RAA 2021 Vol. 21 No. 9, 228(10pp) doi:10.1088/1674-4527/21/9/228 :
© 2021 National Astronomical Observatories, CAS and |OP ighisig Ltd. Research in

http://mww.raa-journal.org  http://iopscience.iop.org/raa ﬁzgggzgg Casnd

Frequency dependence in the emission from subpulse drifting pulsars

Xiao-Hong Han % 41)! and Rai Yueh?3

L Xinjiang Astronomical Observatory, Chinese Academy of8ces, Urumgi 830011, Chinajuen@xao.ac.cn
2 Key Laboratory of Radio Astronomy, Chinese Academy of Soéesn Urumgi 830011, China
3 SIfA, School of Physics, University of Sydney, Sydney, NS@0&, Australia

Received 2021 March 17; accepted 2021 May 12

Abstract We investigate relations in the emission properties asatedeby drifting subpulses detected
at different observing frequencies based on the methodinthatporates the rotating carousels in pulsar
magnetospheres of multiple emission states. An emissiate $ associated with particular emission
properties as determined by the drifting subpulses at acpéat frequency, and different emission states
obtained at different frequencies reveal the variatiomaission properties across the emission region. The
method allows the determination of the essential radio giorisproperties such as the relative emission
height, subpulse number, charge density and the plasmadlative to corotation in an emission region for
a particular frequency. We apply the method to seven putbatsexhibit subpulse drifting along single
drift-band at326 MHz and 1429 MHz. Our results show that drifting subpulses observed at reiffe
frequencies correspond to particular emission statesestigg that the pulsar emission properties are
frequency dependent. We show that emission follows theuregy-to-radius mapping for pulsars with
obliquity angle= 30° regardless of the sign and magnitude of the drift-rate. tsgys with long rotation
periods in our sample, the circulation time for the plasm@toIve once around the magnetosphere relative
to corotation increases as the rotation period increasesthtfrequencies, but exhibits irregularity for
pulsars with short rotation periods. Our results suggestefolution of the obliquity angles in subpulse
drifting pulsars is from large to small, and the emissioriaagends to be ‘thicker’ in younger pulsars.
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1 INTRODUCTION the magnetosphere is determined by the local properties
that are frequency dependeriRuderman & Sutherland
Of the various unresolved problems in pulsar radiol979- An example of the latter comes from some pulsar
emission Klelrose 2006 Zhang 2006 Melrose & Yuen observations that show increasing pulse profile width as
2016, a central question relates to the determination off€duency decreasesigssall etal. 2032 For magnetic
the emission properties and the associated height acroli§lds of dipolar-like structure, the growth in the fielddin
the emission region. Knowing this allows the predictionSPreading as height increases suggests that emission
of the emission characteristics, as a function of the?Pserved at lower frequencies comes from higher heights
pulsar phasey, for comparisons with observations. In @nd vice versa. Therefore, the mapping is closely related
general, the origin of radio emission is believed to bel® the emission properties and the radio mechanism.
low in the magnetosphere Rgderman & Sutherland However, the latter is poorly understood and hence general
1975 Blaskiewiczetal. 1991 Rankin 1993p consensus for the existence of such mapping in pulsar
Romani & Yadigaroglu 199augherty & Harding 1996 magnetospheres is still lackingXifouris etal. 1996
Cheng et al. 2000Dyks & Rudak 2003 which is not VOn Hoensbroech & Xilouris 1997The ambiguity in our
likely higher thanr/r., ~ 0.1 (Karastergiou & Johnston Knowledge of emission properties across the emission
2007, wherer, is the light-cylinder radius. The variation €gion is also partly due to the large uncertainties in
in height across different frequencies, from whichdetérmining the viewing geometry of a pulsar in terms
emission is detected, is proposed to follow the so-calle@’ tS 0bliquity angle, o, between the rotation and
frequency-to-radius mappindlanchester & Taylor 1977 ~Magnetic axes, and the viewing anglg, between the
Cordes 1978Phillips 1993. The mapping assumes that "otation axis and thg line of sight. iny \{vhen the viewing
emission from a given location of a certain height in9€0metry is recognized will the sight-line path through
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the magnetosphere of the pulsar be deduced and the exattthese parameters can provide hints on the emission
locations for visible radiation can be identified. However,geometry in the magnetosphere.

these parameters are poorly known for most pulsars thus . ) o
the properties of the emission regions in radio pulsars 1Nhe goal of this paper is to explore the implications of
remain uncertain. the values ofy on the essential radio emission properties,

