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Abstract

We analyze and model rapid rotations of polarization orientations in PSR B1919+-21’s single pulses based on Five-
hundred-meter Aperture Spherical radio Telescope observation data. In more than one-third of B1919+4-21’s single
pulses, the polarization position angle (PA) is found to rotate quasi-monotonically with pulse longitude over 180° or
even 360°. Some single pulse PA even rotates by over 540°. Most of these quasi-monotonic PA curves have negative
slopes with respect to pulse longitude. Oscillations of circular polarization fraction accompany these PA rotations.
This rapid rotation could be induced by a quick change of phase lag between two normal wave modes within an
individual pulse. We propose a phenomenological model to reproduce the observed polarization rotations in single
pulses, and calculate phase lags in a dipolar magnetic field of an aligned rotating pulsar, with a dispersion relation of
orthogonal wave modes in strongly magnetized electron-positron plasma. According to the dispersion relation, the
weak frequency dependence of observed polarization rotation requires small angles between the radio wavevector and
local magnetic fields, which requires the radio emission height to be low, on the order of 10 times neutron star radius.

Unified Astronomy Thesaurus concepts: Polarimetry (1278); Radio pulsars (1353); Neutron stars (1108); Radiative

processes (2055); Magnetospheric radio emissions (998); Plasma astrophysics (1261)

1. Introduction

Magnetospheres around neutron stars generate and modify
pulsar radio emission (see A. Philippov & M. Kramer 2022 for a
review). Magnetospheres not only play a vital role in pulsar and
neutron star theories, but are also natural laboratories for particle
physics (e.g., D. Noordhuis et al. 2023; Z. H. Xue et al. 2023).

Among theoretical studies, especially analytical studies,
much effort has been focused on analyzing normal wave modes
in magnetospheres. A fundamental property of the magneto-
sphere is the birefringence, so dispersion relations of the
ordinary (O) mode and the extraordinary (X/E) mode are the
basis for further analysis of wave propagation. D. B. Melrose &
R.J. Stoneham (1977) derived the dispersion relations of O and
X modes in a cold relativistic plasma with a single bulk
velocity value and infinitely large magnetic field strength, and
naturally explained pulsars’ orthogonal polarization modes
observed by R. N. Manchester et al. (1975). Such dispersion
relations have been applied to describe ray trajectories in pulsar
magnetospheres (e.g., J. J. Barnard & J. Arons 1986;
S. A. Petrova & Y. E. Lyubarskii 2000) and to explain the
origin of circular polarization in pulsar radio emissions (e.g.,
Y. E. Lyubarskii & S. A. Petrova 1998), involving calculating
the phase lag between wave modes.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

Despite the success of models, some parameters in pulsar
magnetospheres are not well constrained. Two key parameters are
the plasma multiplicity x, defined as the ratio between the actual
plasma density and the Goldreich—Julian particle number density
(Equation (9) in P. Goldreich & W. H. Julian 1969), and the Lorentz
factor of the “secondary” plasma particles, ... The secondary
plasma particles are electron-positron pairs produced in polar cap
pair cascade processes. The Lorentz factor of these particles is also
related to the emission height, the distance between the emission
point, and the pulsar centroid. Usually, & takes the value 10° ~ 10°,
and v, takes the value 10 ~ 10’ (e.g, A. Philippov &
M. Kramer 2022). Besides some attempts to achieve more realistic
simulations, studying observations’ connection with theories is
important for pushing studies forward. The double pulsar system
JO737-3039 has provided good observational constraints on
magnetospheric physics (M. Lyutikov & C. Thompson 2005;
M. E. Lower et al. 2024a). However, for solitary pulsars, detailed
studies of individual pulse behaviors might bring us more insight
into pulsar magnetospheres, with China’s Five-hundred-meter
Aperture Spherical radio Telescope (FAST) now providing a large
amount of high-quality radio pulsar data.

