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A B S T R A C T 

We report on the detection of quasi-periodic micro-structure in three millisecond pulsars (MSPs), PSRs J1022 + 1001, 
J2145 −0750, and J1744 −1134, using high time resolution data acquired with the Large European Array for Pulsars at a 
radio frequency of 1.4 GHz. The occurrence rate of quasi-periodic micro-structure is consistent among pulses with different 
peak flux densities. Using an auto-correlation analysis, we measure the periodicity and width of the micro-structure in these 
three pulsars. The detected micro-structure from PSRs J1022 + 1001 and J1744 −1134 is often highly linearly polarized. In 

PSR J1022 + 1001, the linear polarization position angles of micro-structure pulses are in general flat with a small degree of 
variation. Using these results, we further examine the frequency and rotational period dependency of micro-structure properties 
established in previous work, along with the angular beaming and temporal modulation models that explain the appearance of 
micro-structure. We also discuss a possible link of micro-structure to the properties of some of the recently disco v ered fast radio 

bursts which exhibit a very similar emission morphology. 

Key words: methods: data analysis – pulsars: individual (PSR J1022 + 1001) – pulsars: individual (PSR J2145 −0750) – pulsars: 
individual (PSR J1744 −1134) – (transients:) fast radio bursts. 

1

P  

r  

fi
a
p
u
C
s
(  

�

J  

p  

s
A  

e
a
a  

C  

f
p

 

©
P
C
p

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/3/4037/6575043 by a.venera@
unict.it user on 10 February 2023
 I N T RO D U C T I O N  

ulsars exhibit a large variety of radio emission phenomena on a wide
ange of time-scales, which is still to be fully understood. The very
rst pulsar observations already revealed the significant variability 
mong the pulses from every rotational period. In particular, some 
ulses show concentrated emission in sub-millisecond features, 
sually with a typical width and sometimes a quasi-periodicity (Craft, 
omella & Drake 1968 ; Hankins 1972 ). These so-called micro- 

tructure phenomena have been seen in a number of canonical pulsars 
e.g. Cordes, Weisberg & Hankins 1990 ; Lange et al. 1998 ; Kramer,
 E-mail: kliu.psr@gmail.com 
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ohnston & van Straten 2002 ), and recently also in millisecond
ulsars (MSPs; De, Gupta & Sharma 2016 ). Many of the micro-
tructure pulses exhibit significant fraction of polarization (e.g. Mitra, 
rjunwadkar & Rankin 2015 ; De et al. 2016 ), higher than those

xpected from the average pulse profile. Simultaneous observations 
t multiple frequencies have shown that micro-structures occur over 
 wide frequency range at the same time (e.g. Rickett, Hankins &
ordes 1975 ; Boriakoff, Ferguson & Slater 1981 ), which suggests a

undamental association of micro-structure with the pulsar emission 
rocess. 
So far, a number of models have been developed to explain the

ppearance of micro-structure in pulsars. Generally, these models can 
e categorized into two types of scenarios. The first one involves an
ngular radiation pattern as a result of multiple thin flux tubes along
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he magnetic field lines where streaming bunches of charged particles
adiate in the direction of propagation (e.g. Benford 1977 ). As the
ulsar rotates, the emission structure is then sampled in time. The
idth of the micro-structure, in this case, would correspond to the

ngular beamwidth of the radiation. The second scenario includes a
emporal intensity modulation of the emission, and may be caused by
lectrodynamical fluctuations (Buschauer & Benford 1980 ; Cheng &
uderman 1980 ), neutron star vibrations (Van Horn 1980 ; Clemens &
osen 2004 ), or radiation transfer effects (Harding & Tademaru
981 ; Cairns, Johnston & Das 2004 ). Here, the micro-structure width
eflects the actual time-scale of the emission, which may be related
o the radial structure in the plasma outflow. 

