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ABSTRACT

We report on the detectionof quasi-periodicmicro-structurein three millisecond pulsars (MSPs), PSRs J1022 1001,
J214%50750, and J17445 1134, using high time resolutiondataacquiredwith the Large EuropeanArray for Pulsarsat a
radio frequencyof 1.4GHz. The occurrenceate of quasi-periodiamicro-structures consistenamongpulseswith different
peak ux densitiesUsing an auto-correlatioranalysis,we measurehe periodicity and width of the micro-structuren these
three pulsars.The detectedmicro-structurefrom PSRsJ1022 1001 and J17445 1134 is often highly linearly polarized.In

PSRJ1022 1001,the linear polarizationposition anglesof micro-structurepulsesarein general at with a small degreeof

variation.Usingtheseresults we furtherexaminethe frequencyandrotationalperioddependencyf micro-structureroperties
establishedn previouswork, alongwith the angularbeamingandtemporalmodulationmodelsthat explainthe appearancef

micro-structureWe alsodiscussa possibldink of micro-structureo the propertiesof someof therecentlydiscoveredfastradio
burstswhich exhibit a very similar emissionmorphology.

Key words: methodsdataanalysis- pulsarsindividual (PSRJ1022 1001)- pulsarsindividual (PSRJ21455 0750)- pulsars:
individual (PSRJ1744 1134)— (transients:jastradiobursts.

1 INTRODUCTION

Pulsarsxhibitalargevarietyof radioemissiorphenomenanawide
rangeof time-scalesyhichis still to be fully understoodThe very
rst pulsarobservationslreadyrevealedthe signi cant variability
amongthe pulsesfrom everyrotationalperiod. In particular,some
pulses show concentratedemissionin sub-millisecondfeatures,
usuallywith atypicalwidth andsometimesi.quasi-periodicity(Craft,
Comella& Drake 1968 Hankins 1972. Theseso-calledmicro-
structurephenomeniavebeerseerin anumberf canonicapulsars
(e.g.CordesWeisberg& Hankins199Q Langeetal. 1998 Kramer,

E-mail: kliu.psr@gmail.com

© 2022TheAuthor(s).

Johnston& van Straten2002), and recently also in millisecond
pulsars(MSPs; De, Gupta& Sharma2016. Many of the micro-
structuregpulsesexhibitsigni cant fractionof polarizatione.g.Mitra,
Arjunwadkar & Rankin 2015 De et al. 2016, higher thanthose
expectedrom the averagepulsepro le. Simultaneousbservations
atmultiple frequencieiaveshownthatmicro-structuresccurover
a wide frequencyrangeat the sametime (e.g. Rickett, Hankins &
Cordesl1975 Boriakoff, Fergusor& Slater1981), which suggests
fundamentahssociatiorof micro-structurewvith the pulsaremission
process.

So far, a numberof modelshavebeendevelopedo explainthe
appearancef micro-structuren pulsarsGenerallythesemodelscan
be categorizednto two typesof scenariosThe rst oneinvolvesan
angularradiationpatternasaresultof multiple thin ux tubesalong

Publishedby Oxford University Presson behalfof Royal AstronomicalSociety.This is an OpenAccessarticle distributedunderthe termsof the Creative
CommondgAttribution License(http:/lcreativecommonsorg/licensbyg/4.0)), which permitsunrestrictedeuse distribution,andreproductiorin anymedium,

providedtheoriginal work is properlycited.
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themagneticeld lineswherestreamindunche®f chargedarticles
radiatein the directionof propagatione.g.Benford 1977). As the
pulsarrotates,the emissionstructureis then sampledin time. The
width of the micro-structurejn this case would correspondo the
angularbeamwidthof theradiation.The secondscenariancludesa
temporaintensitymodulationof theemissionandmaybecausedy
electrodynamicalictuations(Buschaue& Benford198Q Cheng&
Rudermari980), neutrorstarvibrations(VanHorn198Q Clemens&
Rosen2004), or radiation transfer effects (Harding & Tademaru
1981, Cairns Johnstor& Das2004). Here themicro-structurevidth
re ects the actualtime-scaleof the emissionwhich may berelated
to theradial structurein the plasmaout ow.