In this paper, we present our analysis and modeling of some rapid
polarization position angle (PA) rotations in PSR B1919+21’s
single pulses based on FAST data. As the first pulsar ever
discovered (A. Hewish et al. 1968), B1919+21 is frequently studied
under various frequency bands. It is a typical normal pulsar with
spin period P = 1.34s and period derivative P = 1.35 x 10~13
(R. N. Manchester et al. 2005). B1919+21 exhibits subpulse
drifting, with drifting properties changing with frequency
(J. M. Cordes 1975; M. Proszynski & A. Wolszczan 1986). It
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was also found to exhibit unusual radius-frequency mapping, with
its pulse profile width slightly increasing as the frequency increases
(D. Mitra & J. M. Rankin 2002; T. E. Hassall et al. 2012; M. Pilia
et al. 2016). Besides, polarization studies on this pulsar have shown
that the PA distribution of single pulses changes significantly with
frequency (D. Mitra et al. 2015; T. E. E. Olszanski et al. 2019).
J. Dyks (2017, 2019) modeled the 45° PA jumps observed in
B1919+4-21 (D. Mitra et al. 2015) through the coherent superposition
of orthogonally polarized proper-mode waves. N. Primak et al.
(2022) have identified a slow rotation of polarization direction
within a limited longitude range. The rotations occurred on the
timescale of subpulse drift and led to a torus-shaped distribution of
polarization states in Stokes parameter space (Q/I, U/I, V/I). Our
work will further investigate single pulses’ polarization patterns, and
try to relate them to theoretical issues in pulsar magnetospheres.

In Section 2, basic information on observation and data
reduction is given. Section 3 shows the observed results, ranging
from the basic properties of the integrated profile and the highly
linearly polarized profile, to single pulses’ distribution patterns,
and finally, the rapid rotating polarization orientations in
individual single pulses. In Section 4, we develop the model to
explain the quick rotating single-pulse polarization orientations in
two steps: first, a phenomenological model for reproducing the
observed polarization patterns and exploring the parameter space,
second the normal modes’ phase lag calculation in a more
realistic magnetosphere, with known dispersion relation. We
propose that the key factor for understanding the polarization
pattern is the phase lag value between orthogonal modes.
Discussions on model feasibility, possible alternative models, and
asymmetries in B1919+4-21’s polarization pattern are presented in
Section 5. Section 6 summarizes the conclusions.

2. Observation and Data Reduction

Two epochs of observation on 2023 August 23 and 2023
September 30 are used in this paper. All of them were made by
FAST at small zenith angles (<26.4) to optimize sensitivity
and polarimetry accuracy, with the L-band 19-beam receiver
(P. Jiang et al. 2020). The data were recorded under the
frequency band 1000-1500 MHz, and the band was divided
into 4096 channels. The time resolution of the recording is
49.152 ps. At the beginning of each observation, modulated
signals from a noise diode were injected as a 100% linearly
polarized source for polarimetric calibration. The data proces-
sing (including folding, RFI mitigation, calibration, and timing)
is done with the software packages DSPSR (W. van Straten &
M. Bailes 2011), PSRCHIVE (A. W. Hotan et al. 2004), and
TEMPO2 (G. B. Hobbs et al. 2006). We get 2947 pulses in total,
and each pulse period is divided into 4096 bins. In this paper,
we follow the PSR/IEEE convention for the definition of
Stokes parameters (W. van Straten et al. 2010). To correct the
bias in calculating linear polarization intensity L through

= /0% + U?, we follow J. E. Everett & J. M. Weisberg
(2001) and J.-C. Jiang et al. (2022)° to correct L as

{«/QZ—FUZ—Q, O +U?— >0 0

QP+ U= e <0

® InJ-C. Jiang et al. (2022), the description of Equation (7) is not precise

because when calculating €p, the summation is actually made for i, j, k
= (1, 2,3), (2,3, 1) and (3, 1, 2), rather than all possible permutations.

Cao et al.
where
2.2 2.2
Qop + Utop

Similarly, for calculating total polarization intensity P, we have

@

€], =

N+ U+ V-, QP+ U4 VE— >0
0, QLU+ V- ep<0
3
where
Qz(O'U + Uv) + UZ(O'V + UQ) + VZ(UQ + Uu)
Q>+ U+ V?

Errors of L and P could be derived from equations above with
error propagation. We skip the details here.

“

€p =

3. Results
3.1. Overview of Integrated Profiles’ Properties

The integrated profile of all pulses is shown in Figure 1,
where the total intensity (/), linear polarization intensity (L),
circular polarization intensity (V), PA (%), and ellipticity angle
(EA, x) at each longitude are plotted. There is a precursor
component on the leading edge of the profile, which
contributes to the long extension of PA and EA curves to the
left. Definitions of PA and EA are in Equation (A12). The error
of PA could then be derived from error propagation:

1 Q%% + U202Q

OpA = — 5
ST &)

The EA from the data is derived as
EA = 0.5arctan(V /L), (6)

where L is defined in Equation (1). And the error of EA is

similar to that of PA:
1 L2} + V23
2 2+v: o

The polarization profiles are in accord with the results in
J. M. Weisberg et al. (1999). B1919+-21’s polarization is complex,
with a PA curve that vastly deviates from rotating vector model
(RVM) curves (V. Radhakrishnan & D. J. Cooke 1969). Except
for longitudes around the leading and trailing edges of the pulse
profile, the linear polarization fraction (L/I) is small (< 0.2).

