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ABSTRACT The arrangement of Gaussian emission components along a trajectory traced by

a visible point moving at non-uniform speed as the pulsar rotates is investigated. By assuming

emission locations confined to spots that arranged evenly around the magnetic axis, a Gaussian

emission component corresponds to a cut of an emission spot by the trajectory. The distribution

of the emission spots, and hence the Gaussian components, are uneven along the trajectory, be-

ing highest around the nearest approach of the magnetic axis to the line of sight, and dependent

on two angles of a pulsar: the viewing angle, between the rotation axis and the line of sight,

and the obliquity angle, between the magnetic and rotation axes. Observed multiple Gaussian

components in a profile then corresponds to several emission spots locating on the trajectory

within a specific range of pulsar phase. Demonstration is given to show that the number and

distribution of the Gaussian components are different between ranges around the near and far

sides of pulsar rotation, corresponding to the mainpulse and interpulse, respectively. The total

number of emission spots on a trajectory may be different from that around the magnetic axis,

and ignoring the motion of the visible point can lead to significant discrepancy in the predicted

number of emission spots. The shape and number of the Gaussian components for fitting a

profile may be different from that of the actual components that compose the profile. As an

example, the model is applied to the emission arrangement in PSR B0826–34 by assuming the

emission comes from a single pole.
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1 Introduction

Investigation of pulsar average radio profiles

reveals that they come with vastly different shapes

implying that each possesses unique emission ar-

rangement whose details can be obtained by s-

tudying the profile characteristics[1–5]. An impor-

tant approach for the latter is to consider each

individual profile as a superposition of several e-

mission components of Gaussian shape[6–8]. By us-

ing a fitting procedure for the set of parameters

that minimizes the residuals between the observed

profile and the Gaussian components, importan-

t details on the geometric arrangements of the

emitting structures and the related radio radiation

mechanism in the pulsar can be analyzed[1–3, 8–14].

In principle, the technique is applicable to pulsar

profiles of any complexity. Applying to interpuls-

es, second identifiable emission appears roughly at

half of a pulsar rotation, the method shows that

the number and shape of the fitting emission com-

ponents are sometimes different from that of the

mainpulses. The goal of this paper is to examine

the arrangement of Gaussian components at differ-

ent pulsar phases, and how they relate to the view-

ing geometry of a pulsar, in particular the viewing

angle, ζ, between the rotation axis and the line

of sight, and the obliquity angle, α, between the

magnetic and the rotation axes.

Arrangement of the Gaussian emission com-

ponents in a profile usually involves making as-

sumptions for the viewing geometry of the pulsar

and the underlying emitting patterns, such as in

terms of emission from discrete regions[1–3, 12–13].

A widely accepted emission model assumes that

the emission regions are confined into several iso-

lated and discrete circular sub-beams located on a

carousel rotating around the magnetic axis[15–22].

In this carousel model, the sub-beams flow around

the magnetic axis relative to the surface of the

star through the line of sight. A description for

the distribution of sub-beams in azimuthal direc-

tion around the magnetic axis is attributed to a

standing wave at a specific spherical harmonic.

The standing wave is determined by an instabil-

ity in the magnetosphere resulting in a periodic

pattern of overdense (sub-beams) and underdense

regions of plasma, forming a structure that varies

∝ cos(mϕb)
[23–24], where m is the emission region

number in integer and ϕb is the azimuthal angle

around the magnetic axis. A favoured instability

is the diocotron instability[25–26], although alter-

natives have also been proposed[23–24]. While the

distribution of individual m as functions of height,

r, and polar angle, θb, is unclear, we assume that

radio emission in this version of carousel model ap-

pears to come from discrete regions, corresponding

to m regions arranged evenly in azimuth around

the magnetic axis. Visibility of emission from the

regions can then be established by assuming that

visible emission from a source point is directed a-

long the local magnetic field line of dipolar struc-

ture and parallel to the line of sight. The source

point is located within the polar cap region that

is bounded by the last closed field lines. Two an-

gles define the geometry, namely ζ and α. An ex-

plicit solution for the geometry gives the angular

position of the “visible point” as a function of the

pulsar phase, ψ. As the pulsar rotates, the visible

point moves at non-uniform angular speed ωV, and

traces out a closed path after one pulsar rotation,

from where emission is visible to an observer[27].

We refer to an emission region from which emis-

sion is visible to an observer as an emission spot.

The traditional assumption of a stationary visible

point is valid strictly for α = 0.

In this paper, we investigate the distribution

of the Gaussian emission components at different

pulsar phases, and its relationship with ζ and α

based on a purely geometric model. We discuss
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the viewing geometry and the emission structure

used for this investigation in Section 2. In Section

3, we demonstrate the differences in the number

of emission spots for a fixed range of rotational

phase along different parts of a trajectory traced

by the visible point for different ζ, α, and compare

them to the scenario where ωV is ignored. We con-

sider the emission arrangement in PSR B0826–34

incorporating the motion of the visible point as an

example. We discuss our results and conclude the

paper in Section 4.

2 Regions of visible emission

In this section, we summarize the viewing ge-

ometry and emission structure for observable emis-

sion.