) o - such as the relative radio emission heights, subpulse

Our investigation makes use of drifting subpulsesy mbers, charge densities and the plasma flow relative
at two different observing frequencies. The drifting of 5 corotation, as revealed by drifting subpulses reported
subpulses is one of the most studied phenomena, whick o frequencies centered 326 MHz and 1429 MHz,
exhibit as systematic flow of subpulses across the prOfilﬁorresponding to92cm and 21cm, respectively. Our
window of a pulsar Prake & Craft 1968 Cole 1970  gnalysis uses the method that incorporates the rotating
Sutton etal. 1970Deshpande & Rankin 2001Gil etal.  carousels in a pulsar magnetosphere consisting of multiple
2003 Gogoberidze etal. 2005Weltevrede etal. 2006  emjssion states. The method provides a unique approach
2007 van Leeuwen & Timokhin 2032A common model  that directly binds together the observed emission feature
for subpulse emission mvolveg discrete emission areas g the properties of the emission region at the location
(subbeams) located on a ring that rotates about thg the magnetosphere where the phenomenon is detected.
magnetic axis under th& x B drift. In this carousel- Thjs also enables comparison of the emission height
type model, drifting subpulses are closely related toheqween two observing frequencies, which will provide
the emission properties in the emission region, and thﬁindsights for the commonly accepted frequency-to-
different drifting subpulses at different frequencies inp  radius mapping. Obtaining such information would require
unique emission properties at different heights. Althougfknowledge of the drifting subpulses as well as the viewing
a widely accepted model for changing subpulse driftingyeometry of the pulsar. However, majority of the literature
properties in a pulsar is still lacking, a model for multiple t5cused on reporting the former with increasingly higher
quasi-stable emission states, each with specific emissiqﬂja”ty and only a few have also devoted on determining
properties, in an obliquely rotating pulsar magnetosphergccyrate values fot and a. Our investigation focuses
has recently been put forwardMglrose & Yuen 2014 o5 pyisars that exhibit ‘ordinary’ drifting subpulses in
Yuen 2019. In this model, the flow rate of the emitting {he sense that the drifting of subpulses is along one
plasma is determined by the electric ddit x B. Here,  qrift-hand and observable at the two frequencies. This
E is described by a linear combination of two limiting excludes pulsars with drifting subpulses that demonstrate
states of vacuum and corotation, due to an electric pmenti%witching between different drift rateSinits et al. 2005
thatis presentin the latteGpldreich & Julian 196Q with  gither at the same or different observing frequencies, and
the intermediate emission states signified by the value Gfitting subpulses that are detectable at only one frequenc
y between 0 and 1. The plasma flow is in corotation forDespite many examination of the phenomenon, switching
y = 0 and E is the corotation electric field. For # 0, iy the properties of drifting subpulses is still largely
the plasma flow deviates from corotation and the subpulsgnknown and the correlations between ordinary and
emission will appear to shift in longitudes resulting in agyjtching drifting subpulses remain unclear. There also
drift pattern across the profile window in successive pulsesyists other models for pulsar emission which involve more
The loss of charge particles beyond the magnetosphegggiic objects with strange quark mattefu(et al. 1999
implies that the charge density along open fieId-IinesZOO]) and unusual magnetic field structureSap et al.
deviates from theGoldreich & Julian(1969 value. This  501g 2017). Before including such extreme scenarios, it

means that a potential difference correspondingfo# s yseful to explore the implications of the ordinary cases
0 (along the magnetic field-lines) necessarily develop$, an idealized model.

above the stellar surfac&k@derman & Sutherland 1975

Arons & Scharlemann 1979An existence of the potential The paper is organized as follows. In Sect@nwe
difference between the pulsar surface and magnetosphesatline our method for drifting subpulses in a pulsar
produces a layer near the polar cap called the vacuum gamagnetosphere with multiple emission states. We discuss
The charge density deviates from t@®ldreich & Julian  the simulation setup and present the results in Se@&ion
(1969 value within the gap and flowing at a rate that Analysis of the emission region, and other related emission
changes from corotation at the bottom of the gap (near thproperties, as revealed by the value of the paramgetdr
polar cap) to a rate that is different from corotation aboveahe two frequencies are given in SectidnWe discuss
the gap Ruderman & Sutherland 197%/elrose & Yuen the implications of our results and conclude the paper
2018. This implies changes in across the gap leading to in Section5. Relevant equations for the electromagnetic
a change in the potential. This also implies that the plasméelds are given in Appendid, and the matrices for
flow rate, and hence the drifting subpulses at differentransformation between the magnetic and the observer's
observing frequencies, is relatedtoAny trends of change frames are given in AppendB.
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2 EMISSION STATES AND SUBPULSE DRIFTING Table 1 List of the Seven Pulsars and Their Parameters for

o the Viewing Geometry Used in This Paper
Our method for interpretation of drifting subpulses at

different observing frequencies is based on the model PSR Pi(s) ¢° o AyP (326 MHz) Ay° (1429 MHz)

; ieainn i B0136+57 0.2725 62.4 53.7 10 10
of rotating carous_els for_subpu_lse_ emission in puls_,ar 0823+26 0.5307 95.67 98,9 50 0
magnetospheres with multiple emission states as describets1717-29 0.6204 33.5 28.9 30 15
by Melrose & Yuen(2014 andYuen (2019. Most of the Blglg—gg 1182774233 2719-24 71;2 3100 1150

: P ; ; : B1917+ . 4 78.
discussion in this section follows closely with the two B1033+16 0.3587 123.8 125 15 10
papers. B2154+40 1.5253 25.1 22.4 35 30
Notes: The values of¢ and « for the pulsars are taken

21 Subpulse Drifting from Lyne & Manchester(19898, Everett & Weisberg(2001) (1) and

Mitra etal. (2019 (f), and the profile width, Ay°, at Wig
. s . (corresponding to about 10% of the maximum intensity) frdm t
Properties of drifting subpulses can be described by th&yg observing frequencies arfé are obtained fronweltevrede et al.

