
Chapter 4 

Signatures of Multipolar Fields on 

the Polarization Posit ion Angle 

4.1 The Rotating Vector Model (RVM) 

Iriformation about the magnetic field st,ructure in neutron stars can be obtained from 

polarizat,ion measurements. In fact, among the best arguments in favour of the liollow 

cone rnotlel (refer chapters 1 and 2) is the beliaviour of the linear polarization observed 

across the pulse window. As discussed in chapter 1, the linear polarization is expected 

to be parallel to  the projection of the magnetic field lines in the plane of the sky, 

given the properties of curvature radiation. As the line of sight traverses the emission 

cone, tlie linear polarization is thus 01)servect to execute an S-shaped snririg across the 

pulse. I~itroduced by Radhakrishnan & Cooke (1969) for the Vela Pulsar (PSR B0833- 

45), this Rotating Vector Model (RYM) has been fairly successful in rriodelling the 

o1,scrved swings of the polarization position angle in a large number of pulsars, under 

tlic ass i~mpt io~i  of a pure dipole gcoriic~try. Howtlvcr, sniall hut signific-ant departilrcs 

frorri tlic polarization swing predicted 1,v a pure tlipole are seen in some cases in high 

time-resolution observations. In this chapter we cxarnirie what kind of departures, if 

any, from the classical dipole RVM inay possiblv be due to the presence of higher 

millt,ipolc (we will examine the case of only an additional quadrupole) components. 

111 tlic case of dipolar field geo~net~rv the position angle can he related t o  the angle 



between the rotation axis and the magnetic axis (a), the angle between the magnetic 

axis and the line of sight of the observer (P) and the longitude (4), by the relation 

where a pulse period is in a longitude range 0" to 360". 4, and Qo are offsets in the 

pulse center and position angle. 

Fitting the above relation to  the observed position angle traverse a and P can be 

obtained. The values of a, P obtained by such a fitting procedure is not always well 

constrained as the pulse duty cycle is generally small and only allows ihe measurement 

of the sweep over a small longitude range. Another independent wav to obtain the 

geometrical parameter a is from the core-width measurements (Rankin 1990, also see 

chapter 2). The steepest gradient in the position angle traverse curve can be related 

to a and ,l? by the relation, 
sin(a) 

Knowing the a values from core-width measurements and from the measurement of the 

steepest gradient of the position angle traverse, P can be estimated. The total change 

in Q is the largest if the beam is cut centrally which means P = 0. A shallow position 

angle swing, on the other hand, indicates that the line-of-sight cuts the outer edge 

of the beam, i.e. the impact angle is large. It should be noted that the slope of the 

steepest gradient does not give the sign of ,6 as there is no way to distinguish the sense 

of rotation of the pulsar. It has been shown by Narayan & Vivekanand (1982), that the 

sign of ,l? can be inferred from the nature of the traverse near the wings of the profile. 

For positive ,f3 values, which is when the line of sight passes between the magnetic 

dipole axis and the stellar equator, the ciirve flattens near the profile wings. For lines 

of sight passing between the magnetic dipole axis and the rotation axis, defined as 

negative p values, the curve is monotonic in nature. 

There are two important assumptions in the RVM. Firstly it is assumed that the 

observed emission is directed towards the observer as a 'pencil' beam of emission along 

every longitude, as any finite beam size can cause depolarization of the radiation. 

Secondly, it assumes that the observed emission is due to relativistic plasma flowing out 



of dipolar field lines. Blaskiewicz et al. (1991), however, introduced a new ingredient 

in the model where they took the corotation of the plasma with the neutron star into 

account. Due to  the motion of the frame of reference of the plasma and the observer, 

aberration effects can set in. As a result, the emission beam is bent such that  the pulse 

intensity arrives a t  earlier times by r , , / c ,  where re, is the emission height measured 

from the center of the star and due to  the beaming towards the observer, the steepest 

gradient of the polarization angle of the sweep curve arrives a t  later times by about 

3rem/c. Thus, the lag between the center of pulse and the steepest gradient in the 

position angle curve is 4rem/c. This aspect was confirmed by Blaskiewicz et a1 (1991) 

on a large set of pulsars. 

Multipolar fields and RVM 

The presence of multipolar magnetic field components in the emitting region can cause 

position angle traverse which can be very different from that given by eqiiation(4.1). Of 

course, this is only true if the emission originates from regions where the magnetic field 

is significantly non-dipolar. The multipolar components arising a t  the stellar surface 

would fall off rapidly compared to the dipole. Thus most of the emission may arise 

from regions where the magnetic field has acquired a dipolar structure. Pulse width 

evolutiori with frequency and position angle traverse for a large body of pulsars seerns 

to  support the dipolar picture well. Frequency evolution of pulse widths suggests a 

"radius-to-frequency" mapping (refer chapters 1 and 2), which essentially says that  

emission a t  different frequencies arise from different heights from the surface of the 

star and higher the frequency the closer is the emission region to  the stellar surface. 

Thus, bv observing a t  different frec-li~encies one is probing different hciglits from the 

stellar surface. 

It  is possible that  the picture of a simple dipolar geometry of the magnetic field 

throughout the emitting region is not true. As one probes regions closcr to the star the 

field structure would have distortions due to multipolcs, the most prominent of which 

woiild be the quadrupole. Here we simulate the ~ni~lt ipolar  magnetic field around the 



neutron star to  illustrate the possible variations in the polarization position angle. We 

assume that  the surface magnetic field is a mixture of a star centered rlipole (6) and 

a qiiadropole (dq). We apply the following procedure in oiir simulation, 

a )  We choose a cartesian co-ordinate system (S), where the rotation axis of the 

rieutro~i star is along the z axis arid the origin corresporids to  the center of the star. 

An arbitrary point in S is defined by the co-ordinates (x, y, z). 

b) With respect to  S, the magnetic dipole axis is inclined a t  an angle a,  in the yz 

plane. We choose another co-ordinate system St, with the dipole axis along the z' axis. 