2.1 Geometry for visible pulsar emission

We assume Cartesian coordinates in which the

observer and magnetic frames are represented by

x̂, ŷ, ẑ and x̂b, ŷb, ẑb, with ẑ = ω̂⋆ and ẑb = M̂
along the rotation and magnetic axes of a pul-

sar, respectively, where ω⋆ is the spin frequency of

the star and the subscript b represents quantities

in the magnetic frame. The respective unit vec-

tors in spherical coordinates r̂, θ̂, ϕ̂ and r̂, θ̂b, ϕ̂b

are related by the transformation matrices given

in the Appendix4. In the magnetic frame, the e-

quation for a dipolar field line originating from an

azimuthal position, ϕb, on the star’s surface is de-

fined by r = r0 sin
2 θb where r0 is the field line

constant.

We describe pulsar visibility based on an ide-

alized model in which radiation originates from the

source point that locates only within the open-field

region[28–29], and the radiation is directed tangen-

tially to the local dipolar magnetic field line[30]

and parallel to the line-of-sight direction[27]. Des-

ignating the polar coordinates of a visible emission

in the observer’s and magnetic frames by (θV, ϕV)

and (θbV, ϕbV), respectively, a visible point can be

defined in the observer’s frame by θ = θV(ζ, α;ψ)

and ϕ = ϕV(ζ, α;ψ) or by (θbV, ϕbV) in spherical

polar coordinates. The visible point in the mag-

netic frame is given by[27, 31]cos 2θbV = 1
3

(
cos θc

√
8 + cos2 θc − sin2 θc

)
,

tanϕbV = sin ζ sinψ
sinα cos ζ−cosα sin ζ cosψ

,

(1)

where cos θc = cosα cos ζ + sinα sin ζ cosψ, and ψ

is measured from the plane where θc is minimum,

or θc = β = ζ − α, with β being the impact pa-

rameter. For given ζ and α, the visible point traces

out a closed path on a sphere of radius, r, in the

magnetosphere after one pulsar rotation, which we

refer to as the trajectory of the visible point. The

geometry identifies the center of the pulse profile

at the near side to the observer at ψ = 0 where the

rotation axis, magnetic axis and the line of sight

are coplanar, and θc = β. We also choose the ze-

ros of all the three azimuthal angles to coincide at

ϕb = ϕ = ψ = 0. Assuming that emission comes

only from open-field regions restricts the radiation

source be located at heights greater than a height,

rV, given by[27]

rV =
rL sin

2 θbV

sin2 θbL(ϕbV) sin θL(ϕbV)
, (2)

where θbL is the polar angle of the point on the last

closed field line at ϕbV, and θL is the angle mea-

sured from the rotation axis to the point where the

last closed field line is tangent to the light cylinder.

Here, rL = c/ω⋆ is the light-cylinder radius and c

is the light speed. The minimum and maximum of

rV occur at ψ = 0 and 180◦, respectively, in our

model. The derivation of Equation (2) is based on

the last closed field lines, which are determined by

the condition that the field lines are tangent to

the light cylinder, and the trajectory of the visi-

ble point is tangent to the locus of the last closed
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field lines[27]. Therefore, Equation (2) defines the

minimum heights along the trajectory from which

emission is detectable. Emission occurring on the

last closed field line is visible only from r = rV.

Open field lines satisfy r0 > rL, and emission is

visible from such field lines only for r > rV. It im-

plies that the minimum height for visible emission

from an open-field region is r = rV, which is on

the boundary of the region (cf. Section 2.3). The

height of a point from which emission is visible is

larger than rV for field lines located closer to the

magnetic axis.

An oblique rotator results in variations in the

instantaneous angular velocity of the visible point,

ωV, along the trajectory of the visible point given

by[27]

ωVθ = ω⋆
∂θ(α, ψ)

∂ψ
, ωVϕ = ω⋆

∂ϕ(α, ψ)

∂ψ
, (3)

where ω⋆ = dψ/dt, and ωVθ and ωVϕ are two com-

ponents along the polar and azimuthal direction-

s, respectively. The visible point sub-rotates and

reaches the lowest speed when the magnetic axis

is on the near side of the pulsar around ψ = 0, but

large for a small range around ψ = 180◦, where the

emission point super-rotates and reaches the max-

imum speed when the magnetic axis is on the far

side of the pulsar at ψ = 180◦. The average angular

speed over one pulsar rotation is ⟨ωV(ψ)⟩ = ω⋆.

2.2 The emission structure

The complicated shape of an average profile

in radio pulsars is interpreted as being composed

of multiple Gaussian components emitting from

discrete locations[6–7]. A purely magnetospheric

interpretation for the discrete emission location-

s involves a standing wave structure at a spe-

cific spherical harmonic resulting in a distribu-

tion that varies ∝ cos(mϕb) around the magnetic

axis[23–24]. A periodic pattern of m enhanced emis-

sion regions is formed evenly in azimuth around

the magnetic axis, and radio emission from such ar-

rangement appears to come from discrete regions.

The configuration of the m regions in θb and r

is uncertain. Here we assume that the m regions

are arranged in pattern independent of polar angle

so that each forms a radial spoke when projected

onto a surface of constant r. Furthermore, these

spokes are assumed locally independent of height,

r. A visible enhanced emission region corresponds

to the trajectory of the visible point crossing a

spoke, which we refer to as an emission spot.