In the longitude range of the leading component, the PA
curve shows three “discontinuities”, which are marked with
three vertical gray dashed lines in Figure 1. The first one is a
nearly 90° jump at longitude —0.925, accompanied by a local
minimum in L and L/I, and a sign change of V and x. The
second one is a 45° (135°, most clear in Figure 1 (ii)) jump at
longitude —0.457 with a local minimum in L and L/I, and
a local maximum in |V| and |x|. The third one is a nearly
45° mild jump at longitude 0.875 with a local minimum in
L and L/I, and a local maximum in |V| and |x/|. After the third
“discontinuity”, the PA curve is continuous but distorted,
characteristic with low L/I, in the central region of the pulse
profile. The V and x curves are also complex. The first
“discontinuity” could be interpreted as the transition between
two orthogonal polarization modes (OPMs), whose existence

(N

OEA =
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Figure 1. (i) Integrated profile of 2947 pulses of B1919+21. Black line—total intensity (/); Cyan line—10 times total intensity (10 x I); red dashed line—linear
polarization intensity (L = /Q% + U?); blue line—circular polarization intensity (V). I, L, and V are normalized by the maximum total intensity of the respective
profiles. Red dots in the L/I panel with error bars—linear polarization degrees. Green dots in ) panel with error bars—PAs, ¢ = 0.5 arctan(U /Q)). Magenta dots in x
panel with error bars—ellipticity angle (EA, x = 0.5arcsin(V//Q* + U? + V?)). A zoomed-in version of the 1, L, and V profiles is added as the second panel (from
bottom to top). Three vertical gray dashed lines represent the longitudes 70?925, 7Of457, and 0.875. (i) A more zoomed-in version of 1, L, V profiles, L/, v, and x
panels. In the ¢ panel, a purple dotted curve and a yellow dotted curve are added, which represent the PA curve shifted by 45° and 90°. Only longitudes where
L/op > 10 are chosen for plotting (o is the standard deviation of L calculated from Equation (1) through error propagation).

has been reported by previous observations (e.g., D. Mitra et al.
2015). The third one has also been recorded and discussed
before (e.g., D. Mitra et al. 2015; J. Dyks 2017), which is
associated with coherent summation of OPMs. The second one,
however, seems newly discovered, and may have an origin
similar to the third “discontinuity”.

3.2. Attempts at Deriving Radiative Geometry

To derive radiative geometry, we adopt the method proposed
in D. Mitra et al. (2023) and tested in S. Johnston et al. (2024).
Practically, at each longitude, we choose all samples having
linear polarization fraction L/I > 0.8 and PA measurement
error opy < 5°, to add them up and form a highly linearly
polarized profile. The result is shown in Figure 2. Compared
with the total integrated profile in Figure 1, highly linearly
polarized signals appear only at the edges of the on-pulse
window, and represent only one of the OPMs. The highly
linearly polarized profile has two emission components at the
leading edge of the total integrated profile. The two
components are close to each other, with a large depth in
between. This phenomenon is similar to the bifurcated
emission component studied in J. Dyks et al. (2010), J. Dyks
(2023). We tried RVM curve fitting of the PA dots in the highly
linearly polarized profile: for each pair of (a,(), we calculate
the least chi-square value when changing (1, @) (¢ is limited
between —90°and 90°). The fitting process is the same as that
in S. Cao et al. (2024). The minimum chi-square plot is also
presented in Figure 2. For B1919+21, the inclination angle « is
poorly constrained, but the impact angle 8 = ( — « seems
constrained to a small value, which is consistent with the
estimate by A. D. Kuz’min & X. Wu (1992) based on the
radiation cone model. In all plots, the ¢ = 0° longitude is

chosen as the best-fitted ¢y, which is near the longitude of the
leading component peak.