Most of micro-structure studies focus on measuring their temporal
idth and quasi-periodicity, and relating them with other properties

uch as pulsar rotational period and observing frequency (e.g.
ordes 1979 ; Kramer et al. 2002 ; Mitra et al. 2015 ). These help to
istinguish between the two possible scenarios for micro-structure,
ossibly identifying the physical mechanism of the emission. To
ate, the majority of micro-structure investigations have been based
n canonical pulsars. Extending the analysis to MSPs would allow to
 xamine the e xisting theories in a broader parameter (e.g. the pulsar
eriod) space and with new samples. Comparing the results obtained
rom canonical pulsars and MSPs would also reveal whether micro-
tructure is a common feature for all pulsar populations. 

Finding micro-structure emission in MSPs is in general difficult
ainly due to the limitation of sensitivity and other technical

onstraints such as time and frequency resolution of the recorded
ata. As a result, the first micro-structure detection in MSPs has only
een achieved recently (De et al. 2016 ), following a small number
f reported non-detections (Jenet et al. 1998 ; Sallmen 1998 ; Jenet,
nderson & Prince 2001 ; Liu et al. 2016 ). The Large European
rray for Pulsars (LEAP) is the ideal instrument to study micro-

tructure emission from pulsars. LEAP coherently combines pulsar
bservations from the five largest radio telescopes in Europe: the
00-m Effelsberg Telescope in Germany, the 76-m Lo v ell Telescope
t Jodrell Bank Observatory (JBO) in the UK, the 94-m equiva-
ent Nan c ¸ay Radio Telescope in France, the 64-m Sardinia Radio
elescope in Italy, and the 94-m equi v alent Westerbork Synthesis
elescope in the Netherlands. This delivers a sensitivity equivalent

o a 194-m single dish (Bassa et al. 2016 ). The boost in sensitivity
s not only important for high-precision pulsar timing, but has also
llowed for other pulsar projects that are largely limited by sensitivity
ith smaller telescopes, such as single-pulse and scintillation studies
f MSPs (Liu et al. 2016 ; McKee et al. 2019 ; Main et al. 2020 ).
n particular, the baseband recording and storage capability enables
EAP to generate data products with customized time and frequency

esolutions and coherent de-dispersion for these studies. 
The rest of the paper is organized as follows. In Section 2 ,

e describe the observations and post-processing of the data. In
ection 3 , we present the detection of micro-structure in three
SPs and the measurements of their properties. Section 4 includes

 brief discussion on the results and conclusions can be found in
ection 5 . 

 OBSERVATION S  

EAP conducts monthly observations of o v er 20 MSPs at L band
1396 MHz), for the main purpose of detecting low-frequency
ra vitational wa v es with the PTA e xperiment (Chen et al. 2021 ).
o allow studies of micro-structure in MSPs, observations where
 significant number of single pulses can be clearly detected are
eeded. Therefore, here we selected three bright MSPs: J1022 + 1001,
NRAS 513, 4037–4044 (2022) 
2145 −0750, J1744 −1134. For each source, we selected the ob-
ervation epoch when the pulsar signal was greatly amplified by
nterstellar scintillation, achieving the highest signal-to-noise ratio
S/N) of detection per unit time in the set of all our observations.
uring the observation, the astronomical signals were sampled at
yquist rate with 8 bits and recorded on spinning discs as baseband
oltages with a bandwidth of 128 MHz. The data collected at each
ndividual telescope were later transferred to our storage server at
BO, where they were correlated, calibrated for polarization, and
oherently combined using a dedicated software correlator (Smits
t al. 2017 ). Next, the combined baseband data from those epochs
ere processed to produce single-pulse data (i.e. one archive per

otation) with the specifications given in Table 1 . The single-pulse
ata were then cleaned to remo v e narrow-band radio interference.
he rotation measure values from Dai et al. ( 2015 ) were used to
orrect for the Faraday rotation in the polarization. These data-
rocessing steps used the PSRCHIVE software package (Hotan, van
traten & Manchester 2004 ). Fig. 1 presents the average profiles of

he three pulsars each obtained from the single-epoch observation
isted in Table 1 . They are highly consistent with previously reported
veraged profiles obtained by adding many hours of observations
e.g. Dai et al. 2015 ), demonstrating the high quality of the coherent
ombined LEAP data. 