2.3 Range of visible emission

The visibility of emission requires that (i) an

emission point inside an emission spot and both

must lie on the trajectory of the visible point, and

(ii) the trajectory must lie partly (or entirely) in-

side an open-field region. The latter introduces

a dependence on r for each open-field line with

r = rV corresponding to the emission point on the

last closed field line. The open-field region has a

boundary that is fixed relative to the magnetic ax-

is, so that it rotates with the star. The size of the

region enclosed by this boundary increases with

r, such that it defines the polar cap at the stel-

lar surface, where r = r⋆, and it extends to all

angles for r & rL. The pulse-width may be inter-

preted in terms of the range of ψ on the trajectory

that lies inside an open-field region and bounded

by the points of intersection between the trajecto-

ry and the boundary of the open-field region, with

the specific value of the fiducial point, ψ0, depen-

dent on the pulsar model. Within the pulse-width,

the visible point moves along the trajectory with

length that is dependent on r − rV > 0, with the

pulse-width proportional to r − rV.

Fig. 1 shows the trajectory of the visible point

(solid black) for ζ = 10◦ and α = 20◦, together

with three open-field regions with boundaries de-

noting equal height at 1.4× 10−2rL (dotted gray),
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7 × 10−2rL (dot-dashed gray) and 0.14rL (solid

gray). The coordinates of a point (xb, yb) in the

plot is the Cartesian representation for the coor-

dinate pair (θb, ϕb), and hence the magnetic axis

is located at the origin. The relations between the

two coordinates are such that a line connecting the

origin to the point has length defined by θb, and

the angle between the positive xb-axis and the line

has range given by ϕb. Note that the trajectory

does not enclose the magnetic axis. Here, we con-

sider two scenarios. In scenario (i), the motion of

the visible point is nonzero, which indicates that

the location of visible emission is given by Equa-

tion (1). As discussed in Section 2.1, ωV varies as

a function of ψ, where ωV < ω⋆ around ψ = 0, and

the visible point moves in the direction of pulsar

rotation[27]. Scenario (ii) ignores the motion of the

visible point. This corresponds to visible emission

originating from a point where emission is paral-

lel to the line (the line of sight in this case) that

passes through the center of the star. As the pulsar

rotates, the line remains fixed such that the visible

point is stationary in the observer’s frame and the

open-field region moves across the visible point at

a constant rate at ω⋆. Consider first the scenario

(i), which is represented by the trajectory in sol-

id black. Emission is visible from height r only

when the trajectory lies within the boundary of an

open-field region, and the edges of the pulse win-

dow are defined by ψ when the trajectory cuts the

boundary. A more restrictive assumption relates to

emission occurring only on the last closed field line,

and the emission can be seen from only one point

of height r = rV. This is indicated by the inner

open-field region, bounded by the curve in dotted

gray, with which the trajectory touches its bound-

ary at one point where emission is detectable from

that point only. For the open-field region bound-

ed by the curve in dot-dashed gray, the trajectory

cuts it from points A to B between which the tra-

jectory lies inside. Their longitudinal phases are

ψA = −90◦ and ψB = 90◦ giving the range of

observable emission ∆ψ = ψB − ψA = 180◦. A

special case is shown with the outer open-field re-

gion, bounded by the curve in solid gray, where the

trajectory is enclosed entirely in the region. This

implies that emission from locations that coincide

with any points on the trajectory is observable giv-

ing a pulse-width that spans over the entire pulsar

rotation. For scenario (ii), the location of the visi-

ble point is fixed at a polar angle θ = θV at ψ = 0

in the observer’s frame and the open-field region

moves across it as the pulsar rotates. Transforming

to the magnetic frame using the equations in the

Appendix4 gives a path that is different from the

trajectory of the visible point, as shown by the dot-

ted black curve. The discrepancies are due to omis-

sion of the changing location of the visible point

associated with the variation of ωV as the pulsar

rotates. Here, the path intersects the inner region

at the same point as the trajectory of the visible

point. For the open-field region in the middle, it

intersects the boundary differently at locations A′

and B′ where ψA′ = −50◦ and ψB′ = 50◦ giving

a pulse-width that is almost 45% narrower. The

different path means that emission originates from

different set of open-field lines with r0 > rL, and

r = 1.4 × 10−2r0 at ψ = 0. Instead of enclosed by

the outer region, as with the trajectory of the vis-

ible point, the path intersects the region at points

C and D, with ψC = −75◦ and ψD = 75◦. This im-

plies that emission is observable only at locations

where the path lies inside the region and between

ψC and ψD. The required height at the boundary

of an open-field region to enclose the entire path

is now 0.32rL, which is higher by more than twice

of the value when the motion of the visible point

is included.
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Fig. 1 Simulations for different pulse-widths based on

three open-field regions with boundaries at increasing

height from inner at 1.4× 10−2rL (dotted gray) to outer

at 0.14rL (solid gray) for a trajectory of the visible point

(solid black) using ζ = 10◦ and α = 20◦. The magnetic

pole is located at the origin. See text for explanation of

the points A, B, A′, B′, C and D. Also shown is

another path (dotted black) for visible emission where

the motion of the visible point is ignored. Note that xb

and yb are normalized.

3 Distribution of emission spots

In this section, we show that the distribution

of emission spots, corresponding to the distribu-

tion of the Gaussian components, along the tra-

jectory of the visible point is uneven and generally

different from that around the magnetic axis. We

also examine the significance of ignoring ωV.

