the release of
PPTA-DR?2, we adopt the initial timing models presented by Curylo et al. [30].

Despite the inclusion of observations from 32 pulsars in PPTA-DR3, we will analyze
only 30 pulsars in this study. We excluded the globular cluster MSP PSR J1824 — 2452A
because its steep-spectrum red noise is too intense for a common process to affect it.
Although globular-cluster dynamics may also be involved, the disturbance is likely intrinsic
to the pulsar [31]. This analysis, as well as the subsequent GWCS search, excludes PSR
J1741 4 1351 because the dataset contains only 16 unique observations of this pulsar, which
is insufficient for noise process simulation.

3. Signal of the GWCSs

We will examine the effect of GWCSs on TOA in pulsar timing data in this section
and provide an extensive overview of the signal and noise models incorporated. A GW
passing through a pulsar will induce a shift in the observed rotational frequency, which
may result in either an increase or decrease in the frequency. When a GW passes through
the Earth, the rotational frequencies observed for all pulsars in the PTA will be affected,
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leading to either an increase or decrease. The timing residuals induced by a GWCS will
display distinct shapes depending on the epoch and duration of the burst, yet these shapes
adhere to a deterministic pattern.

The timing residuals will be introduced as a result of the discrepancy between the
observed rotational frequency and the pulsar’s timing model-fitted rotational frequency,
regardless of the situation. Detweiler [32] provided the timing residuals induced by GWs:

A .t A
r= Y F(O,p) / Ao (O, )Y, (1)
a=+,x .
where p and Q) are the directions of the pulsar and the GW propagation, respectively.
F?(Q), p) is the antenna pattern defined by Anholm et al. [33]:
A 1 pip/ A
a p) = — —L T o

The GW polarization tensors, denoted as e?j(a = +, x), are defined as follows:

>
—
W
=

Eﬁ»_ (Q) = Tﬁﬂﬁ]‘ — ﬁi j

i ()

I
3

iR i+ A is 4)
where 771 and 1 are the polarization basis vectors. For ease of computation, we define

1 = sindx — cosdy 5)

i = —cosxcoséx — cosasindy + sinaz, (6)

where £, 7, and Z are unit vectors in the Cartesian coordinate system, and (oc,é ) is the
gravitational wave source position. Therefore, we can obtain

) = —sinncoséx — sinasindij — cosaz, (7)

where Ah, (Q), t') represents the metric perturbation difference between the Earth and the
pulsar, as determined by the linearly polarized GWCSs. The time-domain waveform of
a plus-polarized GWCS event is detailed by Yonemaru et al. [21]:

(®)

Aﬁt[|t —toV3 (%W)m] (to— AW <t < to+iw)
hy(t) =

0 (otherwise)

hy(t) =0, )

where Ay, is the amplitude, ty is the epoch at which the burst peak arrives the Earth, and
W is the duration of the burst. Strongly beamed in the direction of the cusp velocity is the
GW burst, with cosmic string loops thought to generate cusps with high efficiency (O(1)
per oscillation period). The orientation is assumed to be random and depend on the string
configuration [34]. It is important to mention that Ag; carries dimensions of s~1/3. The
peak value at t = ¢y, which is dimensionless, is defined as follows:

1 1/3
Apeak = h(to) = (ZW) Afit. (10)
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By substituting Equation (8) into Equation (1), the analytic expressions for the pre-fit
timing residual caused by the GWCSs are derived, using Ag;, as follows:

0 (t<to—%)
4/3
() )

} (tg—%W§t<t0+%W>.(ll)

—1(V3 AW (t>to+ 3 W)

In the second line, the use of F signifies that the — sign is to be placed before fy and the +
after. The effect of GWCSs has been incorporated into the TEMPO?2 timing model. This
allows us to simulate residuals (or TOAs) of the GWCSs. The updated timing model param-
eters are (Agy, to, W, a, 6, (). Here, { is the principal polarization angle. This parametrization
proves advantageous for the simulation of timing residuals induced by GWCSs. Intro-
ducing a second parametrization of the GW burst proves advantageous for the search
procedure. The GW burst in this parametrization is represented by two orthogonal com-
ponents, A; and Ay, with A} = Agicos(20) and Ay = Agsin(20). These components are
associated with the two polarization modes of the GW, and this parametrization allows for
the search of all possible GW polarizations. TEMPO2 software package allows the use of
the following parameters in its parameter files: GWCS_A1, GWCS_A2, GWCS_POSITION,
GWCS_EPOCH, and GWCS_WIDTH, which correspond to the cosmic string parameters
A1, Ay, sky position, burst epoch, and width, respectively.