 RESULTS  

he single-pulse data were used to search for and investigate micro-
tructure emission from each of the selected pulsars. We first
alculated the peak S/N of all single pulses and selected those with
/N > 6. This left 7.4, 4.2, 1.4 per cent of all recorded pulses for
SR J1022 + 1001, J2145 −0750, J1744 −1134, respectively. We then
alculated the autocorrelation function (ACF) of the on-pulse region
or each of the selected pulses. The presence of quasi-periodic micro-
tructure would manifest itself by exhibiting equally spaced maxima
n the ACF, with the time lag of the first maxima corresponding to
he characteristic temporal separation, i.e. periodicity of the micro-
ulses (e.g. Cordes 1979 ; Lange et al. 1998 ; Kramer et al. 2002 ). We
lso generated the ACF with a linear fit (to itself) subtracted, which
n some cases makes the maxima in the ACF more prominent. Next,
e visually checked all the selected pulses along with their ACFs to

dentify those exhibiting micro-structure emission. For pulses with
egularly spaced maxima in the ACF, we recorded the time lag of
he first maxima as the quasi-periodicity P μ of the micro-structure.
he micro-structure width τμ was measured using the average ACF
f all pulses with micro-structure detected, which corresponds to
he first sign change in the ACF slope (see e.g. fig. 1 of Kramer
t al. 2002 ). 

.1 J1022 + 1001 

pproximately 37 per cent of the S/N > 6 pulses that have been
ie wed sho w micro-structure emission, and 3 per cent exhibit quasi-
eriodicity. The top panels in Fig. 2 show two typical examples.
he vast majority of these pulses coincide in phase with the trailing
omponent of the average pulse profile (see Fig. 1 ). This is consistent
ith the findings in Liu et al. ( 2015 ) where most of the detected
right single pulses are from the trailing component as a result of its
igh intensity modulation (Edwards & Stappers 2003 ). Most micro-
tructure pulses are seen to have a high degree of linear polarization
nd some with a clear circular component, in agreement with the
verage polarization profile. Fig. 3 presents the distribution of the
easured periodicities for those showing quasi-periodic features,



MSP micro-structure with LEAP 4039 

Table 1. Properties of the pulsars and details of the data investigated in this paper. Here, P , T int , � t , N p , and ρS/N > 6 represent the pulsar rotational period, 
duration of the observation, time resolution of the single-pulse data, total number of pulses recorded, and the percentage of pulses with peak S/N higher than 
6. The single-pulse data for each pulsar were coherently de-dispersed with the DM values given below and retain a 1-MHz frequency resolution over the 
128-MHz bandwidth. The measurements of micro-structure (median) quasi-periodicity ( P μ) and width ( τμ) are also listed. 

Jname P (ms) DM (cm 

−3 pc) MJD T int (min) � t ( μs) N p ρS/N > 6 P μ ( μs) τμ ( μs) 

J1022 + 1001 16.45 10.2595 56739.9 43.0 2.03 ∼154 500 7.4 per cent 14 . 9 + 5 . 2 −2 . 8 9 ± 1 

J2145 −0750 16.05 8.9953 56740.4 32.0 1.96 ∼119 600 4.2 per cent 17 . 8 + 2 . 7 −3 . 2 10 ± 1 

J1744 −1134 4.07 3.1380 57107.2 38.8 0.99 ∼567 100 1.4 per cent 6 . 0 + 2 . 4 −0 . 8 3.9 ± 0.5 

Figure 1. Polarization profiles and the linear polarization position angles (P.A.) of the three MSPs from our observations listed in Table 1 . The black solid, red 
dashed, and blue dotted lines represent the total intensity, linear, and circular polarization, respectively. 
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hich ranges in the 10–30 μs interval with a median P μ of 14.9 μs.
n addition to the total intensity, we also searched for quasi-periodic 
icro-structure in the linear and circular components of the pulses 

nd found consistent periodicities, similar to what has been reported 
y Mitra et al. ( 2015 ) for canonical pulsars. Averaging the ACFs
rom all these pulses, we obtained a characteristic width of τμ = 