The co-ordinates (x, y, z) in S are thus transformed in St as (zl,y',z') by a rotation 

matrix R as, 

(x', y', z') = R ( x , ~ ,  z) 

The dipolar magnetic field in S' can thus be written as, 

where (B,,,I, BdyI, B,,,,) are the components of tlie dipolar niagnetic field in units of 

t,hc surface fields and I- = d x 2  + y2 + z2 is the emission height in unit,s of the stellar 

radius. : I : ,  y, z are in units of the stellar radius. 

c) We choose another frarne S" which is obtained by rotating through the Eiiler 

angles H I ,  Q2 ant1 Q3 with respect to the S' frame siicli tliat (x',y',z1) t,ransforms to 

(n:",y",zU) as, 

where T is Euler transformation matrix (cf. Golclstcin 1980, 'Classic.al hlechanics', 

Chaptcr 4). Further, we choose the rriagnetic clliadrupole moment to  be along the 

z" i~xis. The qua,drupolar magnetic field in S" in terms of the spherical co-ordinates 

( r ,  HI', #"' is given by, 



where (B,,, Bq0l~, B,+II) are the components, in spherical co-ordinates, of the quadrupo- 

lar magnetic field which, in cartesian co-ordinates, has components as (Bq,t!, Bqyu, Bqztt). 

The fields are in units of the surface field. Q is the ratio of the quadrupole field 

strength to  the dipole field strength a t  their respective poles a t  the surface. To obtain 

the quadrupolar field components in the St frame an inverse Euler transformation is 

applied such that,  

where T is the inverse euler transformation matrix and TT = I. The resulting magnetic 

field (@) in the St frame due to a dipole and quadrupole is computed as, l? = &I + B;I, 

which can be transformed to the S frame as, g = 2' .  Here R is the rotation matrix 

for transforming the vectors in the St to the S frame, such that RR = I. 

d)  To find the position angle 9, g and the spin axis are projectved on the plane 

of the sky seperately. Q is the angle between these projections. The magnetic field 

direction is given by the unit vector i and let the line of sight be defined by the unit 

vector f The direction of the projection of the spin axis is given by the iinit vector -I, 
where C is the angle between the rotation axis and the line of sight. Thus the position 

angle Q is computed as, 

( G -  (G.ij.0.~ * = c o s - I  ( 4 - - - -) 
1 (b  - (b.l).l) 1 

Assuming that the linear polarization is along the projected magnetic field lines, 

the position angle curve would deviate from that expected from a dipole geometry. 

The quadrupole field would die off faster as a function of distance from the stellar 

surface. Since the emission at  lower frequencies originate further away from the stellar 

siirfacc, the position angle curve for these frequencies wonld more closely represent 

the dipole-field geometry than that a t  higher frequencies. This effect can be studied 

by establishing the position angle sweep curves for a wide range of frequencies for a 
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Figure 4.1: Simulations illustrating the polarization position angle sweep curves due 

to a mixture of dipole axid quadrupole magnetic field. Tlie dash-dot line in the above 

plots shows the position angle traverse for a = 20" and P = 2". The continuous line 

shows tlie position angle traverse for various orientations of the dipole with respect t o  

the quadrupole, as specified by the euler angles el, B2 and O3 in each plot. The constant 

dJ = 1 in all the six cases shown above the emission height is 10 times the stellar radius. 
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given ~)ulsar.  The procedure woiild be to use the position angle curve a t  a sufficiently 

low frequency to  obtain the values of rn and /3 by fitting equation (4.1), and to  fit the 

position angle ciirve iising these values of rn aiid p at  higher frequencies. Any significant 

deviation would reflect the presence of multipole fields. 

Figlire (4.1) shows the simulated ~)olarization positiorl angle clirlrcs obtained for a 

pure (lipole field (daslietl lines in tllc figure) in c.oinpariso11 to those for a rnixt,iire of 

clipolr. aritl quadrupole ficlds (coritinuo~~s lines in t l ~ c  figurt.) for various co~nl)inat,ioris of 

B1, 82 ant1 B3. Tlie curves are simulated for a = 20°, ,L3 = 2", Q = 1 and r = 10. In figure 

(4.2) ,  we sliow the variation of the position angle curves for Q1 = 40°, 82 = 20" and 

H.3 = 5" for varioils values of Q and r as indicated i11 the figure. There are important 
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trends that  should be noticed in the figures. The sudden jumps in the polarization 

position angle near the center of the profile for certain orientations can have observable 

effects. The span of the position angle curve changes in such a way that  the resulting 

curve could be interpreted to  be a traverse corresponding to a different effective 0. In 

principle, one could then extract the complete magnetic structure of the pulsar by a 

detailed analysis of the polarization position angle curves. However, as is evident from 

the above discussion, the number of unknowns that one has to  solve for in order to  

fit a non-dipolar position angle traverse are enormous. In the case of a quadrupole 

the unknowns are the relative orientation of the quadrupole with respect t o  the dipole 

and the strength of the quadrilpole, in addition to  the usual a and 0. Making such 

a detailed fit to  extract all the parameters of the multipole structure woilld not he 

meaningful for most of the existing observations. Thus the purpose of t,he exercise here 

is only to establish the overall trends in the position angle traverse which colild be 

associated with an underlying non-dipolar magnetic field. 

To probe the existence of non-dipolar fields it  would be necessary to  observe a pulsar 

over a wide range of frequencies, from as low as 100 MHz to  as high as 33 GHz. The 

pulsar chosen should be strong enough to  be seen over this entire frequency range. It  

is irnportant t o  do a single pulse analysis to  resolve the PA curve. The reason for this 

is that  pulsars are well known to  show orthogonal position angle flips (refer chapter 1). 