3.3. Single Pulses’ Polarization Distributions

First, we calculate the 2D histogram of L/I, PA, and EA for
all pulses in the on-pulse window, and the result is shown in
Figure 3(i). The histograms in Figure 3(i) are made by counting
the number of pulses within the longitude and PA bins. For a
given longitude ¢ and a given PA v, we calculate the average
circular polarization fraction (V/I) and the average intensity [
of samples whose longitudes are within (¢, ¢ + A¢) and PAs
are within (¢, ¢ + At). We choose A¢ = 360°/4096, and
A1) = 1°. The histograms of the average circular polarization
fraction (V/I) and the average intensity I are shown in
Figures 3(ii) and (iii), respectively. In the PA panel, we directly
see enhancements of single-pulse PA distributions that
represent two OPMs, around the longitude range of the first
two vertical gray dashed lines. On the right side of the third
dashed line, even the individual pulses’ PA distribution does
not seem to follow RVM-like tracks, though OPMs are likely to
also appear at longitude 3° ~ 4°. The EA’s distribution forms
several tracks, varying from positive values to negative values.

The V/I distribution plot shows the difference in circular
polarization senses for OPMs around ¢ = —1°, which is natural
for normal wave modes in magnetized plasmas (e.g.,
V. S. Beskin & A. A. Philippov 2012; S. Cao et al. 2024).
Moreover, in the central region (1° < ¢ < 8°), the V/I sense
distribution is related to the integrated profile’s PA curve: in
longitude range (1°, 3°), the integrated profile’s PAs corre-
spond to V > 0, while in longitude range (6°, 8°), the integrated
PA curve seems to be located around the V = 0 region in the
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Figure 2. Left: profile from adding only highly linearly polarized pulse bins (for details, please refer to the text in Section 3.2). L bias is also corrected here. The lowest
panel: the polarization profile, the meanings of the lines are the same as those in Figure 1. The other three panels: distributions of L/I, PA (1), and EA () vs.
longitude. The blue dots with error bars in the PA and EA panels are directly calculated (through Equations (A12) and (A13)) from the highly polarized pulse profile in
the lowest panel. Right: the common logarithm values of chi-square (divided by degree of freedom) of fitting the RVM curve of given («,() to the modified PA curve.

The red “+” sign marks the (a,() where we get the smallest b

histogram for individual pulse bins. Such distributions should
have some physical implications.

3.4. Rapid Rotating Polarization Orientations in Single Pulses

Next, we directly investigate the individual pulses. Several
pulses are presented in Figure 4, with polarization evolution
tracks on Poincaré spheres plotted alongside. The polarization
states of individual pulses still seem irregular, with PA tracks
appearing arbitrary. Not all pulses show discontinuities around
all three vertical gray dashed lines. Orthogonal mode jumps
emerge in some pulses’ core longitude ranges (e.g., #274 in
Figure 4, at longitude ~5°). It is worth noting that some pulses
present monotonically rotating long PA curves in some
longitude ranges (see #7, #275, #555, and #2565 in
Figure 4, for example). The PA in those pulses rotates by over
180° or even 360° across longitudes, accompanied by manifest
oscillations of circular polarization (or ellipticity angle) values
around 0. The polarization states at these pulse longitudes seem
to follow long circular tracks on Poincaré spheres.

Such rapid rotating polarization patterns are not rare for
B1919+21, with more than one-third of pulses showing quasi-
monotonic rapid rotations of PA in some longitude ranges. This
phenomenon seems to depend only very weakly on frequency
(see Figure 5 for three examples), at least in our observational
bandwidth. In addition, considering PA curves as functions of
pulse longitudes, most quasi-monotonic PA curves in single
pulses have a generally negative slope (e.g., #7, #555, and
#2565 in Figure 4), while only very few of them have a
positive slope (e.g., #275 in Figure 4). This asymmetry in PA
curve slopes’ distribution might have some physical implica-
tions, which we will discuss later. Finally, we would like
to point out that the PA curves between two adjacent pulses
(e.g., #274 and #275 in Figure 4) can change vastly.

