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Abstract

As one of the paradigm examples to probe into pulsar magnetospheric dynamics, PSR B0943+4-10 (J0946+4-0951)
manifests representatively, showing a mode switch, orthogonal polarization, and subpulse drifting, frequently
studied below 600 MHz. Here, both integrated and single pulses are studied at a high frequency (1.25 GHz) with
FAST. The mode switch is studied using a profile decomposition method. A phase space evolution for the pulsar’s
mode switch shows a strange-attractor-like pattern. The radiative geometry is proposed by fitting polarization
position angles with the rotating vector model. The pulsar pulse profile is then mapped to the sparking locations on
the pulsar surface, and the differences between the main pulse’s and the precursor component’s radiative processes
may explain the X-ray’s synchronization with radio mode switch. Detailed single pulse studies on B0943+410’s
orthogonally polarized radiation are presented, which may support certain models of radiative transfer of polarized
emission. In particular, the difference in orthogonal polarization modes’ circular polarization might reflect the
cyclotron absorption in pulsar magnetospheres. B0943+10’s B and Q modes evolve differently with frequency and
have different proportions of orthogonal modes, which indicates possible magnetospheric changes during mode
switch. For Q mode pulse profile, the precursor and the main pulse components are orthogonally polarized, and are
probably originated from different depths in the magnetosphere. The findings could impact significantly on the
pulsar electrodynamics and the radiative mechanism related.

Unified Astronomy Thesaurus concepts: Polarimetry (1278); Radio pulsars (1353); Neutron stars (1108); Radiative
processes (2055); Magnetospheric radio emissions (998); Plasma astrophysics (1261)

1. Introduction the frequency increases (Deshpande & Rankin 1999; also see
Arecibo L-band observation of B09434-10 in Weisberg et al.
1999).

Suleymanova et al. (1998) and Deshpande & Rankin (2001)
studied B0943+10’s orthogonal polarization modes (OPMs).
They introduced a primary polarization mode (PPM), a secondary
polarization mode (SPM) and an unpolarized mode (UP) (see
Figure 16 in Deshpande & Rankin 2001) to describe its polarized
pulse sequence. PPM and SPM are orthogonally polarized. It was
found that B0943+10’s radiation modes have different propor-
tions of PPM and SPM at 103 MHz (Suleymanova et al. 1998): B
mode is PPM dominated (90%) while Q mode is SPM dominated
(59%), leading to Q mode profile’s lower linear polarization
fraction. Moreover, Deshpande & Rankin (2001) applied a
polarization-mode separation technique to B0943+4-10’s B mode
profiles at 430 MHz, and found that the derived PPM and SPM

Pulsars are usually interpreted as highly magnetized rotating
compact stars emitting pulse-like periodic signals. Their
abundant radiation properties are closely related to some basic
problems in pulsar physics, but are still poorly understood.
PSR B0943+10 (J0946+0951) is a well-known pulsar rich in
radiation phenomena. It is a typical mode-switching pulsar with
two stable radiation modes showing distinct radiation phenom-
ena. There exists a B (“Burst” or “Bright”) mode with
organized simple subpulse drifting pattern and a Q (“Quies-
cent” or “Quiet”) mode with disorganized single pulses (e.g.,
Suleymanova et al. 1998; Deshpande & Rankin 2001). Since
its discovery in 1968 (Vitkevich et al. 1969), many radio
observations have been carried out on B0943410 (e.g.,
Suleymanova et al. 1998; Deshpande & Rankin 1999; Backus
et al. 2011; Bilous et al. 2014). Radio observations on B0943

+10 are mostly made on relatively low frequencies (below
600 MHz), because the source becomes dimmer quickly when
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profiles show opposite senses of circular polarization: PPM has
left-hand circularity (Stokes V >0), and SPM has right-hand
circularity (Stokes V < 0). In the last 20 yr, attentions have mostly
been paid on this pulsar’s subpulse drifting phenomena and
profile evolution (e.g., Rankin & Suleymanova 2006; Suleyma-
nova & Rankin 2009; Bilous et al. 2014; Suleymanova et al.
2021). Now, with the help of China’s Five-hundred-meter
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Aperture Spherical radio Telescope (FAST), more studies on
B0943+10’s single pulses and polarization can be made, under a
relatively high frequency: 1-1.5 GHz. We have not made new
progress on B0943+10’s subpulse drifting, and this paper
concentrates on mode switch and polarization properties.

Beside radio observations, X-ray observations of B0943+10
raise more questions. Hermsen et al. (2013) found that B0943
+10 shows different ways of X-ray emission in different radio
radiation modes: a thermal X-ray pulsation is strong in Q mode,
but weak in B mode. Further analysis done by Mereghetti et al.
(2016) showed that Q mode X-ray emission is well described
with a blackbody pulsed component and a power-law unpulsed
component, and such a kind of components’ combination could
also explain the B mode X-ray emission. However, the
frequently mentioned nearly aligned-rotator geometry given
by Deshpande & Rankin (2001) is a barrier for understanding
B0943+10’s X-ray pulsation simply from polar cap hotspots.
The underlying mechanism of the relation between X-ray
emission and radio emission modes remains largely unknown.