An average profile without seperating the polarization modes would therefore not be 

able to  establish the polarization position angle curve correctly. It  is also important to  

choose a pulsar with high degree of linear polariz a t '  ion. 

We have carried out this investigation in detail for the pulsar PSR, l30329+54 which 

is cliscussed in the rest of the chapter. The possible dependence of the position angle 

curve on frequency may arise due to the follcwing reasons: 

1) Relativistic aberration effects in the pulsar ~nagnetosphere, will cause a displace- 

ment in the position angle curve with respect to the profile center. This will only cause 

a shift of the RVM preserving the values of a and /3 a t  all frequencies (Blaskiewicz et 

a1. 1991). 

2) If non-dipolar comporients of the ma,gnetic field are present, then the position 
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Figure 4.2: Simulations of the polarization position angle for a mixture of dipole and 

quaclrupole magnetic field as a functiori of incieasing emission height ( l ~ f t  hand panels) 

and increasing values of the parameter Q (right hand panels). The dashed line in each 

paricl corresponds t,o the RI'1CI for 0 = 20" and = 2". Thc co~it~i~i~ioiis c.ilrvcs in each 

pariel arc3 tlie sirni~lat~ed curves. For all the illust,ratecl curves c\i = 20" i~n<l ,/j = 20". In 

the left, liand pa,nels Q=l  for all t8he 4 cases, while tlie ernissiori height is 1, 4, 7, arlcl 

10 t,inies the stellar radius respectivelv from top to l~ottorn. In the right hand panels 

the enlission height is held constant as 5 times the stellar radius, while Q=0.5, 1.5, 2 

ant1 5.5 respectively from top to  bottom. 



angle traverse can develop kinks a t  higher frequencies. These kinks mav, however, not 

be observable unless the time resolution employed is very high. Instead, the dipolar 

RVM fit through the data  would yield values of P fcf. equation 4.1 and 4.2) that  are 

frequency dependent. 

Multifrequency Polarization Characteristics of 

PSR B0329+54 

4.3.1 PSR B0329+54 

This is one of the brightest pulsars known and has been studied in great detail over a 

wide range of radio frequencies. Based on the phenomenological study of pulsar classi- 

fication, Rankin (1993) (also see chapters 1 and 2), classifies this pulsar as a Triple or a 

possible Multiple. Although the integrated pulse profile shows three clearly identifiable 

components (see Fig. 4.3), Kramer (1994) based on a gaussian fitting procedure estab- 

lished the presence of five components over a wide range of frequencies. More recently 

Gangadhara & Lorimer (1999) have reported the existence of a t  least nine components 

in t,his pulsar. This pulsar is also known to  exhibit mode changing (refer chapter 1) 

a t  any frequency and the profile appears to switch between three to  five components 

depending on the mode (Bartel et a1 1982, Xilouris et al, 1995). The components of the 

less often occurring (abnormal) mode a.t low frequencies are slightly displaced with re- 

spect t o  the more often occurring (normal) mode (Mckinnon & Hankins, 1992, Xilouris 

et al, 1995). The leading part of the profile is highly polarized during both the modes 

a t  1.7 GHz (Bartel et al, 1982). However a t  10.55 GHz this part of the profile is com- 

pletely depolarized (Xilouris et al, 1995). The central part of the profile is rrioderately 

polarized a t  low frequencies and ju,mps in the position angle curves are prominent. At, 

10.55 GHz the central part shows complete depolarization. In the trailing part of the 

profile the position angles for two modes differ, although riot substantidly (Bartel et al, 

1982). The average position angle sweep curve for this pulsar is extremely complicated 

and does not fit well with the RVh4. However, it was demonstrated by Gil & Lyne 



(1995) that  a single pulse study a t  408 MHz reveals the presence of two orthogonal 

position angle modes for this pulsar, each of which is intlividually in agreement with 

the RVM. 

Here we are interested in comparing the position angle sweep curves a t  different 

frequencies as already discussed is section (4.1). If the emission originates from regions 

where the magnetic field has a dipolar structure we do not expect any change in 

the shape of the position angle sweep curve which can be explained using the RVM. 

However, any significant change in the curve would call for an alternative explanation. 

We investigate this for PSR 0329+54 a t  1.412 , 2.695 and 4.850 GHz. We also compare 

our result,~ with the position angle sweep curve a t  408 MHz published by Gil & Lyne 

(1995). We have used a sequence of single pulse data stream for PSR B0329+54 a t  

these frequencies from the European Pulsar Network (EPN) archives si~pplied to  us by 

Alexis Von Hoensbroech and R. Wielebinski (Max-Plank Institut for Radioast,ronomie, 

Borin) . 

4.3.2 Data Analysis 

The pulse da ta  sequence a t  each frequency is available in the form of four stokes 

parameter I (i, j), Q(i ,  j), U(i, j )  and I7(i,  j ) ,  where i = 1, . . . , Npul refers to  the pulse 

nilrnber out, of NpUl pulses and j = 1, ... Nt)i, refers t,o the jt" bin in the profile out of 

NI,~,, points. The position angle for ea,ch sample were calculated according to  9 ( i ,  j )  = 

tan-' [U(i,  j ) /Q( i ,  j ) ] .  The linear polarization L(i, j )  = J c ~ ( i ,  j )2 + U(i, :I)', were 

calcl~lat~ed for each sample. The average total intensity (I,,,), linear polarization (La,,), 

circular polarization (V,,,) arid position arigle (Q,.,) for jt" bin in the pulse profile were 

calcillated as, 



respectively. The average total intensity, linear polarization, circular polarization and 

the position angle for 1.4, 2.695 and 4.85 GHz are shown in figure (4.3). As already 

meritioried we are interested in comparing the position angle sweep curves over this 

wide range of frequencies. Since pulsars are well known to exhibit two polarization 

modes, the average position angle curve can be of extremely complicated nature. A 

single pulse analysis is absolutely essential to separate the two polarization modes. 