4. Attempts at Modeling

Among the observed phenomena, the rapid rotating
polarization orientations in single pulses are outstanding. The
PA curves are far from the RVM types. Non-RVM-type PA
curves have been discovered and discussed in pulsars (see, e.g.,
L. S. Oswald et al. 2023), magnetars (M. E. Lower et al.
2024b), and fast radio bursts (A. Bera et al. 2024). But the
phenomenon in B1919+21 is unique in its extreme: in some
pulses the PA rotates by over 540° (see #2565 in Figure 4, for
example). OPM jumps in integrated profile and single pulses
lead us to seek solutions from OPM-related mechanisms.
Coherent or partially coherent summation of orthogonally
polarized waves (e.g., J. Dyks 2019; J. Dyks et al. 2021;
L. S. Oswald et al. 2023) is able to reproduce PA curves that
are vastly deviated from RVM curves. Our model is an
extension of the partial-coherence model by L. S. Oswald et al.
(2023). In the wave summation models, both changing the
wave mode amplitude ratio (mode ratio driven) and changing
the phase lag between wave modes (phase lag driven) could
result in the polarization vector’s rotation. We will first show
below that the change of phase lag on different pulse longitudes
could be the major reason for the polarization rotation in B1919
+21’s single pulses. Some supplementary discussions on
alternative modeling and model comparisons will be presented
in Section 5.1.

4.1. A Phenomenological Model: Phase Lag Driven

To reproduce the observed polarization variations in single
pulses, here we put forward a phenomenological model based
on propagational effects. Based on theories like those in
A. F. Cheng & M. A. Ruderman (1979), Y. E. Lyubarskii &
S. A. Petrova (1998), and S. A. Petrova & Y. E. Lyubarskii
(2000), a pulsar magnetosphere could be divided into the
adiabatic walking region (the magnetic field is strong enough
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that all presented points have significant linear and circular polarization. The blue dots with error bars are calculated from the integrated profile, the same as in

Figure 1.

and normal modes are linearly polarized) and the polarization
limiting region (the weakening or deflection of local magnetic
fields introduces more circular polarization components).
Although there is no strict boundary between the two regions,
we simplify the magnetosphere into two plasma layers, where
two initially mutually orthogonal radio waves (O wave and X
wave) propagate. Directions of magnetic fields in two layers are
fixed separately: in the first layer, the magnetic field is aligned
with the O wave electric field vector; in the second layer, the
magnetic field has an angle 6, deflected from the magnetic field
of the first layer. The phase lag between the O wave and X
wave increases by a value 7 through propagating in the first
layer. In the second layer, the original O and X waves are
decomposed into new normal wave modes, between which the
phase lag increases by ¢ through propagating. To include
depolarization, we also follow L. S. Oswald et al. (2023) to
introduce coherence C into our modeling, and then a part of the
waves is added incoherently. The mathematical details of our
model construction are in Appendix A. Schematic diagrams of
the model described above are shown in Figure 6(i).

There are five parameters in the model: (1) initial amplitude
ratio Eo/Ex; (2) phase lag produced in propagating through the
first layer 7; (3) magnetic field deflection angle 6, (in the
second layer, also shown in Figure 6(i)); (4) phase lag produced
in propagating through the second layer §; and (5) coherence C.
To fit a pulse with this model, we set Eq/Ex, 6y, 6, and C to
constants along the pulse longitude, and set 1 to a quadratic
function of pulse longitude (or equally, of bin number,

n = a,(bin/bing)? + b, (bin/bin) + ¢,). We apply the
modeling to #555, for example. Since our modeling does
not care about absolute intensity [, we redraw #555 in
Figure 6(iii) with V/I, L/I, and P/I. The first 20 bins, where PA
is almost horizontal, are not included in our fitting because they
look like one pure mode. We fit (Q/I, U/I, V/I) of #555. The
least chi-square fitting result is shown in Figure 6(iv). Our
model could reproduce the main characteristics of the pulse,
but performs badly in fitting details. Appropriate functions of C
and Eq/Ex versus bin number should improve the fitting, but
since the two functions lack physical justification at present, we
will not go into detail. Anyway, the fitted parameters are (1)
Eo/Ex = 1.01 £ 0.01; (2) a,, = —4.1 £ 0.6, b,, = 22.4 £ 0.6,
cp=—-26+02,3)0,=77"+2% 4 6=12+02; (5
C = 0.390 + 0.006. The result indicates that when the phase
lag between normal modes rapidly varies along pulse long-
itudes, rapid change of polarization pattern could take place in
single pulses.