3.1 Along the trajectory of the visible

point

We simulate four trajectories of the visible

point in the ψ-ϕb plane that is constructed sim-

ilar to the equirectangular projection for mapping

a globe. In this representation, the distances along

the line of longitudes are conserved such that the

magnetic pole is a vertical line along ψ = 0 as

shown in Fig. 2, which shows the variations of ϕbV

along the trajectory of the visible point as a func-

tion of ψ for different values of {ζ, α}. For better il-
lustration, 20 radial spokes (gray horizontal bands)

are assumed evenly in azimuth around the mag-

netic axis giving horizontal rows of spoke with the

two spokes centered at ϕb = −180◦ and ϕb = 180◦

coinciding with each other. Pulsar rotation is coun-

terclockwise when looking directly down the rota-

tion axis where the direction of rotation is point-

ing upward. As the pulsar rotates, the visible point

moves starting from ψ = −180◦ and advances to

more positive ψ tracing out a trajectory that end-

s at ψ = 180◦ after one complete pulsar rotation.

According to Equation (1), a corresponding traver-

sal in ϕb that covers from −180◦ to 180◦ signifies a

complete revolution around the magnetic axis. The

evolution of ϕb is different for different trajectories

as shown in Fig. 2. For a trajectory with β > 0,

such as the one in solid blue, the variation in ϕb

first decreases negatively towards and approach-

es −180◦ as ψ increases, and reaches ϕb = 180◦

at ψ = 0, where the visible point is located be-

tween the magnetic axis and the equator. It then

decreases as ψ increases and returns to ϕb = 0

forming a complete rotation around the magnet-

ic axis. For a trajectory with β < 0, as the one

in solid black, the variation of ϕb is also increasing

negatively to a minimum (> −180◦), then decreas-

es and reaches ϕb = 0 at ψ = 0, where the visible

point is located between the magnetic and rotation

axes. It then increases again positively reaching a

maximum (< 180◦), then decreases and returns to

ϕb = 0. Variation in ϕbV along a trajectory as the

pulsar rotates results in cutting spokes in the pro-

cess with the number that is dependent on ζ, α.

Fig. 2 shows that not all trajectories enclose the

magnetic axis. A complete revolution around the

magnetic axis occurs only for the trajectories in

blue and brown, both with positive β, whereas a
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partial coverage is seen for trajectories in black and

green, whose β values are negative.

Fig. 2 Variations of ϕb along the trajectory of the

visible point as a function of ψ for {ζ, α} = {30◦, 15◦}
(solid blue), {10◦, 20◦} (solid black), {40◦, 30◦} (solid

brown) and {40◦, 43◦} (solid green). A stationary

20-spoke structure is shown for −180◦ 6 ϕb 6 180◦ with

each spoke assumed of 9◦ in width. Radial spokes at the

same ϕb line up and appear as a single spoke (gray

horizontal band) in the ψ-ϕb plane. Evolution of a

trajectory is toward more positive ψ. Trajectories are

not straight lines indicating non-uniform variation of

ϕbV resulting in uneven distribution of emission spots on

a trajectory. Also shown are two pulse windows, each of

width 80◦, centered at ψ = 0 and bounded by two gray

vertical lines, and at ψ = 180◦, bounded by two vertical

dashed lines, within which each trajectory intersects

different number of spokes. The dotted curves represent

paths that traced by a visible point using the same ζ, α

of the corresponding color but with ωV omitted.

A uniform distribution of radial spokes around

the magnetic axis does not imply evenly distribut-

ed emission spots along the trajectory of the visi-

ble point. For nonzero ζ, α, variation of ϕbV along

a trajectory is large for ranges around ψ = 0 then

reduces toward ψ = ±180◦. A special case relates

to ζ = 0 (not shown) where ϕbV is a constant re-

sulting in a horizontal line. A larger change in ϕbV

for a given change in ψ means that more emission

spots are visible as the trajectory cuts more spokes.

Considering −40◦ 6 ψ 6 40◦ (between two verti-

cal solid gray lines) in Fig. 2, the corresponding

coverage of ∆ϕb = ∆ϕbV is 131◦ (solid blue), 56◦

(solid black), 168◦ (solid brown) and 137◦ (solid

green) cutting 7, 3, 9 and 7 entire spokes, respec-

tively, where the last trajectory also cuts a fraction

of two spokes centered at ϕb = ±72◦. However, the

corresponding changes in ϕb for the same amount

of changes in ψ at around ψ = ±180◦ are smaller.

A different view on the uneven number of ob-

servable emission spots for a given range of ψ along

a trajectory of the visible point is through the con-

sideration of the change of ϕbV in terms of ψ. Fig.

3 shows the variation in ∆ϕbV/∆ψ as a function of

ψ for the same ζ and α combinations used in Fig.