 ± 1 μs. Fig. 4 shows the distribution of quasi-periodic micro- 
tructure pulses with respect to their peak flux density relative 
o the average of all pulses. It can be seen that quasi-periodic

icro-structure occurs in pulses of different peak flux densities, 
ncluding the brightest ones. The detection rate is found to be roughly
ndependent of the peak flux density, with a potential small preference 
o stronger pulsars, which ho we ver needs to be confirmed with more
amples. 

Fig. 5 compares the linear polarization position angles (P.A.) 
f the quasi-periodic micro-structure pulses with that obtained 
rom the average profile. Here, for each individual phase bin, a 
robability density distribution of P.A. was formed based on the 
easurements from these pulses. It can be seen that on average, 

he P.A. swings from the micro-structure pulses and average profile 
re highly consistent. Still, the P.A. swing from each pulse does 
xhibit additional variations within a small range. This can be seen 
n the three examples shown in Fig. 5 , which exhibit different
radients of change in pulse phase. Overall, the P.A. values of micro-
tructure pulses fall in a narrow range, mostly because they are 
btained from a narrow window in pulse phase, which corresponds 
o approximately only 1.5 per cent of the entire rotational period. This
s significantly narrower compared to the entire on-pulse region of the 
verage profile, which spans 20 per cent of the spin period as shown
n Fig. 1 . 
.2 J2145 −0750 

pproximately 38 per cent of the S/N > 6 pulses show micro-structure
nd 3 per cent exhibit quasi-periodicity. Two examples of quasi- 
eriodic micro-structure can be found in Fig. 2 . All micro-structure
etections cluster around the phase of the primary component in the
veraged pulse profile (see Fig. 1 ). The micro-structures generally 
re weakly polarized, which is in line with the average polarization
rofile shown in Fig. 1 , and seemingly different from the finding
t 630 MHz reported by De et al. ( 2016 ). Still, occasionally some
f the micro-pulses do show a high degree of polarization which is
p to ∼100 per cent and can be either linear or circular. As shown
n Fig. 3 , the measured micro-structure periodicities range in the
0–25 μs interval with a median P μ of 17.8 μs. From the number
istribution in Fig. 4 , it can be seen that the occurrence rate of micro-
tructure is in general uniform as a function of peak flux density,
ncluding the brightest group of pulses. The micro-structure time- 
cale was measured to be τμ = 10 ± 1 μs from the averaged ACFs
f all micro-structure pulses. 

.3 J1744 −1134 

bout 14 per cent of the pulses that have been visually inspected
how micro-structure, and 1 per cent exhibit quasi-periodic features. 
wo examples of the quasi-periodic micro-structure detections are 
ound in Fig. 2 . Similar to the situation in J2145 −0750, all of these
etections are associated with the primary component in the average 
rofile shown in Fig. 1 . As seen in Fig. 3 , the measured periodicity
f the micro-structures varies from 4 to 12 μs, with a median P μ of
.0 μs. Averaging the ACFs of all micro-structure pulses, we obtained 
MNRAS 513, 4037–4044 (2022) 

art/stac1082_f1.eps
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Figure 2. Examples of pulses showing quasi-periodic micro-structure from PSRs J1022 + 1001 (first row), J2145 −0750 (second row), and J1744 −1134 (third 
row). The first and third column of panels show the pulse intensities and their linear polarization position angles (P.A.), where the black solid, red dashed, and 
blue dotted lines represent total intensity, linear, and circular polarization, respectively. The second and fourth column of panels present the ACFs of the pulses 
shown on their left (upper), and the same ACFs but with a linear fit subtracted (lower). Note that for each pulsar, the two example pulses are aligned in phase 
with respect to the rotational period. 
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 micro-structure time-scale of τμ = 3.4 ± 0.5 μs, after correcting
or the sampling width. Most of the micro-structure pulses exhibit
 high degree of linear polarization, in line with the feature seen in
he average profile as shown in Fig. 1 . The linear component also
NRAS 513, 4037–4044 (2022) 
hows periodicities consistent with those from the total intensity.
s shown in Fig. 4 , the occurrence rate of quasi-periodic micro-

tructure is generally constant for pulses of different peak flux
ensities. 