One of the standard ways of separating the modes is to produce a di~t~ribution of the 

frequency of occurrence of single pulse position angle a t  every longitude (Gil & Lyne, 

1995). At any given longitude the peak of the distribution would indicate the mean 

position angle for the preferred mode. If the distribution is bimodal, exhibiting two 

peaks, then this indicates the existence of two modes, which can then be seperated using 

this distribution. In general, the two modes are seperated by about 90" (orthogonal 

modes). The polarization position angle itself, as obtained from equation (4.7), is 

defined modulo 180". If the Iinearly polarized power is low, however, the position 

angles determined from a noisy data can lead to spurious results which can affect the 

resulting distribution of position angles. In our analysis we consider only the samples 

for which L(i,  j)' > a,(i)' + a,(i)2 (Gil et al, 1991), where a,(i) and a,(i) are the 

standard deviations for the stokes para.meter Q and U for the ith pulse calculated in 

the off pulse region. For good polarization measurements a,(i) and u,(i) should be 

of the same order and thus the above criteria simply implies that samples for which 

L(i,  j )  > fia,,,, are used. Tlie error in the position angle is calculated using, 

The above expression is obtained by the propagation of error in calculating Q, 

where errors in U and Q are uncorrelated. Figures (4.5, 4.7, 4.8) shows the grey-scale 

representation of the frequency of occurrence of position angles as a fiinction of pulse 

lorigittides for 1.4, 2.695 and 4.850 GHz respectively. The whole range of position angle 

is plot,ted twice for clarity. 
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Figure 4.3: Full polarization average profiles of PSR B0329+54 a t  1.412, 2.695 and 

4.850 GHz. In the top panel of each plot tlie contimrous curve is the total intensity 

I, the clashed curve is the linear polarizat,ion L and the dotted curve is the circular 

l)oln~ization l7 as ohtained using eqi~ation 4.7. The bottom panel in each plot the 

avcrage position angle, as given by equation 4.7 is plotted, with tlie error bars calrlrlated 

iising equation 4.7. 



4.3.3 Polarization modes at 0.408 GHz 

The polarization position angle modes in this pulsar a t  0.408 GHz has been extensively 

studied by Gil & Lyne (1995). They find that the polarization modes follow two parallel 

tracks each consistent with the RVM and they are separated by about 90". At the 

leading edge of the profile there is a rapid orthogonal jump a t  longitude -13" from the 

secondary mode to the primary mode which begins to  dominate (refer Fig 4.4). In the 

leading part of the profile between -13" to -10" the primary mode dominates which 

goes through a slow orthogonal transition a t  -7" longitude where the secondary mode 

takes over. The secondary mode dominates between longitudes -4" to -2" under the 

small component a t  that longitude. The position angle then returns t,o the primary 

mode between longitudes -1" to 2" and dominates up to 5". At the trailing edge of 

the profile between longitudes 9" to 15" both the modes seems to be present with the 

secondary mode dominating over the primary one. The mean position angle sweep 

curve is shown as a solid line and its complexity is evident. It is also clear from the 

figure that the mode separated curves individually fit the RVM well and the fitted 

curves are shown for the primary (squares) and secondary (circles) modes respectively. 

Gil & Lyne (1995) have fitted the RYM given by equation (4.1) to the the separated 

modes and found the best fit values for a, P, 4, and Q, for the two modes separately. 

For the primary mode they find a = 42" f 20°, ,G' = -3" f 2", 4, = 2" f 1" and 

Qo = 184"f 3" and for the secondary mode, a = 59"f 20°, P = -4.5"f 1.5", 4, = 2 " f  lo 

and Q, = 94" f 3" respectively. It is important to note that such a fitting procedure is 

not able to unambiguously determine tmhe sign of 0 .  Thus the fitting procedure gives 

thc: mean a and /3 to be 51" and 4". The conclusion drawn by Gil & Lyne (1995) from 

this exercise is that the polarization mode at  0.408 GHz for this pulsar follo~vs the S- 

shaped RYM which means that the emission necessarily arises from a dipolar magnetic 

field geometry as predicted by the model. Also, if the radiatiorl motles are strictly 

orthogonal, the position angle should follow either one mode or the other. It has been 

notetl by Gil & Lyne (1995) that significant amount of non-orthogonal radiation is 

observed near the pulse center. This is attributed to the possible finite beam witlth 

of the radiation process, which might result in radiation from nearby field lines being 



Figure 4.4: The above figure is adopted from Gil & Lyne (1995). Grey scale represen- 

tation of t,he frequency of occurrence of the polarization position angle as a function 

of longit,iide for 2000 pulses a t  408 MHz. The whole range of position angle is plotted 

t1vic.c f'ol c-larity. The average positiori angle is slio~vn by the cont,inuolis clirve. The 

RVhI for tllc prin~arv  node (squares) a i~t l  secondary mode (circles) are fitted to the 

tlitta. Thc RVM for t,he two modes are same but only separated by 90" and has a = 51°, 

/j = 2' i t~ld = 2O. 



directed along the line of sight. This effect is rather prominent near the pulse center 

which corresponds to  the center of the dipole magnetic field where the field lines are 

divergent in nature. From the RVM (d@/d$)+=+, = sin(a)/sin(p) and for a = 51" and 

p = -40 it is -11.4"/" which is in good agreement with the value measured from the 

steepest gradient observed in the position angle curve which is measured to  be - l lO/" .  

Another interesting point to  note is the non-orthogonal radiation observed between 

the longitude range 10" to 14". Clearly the fitted RVM for the primary mode (square) 

does not fit the high frequency of occurrence well. The separation between these non- 

orthogonal modes are N 105". It is also to be noted that the ratio of the trailing 

component height to  the leading component height is greater than 1, thus indicating 

that the pulsar was probably observed during the normal mode. 