Mostof micro-structurestudiefocuson measuringheirtemporal
width andquasi-periodicityandrelatingthemwith otherproperties
such as pulsar rotational period and observing frequency (e.qg.
Cordes1979 Krameretal. 2002 Mitra etal. 2015. Thesehelpto
distinguishbetweenrthe two possiblescenariogor micro-structure,
possibly identifying the physical mechanismof the emission.To
date,the majority of micro-structurdnvestigationdhavebeenbased
oncanonicapulsars Extendingtheanalysiso MSPswould allow to
examinethe existing theoriesin abroademparametefe.g.the pulsar
period)spaceandwith newsamplesComparingheresultsobtained
from canonicalpulsarsandMSPswould alsorevealwhethemicro-
structureis acommonfeaturefor all pulsarpopulations.

Finding micro-structureemissionin MSPsis in generaldif cult
mainly due to the limitation of sensitivity and other technical
constraintssuchastime and frequencyresolutionof the recorded
data.As aresult,the rst micro-structuraletectionin MSPshasonly
beenachievedrecently(De et al. 2016, following a small number
of reportednon-detectiongJenetet al. 1998 Sallmen1998 Jenet,
Anderson& Prince 2002, Liu et al. 2016. The Large European
Array for Pulsars(LEAP) is the ideal instrumentto study micro-
structureemissionfrom pulsars LEAP coherentlycombinespulsar
observationdrom the ve largestradio telescopesn Europe:the
100-mEffelsbergTelescopen Germanythe 76-mLovell Telescope
at Jodrell Bank Observatory(JBO) in the UK, the 94-m equiva-
lent Nancay Radio Telescopen France,the 64-m SardiniaRadio
Telescopein Italy, and the 94-m equivalent WesterborkSynthesis
Telescopén the NetherlandsThis deliversa sensitivity equivalent
to a 194-msingledish (Bassaet al. 2016. The boostin sensitivity
is not only importantfor high-precisionpulsartiming, but hasalso
allowedfor otherpulsarmprojectghatarelargelylimited by sensitivity
with smallertelescopessuchassingle-pulseandscintillationstudies
of MSPs(Liu et al. 2016 McKee et al. 2019 Main et al. 2020.
In particular,the basebandecordingandstoragecapabilityenables
LEAP to generatelataproductswith customizedime andfrequency
resolutionsandcoherentde-dispersiotior thesestudies.

The rest of the paperis organizedas follows. In Section 2,
we describethe observationsand post-processin@f the data. In
Section 3, we presentthe detectionof micro-structurein three
MSPsandthe measurementsf their propertiesSection4 includes
a brief discussionon the resultsand conclusionscan be found in
Sectionb.

2 OBSERVATIONS

LEAP conductsmonthly observationf over 20 MSPsat L band
(1396MHz), for the main purpose of detecting low-frequency
gravitational waves with the PTA experiment(Chenet al. 2021).

To allow studiesof micro-structurein MSPs, observationsvhere
a signi cant numberof single pulsescan be clearly detectedare
neededThereforehereweselectedhreebrightMSPs:J1022 1001,

MNRAS 513,4037-40442022)

J214%50750, J17445 1134. For eachsource,we selectedthe ob-
servationepochwhen the pulsar signal was greatly ampli ed by
interstellarscintillation, achievingthe highestsignal-to-noiseatio
(S/N) of detectionper unit time in the setof all our observations.
During the observationthe astronomicalkignalswere sampledat
Nyquistratewith 8 bits andrecordedon spinningdiscsasbaseband
voltageswith a bandwidthof 128MHz. The datacollectedat each
individual telescopewere later transferredto our storageserverat
JBO, wherethey were correlated,calibratedfor polarization,and
coherentlycombinedusing a dedicatedsoftwarecorrelator(Smits
etal. 2017). Next, the combinedbasebandlatafrom thoseepochs
were processedo producesingle-pulsedata (i.e. one archive per
rotation) with the speci cationsgivenin Table 1. The single-pulse
datawerethen cleanedto remove narrow-bandradio interference.
The rotation measurevaluesfrom Dai et al. (2015 were usedto
correctfor the Faradayrotation in the polarization. These data-
processingstepsusedthe PSRCHIVE softwarepackage(Hotan, van
Straten& Mancheste2004). Fig. 1 presentghe averagepro les of
the three pulsarseachobtainedfrom the single-epoctobservation
listedin Tablel. Theyarehighly consistentvith previouslyreported
averagedoro les obtainedby addingmany hoursof observations
(e.g.Dai etal. 2015, demonstratinghe high quality of the coherent
combinedLEAP data.