A natural requirement for our model to work is that none of
the orthogonal modes should dominate too largely, in other
words, Eg/Ex should be close to 1 (see Figure 8 for some
examples). Finally, we would like to emphasize that to explain
the observed polarization rotations, one plasma layer, for which
the normal wave modes are elliptical, is equivalent to the two
plasma layers described above. The “one plasma layer” version
of the propagational model is just the partial-coherence model
by L. S. Oswald et al. (2023). We introduce two plasma layers
for representing different medium properties in different parts
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Figure 4. Six single pulses with their polarization states are shown on Poincaré spheres. In the “intensity” panels, the meanings of the lines are the same as those in
Figure 1. “P/I” panels show the polarization fraction y O + U? + V2 /I with error bars on each longitude (only longitudes where ops < 5 are chosen, same for the

Pt} .y

“40” panels and “x” panels). “i)” panels show PAs with error bars, and “x” panels show EAs with error bars, on each chosen longitudes. PA and EA dots are also
plotted on Poincaré spheres under Hammer—Aitoff projection. For PA dots, EA dots, and the track on the Poincaré sphere, the change in color from darker to lighter

represents the increase in longitude.

of the pulsar magnetosphere, just as we have justified at the
beginning of this section.

4.2. Calculations on the Phase Lag between Wave Modes

After all, the magnetosphere is much simplified in either
one-plasma or two-plasma models, but we argue that the phase
lag between wave modes plays a key role in the physics behind

the observed rapid rotating polarization orientations, which
needs further quantitative explorations.

Observed single pulses’ PA can monotonically rotate by
values larger than 7, which requires the phase lag difference,
between the end longitude and the start longitude, to be greater
than 27, and thus phase lags themselves should be at least on
the same order of 2. This requirement may put some
constraints on the magnetospheric parameters.
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Figure 4.

Theoretical estimations of phase lag start from the dispersion
relation of normal modes. We adopt the dispersion relation of
O and X modes in a relativistic cold plasma with a single bulk
velocity and infinitely large magnetic field (D. B. Melrose &
R. J. Stoneham 1977, J. Arons & J. J. Barnard 1986), which
could be represented as

2
“p

w3 (1 — noBcosb)?

(1 — ndcos2d)|1 —

—ngsin2f = 0,

(®)
where ng and nx are refraction indices of the O and X modes, 6
is the angle between wave propagation direction and local
magnetic field, and w, = Jern,/egm, is the plasma (angular)
frequency. We consider the electron-positron plasma here.
v =1/(1 —v¥/c?) = J1/(1 — 3?) is the Lorentz factor of
magnetospheric particles. Propagation on a trajectory L leads to
a phase lag:

w
n= fL (kx — ko)dl = fL “nx — nor

I’ZEZI,

©)

where kx and kg refer to the wavenumbers of the X and O
waves. [ is related to 0, so ng is the only variable depending on
[ in the integrand in Equation (9), according to Equation (8). In
a realistic magnetosphere, 6 changes during propagation
because the magnetic field’s direction is not fixed along the
ray trajectory. In other words, ¢ also depends on /. Considering
the fact that observed rapid rotating polarization orientations in
single pulses have a very weak dependence on frequency, ng’s
frequency dependence, which is actually affected by an 6 value,
is to be investigated below. The numerical solution of
Equation (8) shown in Figure 7(ii) tells us that the frequency
dependence of ng (or w(nky — np)) is weakest at § = 0° and
strongest at = 90°. The case for very small 6 works better for
explaining the weak frequency dependence of rapid polariza-
tion rotations that we observe.

Given the magnetic field configuration and the distribution
of plasma particles, the phase lag between O and X waves of
every ray trajectory could be derived. In a dipolar magnetic
field, 6 always becomes larger when waves propagate outward,
so a small € in the whole propagational trajectory prefers the

emission to originate relatively close to the magnetic axis,
which is also in accord with the small 3 value we mentioned in
Section 3.2. For now, we only consider the aligned rotator
(o = 0°). For oblique rotators, discussions are made in
Section 5.1.

Our main assumptions and approximations for the calcul-
ation are (a) pure dipolar magnetic field; (b) ray trajectories are
straight lines, where refraction is neglected; (c) wave propaga-
tion direction follows only the tangential direction of magnetic
field at the emission point; and (d) the plasma particle number
density decreases as the distance to pulsar center r increases, in
the form (similar to Equation (51) in M. A. Ruderman &
P. G. Sutherland 1975):

R 3
ne(i’): R * NG, surf ( :IS)
B PY!' (Rns)
— 10 surf NS -3
=m0 () (58 em a0

where ngjy gyt 15 the Goldreich—Julian number density at pulsar
surface (Equation (9) in P. Goldreich & W. H. Julian 1969),
Bgus is the surface magnetic field strength estimated
with period P and period derivative P (see A. Philippov &
M. Kramer 2022 for example). The neutron star radius Rys is
assumed simply to be 10 km.