4.3.4 Polarization modes at 1.412 GHz 

We have used a sequence of 2022 single pulses a t  1.412 GHz to obtain the position 

angle variations across the pulse profile. The data was obtained using the 76-m Love11 

radio telescope at  Jodrell Bank during the simultaneous observing experiment with the 

Efflesberg 100-m telescope as a part of the EPN campaign. The grey-scale representa- 

tion of the frequency of occurrence of the position angle is shown in figure (4.5) and 

the average position angle is shown in figure (4.3). Note that the zero longitude of 

the pulse is chosen arbitrarily and does not correspond to the center of the pulse. The 

leading component is dominated by the primary mode which is strong between -13" 

to -7". Between longitudes -7" to -4" the position angle slowly goes to the secondary 

mode and then dominates up to -1". There is a sharp transition observed from the 

secondary mode to the primary mode between 0" to -1.5" longitude. The primary 

mode is dominant a t  most of the trailing part of the profile between 2" to 8". Between 

8" to 10" the position angle goes sharply to the secondary mode, but only rotates by 

70". 

Single pulse mode separated position angle variation of this pulsar a t  1.75 GHz 

has been investigated by Bartel et a1 (1982). The position angle variation in the 

leading part of the profile at  1.75 GHz is in good agreement with our results a t  1.412 
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Figure 4.5: The bottom panel in the figure is the grey scale representation of the 

frequency of occurrence of the polarization position angle a t  1.412 GHz. The dark 

regions corresponds to high frequencv of occurrences. The position angle is plotted 

twice for clarity. The RVM is plotted for the primary mode (the upper curves) and 

the secondary mode (lower curves) where the upper curve is only fitted. The RVM is 

displwed for four different n: values: namely 30" (circles), 40" (crosses), 50" (squares) 

and GO0 (plus) for fixed /3 = -3.4g0, 9, = 263.7" and 4, = 0.74" respectively. Note 

that  for such ~videly varving 0 values used the curves are hardly distinguishable (see 

section 4.3.4 for discllssion). The lower ciirves are plotted by shifting the upper curves 

by 90". The best fit parameters for the RVM of the primary mode (upper curves) 

are cr = 32.5", /3 = -3.49": 9, = 263.7" and 4,  = 0.74" The upper panel shows the 

average quantities: intensity (continltous line), linear polarizat,ion (dashed line) and 

circular polarization (dotted line). 



Figure 4.6: The above plot shows the distribution of the number of occurrences as a 

function of the polarization position angle a t  longitude -9" for PSR B0329+54 a t  1.412 

GHz. The polarization position angle is plotted twice for clarity. See section (4.3.4) 

for details. 



GHz. However a t  the center of the profile t,lie position angle distribution dominates 

a t  the primary mode (between -lo to +lo in their plots) while a dominance of the 

secondary mode is observed in our case. At the trailing edge of the profile there is a 

non orthogonal transition of about 105" from the primary to  the secondary mode a t  

1.75 GHz, compared to the 70" seen i11 1.412 GHz. We divided our data set into four 

segments into each containing - 500 pulses and the integrated profiles on each case 

had the trailing component dominating over the leading one, and thus we conclude 

that  the pulsar is in the normal mode. 

Apart from the above mentioned complications the underlying position angle curve 

is in good agreement with the RVM. We have fitted the RYM given bv equation (4.1) 

to  the primary mode alone as the absence of the secondary mode in most of the profile 

would make it  extremely difficult to constrain the fitted curve using the secondary 

rriode. In order to  fit the curve we have used the distribution of t,lie frequency of 

occurrence of position angles to  identify a particular mode. For a given longitude the 

distribution peaks a t  a particular position angle. Figure (4.6) shows the distribution 

of the frequency of occurrence a t  longitude -9". It  is clear that the distribution peaks 

a t  one particular value of the position angle and has a spread around t,his value. For a 

given rriocle we fit a gaussian to this distribut,ion and choose the l / e  points on either 

side of the mean to  obtain the range of positiori angles which we attribute to that  

give11 rnode. Tliis is done for every longitude where we find a strong signature of the 

mode. We then use the position angles in the range as identified above for all relevant 

longitiides to  fit equation (4.1). The errors in each sample are given bv equation (4.7). 

Tliere are four free parameters whicli have t,o be fitted for, namely a: /I, $, and !Po. 

It  is important to  note that ~vliile fitt*ing siich a distribution of poi11t.s it is extremely 

clifficult t)o constxain a as various combinations of a and ,O can give a fit which ~rould  

lia,ve a, very similar traverse characteristic. This is also apparent from t . 1 ~  si~nilar values 

of the reduced X 2  defined as, 

wlicrc N is the rii~rnbc~r of data points to he fitted, ~IJ~,,, ( j )  is the position angle a t  a given 



longitude j given by the model and * ( j )  is the observed value. In figure (4.5) there are 

four curves corresponding to widely different a values ranging between 60" to  30" for 

approximately same ,h' values keeping @, and *, constant. The X 2  obtained for each 

case is - 7.5, and the model curves can hardly be distinguished. The allowed range 

for a is 0" to 90" and such a large variation cannot constrain a meaningfully. It is thus 

important to get an estimate of a from other considerations. As mentioned in chapters 

1 and 2, a reliable estimate of a comes from the core-width measurements which for 

this pulsar yield a = 32.5". We adopt this value of a in our fitting procedure as a fixed 

value and solve for p, 4, and !Po. We have used the Levenberg-Marquardt method for 

a nonlinear least-squares fit to the data of the model given by equation (4.1). This 

method is rather sensitive to the supplied initial guesses for the para,meters and thus 

various sets of initial guesses were used to converge to solutions1 corresponding to  the 

rninimum x2. The best fit values obtained are /3 = -3.49" f 2", Qo = 263.7" f 20" 

and 4, = 0.74" f 1" with X 2  = 7. The error in the a value, obtained by fixing the 

other parameters to their mean values is f 10". The steepest gradient in the curve 

(dXP/d4)4=4, as measured from the secondary mode lying between longitude -4" and 

0" is about -10 f 3'1" which is consistent with sin(a)/sin(P) = -8.8"/" as obtained 

from the best fit values. 