3 RESULTS

Thesingle-pulselatawereusedto searchor andinvestigatemicro-
structure emission from each of the selectedpulsars. We rst
calculatedthe peakS/N of all single pulsesandselectedhosewith
SIN> 6. This left 7.4,4.2, 1.4 percentof all recordedpulsesfor
PSRJ1022 1001,J214%5 0750,J17445 1134 respectivelyWe then
calculatedheautocorrelatiorfunction (ACF) of theon-pulseregion
for eachof theselectegulsesThepresencef quasi-periodienicro-
structurewould manifesttself by exhibitingequallyspacednaxima
in the ACF, with the time lag of the rst maximacorrespondingo
the characteristitcemporalseparationi.e. periodicity of the micro-
pulsege.g.Cordesl 979 Langeetal. 1998 Krameretal. 2002. We
alsogeneratedhe ACF with alinear t (to itself) subtractedyhich
in somecasesnakeshe maximain the ACF moreprominent.Next,
we visually checkedall the selectegulsesalongwith their ACFsto
identify thoseexhibiting micro-structureemission.For pulseswith
regularly spacedmaximain the ACF, we recordedthe time lag of
the rst maximaasthe quasi-periodicityP,, of the micro-structure.
Themicro-structurevidth |, wasmeasuredisingthe averageACF
of all pulseswith micro-structuredetectedwhich correspondgo
the rst sign changein the ACF slope (seee.g. g. 1 of Kramer
etal. 2002.

3.1 J1022+ 1001

Approximately 37 percent of the S/N>6 pulsesthat have been
viewed shav micro-structureemissionand3 percentexhibit quasi-
periodicity. The top panelsin Fig. 2 show two typical examples.
Thevastmajority of thesepulsescoincidein phasewith thetrailing
componenbf theaverageulsepro le (seeFig. 1). Thisis consistent
with the ndings in Liu et al. (2015 where most of the detected
brightsinglepulsesarefrom thetrailing componenasaresultof its
highintensitymodulation(Edwards& Stapper2003. Mostmicro-
structurepulsesareseernto havea high degreeof linearpolarization
and somewith a clear circular componentjn agreementvith the
averagepolarizationpro le. Fig. 3 presentghe distribution of the
measuredoeriodicitiesfor those showing quasi-periodicfeatures,
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Table 1. Propertief the pulsarsanddetailsof the datainvestigatedn this paper.Here,P, Tin,

MSPmicro-structurewith LEAP 4039

t,Np, and s/n> 6 representhe pulsarrotationalperiod,

durationof the observationtime resolutionof the single-pulsedata,total numberof pulsesrecordedandthe percentagef pulseswith peakS/N higherthan
6. The single-pulsedatafor eachpulsarwere coherentlyde-disperseavith the DM valuesgiven below andretaina 1-MHz frequencyresolutionover the
128-MHzbandwidth.The measurementsf micro-structurgmedian)quasi-periodicity(P,, ) andwidth ( ) arealsolisted.