art/stac1082_f2.eps


MSP micro-structure with LEAP 4041 

Figure 3. Histogram of micro-structure periodicity measured in J1022 + 1001 (left), J2145 −0750 (middle), and J1744 −1134 (right). In each plot, the solid line 
represents the median of the distribution and the two dashed lines marks the 1 σ confidence interval counting from the median to both sides. 

Figure 4. Distribution of normalized peak flux density (with respect to the mean of all pulses) of micro-structure pulses in comparison with that of all pulses, 
for J1022101 (left), J2145 −0750 (middle), and J1744 −1134 (right). The top panels show the percentage detection rate of quasi-periodic micro-structure pulses. 
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 DISCUSSIONS  

.1 Detection rate of micr o-structur e 

he fractions of pulses detected with quasi-periodic micro-structure 
re small in comparison with those reported in many canonical 
ulsars (e.g. Lange et al. 1998 ). In theory, an apparent quasi-
eriodicity may be produced by an uncorrelated intensity variation at 
ifferent pulse phases, given that the number of samples is significant 
nough. To examine the potential impact of such an effect on our
esults, for each pulsar we randomly chose a stack of 1500 pulses
nd carried out the following e xperiment. F or each individual pulse
hase, we first randomly shuffled the order of intensity bins in the
tack. We then calculated the ACFs of the pulses in the new stack
nd visually inspected the result to obtain the number of detections. 
his experiment has been carried out to all of the three pulsars,
hich gave detection rates of quasi-periodic micro-structure pulses 
f 0.4 per cent, 0.3 per cent, 0.1 per cent for PSRs J1022 + 1001,
2145 −0750, J1744 −1134, respectively. These are all approximately 
n order-of-magnitude lower than the those from the real data. This
uggests that the detected quasi-periodic micro-structures in these 
ulsars are unlikely to be solely attributed to uncorrelated intensity 
ariation in pulse phase. 

.2 Frequency dependency of micro-structure 

he micro-structure periodicity of PSR J2145 −0750 measured with 
ur L -band observation is highly consistent with the value obtained
t 610 MHz by De et al. ( 2016 ), suggesting that the micro-pulse
eparation of this pulsar is likely to be frequency independent. 
his is similar to what has been observed so far in many young
ulsars (Cordes et al. 1990 ; Mitra et al. 2015 ), but is the first time
t has been observed in an MSP. The frequency independence of

icro-structure separation better supports the temporal radial origin 
f micro-structure scenario (Cordes et al. 1990 ), as in the angular
eaming model, the separation is supposed to evolve as a function of
bserving frequency if it follows the radius-to-frequency mapping. 
o we ver, we noticed that the pulse profile of J2145 −0750 has a
ery similar width within a wide frequency range from 100 MHz
o at least 5 GHz (Kramer et al. 1999 ). Though the profile shape
f PSR J2145 −0750, primarily the amplitude ratio between the 
MNRAS 513, 4037–4044 (2022) 
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M

Figure 5. Comparison of P.A. swings from PSR J1022 + 1001. The solid 
black line is the P.A. swing from the integrated profile shown in Fig. 1 . 
The dashed black line represents the weighted mean from all micro-structure 
pulses, while the shallow grey band represents the 1 σ probability range. The 
red triangles, blue dots, and green squares are P.A. values from three example 
micro-structure pulses, respectively. The first shows a steeper increase of P.A. 
in pulse phase, the second is mostly steady, and the third has an opposite sign 
of gradient. 
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wo main components, changes significantly in frequency, this may
ell be explained by the difference in spectral index of emission

omponents as seen in other pulsars (e.g. Keith et al. 2011 ). Thus,
hese suggest that the frequency dependency of micro-structure is
nlikely to be significant in J2145 −0750 due to the fairly consistent
mission beamwidth at multiple frequencies. 