The integration of Equation (2) begins at the emission point
and ends at the light cylinder. Given [, no is determined
through calculating 6—then the whole integrand is determined.
A schematic diagram of the integration path is shown in
Figure 7(i). With k = 100, v = 1000, the phase lags calculated
at different frequencies are plotted in Figure 7(iii). Under these
parameter values, ns lie on the same orders of 27 ~ 67. A
larger  or a smaller  cause the phase lag to be larger. When
emission height is lower, the phase lag is also larger, and the
frequency dependence is weaker. The absence of spectral
evolution of observed polarization rotations suggests a small
emission height for B1919+21.

5. Discussion

5.1. Comments on Modeling in Section 4

Some of our choices of parameters in Section 4.1 are mainly
made for simplicity. We let 1 vary but keep 6 constant—this
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each bin. The green and magenta dots are PA and EA on each bin.

assumption could be adjusted to let both 7 and ¢ change, which
could happen in real magnetospheres because of the difference
in plasma particle distribution, for example. In addition,
Eo/Ex, 0y, and C need not be constant along pulse longitudes.
In observed pulses, the P/I curve seems to be related to the /
profile, which should be associated with coherence C. C could
also be different in two plasma layers. Some simulated pulses
with different parameters, including one with varying C, are
shown in Figure 8 in Appendix B. Our phenomenological
model could be applied to explain other polarization behaviors
in pulsars, but we do not go into detail here.

Equation (8) is based on the assumption that the magnetic
field is large enough. Quantitatively, validation of Equation (8)
requires wp > w, where wy = eB/m.c. With dipole field
B ~ 10'2(Rns/7)*G we have wg = 1.8 x 10"(Rys/7)?s~ . So,

Equation (8) is valid at least within 10°Rxs from the neutron
star centroid. And because plasma particle number density
decreases quickly when r increases (Equation (10)), the
integration of Equation (9) will hardly differ between
integrating to the light cylinder and integrating to ~10°Rys.
The inner magnetosphere contributes most to the phase lag—
this is also valid for oblique rotators (o > 0).

1 in Section 4.2 is evaluated to be on the order of 27. To
achieve rapid polarization rotations in single pulses, 1 might be
larger, which demands that the corresponding « to be larger or
v to be smaller. But the requirement of low emission height
should always be satisfied to achieve a small 6 in Equation (8).

The phase-lag-driven model that we present performs well in
understanding large rotations of PA, but the requirement of a
nearly equal mode strength ratio remains a question (see
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Figure 8 for a simulated pulse with Eq/Ex = 1.4, where the
monotonic rotation of PA ceases). We could also consider
modeling that is based on the rotation of the emitted
polarization orientation or on the variable mode amplitude
ratio. The pure RVM-type PA curve can only cover 180° of PA
values. The change of wave modes amplitude ratio could also
lead to rotations of polarization orientation, but if we keep the
phase lag constant and consider only one pair of OPM, the PA
variation will not be greater than 180°. After taking RVM into
account, amplitude ratio-driven PA variation could cover 360°.
This PA variation is still inadequate compared with some very
large PA rotations (e.g., #2565 in Figure 4) of our observed
single pulses. In order to achieve PA rotation over 360°, the
emitted radio wave’s polarization orientation should initially be
rotating at different longitudes before propagating, or there
should be more pairs of OPMs added coherently. A separate
paper is in preparation to discuss this.

The requirement of low emission height could be related to
the possible small impact angle of viewing B1919+421. But
B1919+21 may not be “special” for its rapid rotating
polarization orientations in single pulses because many pulsars
actually lack detailed single-pulse investigations of polariza-
tion. A more refined model might be achieved after more
similar or relevant phenomena are analyzed.

5.2. On Asymmetries in B1919+21’s Polarization Patterns

We would like to emphasize two asymmetries in our
observational facts. One is that from the RVM fitting, the
centroid of the PA curve seems to arrive manifestly earlier than
the centroid (valley) of the integrated pulse’s profile of total
intensity, which contradicts the model of relativistic aberration
(Blaskiewicz-Cordes-Wasserman (BCW) model, M. Blaskiew-
icz et al. 1991), assuming a symmetrically filled beam. The
other, which is more rigid, is that most monotonic long PA

curves (cover >180°) in single pulses have a negative slope,
while only very few of them have a positive slope. Both
asymmetries could be interpreted as consequences of the
asymmetric distribution of magnetospheric plasma particles’
number density or Lorentz factor, or of discharge positions near
the pulsar surface. In the case of our theoretical explanation,
PA slopes imply the increase or decrease of phase lag between
O and E modes versus longitude, which depends on the
distributions mentioned above.