Jname P (ms) DM (cm®3 pc) MJD

Tint (Min)

t(us) Np SIN> 6 Pu (us) w (Hs)

J1022 1001
J214%5 0750
J1744851134

16.45
16.05
4.07

10.2595
8.9953
3.1380

56739.9
56740.4
57107.2

43.0
32.0
38.8

2.03
1.96
0.99

154500
119600
567100

5.2
14.9533
+ 2.7
17-833.2
2.4
6.0555

9+ 1
10+ 1
3.9+ 05

7.4percent
4.2percent
1.4percent

J1022+1001

J2145-0750

J1744-1134

Figure 1. Polarizationpro les andthelinearpolarizationpositionangleg(P.A.) of thethreeMSPsfrom our observationdistedin Tablel. Theblacksolid, red
dashedandblue dottedlinesrepresenthetotal intensity,linear,andcircular polarization respectively.

whichrangesn the 10-30us interval with a medianP,, of 14.9us.
In additionto thetotal intensity,we alsosearchedor quasi-periodic
micro-structuran the linear andcircular component®f the pulses
andfound consistenperiodicities similar to whathasbeenreported
by Mitra et al. (2015 for canonicalpulsars.Averagingthe ACFs
from all thesepulses,we obtaineda characteristiovidth of |, =
9 + 1ps. Fig. 4 showsthe distribution of quasi-periodicmicro-
structure pulseswith respectto their peak ux density relative
to the averageof all pulses.It can be seenthat quasi-periodic
micro-structureoccursin pulsesof different peak ux densities,
includingthebrightesonesThedetectiorrateis foundto beroughly
independentfthepeak ux densitywith apotentiasmallpreference
to strongerpulsarswhich however needdo becon rmed with more
samples.

Fig. 5 comparesthe linear polarization position angles(P.A.)
of the quasi-periodicmicro-structure pulses with that obtained
from the averagepro le. Here, for eachindividual phasebin, a
probability density distribution of P.A. was formed basedon the
measurementfrom thesepulses.It can be seenthat on average,
the P.A. swingsfrom the micro-structurgoulsesandaveragepro le
are highly consistent.Still, the P.A. swing from eachpulse does
exhibit additionalvariationswithin a smallrange.This canbe seen
in the three examplesshown in Fig. 5, which exhibit different
gradientof changen pulsephaseOverall,theP.A. valuesof micro-
structurepulsesfall in a narrow range, mostly becausethey are
obtainedfrom a narrowwindow in pulsephasewhich corresponds
toapproximatelynly 1.5percentof theentirerotationalperiod.This
issigni cantly narrowercomparedo theentireon-pulseregionof the
averagepro le, which spans20 percentof the spinperiodasshown
in Fig. 1.

3.2 J214550750

Approximately38percentof theS/N> 6 pulseshowmicro-structure
and 3 percent exhibit quasi-periodicity. Two examplesof quasi-
periodicmicro-structurecanbe foundin Fig. 2. All micro-structure
detectionglusteraroundthe phaseof the primarycomponentn the
averagedpulsepro le (seeFig. 1). The micro-structuregenerally
areweakly polarized,whichis in line with the averagepolarization
pro le shownin Fig. 1, and seeminglydifferent from the nding
at 630MHz reportedby De et al. (2016. Still, occasionallysome
of the micro-pulsesdo showa high degreeof polarizationwhich is
upto 100 percentandcanbe eitherlinearor circular. As shown
in Fig. 3, the measurednmicro-structureperiodicitiesrangein the
10-25us interval with a medianP,, of 17.8us. From the number
distributionin Fig. 4, it canbeseerthattheoccurrenceateof micro-
structureis in generaluniform as a function of peak ux density,
including the brightestgroup of pulses.The micro-structuretime-
scalewasmeasuredo be , = 10+ 1psfrom theaveragedACFs
of all micro-structurepulses.

3.3J174451134

About 14 percent of the pulsesthat have beenvisually inspected
showmicro-structureandl percentexhibit quasi-periodideatures.
Two examplesof the quasi-periodianicro-structuredetectionsare
foundin Fig. 2. Similar to the situationin J214%50750,all of these
detectionsreassociateavith the primarycomponentin theaverage
pro le shownin Fig. 1. As seenin Fig. 3, the measuregeriodicity

of the micro-structuresariesfrom 4 to 12us, with amedianP,, of

6.0us.AveragingtheACFsof all micro-structurgulsesweobtained
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Figure 2. Examplesof pulsesshowingquasi-periodianicro-structuredrom PSRsJ1022 1001( rst row), J214%5 0750(secondow), andJ1744 1134(third