2. A negative value indicates that a trajectory is

advancing in the opposite ϕb direction, as seen by

the case with the trajectories in black and green for

|ψ| & 50◦. A special case is shown for ζ = 0 (red)

where the ϕbV is a constant resulting in a horizon-

tal line at ∆ϕbV/∆ψ = 0. In general, ζ ̸= 0 and the

curves peak at around ψ = 0, with the change in

∆ϕbV/∆ψ becoming steeper as β lowers for a giv-

en α. Cutting of a radial spoke by the trajectory

is signified by the traversal of the latter through

all or part of the spoke in ϕb, and more spokes

are cut for a broader coverage in ϕb. Therefore,

∆ϕV/∆ψ may be treated as the density of spokes

cutting by a trajectory of given ζ, α. The density

increases as ψ approaches zero (more spokes are

cut) and decreases as |ψ| increases. Variations in

the density then imply uneven distribution of emis-

sion spots, corresponding to different numbers of

Gaussian components, along the trajectory with

the emission spots appearing to bunch up more

around ψ = 0 where the density is highest.
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Fig. 3 Normalized ∆ϕbV/∆ψ as a function of ψ

indicating changes in the density of observable emission

spots as a function of ψ along the trajectory of the

visible point for the same four combinations of ζ, α in

Fig. 2. The red horizontal line indicates ζ = 0, α = 60◦.

Note that absolute values are taken for the blue and

brown curves.

3.2 Distribution around the far side of ro-

tation

Figs. 2 and 3 suggest that an unequal amount

of emission spots is cut at near ψ = 180◦ as com-

pared to that around ψ = 0. The number of radi-

al spokes cut by each trajectory for the same ∆ψ

(between the two vertical dotted lines) centered at

ψ = 180◦ is 3 (solid blue), 1 (solid black), 3 (sol-

id brown) and 3 (solid green) as shown in Fig. 2,

which is less than that cut at around ψ = 0 as each

covers a smaller range of ϕb. For emission com-

ing from a single magnetic pole and a profile with

the fiducial point located at ψ = 0, the number of

constituting emission components for a profile cen-

tered at ψ = 0 is different from that at ψ = 180◦

for identical ∆ψ, with the former being larger. It

follows that, if each emission spot radiates equal-

ly, the flux density of a profile is weaker around

ψ = 180◦ as it comprises lesser emission spots,

corresponding to fewer Gaussian components.

3.3 Total observable emission spots

An emission is detectable only if the corre-

sponding emission spot lies on the trajectory of

the visible point. It follows that the estimation of

the total number of emission spots is along the tra-

jectory of the visible point, which may or may not

enclose the magnetic axis. This yields a number

that may be different from that located around the

magnetic axis. A prominent example is that shown

with the trajectory in black in Fig. 2 where the ob-

served number of emission spots are different from

the assumed m = 20. For the cases considered in

Fig. 2, only the trajectories in solid blue and solid

brown, both with positive β, give a prediction of

20 emission spots, whereas the others give a lower

values at 6 (solid black) and 16 (solid green).

3.4 Omission of ωV

The significance of the motion of the visible

point is revealed by considering another scenario

in which the visible point is assumed stationary, as

discussed in Section 2.3. The resulting path traced

by the visible point for each of the combinations

of ζ, α in Fig. 2 is shown in dotted lines of the

corresponding color. The two scenarios coincide at

only two points at ψ = 0 and 180◦, and the great-

est discrepancies occur around ψ = 0 where the

line of sight is closest to the magnetic axis in the

model. The range of ϕb covered by each path is

also different with ∆ϕb = 148◦ (dotted blue), 83◦

(dotted black), 181◦ (dotted brown) and 142◦ (dot-

ted green) for |ψ| 6 40◦. The number of predicted

emission components for the corresponding path

are 9, 5, 11 and 9 for |ψ| 6 40◦ and 3 for all tra-

jectories for |ψ| > 140◦. While the total number

of predicted emission spots for the trajectories in

blue, brown and green remains the same, it is dif-

ferent for the trajectory in black with a total of 10

emission spots predicted. The deviations are ex-

pected to be more significant when the constraints
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on the height of an open-field region is imposed as

shown in Fig. 1. This is because the path that tra-

verses an open-field region of a particular height

is longer when ωV is omitted implying that more

emission spots are cut. However, ∆ψ actually di-

minishes meaning that the visible point spends a

shorter time in an open-field region.

3.5 Profile with small ∆ψ and β

The assumption that pulsar radio profiles can

be represented by multiple components of Gaus-

sian shape[7–8, 32] represents an essential technique

for studying pulsar emission structures and prop-

erties. The identification of the constituting com-

ponents of a profile is achieved by fitting a sum of

Gaussian components to the profile of interest. To

avoid over-fitting, a measure of some kind is estab-

lished for comparison of the fitted and observed

profiles and one will stop adding components to

the fitting once the value given by the measure is

below a certain threshold[6]. As the amount of fit-

ting components is different for different pulsars[6],

an important aspect of such analysis relates to the

questions of the “true” number of the “real” com-

ponents. This is due to the fact that the obliquity

angles of many pulsars are unknown and hence it

lacks a method to estimate the true number of the

constituting Gaussian components. Failure of such

decomposition is a known effect if the observed

profile is not well resolved resulting in the fitting

being not unique or even correct. This introduces

bias in subsequent analysis for the emission prop-

erties of the pulsar.