Our 3 per cent detection rate of micro-structure in J2145 −0750
s a factor of a fe w lo wer than that reported by De et al. ( 2016 ).

hile the observing times investigated are approximately the same,
e et al. ( 2016 ) reported o v er 700 pulses with an S/N abo v e 15
ut there are only 33 in our case. To obtain a total number of 700
ulses from our observations, the S/N threshold needs to be set at 9.3.
he detection rate for this group is approximately 3.5 per cent and

hus with no significant dif ference. The lo wer rate of quasi-periodic
icro-structure at L band may be a result of a steeper spectrum

f the micro-pulses or a lower pulse intensity modulation at higher
requencies as seen in PSR B2016 + 28 (Cordes et al. 1990 ). 

.3 Rotational period dependency of micr o-structur e 

he dependency on pulsar rotational period of the micro-structure
eriodicity and width have been established in canonical pulsars for
ecades (Cordes 1979 ; Kramer et al. 2002 ), but only recently have
he y been inv estigated in MSPs (De et al. 2016 ). These relations
ould provide important indication of the mechanism behind micro-
tructure, thus constraining the angular and temporal models that
xplain the appearance of quasi-periodic micro-structure (e.g. Cordes
t al. 1990 ). Using a number of measurements in canonical pulsars
nd two in MSPs, De et al. ( 2016 ) obtained a P –P μ relation as
 μ � 1.06 P 

0.96 . This predicts a micro-structure periodicity of 16.2,
5.8, and 4.2 μs for the periods of J1022 + 1001, J2145 −0750,
nd J1744 −1134, respectively, consistent with our measurements
s summarized in Table 1 . Similarly, from Kramer et al. ( 2002 ),
he micro-structure width (in μs) scales with the pulsar rotational
eriod (in ms) as τμ � 0.3 P 

1.1 . For J1022 + 1001, J2145 −0750,
nd J1744 −1134, this gives a micro-structure width of 6.5, 6.4,
NRAS 513, 4037–4044 (2022) 
nd 1.4 μs, respectively, which are qualitatively similar to the
easurements in this work. Therefore, our results provide additional

upport for the extension of the P –P μ and also likely the P –τμ

elations from the canonical pulsar population to MSPs. 

.4 Possible link to fast radio bursts 

ecently, a series of studies have reported the disco v ery of fast
adio bursts (FRBs) which exhibit some stunning narrow temporal
mission features, with a time-scale down to microsecond or even
00 ns level (e.g. Nimmo et al. 2021 , 2022 ). In particular, some show
uasi-periodic intensity modulation from a single burst detection
Majid et al. 2021 ; The CHIME/FRB Collaboration 2021 ; Nimmo
t al. 2022 ), similar to the micro-structure pulses detected in radio
ulsars. Indeed, The CHIME/FRB Collaboration ( 2021 ) presented
n e xtensiv e discussion on the possible origin of quasi-periodic
mission in three of the FRBs detected with the Canadian Hydrogen
ntensity Mapping Experiment (CHIME) Telescope, where micro-
tructure emission mechanisms alike those invoked for radio pulsars
nd magnetars were considered as one of the possible explanations.
wo of the FRBs reported there, i.e. FRB 20191221A and FRB
0210206A, appear to sho w e vidence of scattering which creates
n apparent o v erlap between each individual components. While
cattering in our observations at L band is expected to be negligible
ompared with the time resolution of the data (Cordes & Lazio
002 ), we could still attempt to explore if micro-structure pulses, in
ase of prominent scattering, can reproduce pattern similar to those
een in the CHIME bursts. In order to do so, we chose one of the
ulses from PSR J1022 + 1001 shown in Fig. 2 (on the right), and
onvolved with a pulse broadening function based on the thin screen
cattering model (Williamson 1972 ). We applied a scattering time-
cale as a function of frequency as τ d ∝ f −4.4 , assuming a Kolmogorov
pectrum, a typical spectral index of −1.8, and a τ d = 0.6 μs at
.4 GHz. Fig. 6 shows the simulated pulse profile starting from our
bserving frequency, 1.4 GHz, and spreading down to 400 MHz,
he lower bound of the CHIME band. The simulation managed
o reproduce the general feature of the two FRBs reported in The
HIME/FRB Collaboration ( 2021 ) (in particular FRB 20210206A