row). The rst andthird columnof panelsshowthe pulseintensitiesandtheir linear polarizationpositionangles(P.A.), wherethe black solid, red dashedand
blue dottedlinesrepresentotal intensity,linear,andcircular polarization respectivelyThe secondandfourth columnof panelspresenthe ACFsof the pulses
shownon their left (upper),andthe sameACFsbutwith alinear t subtractedlower). Note thatfor eachpulsar,the two examplepulsesarealignedin phase
with respecto therotationalperiod.

amicro-structureime-scaleof |, = 3.4+ 0.5us, after correcting shows periodicitiesconsistentwith thosefrom the total intensity.
for the samplingwidth. Most of the micro-structurepulsesexhibit As shownin Fig. 4, the occurrencerate of quasi-periodicmicro-
a high degreeof linear polarization,in line with the featureseenin structureis generally constantfor pulsesof different peak ux
the averagepro le asshownin Fig. 1. The linear componentalso densities.
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Figure 3. Histogramof micro-structureperiodicitymeasuredn J1022 1001 (left), J2145% 0750(middle),andJ17445 1134(right). In eachplot, thesolid line
representthe medianof thedistributionandthetwo dashedinesmarksthel con denceinterval countingfrom themedianto bothsides.
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Figure 4. Distributionof normalizedpeak ux density(with respecto the meanof all pulses)of micro-structurgulsesin comparisorwith thatof all pulses,
for J102210eft), J214% 0750(middle),andJ17445 1134(right). Thetop panelsshowthe percentagéetectiorrateof quasi-periodianicro-structureulses.

4 DISCUSSIONS

4.1 Detectionrate of micro-structure

Thefractionsof pulsesdetectedvith quasi-periodianicro-structure
are small in comparisonwith thosereportedin many canonical
pulsars (e.g. Lange et al. 1998. In theory, an apparentquasi-
periodicitymaybeproducedy anuncorrelatedntensityvariationat

differentpulsephasesgiventhatthenumbernf sampless signi cant

enough.To examinethe potentialimpact of suchan effect on our

results,for eachpulsarwe randomlychosea stackof 1500 pulses
andcarriedout the following experiment.For eachindividual pulse
phasewe rst randomlyshuf ed the orderof intensitybinsin the

stack.We then calculatedthe ACFs of the pulsesin the new stack
andvisually inspectedhe resultto obtainthe numberof detections.
This experimenthas beencarried out to all of the three pulsars,
which gavedetectionratesof quasi-periodianicro-structurepulses
of 0.4 percent, 0.3 percent, 0.1 percent for PSRsJ1022 1001,
J214%50750,J17445 1134 respectivelyTheseareall approximately
anorder-of-magnitudéower thanthe thosefrom therealdata.This

suggestghat the detectedquasi-periodiomicro-structuresn these

pulsarsareunlikely to be solely attributedto uncorrelatedntensity
variationin pulsephase.

4.2 Frequencydependencyof micro-structure

Themicro-structureperiodicity of PSRJ2145 0750measuredvith
our L-bandobservatioris highly consistentvith the value obtained
at 610MHz by De et al. (2016, suggestingthat the micro-pulse

separationof this pulsaris likely to be frequencyindependent.

This is similar to what has beenobservedso far in many young
pulsars(Cordeset al. 199Q Mitra et al. 2015, butis the rst time
it hasbeenobservedin an MSP. The frequencyindependencef
micro-structureseparatiorbettersupportghetemporalradial origin
of micro-structurescenario(Cordeset al. 1990, asin the angular
beamingmodel,theseparatioris supposedo evolveasafunctionof
observingfrequencyif it follows the radius-to-frequencynapping.
However, we noticed that the pulse pro le of J214550750 hasa
very similar width within a wide frequencyrangefrom 100MHz
to at least5 GHz (Kramer et al. 1999. Thoughthe pro le shape
of PSR J214550750, primarily the amplitude ratio betweenthe
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