separation between two consecutive subpulégs,and (2006 andWeltevrede et al(2007).

th.eh tlrr]ned rith|redd f]?r tgi dm} p:Zttern t-o repe.d{’r,?, the two flow rates results in a changing pattern that repeats
with the drift-rate defined by, /Ps. Assuming emission o seyerg| pulsar rotations. This gives

from discrete emission areas, which are fixed to the

magnetospheric plasma, implies that the valuePpfis Ps(y) = _ 2m (4)
given by the separation between two consecutive discrete m(wdr = Weor)
areas cut by the sight-line path. Incorporating differenwith the drift-rate given by
emission states gives the following expression for the Py m(War — Weor)
parameter as Fg)@ = e —wy ®)
o For an emission state, the divergence of the electric
Py(y) = Mg — wy (1) field in Equation B) gives the charge density of the form
. = min T 1- . 6
Here, the flow rate of the plasma is _ p=up _ ( _ y)pas (_)
Here,pgy is theGoldreich & Julian(1969 charge density,
War = YWind + (1 — Y)weor (2) andpnin given by EquationA.3) represents the minimal
charge density that requires to screen the parallel etectri
with wgq, = wq,/r and vg, is the electric drift field (to the magnetic field) in the vacuum model

velocity defined byE x Bg;,/B?, where By, is the  (Melrose & Yuen 2013t Sincep is a function ofy, the
dipolar magnetic field proportional td/r® given by charge density in the emission region as revealed by the
Equation A.1). The electric field represented yhas the  drifting subpulses can be deduced at different frequencies
form in different emission states given by

2.2 TheViewing Geometry

E=(1-ybb-)Eina+ (1-y)Eyo. 3)

The value ofy for known subpulse drift parameters can
In Equation B), the inductive electric fieldE;,q, has the be determined accurately given a viewing geometry with
form given by EquationA.2), which is induced by the known ¢,«a. We adopt an approach for pulsar viewing
obliquely rotating magnetic dipole in vacuo, ansignifies  geometry in which radio radiation is restricted to coming
the unit vector of the magnetic field. The flow rate due tofrom the open-field region that is bounded by the last
Einq IS wind = Vina/r With ving = Eina X Baip/B2. The  closed field-lines where emission represents the two edges
electric field in relation to the corotation charge densityof a profile window Cordes 1978 Gil & Kijak 1993;
iS Epot = —grad®e.,. Fory = 0, E = E., = Kijak & Gil 2003). Radiation then emits tangential to the
—(w, x ) x Byjp, is the corotation electric field giving the local magnetic field-lineHibschman & Arons 2001of a
corotation flow ratevd, = weor, Whereweo, = veor /7 With  dipolar structure and parallel to the line-of-sight dirent
Veor = Ecor X Baip/B?. Herew, = 27/ P isthe rotation  In this geometry, the location of the visible point at any
frequency of the star, ane represents the position vector given ¢» can then be described by the spherical polar
from the center of the star. The parameter represents and azimuthal anglegfy, ¢v), in the observer's frame
the motion of the visible point relative to the observer (seeor, (61,v, ¢1,v), in the magnetic frame, withQangadhara
Sect.2.2). 2004 Yuen & Melrose 2013

The traditional picture of a plasma-filled pulsar 1 .

(Goldreich & Julian 1969Ruderman & Sutherland 19y5 cos 20py = 3 ( cosI'v/8 + cos? I' —sin F) ’
suggests that the delay between identical repeating patter sin ¢ sin ¢

(Ps) is dependent ow.,, andwq,. A difference between tan gpy = SmacosC —cosasmCoosy )
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wherecosT' = cos acos (+sin asin € cos(¢—1), andthe  speed different from corotation. A possible interpretatio

impact parameter i8 = ( — «. The relations of the angles in terms of a gap involve® that changes from being

0, ¢ andby,, ¢y, are given by independent of¢, below the gap tox cos(mgy)
above the gapMelrose & Yuen 201% This is due to

cosfy = cosacosf +simasinfcos(é¢ —v), (8) gz existence of a standing wave at a spherical harmonic

_ sin fsin(¢ — ¢) of degreem producing an alternating structure of overly
tan ¢, - : , (9) .
cos asin 6l cos(¢ — ) — sinacos § and sparsely dense areas of plasma around the magnetic
or axis (Clemens & Rosen 200Q4Gogoberidze et al. 2005
' ' Development of such azimuthal dependent structures
cos ) = cos acos Oy, — sin asin 6, cos ¢y, , (10)  requires an instability, and several have been suggested

which involves a shear force leading to a diocotron
. (11)  instability in the plasmaKazbegi et al. 1991Pétri et al.