Examples of the waveform and simulated timing residuals are shown in Figure 1. The
PTASIMULATE software package was used to simulate cosmic string burst events as
described above. We assume that the position and polarization angle of the gravitational
wave source are (¢ = 57.3°,6 = —57.3°) and { = 30°, respectively. Timing residuals are
produced by infusing a GWCS signal with an amplitude of Apeax = 10~ at the center of
the observation (MJD 55,000) and 1 us of Gaussian white noise using Equation (11). The
burst widths are set to 500 days (panel on the left side) and 2000 days (panel on the right
side), corresponding to Ag, = 1.59 x 1071 and 1.0 x 10715, respectively.

Because of the crucial role of detecting a common spatially uncorrelated red noise pro-
cess (CURN) identified by NANOGrav, PPTA, EPTA, and CPTA, a CURN with a specified
spectral index is thus included in our model. A power-law can be used to model the CURN,
with its power spectrum governed by two hyperparameters, (A, y) [35]:

P(f) = A? (yrf_1>7, (12)

Here, f denotes the frequency of the spectral component, A represents the characteristic
amplitude of the red noise process at a frequency of yr—!, and v is the spectral index associ-
ated with the characteristic amplitude. The spectral index of a stochastic gravitational wave
background, arising from an ensemble of supermassive black hole binaries, is expected
to be 4.33. However, the spectral index of the CURN was found to have a maximum
a posteriori value of 5.5 [36]. In this paper, we present two sets of results for the CURN that
utilize both of these fixed spectral indices (ycurn = 4.33 and 5.5).
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Waveform
O_
—-2x10715 4
3
= -4x1071
=
g —6x10715
<
—8x10-15 1
—1x10-44{ W=500 days 1 W=2000 days
53000 54000 55000 56000 57000 53000 54000 55000 56000 57000
MIJDJ[days]

Post-fit residual

Residual[ps]

W=500 days W=2000 days
54000 55000 56000 57000 54000 55000 56000 57000
MIJD[days]

Figure 1. The top panels display the waveforms of GWCSs. The simulated post-fit timing residuals,
accompanied by 1 ps of Gaussian white noise, are displayed in the bottom panels. The gravitational
wave amplitude is Apeak = 10", and the peak occurs at MJD 55,000. These post-fit residuals are
utilized to fit pulsar parameters like pulse period and spin-down rate, as shown in the bottom panel.

4. Methods

We used the Markov Chain Monte Carlo (MCMC) approach for the search of GWCSs.
In this section, we will provide a concise summary of the techniques. The methods em-
ployed in this search are detailed in the works of Sun et al. [37] and Aggarwal et al. [38]
to search for gravitational wave memory and continuous gravitational wave signals. The
TOA residuals for an individual pulsar can be represented as a combination of multiple
stochastic deterministic and stochastic processes:

0t = dtes + Me + Fa + Fowagw +n. (13)

where Jt represents the residual time series for the pulsar. The term 6t.s denotes the residu-
als induced by GWCSs. M is the design matrix representing the linearized timing model,
which is responsible for accounting for the uncertainty in the residuals resulting from
an imperfect timing model fit €. The design matrix F corresponds to the pulsar’s intrinsic
Gaussian red noise process, modeled as a Fourier series with coefficients represented by
a. Likewise, Fgy and agy, are the design matrix and Fourier coefficients for the CURN,
respectively. Lastly, the elements of vector n represent uncertainty in the observed TOAs,
which follow a Gaussian white noise distribution.
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Based on the estimations of the Gaussian process parameters, GWCS signal, and
timing model parameters, it is possible to generate residuals #:

n = ot — dtes — Me — Fa — Fgyagy. (14)

As the terms on the right-hand side are approximations, this constitutes merely an
estimation of white noise. Nevertheless, assuming the white noise follows a Gaussian
distribution, the likelihood of observing this specific sequence of white noise residuals can
be expressed as
_exp(—3nTN"1n)

p(n) vV 2mdetN

Above, N is a covariance matrix that represents the white noise uncertainties in each

(15)

observed TOA, and 1! is the transpose of 7.