From the above fitting procedure we conclude that the position angle curve of the 

primary mode is in good agreement with the RVM. The a and /3 values obtained 

is consistent, within the given error bars, with the values obtained at  0.408 GHz. 

Following RVM, it can be said that the emission a t  0.408 GHz and up to 1.412 GHz 

arises from regions having dipolar magnetic field structure. 

4.3.5 Polarization modes at 2.695 GHz 

A seqiience of 2264 pulses observed during various observing programs using the Effles- 

berg 100-m radio telescope were used to produce the grey-scale representation of the 

frequency of occlirrence of the position angles as shown in figure (4.7). The average 

'We have used the MPFITFUN function available in the Interacting Data Language (IDL) package 

for our fitting purpose. 
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Figlire 4.7: The hottom panel of the a1)ove plot sliows the grey scale representation of 

the position angles at 2.7 GHz. The RVM is plotted for the primary mode (continuous 

linc) with cu = 32.5", P = -3", 9, = 290" and 45, = -2.7" res~~ectivcly (see section 

4.3.5 for discussio~i). The secondary iiiotle (with caresses) is tlic s;trric iis the prirnarv 

 node 1)lit shifted hv 90". Thc 1111pe1. ~)itncl slionrs tlie iIrrcragc cliiantitics: intensity 

(continiloils line), linear polarization (daslietl linc) and ('irc~ilar polarization (dottecl 

line). 



position angle sweep curve is shown in figure (4.3). For the leading part of the profile 

between -11" to  -6" longitude the polarization is dominant in the primary mode. Fol- 

lowing a slow rotation between -6" to -4" longitude the polarization mode switches 

to  the secondary and continues to remain in that mode up to about -2" longitude. A 

sharp non-orthogonal transition to the primary mode happens a t  about -2" and the 

primary mode dominates up to about 0.5". A non-orthogonal jump relatively slowly 

to  the secondary mode is noticed a t  2" which is dominant up to  about 4" and then 

rotates back to  the primary mode. The primary mode is dominant between 5.5" to  9" 

longitude. Below the trailing component of the profile beyond 10" longitude there is a 

faint signature of the secondary mode dominating up to  12". The trailing component 

height is higher than the leading component height indicating the pulsar is observed 

in the normal mode. 

The position angle traverse characteristic is extremely complicated a t  this frequency. 

The S-shaped RVM does not seem to hold true across the pulse profile. If the emission 

at  all frequencies arises from regions where the magnetic field structure is dipolar in 

nature then the angles a and P, which defines the position angle traverse, should be 

same a t  all frequencies. We have already seen that the traverse characteristics for 

this pulsar a t  408 MHz and 1.412 GHz is very similar in nature, both consistent with 

Q - 32.5" and P - -3.5". Adopting the same values, we have fitted the RVM to  the 

primary mode as identified above. The fitting procedure is explained in section (4.3.4). 

The x2 obtained for the fit is - 16 which is relatively a bad fit compared to the 1.412 

GHz where X2 7. Treating P as a free parameter, the fits were repeated and the 

best fit values obtained were ,O = -2.8" f 1.5", Qo = 266.2" f 15" and 4, = 2.42" f 1" 

with x2 - 15. Following such high value of X2 it is evident that RLJM does not fit 

well to this position angle traverse. The kinky feature lying between longitude - 0" to 

1" in the primarv mode corresponds tzo the steepest gradient in the cnrve which gives 

(dlP/d4)d=4, = sin(a)/sin(p) - -50°/" 5", which for a = 32.5" gives ,f3 = -0.6". 

Such a value of /3, however, gives an extremely bad fit to most of the position angle 

traverse. Rejecting the kinky portion a fit was done to the rest of the position angle 

curve keeping cv fixed at, 32.5". The best fit values for this case is ,O = -3" f lo, 



Qo = 290" f 15" arid 4, = -2.7" f 1". The position angle traverse corresponding 

to these values are plotted in f ig~re (4 .7 )~  where the contiriuous line corresponds to  

the primary mode and the crosses correspond to  the orthogonal mode. The steepest 

gradient part in the secondary mode lying between longitude - -4" to  -2" is measured 

to be a.round -10°/", which is also consistent, with that observed a t  lower frequencies. 

However, between 2" to  4" longitude a considerable amount of non-orthogonal moding 

is observed in between the two modes, closer (about 30" away) to  the secondary mode. 

Apart from this structure the rest of the secondary mode is in good agreement with 

the RVM. 

From the above exercise we have clearly demonstrated that the position angle tra- 

verse a t  2.695 GHz is quantitatively different from that  a t  408 MHz and 1.412 GHz. 

Two highly intense features between longitudes -1" to 4" (refer Fig.4.7), one of which 

has a steep gradient and is about 30" away from tlie primary mode and the other about 

30" away from the secondary mode are present a t  2.695 GHz, while no such features 

are evident a t  lower frequencies (down to  408 MHz). We have also established that,  

apart from these kinky features the rest of the position angle curve seems to  obey the 

RVM quite well. 

The presence of the two nearly orthogonal modes a t  tlie position angle traverse 

seems to  be related to  the hollow cones of emission. This characteristic is clearly 

visible for this pulsar in this frequency, but not so clearly a t  the lower frequencies, 

though there are obvious signatures. In figure (4.7) the leading part of the profile 

between longitudes -14" to  -6" defines approximately the existence of the outer conal 

co~nponent. Corresponding to  the rising edge of this component between -- -14" to 

-11" tlie two pola.rization modes are seen to be present a t  a very low level. There 

is a significant amount of mode mixing and depolarization a t  the rising edge of the 

profile. For the rest of the component there is al~solute tlornination of the primary 

rnode up t,o -- -6" longitude. At tlie trailing end of tlie profile, betwee11 longitude 

N 5" to  14", the trailing component sliows a very similar polarization behaviour to  the 

leildirlg c:oniponent,. The inner part of the component between -- 5" to 9" longitude 

the position angle remains dominated 11y the primary mode. Above 9" up to  14" a 



significant mode mixing is observed which corresponds to the trailing edge of the profile. 