tan(¢ — ) =
. _ 2002 Fung et al. 2006
The transformation matrices between the observer and the

magnetic frames are given in Appendi Equation )
assumes that emission from the highly relativistic pagtcl
streaming along the magnetic field-lines is confined into @he interpretation of drifting subpulses in terms of
narrow forward cone of the angle approximated by zeroemission from m discrete areas each fixed to the
The visible point moves at an angular speed, as the magnetospheric plasmaimplies that the emitting areas flow
pulsar rotates tracing out a path in the magnetosphesgith the same angular velocity as the plasma. Drifting of
referred here as the trajectory of the visible point. Thesubpulses then corresponds to the discrete areas drifting

sin 9b sin ¢b

cos asin B, cos ¢y, + sin a cos Oy,

2.4 Observable Emission Region

components ofvy is given by relative to corotation with the same flow rate of the
lasma in an emission state. In our method, the allowed
90(a, 96 (a, prasmi . ’
Wve = Wy (o) =w M (12) emission states are of the form defined by Equat®)n (

T Wvg = Wk

0% oY Fory > 0, war # weor and the plasma flow is
Emission can be seen only when the trajectory of thewot in corotation and a relative speed exists between
visible pointis inside the open-field region. This introdac the two causing changes in longitudes of the subpulses
the dependence of the visible point on height such thaih successive pulses, which gives rise to a systematic
the height is minimum for emission coming from the lastpattern that drifts across the profile window. Non-drifting
closed field-lines. Emission that originates from inside th subpulses would imply that plasma in corotation with the
open-field region would correspond to a higher height forstar with the electric drift velocity in the region can be
each open field-line. The4, apparent to an observer is induced by the corotation electric fieldgnes & Bergeson
the components projected onto the trajectory of the visibld 965 Allen 1985 Michel & Li 1999). This suggests that
point at locations defined by Equatior) @nd hence it is corotation {§ = 0) is merely another emission state in

dependent og anda. which the drift-rate is zero. From Equationd),((4) and
(5), drifting subpulses with specific values 8%, P; and
2.3 Gapsand Drifting Subpulses drift-rate correspond to an emission state of particylar

) . ~ value. The associated emission properties for the emission
In an obliquely rotating magnetosphere, the magnetic fieldiate are defined in relation to the valuesnofand p at

is time-changing andZ; = 0 cannot occur everywhere he |ocation in the emission region where the subpulse
(Melrose & Yuen 201 This implies the existence of a gmission is detected at the observing frequency.
region whereE # 0, known as a vacuum gap, and field-

lines that pass through it are not equipotential. This give§ THE SIMULATION AND RESULTS

rise to a potential difference, that changes through the

gap, and the frozen-in condition does not hold. The plasm8oth the subpulse drift parameterB;(and P;) and the
flow varies across the gap, and fRederman & Sutherland pulsar viewing geometry are required for the simulation.
(1979 model assumes that the plasma flow rate is differenfor the latter, only a few pulsars have been determined
below and above the gap with the latter at a lower angulawith both ( and « of high accuracy. We search for
speed than corotation. From Equatia®), (this implies  pulsars that exhibit drifting subpulses at two frequencies
variation ofwg, = weor(y = 0) from below the gap to centered aB326 MHz and 1429 MHz, with single drift-
war = wj,(y') above the gap, whereé < 3’ < 1. A band at each frequency, in the papers/fissitevrede et al.
feature of this gap model relates to the drifting of subpailse(2006 2007. They are then cross-referenced with the
in an obliquely rotating magnetosphere. The systematipapers byLyne & Mancheste(1988, Everett & Weisberg
motion of the subpulses across the profile window implieg2001) andMitra et al.(2016 for ¢ anda. We obtain seven
azimuthally dependent structures drifting at an angulasuch pulsars and their details are shown in Tabl&or
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Table 2 The Observed Subpulse Drift Parameters and the Resultsmfi&ions

Observation Simulation
PSR Ps(Pr) Pa/Ps (°/s) P3(Py) P/ P3 (°/s) m Y p(pcy)
1) @ ® 4) ®) (6) ) ®)
B0136+57 | 6.1+0.5 —2117%5 | 59402  -254+162 | 2046 0.083+£0.001  0.909 + 0.001
6.5+ 0.2 395785, | 65+£01  —56.5+30.6 | 2046 0.037 £0.001  0.959 + 0.001
B0823+26 | 5.3+0.1 24.97%¢ 5.340.1 11.6+6.3 | 33+4 0.086+0.008 1.033+0.001
742 148716 8.5+ 0.3 7.6+ 3.7 18+1 0.065+0.012  1.001 % 0.001
B1717-29 | 2.461+0.001  —7.170%, 2.5+ 0.1 ~78+58 | 3241 0.058+0.009 0.941 % 0.009
2.45 + 0.02 —6.370Y | 2454001  -7.6+17 | 174£1 0.01240.001 0.988 + 0.001
B1819-22 | 16.9+ 0.6 0.5 169404  —0.7+04 | 23+£2 0.037£0.003 0.963 + 0.003
9.8+0.6 —0.50700% | 98403  —0.57+0.14 | 21+1 0.00240.001 0.998 + 0.001
B1917+00 T2 101137 6.2+1.1 6.1£3.1 27+2  0.098£0.001  1.226 = 0.002
7842 71749 7.2+ 1.1 4.7+2.6 21+2  0.06440.001 1.148 + 0.001
B1933+16 | 6.6+0.9 —63.4712% | 64+£06  —46.3+£23.7 | 21£3  0.077£0.004  0.923 + 0.001
2.4£0.3 348.5T15%2 | 24402 201841308 | 24+£2  0.062+0.002  0.993 + 0.001
B2154+40 5+1 131157 4.9+05 16.5+£7.7 | 25+2 0.048+0.001  0.956 & 0.001
31408 23.3735° 2.9+0.5 40.3+20.9 | 22+2 0.07740.001  0.929 +0.001