In general, the number of emission spots cut

by a trajectory of the visible point is dependen-

t on the viewing geometry such that the former

increases as |β| decreases for a fixed ∆ψ. It is con-

sider a scenario where α = 30◦ and β = 0.5◦, which

gives nine emission spots for ∆ψ = 10◦. Next, we

construct the Gaussian component for each of the

emission spot by randomly1 generating the ampli-

tude, J , between 0.1 and 1, pulse-width, σ, based

on one-fifth to full size of a radial spoke in degrees,

and the position of peak phase, ψp, that fits with-

in ∆ψ = 10◦. The organization of the components

is such that σ decreases as the peak phase (|ψp|)
increases toward the two boundaries of the pro-

file. The profile is then given by the sum of all the

components with the intensity varies as[6–7, 11]

I(ψ) =
N∑
i=1

Ji exp

[
−(ψ − ψp,i)

2

2σ2
i

]
, (4)

where I is the intensity of the profile as a function

of ψ, i signifies the ith Gaussian component, andN

is the total number of components, which is nine in

this case. Table 1 lists the parameters required for

simulating and fitting the same profile. The param-

eters for each Gaussian component are given in the

upper panel of Table 1, and their shapes and the

resulting profile are shown in Fig. 4. Note that ran-

dom noise has been added to the resulting profile

to mimic real observation. The simulated profile in

Fig. 4 would represent an observed profile. Assum-

ing no knowledge of the original components, we

try to fit the same profile (with noise) using dif-

ferent sets of Gaussians, each containing different

number of components from one to eight. Then,

the observed profile is simulated for 100 times, each

with different random noise, and an average value

for the residual sum of squares (RSS) from the fit-

ting is calculated for each set. Fig. 5 shows the

fitting for the original profile shown in Fig. 4. The

least number of Gaussian components that gives

the best fitted profile is shown in gray and red,

respectively, in Fig. 5, with the latter overlaying

with the original profile (black). The parameters

are given in the lower panel of Table 1. From Fig. 5,

the residuals for the difference between the fitted
1We explored different configurations, both random and organized, and obtained similar results.
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and simulated profiles exhibit random scattering

around zero with the mean and maximum values

given by −8 × 10−4 and 0.07 in intensity, respec-

tively. The average RSS is about 5.8. As a compar-

ison, using the original nine Gaussian components

(in Fig. 4) for the fitting also gives RSS of about

5.8 in average. This suggests that the fitting using

the four Gaussian components is reasonably well.

However, it is clear from Fig. 5 that the number

of Gaussian components needed to fit the profile,

NF, is different from the actual number of compo-

nents, NC, that composes it. In general, we find

that NF 6 NC.

Fig. 4 Simulation of the profile (black) using nine

Gaussian components (gray) based on the parameters in

Table 1 for β = 0.5◦ and α = 30◦ within a pulse-width of

10◦ centered at ψ = 0. Random noise has been added to

the resulting profile.

3.6 An example case: PSR B0826–34

Emission from this pulsar can be detected

from most of the pulsar rotation resulting in a

broad profile[33–34]. Esamdin et al.[34] divided the

profile in strong-emission mode into four distinct

regions based on the emission and subpulse prop-

erties, with emission mostly detected in regions I

and III. The shapes of the profile from these t-

wo regions both imply composition of more than

one emission component, with region III display-

ing five discernible components and a similar num-

ber of components but more bunched up in region

I. Furthermore, the range of detectable emission

is also different for the two regions with region

I being narrower giving a slightly higher density

in emission component. Based on the differences

in the variations of the subpulse spacings between

the first and second half of the profile, the authors

were able to estimate an obliquity angle of 0.5◦ for

this pulsar suggesting that both emission comes

from a single magnetic pole[34].

Fig. 5 Fitting for the original profile in Fig. 4 by using

fewer Gaussian components (gray). The original and

fitted profiles are indicated in black and red,

respectively.

We simulate the trajectory of the visible point

incorporating the motion of the visible point using

the predicted α = 0.5◦ and an assumed β = 2.3◦.

An observed higher density of emission component

in region I implies that the corresponding part of

the trajectory lies in the range of pulsar phase

around ψ = 0 in our model. With the reported

pulse windows of sizes 94◦ and 143◦ for regions I

and III[34], respectively, we divided the trajectory

of the visible point into four parts, such that the

range between ψ = ±47◦, centered at ψ = 0, corre-

sponds to region I and from ψ = 88.5◦ to −128.5◦

corresponds to region III. A total number of 14
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radial spokes is assumed evenly located around

the magnetic axis. Our model predicts an open-

field region at height & 13r⋆, where r⋆ = 10 km is

the stellar radius, for observable emission to come

from the trajectory of the visible point due only

to a single magnetic pole. The trajectory revolves

around the magnetic axis and traverses ϕb from

−125◦ to 125◦ in total of ∆ϕb = 110◦ for region

I, and from 81◦ to −44◦ in total of ∆ϕb = 125◦

for region III. A non-uniform spoke density along

the trajectory is determined with the highest den-

sity occurring in region I and lowest in region III

giving an estimation of 5 emission spots in both

regions consistent with observation. To simulate

the profile with drift phases adjusted, as shown in

Fig. 4 by Esamdin et al.[34], we assume that σ is

given by half the spoke size for all Gaussian com-

ponents, which is σ = 6.4◦ for 14 spokes around

the magnetic axis. The peaks for the components

as given by our model are located at ψ = −43.4◦,

−21.5◦, 0, 21.5◦, 43.4◦ for region I, and at ψ =

92.8◦, 120.7◦, 149.8◦, 180◦, −149.8◦ for region III.

We also assume that the amplitude (J) for the

emission spots in region I is twice as that in region

III. Fig. 6 shows the profiles in regions I and III

coinciding with the reported longitudinal phases.