The similarity of the polarization characteristics between the leading and the trailing 

components suggests that they might be arising from the same outer 11ollow cone of 

emission. The intense patch observed in the secondary mode between longitude -3" 

to -1" corresponds to the notch like feature in the profile, which is identified as the 

inner cone component. The polarization mode associated with the leading component 

goes over to this secondary component and a fair amount of mode mixing is observed 

as obvious from the faint tracks between -5" to -3". This probably suggests that 

the outer cone preferentially radiates in the primary mode and as one move inward 

to the inner cone, through a smooth mixing of the primary and the secondary mode, 

the secondary mode dominates in the inner cone. Similar character of the trailing 

part of the profile is also evident between 4" to 5" longitude, which corresponds to  

the fourth component in the profile (Kramer, 1995). It is evident that the outer and 

the inner conal rings exhibit polarization states which are approximately orthogonal to 

each other. The mode mixing tracks between the two cones are regions of transition 

from one cone to  the other and the significant amount of depolarization observed along 

these tracks are probably due to the overlapping effects of the finite size of the cone, 

where the radiation from nearby field lines can direct radiation towards the line of 

sight. The central intense polarization mode lying between 0" to 2" corresponds to the 

core eniission (refer chapter 1, also see Rankin 1990). The position angle associated 

with the core is connected to the the secondary mode through a smooth mode mixing 

as seen in the figure. 

4.3.6 Polarization modes at 4.850 GHz 

A sequence of 2267 pulses observed using the 100-rn Efflesberg radio telescope was used 

to prodilce the grey-scale plots of the freqi~ency of occurrence of the position angles as 

shown in figure (4.8). The bin resolution in figure (4.8) is 0.6 msec, which is to ensure 

sufficient number of points in a particular bin. The scarcity of sample points as evident 

ill tlie figure indicates that the pulsar has depolarised considerably a t  high frequency 

(Xilouris et al, 1995). However, the overall characteristics of the position angle traverse 
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Figure 4.8: Grey scale representation of the position angle a t  4.85 GHz. R.efer sec- 

tion 4.3.6 for discussion. 



are in good agreement with those observed a t  2.695 GHz. Between - 1 1" to -go, there is 

a faint emission associated with the primary mode below the leading conal component. 

Between -3" to  -lo the secondary mode dominates. There is a sharp transition to  the 

primary mode and a fair amount of non-orthogonal emission between 0" to 2". Finally 

a t  the trailing edge of the profile the position angle is dominated by the primary mode, 

but some weak presence of the secondary mode and some mode mixing is also observed 

between longitudes - 8-0 11". 

The dearth of sample points makes it difficult to fit the RVM to the observed 

position angle traverse. We have plotted the expected traverse using a = 32.5", P = 

-3.5", 4 = -1.0 and Q, = 105", to illustrate the nature of the position angle traverse 

a t  lower frequencies. The intense patch observed in the secondary polarization mode 

gives the measured (dQ/d$)++, - -10°/", which is consistent with that observed a t  

lower frequencies. The sharp feature art 0" longitude is similar to the one which had 

developed a t  2.695 GHz, but it extends for about 90" in the position angle and almost 

touches the secondary mode. (dQ/d$)4=4, - -50°/" for this feature is quite consistent 

with that observed a t  2.695 GHz. 

4.4 Discussion 

The multifrequency polarization position angle traverse of PSR B0329+54 show signif- 

icant change over the frequency range 408 MHz to 4.8 GHz as discussed in the previous 

section. The RVM holds good for the outer edges of the profile over the whole frequency 

range, but the position angle traverse corresponding to the core component changes 

significantly. The overall effect across the profile, as clear from figure 4.7, can be in- 

terpreted as a change in impact parameter (@) as a function of frequency. A possible 

explanation for such an effect is the presence of multipolar magnet,ic fields in neutron 

stars as discussed in section 4.2. 

Multipolar magnetic fields a t  the surface of the neutron star are invoked to  explain 

the radio emission from pulsars (cf. chapter3). Further some theoretical models of 

the generation of magnetic fields of n ~ i ~ t ~ r o n  stars predict non-dipolar field structures 



(Urpin et al. 1.986). However in the observational front there has been no clear evidence 

for the presence of multipolar magnetic fields. As a possibility we have shown that  the 

deviations from the RVM, as discussed in section (4.1) can arise due to the presence 

of multipolar fields that  are sufficiently strong in the emission region (Radhakrishnan 

1990). As seen in figure (4.1), a mixture of dipole and quadrupole components can 

give rise t o  kinks in the polarization position angle curve near the profile center. Such 

kinky features are often observed in several core dominated pulsars (e.g. also in PSR 

B1237+25). The other point to be noted is that towards the wings of the simulated 

position angle curves the traverse is similar to that given by the RVM. 

We model the emission of PSR B0329+54 above 2 GHz to  be arising from re- 

gions where the underlying magnetic field is approximated by a dipole arid a t  least 

a quadrupole. Emission below 2 GHz, appears to originate from regions with largely 

dipolar magnetic field geometry, while emission above 2GHz shows t,he evidence of 

departure from pure dipole configurations. The orientation of the quadrupole with re- 

spect to the dipole and the strength of the quadrupole are u~iknowns in this problem, 

which rriakes it  difficult to  seek an unique model. VC7e varied tlie parameters 01, 02, 03, 

which defines the orientation of the qua.drupole with respect to the dipole and tlie ra- 

tio Q (refer section 4.1), to find trends that might explain the observed position angle 

traverse observed a t  2.7 GHz (fig.4.7) and above. For O1 = 37", O2 = 0°, O3 = 0" Q = 1 

ant1 r = 7, tlie simulated position angle curve is in good agreement with tlie position 

angle taraverse a t  2.7 GHz as shown in figure (4.9). The values of a and P are chosen 

to be 32.5" and -3" respectively. 