Considering the fact that PA curves could change greatly
between adjacent pulses (see #274 and #275 in Figure 4 for
examples), and that the dispersion relation (Equation (8))
depends sensitively on the Lorentz factor ~, the polarization
pattern of single pulses may mostly be affected by the
~ distribution of plasma particles in the magnetosphere.
Distributions of particle number density and discharge posi-
tions seem more likely to be almost fixed, although they may
be asymmetrical about the fiducial plane (where line of sight,
magnetic axis, and rotational axis are coplanar), probably due
to some particular surface structures (e.g., R. Xu 2024;
Z. Wang et al. 2024).

6. Conclusion

The FAST observational results of PSR B19194-21 are
presented in this manuscript. The complex PA curve and
circular polarization variation of the integrated profile result
from the rapid rotations of polarization orientations in single
pulses. In many observed single pulses, the PA could
monotonically rotate over 180° or even 360° across longitudes,
and is always accompanied by circular polarization variations
that could change handedness. Most of those quasi-monotonic
PA curves have negative slopes.

We attribute the phenomena to the difference in normal
modes’ phase lags between different pulse longitudes, and build
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a simple model based on propagational effects that can
reproduce the observed polarization patterns in single pulses.
An appropriate value of phase lag between O and E waves
requires appropriate values of pulsar magnetosphere’s multi-
plicity x and secondary plasma’s Lorentz factor ~, which could
be related to magnetosphere compositions. The emission height
should be low enough to fit the weak frequency dependence of
the polarization rotations. We argue that the distribution of
plasma number density, of discharge points near the pulsar
surface, or of secondary particles’ Lorentz factor ~, should be
asymmetric around the fiducial plane to explain the asymmetry
observed in single pulses’ monotonic PA curves’ slopes. Further
explorations into particle acceleration processes and pulsar
surface properties may help further our understanding of them.

Still, we are not sure if B19194-21 is “special” for exhibiting
such a single-pulse polarization pattern. Except for the
requirement of more single-pulse investigation of this pulsar
under other frequency bands, we appeal that researchers do
more single-pulse studies on more known pulsars for a better
understanding of radio pulsars’ radiation and magnetospheres.
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Appendix A
Formula for Constructing the Phenomenological Model

The mathematical details of the model described in
Section 4.1 are presented in this section. We mark the initial
O and X waves’ electric field vector amplitudes as Eg and Ex.

ESy=C-Eo and E{] = C- Ex represent the coherently

10
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added part, while E§) = (1 — C) - Eo, E{() = 0 and E{[y =
0, E)((I %)) = (1 — C) - Ex represent the incoherently added part
(same as the settings in L. S. Oswald et al. 2023). After
propagation in the first plasma layer, the electric field vectors
become

i i
ESD = ESP, (A1)
; N
ESD = EEPem, (A2)

and after propagating through the second plasma layer, the
electric field vectors become

ESGD = ES{Pcos by + ESSi"sin b, (A3)
EGD = (—ES{"sinby + ECPcos 0p)e®. (A4)

Then, we return to the original coordinates, where the electric
field vectors in the original O and X wave directions (x and y in
Figure 6) are

ESD = ESGPcos g — EGsin 6, (AS)
ESD = ES3Psin 6y + EXGP cos by, (A6)

Finally, we can calculate Stokes parameters (e.g., J. D. Jackson
1998):

1€ = ECDECDy 1 gD (ECDy, (A7)
0C:D) — E)EC;I)(E;C;I))* _ Ey(a’)(E)(,C"))*, (A8)
U©D = 2Re[(ECDYECD], (A9)
V@D = 2 Im[(ECD)*ECD), (A10)

The total Stokes parameters are
§ = 8O 4 guh 4 gU2) (A11)

where S = (I, Q, U, V). With Stokes parameters, we can
calculate PA and EA,

PA = 0.5arctan(U/Q), (A12)
EA = 0.5arctan(V/+/Q? + U?), (A13)

and draw the simulated pulse in Figure 6.
Appendix B
Six Simulated Pulses

Six simulated pulses with different groups of parameters are
shown in Figure 8.
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