Notes: Subpulse drift parameters obtained from obsen&tme given in columns (2)—(3), and the corresponding sitedlvalues are listed
in columns (4)—(5). Note that the drift-rate is expressedéegrees per second. The upper and lower rows for each pefs@sent observing
frequencies aB26 MHz and 1429 M Hz, respectively. The corresponding weighted valuesnoindy are given in columns (6)—(7), and the
charge density at each frequency is given in units of the @wh-Julian value in the last column.

easy references, the value 6% and the drift-rates for y value is determined for drifting subpulses at a frequency,
each pulsar are given in columns (2) and (3), respectivelythe pimin/pay is calculated for each pulse phase separated
in Table 2. Note that PSR B1933+16 exhibits drifting by 0.1° across the profile width along the trajectory of the
subpulses of an opposite sign at different frequencies. Weisible point, then averaged to give the result. We find that
assume the conventional notation that positive drift-ratéhe values ofy andm change as the viewing geomety; (
signifies subpulses arriving later in consecutive pulsels ana) changes, but they are weakly dependent on the profile
vice versa for the negative drift-rate. The coverage @i ~ width. The results of simulations fd?; and the drift rate
our sample is froml7° to 125°, and the rotation period, for the drifting subpulses in each of the pulsars are shown
Py, is between 0.27 and 1.87 seconds. in columns (4) and (5) in Tabl2 The simulated values are
consistent with the observations within the uncertainties
TheP,, P3, and the drift-rate are simulated for each of
the two observing frequencies within the respective profile  Our results show that drifting subpulses in a pulsar
width (At°) without assuming any connections betweenobserved at different frequencies demonstrate preference
the two frequencies other than using the same of the  for differenty values. In addition, none of the value is
pulsar. Equationslj, (2), (4) and 6) are used to search zero indicating that the plasma is not in corotation in the
for the values ofy andm that give matching values for emission region. The greatest deviation from corotation is
each combination af», P; values and the associated drift- found in PSR B1917+00 a26 MHz whereas the least
rates within the reported uncertainties. Specificallydibr deviation occurs in PSR B18122 at 1429 MHz. This
values ofm between 5 and 45, in step of 1, apthetween implies that the different emission stateg ¢ 0) at
0 and 1, in step ofl0~4, the values ofv.,, andwi,q in different observing frequencies each possess unigule
Equation R) (henceP, and Ps) are determined for each that is different fromu,, resulting in the diversity of the
pulse phase separated Byl° across the profile width drifting subpulses, as indicated by Equatioff (2), (4)
at the locations defined by the trajectory of the visibleand 6). The average value is0.070 + 0.015 at326 MHz
point assumings is minimum aty) = 0°. Them andy  and0.046+0.025 at the1429 MHz, and the overall average
values that give matching values 8%, P; and drift-rate  is 0.058 & 0.033. In general, the subpulse number is not a
are recorded. A weighted average is then performed ooonstant but varies with pulsars, in consistent with some
all identifiedm andy values based on the correspondingprevious studiesGil et al. 2003 Smits et al. 200)( For
Ps; as it has the least uncertainty. Any simulatéd  PSRs B181922 and B2154+40, which have the least two
value that falls within the uncertainty of the measuredx, the values ofn as revealed by the drifting subpulses
P3 value will receive a weight proportional to — g,  at the two frequencies show preference for being similar
with g represents the interval between the measured angithin the uncertainties. Asy increases, the emission
simulated values, normalized by the uncertainty. Once thehows preference for coming from different locations each
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0.12f 1975 Melrose & Yuen 201§ the value ofy is related to
o100 height in the way thay varies from corotationy( = 0)

at near the stellar surface to increasingly deviates from
corotation ¢ > 0) as the height increases. Therefore, the
0.06] value ofy as revealed by the drifting subpulses represents
the emission state at a particular height from which the

0.04] . . . .
emission from the subpulses is observed. In this section,
0.02} we will investigate several properties of the emission
0.00f region related to the value gf
20 40 60 80 100 120 Figure 1 shows the variations in thg values as
a° a function of o for the drifting subpulses at the two

. . . . ) frequencies in our sample. The changes in ghealues
Fig.1 Plot showing variations in thg values as a function

of « for the drifting subpulses observed326 MHz (blue) agle dlffer:ent atl d|fferehr-1tt).frequeInC|e.s. Al IO.W frequgncy
and1429 MHz (yellow). (blue), they value exhibits a clear increasing trend up

to a ~ 80° implying that emission is from increasingly
with different numbers of subpulses, with the valuerof higher height asy increases regardless of the drift-rate

being generally greater at lower frequency. The exceptioﬁmd drift direction. Such trend is not clear at the high

is PSR B1933+16, while similan is predicted for PSR frequency (yellow) where large fluctuation is observed
B0136+57. The minimum value is. — 17 + 1 in PSR Whena is small. Asa continue to increase, both curves

B1717-29 at1429 MHz and the maximum value i, —  aPpeartostart flattening within the uncertainties. Howeve