After the removal of deterministic effects, the remaining pulsar timing residuals have
the same likelihood of following a Gaussian white noise distribution as the detection of
a GWCS signal. This means that

_ exp(—inTN"1n)

ot |e€,a,a ,Ai,t,W,(A),A, = . 16
p( | gw fit- L0 pg) \/m ( )

The parameter space dimensionality can be reduced through the analytical marginal-

ization of the likelihood in Equation (16) with respect to the parameters that describe the
Gaussian processes [39—-41]. The final marginalized likelihood obtained is

_exp(=3q"C"'q)

p(3t | Age W, to, 2, p, Q) Jordeic (17)
where the following definitions are provided:
q = ot — dtcs, (18)
C=N+TDT’, (19)
T= M F|, (20)
p=|3, ] : e

where o is a diagonal matrix of infinities, which effectively provides unconstrained priors
on the timing model parameters. ¢ is a covariance matrix that represents the individual
red noise and the CURN Fourier coefficients. As a result of employing a CURN, the ¢
matrices are diagonal, with each diagonal element representing the red noise power at the
corresponding frequency bin, as specified in Equation (12). C~! is efficiently computed
using the Woodbury matrix identity [42]. In this identity, the matrix D is present solely as
an inverse. As a result, the diagonal matrix containing infinities is effectively replaced by
a matrix of zeros during the likelihood calculation.

We favored ignorance priors for our model parameters and implemented uniform or
log-uniform priors for all. We employed the same priors for noise parameters as those used
by Reardon et al. [27] and Reardon et al. [14]. Table 1 provides the prior distributions of
model parameters in the Bayesian Search for Global GWCSs using the full PTA that we are
interested in. The Bayes factor, denoted as ng, was employed as the detection statistic to
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compare the GW model with a noise-only model. Bayes factor was computed using the
Savage-Dickey approximation, as described by Dickey [43]:

Egw ~ lim p(Afit> (22)

~ .

B =
& €noise Af—0 p(Afitwt)

The evidence ratio (¢gw /€noise) for the GW and noise-only models can be approximated
as the ratio of the prior to posterior probability as the GW amplitude approaches zero.
This computation is significantly more computationally efficient than a complete evi-
dence integral, as it employs posterior samples that are located near the low-amplitude
prior boundary.

Table 1. Prior distributions used in all analyses of this article, including red noise, CURN, and GWCSs.

Parameter Prior Description
log10Am LinearExp (—17, —11) Amplitude of intrinsic pulsar red noise
Ym Uniform (0, 7) Spectral index of intrinsic pulsar red noise
log1oAcurn LinearExp (—17, —11) Amplitude of GWB
YCURN Uniform (0, 7) Spectral index of GWB
log10Agwcs LinearExp (—18, —11) Amplitude of GWCSs
Wawes Uniform (0, 5000) Width of GWCSs
towces Uniform (MJD 53,500, MJD 59,100) Epoch of GWCSs
{Gwces Uniform (0, 77) Polarization of GWCSs
KGWCS Uniform (0, 7r) Polar angle of GWCS source
SGWCS Uniform (0, 27) Azimuthal angle of GWCS source

Notes: There are a total of six global GWCS parameters. Imposing priors on the logarithm of the amplitude is
mathematically equivalent to applying uniform priors directly on the amplitude itself. Red noise and CURN
prior parameters satisfy the power-law distribution of Equation (12).

This likelihood calculation and these signal models were implemented in the EN-
TERPRISE [44] and ENTERPRISE_EXTENSIONS [45]. The PTMCMCSAMPLER [46]
package implements the MCMC sampler to extract samples from the posterior distributions.

5. Results
5.1. Earth-Term GWCS Search

By applying MCMC sampling, we initiated a Bayesian search for GWCSs in the Earth
term, contrasting two models: (1) a noise-only model and (2) a model that includes both
noise and the GWCS signal. The noise-only model included white noise, achromatic red
noise (Red), dispersion measure (DM), high fluctuation frequency (HFF), chromatic (Chr),
low-frequency band noise (BN), and a CURN process [14]. The signal model incorporated
identical noise processes together with GWCS signals. We employed the product-space sam-
pling technique [47] to sample both models simultaneously. This allowed us to determine
the posterior probability for the GWCS signal and compute the Bayes factor of Bgw = 0.7
for the GWCS signal model. Compared to the noise-only model, this Bayes factor is too
small to be considered detected. Figure 2 illustrates the posterior probability distributions
for the GWCS signal as well as the global spatially uncorrelated red noise process.
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Figure 2. A corner plot displaying the marginalized 1D and 2D posterior distributions for
four essential model parameters: burst strain amplitude logjgAg;, burst epoch ty, width W, and
CURN amplitude logjpAcurn. In the presence of the GWCS model, the favorable localization of
log10Acurn suggests that the CURN remains detectable. Moreover, the tail of log1gAg; stretches to
a very small amplitude, suggesting that the model still strongly supports Ag; ~ 0.