n their fig. 1b), where the scattering occurs mostly at the bottom
f the frequency band and creates an emission floor that lifts each
ndividual components. It is also important to point out that the
riginal micro-structure pulse from our observation does not have an
pparent emission floor a prior to being scattered, which is consistent
ith what The CHIME/FRB Collaboration ( 2021 ) found for the three
ursts after de-scattering them. 

Though the first FRBs were found to have an apparently flat
.A. swing (Petroff et al. 2016 ), recent observations have started
o also reveal those of more complex P.A. structures (e.g. Luo et al.
020 ). Nimmo et al. ( 2021 ) showed that some of the bursts from
he repeating FRB 20180916B exhibit P.A. curves with a generally
at shape but small variations within about a 10 deg range. The
.A. of FRB 20210213A also shows similar characteristics (The
HIME/FRB Collaboration 2021 ). These are compatible with the
.A. curves seen from the micro-structure pulses as shown in Fig. 5 .
f FRB emission comes from neutrons star magnetospheres, the
enerally flat P.A. of these FRBs may be explained by the fact that
he emission is al w ays from a very narrow pulse phase window, i.e.
 small fraction of the magnetosphere where intrinsically the P.A.
ariation is very limited. 

Assuming these FRBs with periodic structure can be associated to
icro-structure emission from neutron stars, it is then indeed possible

o use the P –P μ and P –δμ relationships to infer the rotational period
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Figure 6. Simulation of scattered micro-structure pulse, using the detection 
from PSR J1022 + 1001 shown in the right-hand panel of Fig. 2 . Here, 
we assumed a scattering time-scale of 0.6 μs at 1.4 GHz, scattering law of 
τ d ∝ f −4.4 and a spectral index of −1.8. 

o  

t
B  

e

5

W
P
s  

s
a
o
c
t
p
F  

m
a  

d
t
p
m
h  

e

A

W
m
R
c
F

I
A  

(
w
P
R
5

 

G
1
t
a  

c  

t
R
R
w
S
U
a  

N
T  

g  

P  

S
N

D

T  

r

R

B
B
B  

B
C
C
C
C
C
C
C
C
D
D
E
H
H
H  

J
J
K  

K  

K
L
L
L

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/3/4037/6575043 by a.venera@
unict.it user on 10 February 2023
f the underlying neutron star. This may provide useful input for
he ongoing efforts of searching for potential periodicities in FRBs. 
ut further evidence is needed to make such a link, so that we will
xpand on this idea in a separate forthcoming work. 

 C O N C L U S I O N S  

e have detected micro-structure emission in three MSPs, 
SRs J1022 + 1001, J2145 −0750, and J1744 −1134, using highly 
ensiti ve observ ations with LEAP at 1.4 GHz. A fraction of the pulses
how quasi-periodic micro-structure features. In PSR J1022 + 1001 
nd J1744 −1134 they were seen to be significantly polarized. The 
ccurrence rate of quasi-periodic micro-structure was found to be 
onsistent among pulses with different peak flux densities including 
he brightest group. Using an ACF analysis we have measured the 
eriodicity and width of the micro-structures in these three pulsars. 
or PSR J1022 + 1001, we showed that the P.A. obtained from
icro-structure pulses are from a narrow phase window and on 

verage consistent with that of the average profile, with a small
egree of variations. The results have allowed us to further examine 
he frequency and rotational period dependency of micro-structure 
roperties, and thus the angular beaming and temporal modulation 
odels that explain the appearance of micro-structure. These results 

ave also implied a possible link to FRBs which exhibit a similar
mission morphology. 
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