33 + 4 found in PSR B0823+26 &26 MHz. The average unigue features reveal when comparisons are made for the
value is26 + 10 at 326 MHz, whereas it is slightly lower variations in the; values between the two frequencies. For

at 1429 MHz with 21 + 8. The overall average &1 + 12, ¢ > 28.9°, the changes in thg values demonstrate clear

which is consistent witl20 predicted byMitra & Rankin distinction between the two observing frequencies in such

(2009 a way that greatey value is consistently associated with
The charge density for the pulsars at each of théhe low frequency. In addition, variations in tlyevalues

two observing frequencies is shown in the last columr}Nitho‘at both frequencies display similar trends regardless
in Table 2. For all pulsarsp # 1 indicates that they of the drift-rate or the drift direction. This is seen in PSRs

all deviate from theGoldreich & Julian(1969 value in B0136+57 and B171729, where the drift-rate is higher at

consistent withy # 0. In addition, the charge density does high frequency in the former and reverse in the latter, and
not show strong correlation with the frequency. For PSR SR B1933+16 with which the drift direction is different
B0823+26, B1917+00 and B2154+40, the charge densit?t differe_nt frequ_encies. This suggests that emission is
is lower at high frequency but the opposite is predicted fo rom a higher he|gh_t for lO\_N freque_ncy, and vice versa
PSRs B0136+57, B171729, B1819-22 and B1933+16, ' high frequency, in consistent with the frequency-to-
The charge density in the part of the emission regionrad'us mapping. However, this distinction changesxas

where emission is detected, can be greater than as decreases belo@8.9° where they values do not show

in PSRs B0823+26 and B1917+00. The average Charg%rong correlation with thg observing frequencieg. For
densities ar@.993+0.027 and1.002+0.022 for 326 M, ~ cx@mple, PSR B2154+40 displays gregtealues at high

and1429 MHz, respectively, which are similar within the frequency than that at low frequency.

uncertainties. For subpulse drifting pulsars, the plasma revolves
From our results, different emission states (differenonce around the magnetosphere relative to corotation in
y values) correspond to unique emission properties ithe time given byt. = mP; in an emission state

either the charge density or the subpulse number oféfined by Equation4). Figure2 shows a plot for the
both as revealed by the drifting subpulses. Furthermore/ariations oft. values at the two observing frequencies
the emission states are different at different observings @ function of. For our sample, the time that it

frequencies for a pulsar suggesting that the emissioffkes the plasma to complete one revolution shows an
properties are frequency dependent. increasing trend a$’ increases at low frequency. This

is different for high frequency where fluctuates within
4 EMISSION REGION AND THE PARAMETER y the uncertainties. HOWGVGI', two distinctive trends are
identified when considering the variationstpfat the two
From Table 2, subpulses drift because the flow ratefrequencies together. FaP, > 0.6s, changes in. at
of the emitting plasma deviates from corotation in thethe two frequencies both demonstrate an increasing trend
emission region with a particular emission state. From thas P; increases, with the value af being consistently
consideration of the vacuum gaRyderman & Sutherland higher at low frequency. However, such correlations are
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Fig.2 Plot showing variations of the plasma circulation Fig.3 Plot showing variations in the values at the
times around the magnetosphere relative to corotation afvo observing frequencies as a function of pulsar rotation
the two observing frequencies as a function of pulsaperiod. The same color code is used as in Eig.
rotation period. Similar to Fidl, 326 MHz is indicated by
blue and values at429 MHz are shown iryellow.

change in the value of; corresponds to a change in
not clear for P, < 0.6s, with PSRs B0136+57 and wg,. An emission state is defined through the parameter
B0823+26 both showing preferences for simitarvalue 3 in Equation R). Subpulses drift because the plasma
at both frequencies within the uncertainties. This impliesflow is not in corotation in an emission state, which
that the plasma flow in the magnetosphere of a pulsagorresponds tag, # weor for y > 0. This results in
with P, > 0.6s may tend to be more systematic in the a small change in the longitudinal phase in consecutive
sense that the plasma at low frequency takes longer time foulses which gives rise to a systematic changing pattern
complete one revolution. In dipolar field structure, thesiz of subpulses across the profile window. The valueyof
of a carousel increases with height due to increased fields specified byP,, P; and the associated drift rate based
line spreading and hence a longer circulation time at lowon Equations 1), (4) and 6). An emission state of a
frequency. This is consistent with the frequency-to-radiu particulary value is also associated with a charge density
mapping. Figured shows a plot for variations in the value that is defined by Equatior6). From the consideration
of y as a function of; at the two observing frequencies. of vacuum gaps, the value gfis correlated with height
As opposed to Figure$ and 2, the variations iny as a  where emission from the drifting subpulses is detected. We
function of P does not show clear distinction betweenapply the model to seven pulsars with drifting subpulses
the two frequencies. At the low frequency, a tendency oimeasured at two frequencies centered32é MHz and
a decreasing trend d% increases is depicted. Comparing 1429 MHz. The model allows the identification gf and
Figures2 and 3 reveals that the variation iy, shows an  m through simulations for thé>, P; and the drift-rate
increasing trend with decreasiggvalue asP; increases. of the drifting subpulses at the two observing frequencies.
Since the value of is related to emission height, a lower The results show thag # 0 in our sample indicating
y value implies that the observable emission from thethat the emitting plasma is not in corotation for subpulse
drifting subpulses is from a lower height for pulsars with drifting pulsars. Furthermore, the valuespis different for
large P;. However, the similar trend is not obvious for high drifting subpulses at different frequencies in a pulsae Th
frequency due to much larger fluctuation in thealue as  corresponding charge density deviates from the Goldreich-