The simulation reproduces several basic features

of the observed profile. Firstly, five pulse compo-

nents are obtained for the two regions, with the

separation between components being wider in re-

gion III. The pulse-width measured at 10% of the

full intensity is also wider in region III than that

in region I at 145◦ and 115◦, respectively. In addi-

tion, a drop in intensity is seen between any two

consecutive pulse components, with the ratio of

drop (relative to the average peak intensity of the

two immediate adjacent pulse components) being

larger in region III, consistent with observation.

The same is seen regardless of J chosen in the two

regions. Furthermore, the amount of the intensi-

ty drop varies across the simulated profiles. As ψ

increases, the amount of drop exhibits decreasing

followed by increasing in region I, whereas it is

varying in region III. Both are consistent with the

observation. Our simulation also indicates varia-

tions in the emission spot separation (P2) across

the profile with an average of 22◦ in region I, con-

sistent with observation, and slightly higher at 29◦

in region III.

Table 1 Parameters of the Gaussian

components for simulation and fitting the same

profile are shown in the upper and lower panels,

respectively. The numbers are rounded to two

decimal places

Component J ψ/◦ (peak) σ/◦

Simulation

1 0.10 −3.00 0.34

2 0.29 −2.98 0.68

3 0.52 −1.30 0.99

4 0.65 −0.37 1.09

5 0.95 0.28 1.21

6 0.82 0.42 1.16

7 0.64 1.41 1.03

8 0.35 2.20 0.90

9 0.21 3.00 0.53

Fitting

1 0.36 −3.00 0.50

2 1.77 −0.50 1.22

3 1.78 1.10 1.21

4 0.27 2.85 0.51
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Fig. 6 Simulations for the profile (drift phases adjusted) for regions I (left) and III (right)

4 Discussion and conclusions

We have investigated the distribution of emis-

sion components based on a purely geometric mod-

el in which detectable emission at a particular ψ

comes from a visible point where emission is tan-

gent to the dipolar field line and directed paral-

lel to the line of sight direction. The visible point

moves at non-uniform speed as the pulsar rotates

tracing out a trajectory that may or may not en-

close the magnetic axis. By assuming an emitting

structure in which emission is confined to spots

that are arranged uniformly around the magnetic

axis, a Gaussian emission component correspond-

s to emission from an emission spot that lies on

the trajectory of the visible point. In this mod-

el, the distribution of emission spots on the tra-

jectory of the visible point is uneven being high-

est around ψ = 0 and lowest around ψ = 180◦.

We show that the viewing and obliquity angles of

a pulsar can affect the amount of emission spots

determined along a trajectory, which may be d-

ifferent from the total number of emission spots

around the magnetic axis. We compare our model

to those with ωV ignored and find that the predict-

ed number of emission spots can be different both

for a given range of ∆ψ near ψ = 0 and along the

whole trajectory. We consider PSR B0826–34 as an

example and show that, by treating emission from

a single pole and m = 14, our model can account

for the observed number of emission components,

and some related characteristics, in the two emis-

sion regions corresponding to the mainpulse and

interpulse.

Our model is consistent with the fact that pul-

sar average radio profiles are generally composed

of multiple emission components. This is shown

in Fig. 2 where each of the trajectories cuts more

than one emission spot regardless of the sign of β.

Since the density of emission spots changes as the

trajectory traverses longitudinal phases of different

∆ϕbV/∆ψ, intersection of multiple emission spots

requires that the trajectory is steep around ψ = 0

implying small β. This is consistent with most pul-

sars whose β < 10◦[1] and a typical duty cycle of

0.1 resulting in the trajectory that covers broad

∆ϕbV and hence cutting multiple emission spots.

For pulsars with small β and ∆ψ, the arrange-

ment of the emission spots is such that they locate

closely to each other within a narrow range of pul-

sar phase resulting in overlapping with neighboring

Gaussian components. In this case, modest devi-

ations in the emission properties across the emis-

sion spots, due to their locations being at different

parts of the carousel layer, may be masked by other
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components giving an overall simpler profile shape

as shown in Fig. 4. This leads to deviation in the

prediction of the number of emission spots, which

compose the profile, from the number of Gaussian

components used for fitting the profile. It also im-

plies that the shape of a profile may appear “sim-

ple” but the actual amount of composing emission

components may be many.