By analyzing the posterior distribution, we can pinpoint geographically significant
areas of high activity near MJDs 54,000. The feature near MJD 54,000 is situated approxi-
mately in the beginning of our observations, during a period when there were significant
gaps in data for multiple pulsars. At the beginning of our dataset, there was a small number
of pulsars being observed, and the observations exhibited less regularity. Data sparsity
complicates the task of constraining any signal in this time. A heightened degeneracy is
observed for events occurring earlier in the dataset when a quadratic pulsar timing model
is applied to the pulsar’s rotational frequency and its derivative. This implies that the
signal model can exhibit consistency with a GWCS event of significant magnitude, which
is appropriately eliminated by the marginalization of the timing model.

5.2. Pulsar-Term Upper Limits

It is almost impossible to make a confident detection with a single pulsar term search
of GWCSs, but we could still use non-detection in the pulsar term search to set upper
limits. We report upper limits on the amplitude of the GWCS strain. The pulsar-term upper
limits on GWCSs are illustrated in Figure 3, which employs both fixed spectral indices
(Ycurn = 4.33 and 5.5). As the pulsar-term upper limits are calculated individually for
each pulsar, any information about the signal’s sky location is effectively lost. This means
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that it becomes challenging to distinguish between a weak GWCS event and one that
originates from a sky location where the antenna pattern is weak relative to the position of
the pulsar.

The upper limit Ag; is determined by setting the width at W = 100 days, and then we
calculate the upper limit h for the pulsar term using Equation (10). It is evident that the
pulsar-term upper limits are not significantly influenced by the selection of spectral index
for the majority of pulsars.

Pulsar Term Strain 95% Upper Limits

Ycurn=4.33
YcurRn=5.5

J2241—5236
J2145—0750 A
J2129—5721+
J2124—3358
J1939+2134 1
J1933—-6211+
J1909—3744 +
J1902—5105
J1857+0943 +
J1832—0836 1
J1744—1134 A
J1730—2304
J1713+0747 A
J1643—1224 1
J1603—7202
J1600—3053 §
J1545—4550 -
J1446—4701 A
J1125—6014
J1045—4509 ~
J1024—0719 {
J1022+1001 A
J1017—7156 1
J0900—3144
JO711—6830 1
J0614—3329
J0613—0200 ~
J0437—4715 4
J0125—2327 1
J0030+0451 1
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Figure 3. A plot of the upper limits of GWCS strain amplitude in the pulsar-term. In order to obtain
the upper limits, we fixed a duration of the burst W = 100 days and obtained the upper limits for
the pulsar terms with fixed spectral indices ycyrn = 4.33 and 5.5, respectively. We observe minimal
variation in the pulsar-term upper limits when different CURN spectral indices are fixed.

The constraints on h can be expressed as a mathematical function that depends on
the epoch, width, and sky position. Only the width has a physical significance, which is
equivalent to the loop size of the cosmic string. In Figure 4, we obtained the upper limit / as
a function of the width for PSR J1857 + 0943. The early- and late-time bursts lack credibility
due to insufficient data available prior to or following the occurrence of these bursts, which
hinders the ability to accurately determine their amplitude. As the width increases, the
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constraint on & becomes more stringent since the timing residuals caused by the GWCSs
increase as the event duration increases. In Figure 4, the upper limit / is a function of the
width. As width increases, the strain amplitude / decreases, then increases, and finally
plateaus. The limitation is strongest when the width is about 1200 days and the upper limit
is about 10712,

J1857+0943 UL vs Width

log1ohgs9
Lol L
N ©

—12.01

1000 3000 5000 7000
Width[day]

Figure 4. The relationship between the GWCS amplitude and burst width is constrained, assuming
a fixed CURN spectral index of ycyrn = 4.33.

A term specific to each pulsar is introduced to impose a constraint on the upper time
analysis for individual pulsars within the array. The upper bound h is a function of the
burst epoch ¢y by fixing W = 100 days for PSR 1857 + 0943 in Figure 5. When epoch ¢ is
the median value, the upper limit of the amplitude stabilizes, and the constraint on h is
the weakest at the beginning and end. When epoch tj is about 59,000, the GWCS strain
amplitude upper limit is possibly the strongest because of a new ultra-wideband receiver.