shown in Figures. Julian value for all pulsars and it does not show strong
correlation with frequency. In general, different emissio
5 DISCUSSION AND CONCLUSIONS states are associated with different emission properties

in the form of different subpulse number and/or charge
We have examined the emission properties as revealed lensity. We find that the changes in emission height follow
pulsars with drifting subpulses measured at two differenfrequency-to-radius mapping for pulsars with 2> 30°.
observing frequencies. Our investigation is based on &or these pulsars, the emission height, as revealed by the
method that incorporates the rotating carousel model ivalue of y, increases asg: increases up to abouw0°,
pulsar magnetospheres of multiple emission states. Ithen begins to flatten as continues to increase up to
this method, radio emission is assumed coming fram the maximum value in our sample. In addition, the value
discrete emission areas that are fixed to the magnetosphedt y exhibits a decreasing trend &% increases at low
plasma. The flow rate of the plasmay,, is determined frequency indicating that radio emission is from a lower
by the E x B drift, with E being different in different height relative to the light-cylinder radius in long period
emission states, designated by the paramgieand a pulsars. We find that the plasma flow is correlated with
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the observing frequencies only fa?, > 0.6s in the  Unless different processes are involved, such as pulsars as
way that the time for one complete circulation around thequark starsXu et al. 1999 Xu 2008, our results suggest
magnetosphere decreasesaslecreases. that pair production and radio emission remain in favor of

Conventional models predict the existence of a/ound pulsars.

potential difference in the vacuum gap wheke # 0 The distribution of each subpulse on the carousels as
to accelerate charge particles along the open field-linefinctions of height andy is unknown. While previous

to ultra-relativistic energy for pair production cascade,investigations show that subpulses are well-organized
which is essential for pulsar radio emission generatioracross the profiles, some studies also suggest different
(Goldreich & Julian 1969Ruderman & Sutherland 1975 models for subpulse distribution in the emission regions
Arons & Scharlemann 19%9In general, this accelerating which are pulsar dependentyhe & Manchester 1988
potential is related to the rotation period of a pulsar inRankin 1993a Kramer et al. 1994 Manchester 1995

the way that the former reduces as the latter increaseEsamdin et al. 20Q55mits et al. 2005Wang et al. 2014

In this model, pulsar evolution is from short to long Dyks 20173. The diverse results obtained from some
rotation periods and radio pulsar death is in the long periogxaminations of the relationship between profile width
regime signified by the suppression of the pair productiorand frequencyKijak & Gil 1998; Mitra & Rankin 2002
(Arons 2000 Zhangetal. 2000 Harding & Muslimov ~ Chen & Wang 201} which can be positive, negative
2002. Since the conventional radio emission generatiorand no correlations, suggested that profile evolution may
is suggested also underlying the mechanism for driftindpoe different for different pulsars. This also leads to the
subpulses Ruderman & Sutherland 19),5the evolution proposal that the observed changes in profile width is a
and pulsar death also apply to subpulse drifting pulsardyproduct of inhomogeneous emission spectra across an
From consideration of low frequency in Figu®& an emission regionGhen & Wang 201} in favor of subpulse
evolution of P, from small to large corresponds to distribution being pulsar dependent. In our model, radio
decreasing in the value of, and from Figurel, a emission comes frorm discrete areas that are distributed
continuing decrease in thg value corresponds to a around the magnetic axis. This implies that detectable
decrease imv. This implies that the increasing iR, as a  emission corresponds to only the discrete areas being cut
pulsar ages corresponds to the evolutiorvdfom large by the trajectory of the visible point forming the on-pulse
to small. Furthermore, since a lower value indicates region. Therefore, the profile width is dependent on the
emission from a lower height, emission from youngerdistribution of the discrete areas, and the profile edges are
pulsars will tend to come from higher heights as comparedetermined by the two locations where the trajectory enters
to older pulsars. In addition, emission from subpulsesand exits the first and last discrete areas, respectively.
that show similar drifting properties is also generated afFurthermore, the correlation betweenand the value
higher height in younger pulsars as with PSRs B1917+00f y suggests that the emission properties, including the
and B2154+40. At low frequency, the two pulsars havedistribution of the discrete areas, is dependent on the
similar P; and drift-rate but the correspondingvalues pulsar. Thus, the visible emission height relies on both the
are different with the former pulsar being greater tharviewing geometry as well as the distribution of the discrete
the latter. Assuming a similar condition at the stellaremission areas of the pulsar. This is consistent with the
surface would suggest that the accelerating gap is ‘thickeffinding that the value of3 is not always important for