One of the important assllniptioris rnadc in putting forward the above explanation 

for the frequency dependence of tlie polarization position angle is the existence of a 

radiiis-tjo-frequer~cy mapping in piilsars. The oiiter c:onal \vidt,lis (tlefinctl as half power 

points of the outer cone) of PSR B0329+54 show a. systematic decrease ~vitli increasing 

frecluericy (refer fig 4.10), but for frequencies above 2 GHz the widths appear to  become 

~ieiirly i~idependent of frequency. Assi~rning a dipolar magnetic field geometry, the 

crriissio'ti lieiglit a t  each frequency can 1)e inferret1 from equation (1.18) of chapter 1. 

Asslirni~ig a = 32.5" a.nd = 3.0°, the eniission heights for frequencies 102 MHz to  10 
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Figure 4.9: Same as figure 4.7. In the bottom panel, the continuous line is the model for 

the position angle curve for a multipolar field structure which is a mixture of a dipole 

and a quadrupole. The parameters for the curve are Q = 1, O1 = 37", O2 = 0°, O3 = 0" 

and the emission height as 7 times the stellar radius. a and P for the curve is assumed 

to  be 32.5" and -3" respectively. The dashed line corresponds to the RVM with 

a = 32.5", ,Ll = -3", Q0 = 290" and 4, = -2.7" respectively. 



PSR 80329+54 

Figure 4.10: Conal widths versus frequency plot for PSR B0329+54. The above plot 

is made from the data  provided to  us by Rankin (1999). 

GHz ranges from about 270 km to 180 km. Emission height  constraint,^ obtained from 

timing analysis (Kramer et al. 1997) also suggest that the radio emission arises from a 

narrow range of heights. Following curvature emission as the basic emission mechanism, 

the characteristic frequency of emission depends on the lorentz factor and the radius 

of curvature of the last open dipole field line K as y 3 / ~ .  The radius of curvature over 

this emission region practically remains constant if a dipole field geometry is assumed. 

Thus y has t o  change by a factor of five over this small range in order to  explain 

the broad band emission. This does not appear to  be possible within the framework 

of any theoretical model (e.g. Ruderman & Sutherland 1975, Beskin et al. 1988, 

1993). An alternative explanation woiild be to  introduce a rapid change of radius of 

curvature through the emission region, as would be expected in the presence of higher 

miilt,ipole compone~its of the magnetic field. Of coilrse, in such a pic-ti~re, emission 

height,~ t,hemselves would have to  be rc-determined self-consistently. 

Tlie core emission, below which the polarization position angle curve has developed 

kinkiness, also exhibits significant circiilar polarization signatures (refer Fig. 4.3). This 

signatiire, which is typical for cores in pulsars, niight arise if the emission is due to  

particles with small (-10-20) lorentz factors (Radhakrishnan & Rankin 1990). The 



antisymmetric nature of the circular polarization (as clearly visible in the 2.7 GHz 

profile in Fig 4.3) is expected from curvature radiation as seen in figure 1.7. In case 

such low y particles are present then the observer's line-of-sight, while crossing the 

core, will simultaneously receive radiation from particles moving in several nearby field 

lines. In the case of dipolar geometry of the magnetic field, the particles moving in 

the adjacent field lines will be seen to move in curved trajectories, and the radiation 

observed will be in general elliptically polarized. The observer thus receives a mixture of 

linear and circular polarizations a t  a given poinc. Incoherent addition of radiations from 

different field lines will lead to effective depolarization, and will cause a 'smoothing' 

of the polarization position angle curve. Such depolarization is observed in pulsars 

with increasing frequency (Xilouris et al. 1995) and is also clearly seen in our analysis: 

the linearly polarized power, strong a t  low frequencies, has decreased considerably a t  

4.8 GHz (figure 4.8). However it is unlikely that emission from low y particles can 

cause kinkiness in the polarization position angle curve which is only seen a t  higher 

frequencies ( ~ 2 . 7  GHz and above). 

Aberration effects can further cause changes in the position angle traverse, as men- 

tioned in section (4.1). Detailed investigation by Blaskewicz et al. (1991) shows that 

the net effect of aberration is to delay the position angle curve with respect to the 

pulse profile. The shape of the polarization position angle traverse, however, does not 

change. Moreover, aberration effects are only important when the corotation velocities 

are high. For emission arising near the stellar surface such effects are negligible. There 

can also be a displacement of the emission region in the azimuthal direction (Kapoor & 

Shukre, 1998), which can cause the effective /3 to change with frequency. but again the 

effects will be prominent only a t  much higher altitudes while the estimated emission 

heights for PSR R0329+54 are rat,lier small. 

We have shown that a dipolar magnetic field structure is not sufficient to explain 

the mlilt,ifrequency linear polarization characteristics of PSR B0329+54. Instead a 

mixture of dipole and quadrupole can possibly explain the spectral variations of the 

p~larizat~ion position angle. The characteristic age of PSR B0329+54 is estimated to 

be 5.5 Myr, making it a relatively old piilsar. If the observed structure is indeed due 



to the presence of multipole components of the ~nagnetic field, then this reinforces 

the conclusion of chapter 3 about the long-term stability of the multipole structure. 

In concliision we suggest that  the polarization signat,ilre observed in PSR. B0329+54 

may be an indicator to  the presence of magnetic niultipoles in this pulsar. Similar 

investigations are required for other pulsars to  get a clear picture of the magnetic field 

structiire. 