J1857+0943 UL vs Epoch

—10.8 1

Lo L L L
—_ —_ —_ —_
(=)} e [\S] S

log10hos9,

—11.8+

—12.0 -

53000 54000 55000 56000 57000 58000 59000
Epoch MJD

Figure 5. The upper limit on the GWCS strain amplitude as a function of burst epoch ty is derived
by fixing the burst width at W = 100 days and adopting a CURN power-law spectral index of

YCURN = 4.33.

Here, we translate the upper bound on the peak amplitude shown in Figure 4 into
a constraint on the cosmic string tension. The upper bounds on the time-domain amplitude
with different widths shown in Figure 4 can be translated into the Fourier strain amplitude
Ftjim. The expected number of gravitational wave bursts from cosmic string cusps reaching
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Earth today with amplitudes exceeding Tty is denoted as Ngwcs. Given the absence of
detected cosmic string GW bursts with amplitudes above j;,,, a random Poisson process
analysis at the 95% confidence level excludes scenarios where Ngwcs > 2.996. Using
this constraint, we establish an upper limit on the cosmic string tension. Details of the
translation can be found in [21].

Figure 6 presents the constraint on the cosmic string tension as a function of burst
width W, derived from the single-pulsar dataset of PSR 1857 + 0943, alongside the results
from [21]. The « in Figure 6 represents the size of the primordial string loop, and here, we
compare the cosmic string tension limit specifically for « = 0.1. As shown in Figure 6, the
upper bound becomes more constraining for larger W due to two factors. First, as shown
in Figure 4, the upper bound improves for larger W. Second, larger loops produce stronger
GW amplitudes but have lower number densities. While the former enhances detectability,
the latter reduces it. Considering both effects, we find that the former effect dominates, and
that larger loops, equivalently larger W, are easier to detect, leading to tighter constraints.

105-
104_
103,
102,
10" -

New data, @ = 107!

1073 Yonemal et al., @ = 107!

10 50 100 5001000 5000 10*
W [days]

Figure 6. Constraint on Gy is derived for different widths, with the coupling constant « fixed
at 0.1 [21].

However, the upper limit from [21] is more than an order of magnitude tighter than
our results. This discrepancy arises because we only used the dataset of a single pulsar
(pulsar term), whereas Yonemaru et al. [21] utilized the full PPTA dataset (Earth term).
Additionally, MCMC sampling is very computationally intensive and time-consuming. In
future work, we plan to extend our analysis to include the Earth-term search.

So far, only Yonemaru et al. [21] and this work have studied individual GW bursts
from cosmic string cusps using PTA. In addition, cosmic string parameters can also be
constrained by the cosmic microwave background (CMB) [48] and the stochastic GW
background. While the stochastic background provides a stronger constraint on string
parameters, we emphasize that GW burst searches offer independent constraints. The
future SKA telescope will observe a large number of millisecond pulsars with high timing
precision. With the improved sensitivity of SKA, the prospects for detecting single GW
bursts will be significantly enhanced. A stringent constraint on the cosmic string tension
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from SKA would be highly valuable for testing various models of cosmic superstrings,
such as the KKLMMT model [49].

6. Conclusions

In this paper, we present the first Bayesian search for the GWCSs using PPTA-DR3;
there is no significant evidence of GWCSs. Therefore, we place upper limits on the
strain amplitude of pulsar-term GWCSs for the 30 ms pulsars. We find that incorpo-
rating a CURN with various spectral indices into the noise model has a negligible impact
on the upper limits. And the upper limit range of the amplitude of the pulsar-term
GWCSs is concentrated between 10712 and 10~!'. By analyzing an individual pulsar
PSR J1857 + 0943, we place upper limits on the amplitude of GWCS events as a function of
width and event epoch. We obtain the upper limit on the cosmic string tension as a function
of burst width and will present the results of all-sky Earth-term upper limits in future work.
With its improved sensitivity, SKA will place significantly tighter constraints on cosmic
string parameters, making it a valuable tool for testing cosmic string models. Moreover,
such constraints will provide an independent probe for investigating the clustering of cos-
mic string loops in our Galaxy, which cannot be tested through CMB analysis or stochastic
GW background.
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Abbreviations

The following abbreviations are used in this manuscript:

PTA Pulsar timing array

GWs Gravitational waves

GWCSs  Gravitational-wave bursts from cosmic string cusps
CURN  Common spatially uncorrelated red noise
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