in pulsars with large. This implies that the emission estimating the width of the core emissidvidciesiak & Gil
region shrinks as a pulsar ages and the emission originat@®11). In pure geometrical model, the determination of
from increasingly lower height. In conventional models,height is based on comparing the profile widths in dipolar
two parameters are important for the pair productionfield structure with the assumption that emission origisate
One involves the distance for the electrons to travel fofrom the last closed field-lines. A prediction of the model is
triggering~-ray photons Zhang et al. 2000 or the mean that observable emission is from a lower height for sifiall
free path of the electror,. Another parameter relates to and vice versa, which would imply the discrete areas being
the incident anglef., between thei-ray photons and the located near the last closed field-lines. This may be the case
local magnetic field, which should result in photon energyfor PSRs B0136+57 and B17429, with which the3 and

that exceeds certain threshold valuéd/efse & Melrose the averagg value of the former are greater than that of the
2002. In order to maintain the pair production in older latter implying that emission height is higher in the former
pulsars,/, must reduce. However, the field-line curvatureln general, emission may not originate from the last closed
also reduces as the height decreases resulting in thield-lines and it can come from within the inner open-field
diminishing of 6.. Therefore, higher electron energy is region. Our assumption that emission comes only from the
required in order to maintain radio emission. However,open-field region introduces a dependence of height on the
greater electron energy implies large potential diffeeenc distribution of the discrete areas in the way that emission
which is proportional to the rotation period of the pulsar.appears to come from higher heights if the trajectory cuts
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the discrete areas that are distributed in the inner opéh-fie Appendix A: THE ELECTROMAGNETIC FIELDS
region. This may be the case for PSR B1917+00 wlitere
is small suggesting emission is from close to the magneti
axis. For distribution of discrete areas on carousels witff!
different dimensions at different frequencies, some of the po 3xx -p —r’p

discrete areas may move out of the trajectory resulting in Baip = ir 5 (A1)

similar profile width at different frequencies, but diffete 3 the corresponding inductive electric field is given by
y values, as may be the case for PSRs B0136+57 and

B1917+00. In its present form, our model is incapable of Eng =20 (‘T >;p + 2 >2< p) ) (A.2)
predicting the distribution of the discrete emission afeas dr\ v e
a pulsar. Such investigation of the topology of carouselsvhere ;o and ¢ are the vacuum permeability and the
in three dimensions would require plasma information inspeed of light, and: andr represent the position vector
the emission process and polarization details at multiplend radial distance measured from the center of the star,
frequencies which we plan to explore in a future paper. respectively. Herep is the dipole moment. The vectors on
Establishing a broadband nature of phenomenon i%he rlg.ht-ha.nd §|de in both Equgnont.i) and @.2) ,can
. . . .. _be defined in either the magnetic or the observer’s frame.
important for understanding the evolution of the emissior . . .

: ) . or example, following the conventions in Appendsx
region with frequency. It also makes possible for an . L . .

is alongzy, in the magnetic frame. The corresponding

appropriate choice of pulsars for more in-depth an . . . .
pprop P P ransformation for the vector relative to the rotation asis

nsitiv rvations. Thi n hieved in a lar . :
sensitive observatio S s can be achieved hata g?}wn performed using Equatior.2) and B8.4).
sample of pulsars with more accurate determination o In the model for pulsar magnetospheres of multiple

h n nd with driftin I m r o . :
the ¢ and a and with drifting subpulses measured atemlssmn states, the charge density required to screen

multiple different frequencies. In addition, Figurésand . . -
o . o . the parallel component of the inductive electric field (to
3 demonstrate that the emission state in an emission regio S . . X
the magnetic field),E;,q, is obtained by taking the

is not constant but is closely related 4o This implies diveraence of the electric field aiven b
that drifting subpulses can occur in pulsars with different 9 9 y
« meaning that the phenomenon is common. This is Pmin = —€0div (bEinq)) - (A.3)
F;orl;c,llstent |W|th the recelntzdoeztectluon of the. phenorgenopmre,b is the unit vector of the magnetic field, angl is

in Vela pulsar (en etal. D However, it may be the vacuum permittivity. The Goldreich and Julian charge

that the drift-rate of subpulses is too low making thedensity is given bypcy — codiv Eeoy, With B, defined
detection difficultin some pulsars. The encouraging result or oo

from Weltevrede et al(2006 2007 suggest that a large
number of pulsars with drifting subpulses is awaiting topppendix B: COORDINATE TRANSFORMATIONS

be discovered. With super-large radio telescopes such as

the 500-m Aperture Spherical radio Telescope (FAST) andn Cartesian coordinates, the magnetic and rotation axes
the future Square Kilometer Array (SKA), it is hopeful of a pulsar may be arranged in the way tpat= z, and
(Wang et al. 201pthat larger sample size will be available w, = z, respectively, with unit vectors given By, y1,, Z,

for study and hence deepening our knowledge of pulsaandx, y, z. The transformation between the unit vectors is
radio emission mechanism and the associated emissi@iven by

geometry.

For an obliquely rotating magnetic dipole in vacuo, the
ipolar magnetic field is defined by

in Section2.1

X X X X
o | =Ry | and [y |=R" [ 30 |.
7 Z Z Zy,
(B.1)
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with

sinfcos¢ sinfsing cosf
cosfcos¢p cosfsing —sin6
—sing cos ¢ 0

P= (B.4)

represents the transformation.
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