The prediction of a non-uniform distribution

of emission spots along the trajectory of the visi-

ble point even for a uniform arrangement of emis-

sion spots around the magnetic pole has implica-

tion on drifting subpulses and the observed drift

rate. Drifting subpulses manifest as a systematic

flow of subpulses across the pulse window result-

ing in tracks traced by the drifting subpulses in

consecutive pulses. A parameter, known as P2, is

used to describe the separation between two con-

secutive subpulses. In our model, P2 corresponds

to the time interval that the visible point takes to

cut two consecutive emission spots. Another pa-

rameter, designated as P3, represents the time for

the drift pattern to repeat once, with the drift rate

given by P2/P3. A distinction can be made between

the flow of subpulses around the magnetic axis and

the observed drifting of subpulses through the line

of sight. The former corresponds to movement of

the radial spokes in our model around the mag-

netic pole (along the ψ = 0 axis) towards either

increasing or decreasing ϕb depending on the drift

direction. This movement can be steady or vary-

ing being a function of ϕb. In either case, a rel-

ative motion exists between the visible point and

the spokes, with the magnitude changes along the

trajectory of the visible point. This relative motion

contributes to the observed separation between the

emission spots. We consider constant movement of

spokes toward more positive ϕb and a viewing ge-

ometry represented by the trajectory of the vis-

ible point in solid green where ψ advances from

−180◦ to 180◦ as the pulsar rotates. The visible

point will encounter emission spots moving in op-

posite direction between |ψ| & 40◦ giving a high-

er relative motion. For |ψ| < 40◦, the emission

spots appear to move in opposite (same) direction

for slower (faster) moving spokes than the visible

point with both situations leading to a slower rel-

ative motion. It is apparent from Fig. 2 that the

difference in the measured separation between con-

secutive emission spots (P2) and the flow rate of

the radial spokes around the magnetic axis is de-

pendent on ζ, α, with the difference intensifies for

increasingly smaller |β|. Assuming P3 is constant,

the variations in P2 imply changes in the drift rate.

Therefore, measurement of drifting subpulses is in-

evitably linked to the emission geometry of the pul-

sar.

There are obvious limitations in our model.

Firstly, we assume circular carousel layers, with

uniform arrangement of emission spots on each lay-

er, and concentric at the magnetic axis in a pure

dipolar field structure. The resulting emission ge-

ometry is self-similar in the sense that the traversal

of an emission spot by the trajectory of the visible

point is independent of r. The observed asymmet-

ric separation between the mainpulse and inter-

pulse in PSR B0826–34 implies deviation of the

above assumptions. A more accurate model will

need to include the distortional effects due to the

r−2 and r−1 terms in the magnetic field equation.

In this case, a circular carousel layer is expected

to become more distorted as it locates increasing-

ly away from the magnetic axis and the associated

distribution of emission spots is unlikely to be uni-

form anymore but will also be dependent on r and

ϕb. Secondly, pulsar emission is attributed to high-

ly relativistic particles propagating along magnet-

ic field lines and directed along the velocity of the

particles, which is not strictly along the magnetic

field line but vastly confined to a narrow forward
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cone. Furthermore, the cone angle is not zero and

the angular difference between the axis of this cone

and the field line is proportional to emission height.

For a pure dipolar structure, as we assumed in this

investigation, which applies only to the lowest or-

der in an expansion in r/rL, these deviations are

small and can be included as perturbations. In its

present form, our model is incapable of predicting

the conical structure and offers no information on

the grouping of the emission spots into either inner

or outer cones within a profile.
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Appendix

Transformation matrices

The transformation between the unit vectors

x̂, ŷ, ẑ and x̂b, ŷb, ẑb is given by
x̂b

ŷb

ẑb

 = R


x̂

ŷ

ẑ

 and


x̂

ŷ

ẑ

 = RT


x̂b

ŷb

ẑb

 , (5)

where

R =


cosα cosψ cosα sinψ − sinα

− sinψ cosψ 0

sinα cosψ sinα sinψ cosα

 , (6)

and RT is the transpose of R. For transformation

between Cartesian to the respective unit vectors in

spherical coordinates r̂, θ̂, ϕ̂ and r̂, θ̂b, ϕ̂b, we have
r̂

θ̂

ϕ̂

 =


sin θ cosϕ sin θ sinϕ cos θ

cos θ cosϕ cos θ sinϕ − sin θ

− sinϕ cosϕ 0



x̂

ŷ

ẑ

 ,

(7)

and transforming vectors relative to the magnet-

ic axis involve adding the subscript b to Equation

(7).

29-14



63卷

HAN Xiao-hong et al: The Different Distribution of Gaussian Components between Mainpulse

and Interpulse in Pulsar Radio Profiles 3期

脉冲星射电轮廓中高斯成分在主脉冲和中间脉冲
的不同分布

韩晓红1 YUEN Rai1,2,3

(1 中国科学院新疆天文台乌鲁木齐 830011)
(2 中国科学院射电天文重点实验室南京 210023)

(3 悉尼大学物理学院悉尼 NSW 2006)

摘要 研究了高斯辐射成分在可视点所画出轨迹上的分布, 这个可视点因脉冲星的转动而作非匀速度运动. 通过假设辐射

区域围绕磁轴均匀分布, 一个高斯辐射成分便对应于可视轨迹划过的一个辐射区域. 因为演示辐射区域在可视轨迹上是不均

匀的分布, 因此高斯成分沿轨迹也是不均匀的, 而高斯成分的密度在磁轴与视线距离最近时为最大. 高斯成分的分布取决于

脉冲星的两个角度: 旋转轴和视线之间的夹角, 以及磁轴和旋转轴之间的倾角. 基于此模型, 一个脉冲星平均轮廓中观察到的

多个高斯成分便对应于可视轨迹在特定的转动相位范围内的辐射区域. 演示了脉冲星旋转的近侧和远侧的相位, 分别对应的

主脉冲和中间脉冲, 两者高斯成分的数量和分布是不同的. 而且还发现, 沿可视轨迹上的辐射区域总数与围绕磁轴的辐射区

域的总数是不同, 并且预测的辐射区域数目会因忽略可见点的运动而明显不同. 拟合表明脉冲星轮廓的高斯成分的形状和数

量可能与实际构成轮廓的成分的形状和数量不同. 以PSR B0826–34的辐射为例, 并假设辐射来自单一磁极.

关键词 辐射机制: 非热, 脉冲星: 普通, 方法: 分析
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