In this paper, we perform detailed studies toward under-
standing B09434-10’s radio and X-ray emission, based on
FAST data. Information on our observation data and processing
is given in Section 2. To quantitatively describe the whole
mode switch process, we apply a decomposition method to the
pulse profiles, and the algorithm is introduced in this section.
Besides, the method of mapping the radiation to the polar cap
region in Wang et al. (2024b) is briefly described in this
section, t0o.

Section 3 is divided into three parts. The first part is about
the mode evolution in time domain analyzed through the
decomposition algorithm in Section 2, as well as the frequency
evolution of profile: under FAST L band, Q mode is found to
be almost as bright as B mode. Full polarization analysis on
integrated profiles and single pulses are carried out in the
second and the third part. After taking into account the
differently dominating OPMs for the precursor component and
the main pulse component, B0943+10’s radiation well follows
the rotating vector model (RVM; Radhakrishnan & Cooke
1969). And the result is different from that of Deshpande &
Rankin (2001). With the radiation geometry, the possible
surface origin of radiation particles, and estimations of
radiation particles’ Lorentz factors and heights, could be
derived with the geometric mapping method in Wang et al.
(2024b). The OPMs’ relation with single pulses’ circular
polarization and the OPMs’ proportions in different radiation
modes are also included in this section.

Section 4 contains various discussions on the results. One of
the most challenging topics is to understand the X-ray pulsation
properties mentioned above. First, for the oblique radiation
geometry obtained in Section 3, the X-ray pulsations in both
modes are easy to appear when there is a hotspot in the polar
cap region. Besides, we argue that emission heights of different
pulse components, and even of different radiation modes, might
be significantly different, which means that the Lorentz factor
of the radiating particles could be different for B and Q modes.
Then, the difference between flowing back particles’ energy
leads to radiation modes’ difference in the temperature of
hotspots, which could account for the X-ray pulsation
intensity’s variation in B and Q modes.

Discussions are also made on the OPM properties. The
difference in single pulse samples’ circular polarization
distributions for OPMs. Pulse samples dominated by different
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Table 1
Some Parameters of PSR B0943+10

Observation Date  Time Length RMps RMion RMism
(UTC) (s) (radm™?)  (adm™?)  (radm?)
20220517 (a) 7335 173+05 1.69+0.08 156+0.5
20220902 (b) 3000 187+04 3.64+008 150+04
20230816 (c) 3280 20.1+04 568+0.08 144+03
20230827 (d) 2720 19.1£04 6.04 £0.08 13.1£0.3

Note. RM is the rotation measure fitted using observation data. RM;,, is the
ionospheric rotation measure estimated using software 1onFR with the global
ionosphere map UPCG, and the RM contributed by the interstellar medium
(ISM) RMjsm = RMps — RMjon.

orthogonal modes tend to have circular polarization of opposite
handedness, which could be related to propagation effects
especially the mode coupling and cyclotron absorption in the
pulsar magnetosphere (e.g., Petrova 2001; Wang et al. 2010;
Beskin & Philippov 2012), according to which we analyze the
possible specific processes of wave propagation in B0943
+10’s magnetosphere. With the above arguments, we discuss
on B0943+10’s mode switch trigger at the end of Section 4.
The conclusions of this paper are given in Section 5.

2. Observation and Data Reduction

Four epochs of observation during 2022 May to 2023
August are used in this paper. All of them are made by FAST at
small zenith angles (<26°.4), with L-band 19 beam receiver
(Jiang et al. 2020). The data are recorded under the frequency
band 1000 to 1500 MHz, and the band is divided into 4096
channels. The time resolution of the recording is 49.152 us. 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 processing (including
folding, radio frequency interference (RFI) mitigation, calibra-
tion, and timing) is done with software packages DSPSR (van
Straten & Bailes 2011), PSRCHIVE (Hotan et al. 2004), and
TEMPO?2 (Hobbs et al. 2006). Each pulse period is divided into
1024 bins. In this paper, we follow the PSR /IEEE convention
for the definition of Stokes parameters (van Straten et al. 2010).
When timing the time-of-arrivals, considering that B and Q
modes’ profiles can be significantly different, we make two
templates aligned in one observation separately for B and Q
mode within epoch (b), to calculate the time-of-arrival for four
epochs. We use a Bayesian method to fit for the rotation
measure (RM) of Faraday rotation (Luo et al. 2020) from the
calibrated data. For single pulses, baselines of system noise are
fitted with linear functions and then subtracted. Table 1 shows
basic information of four epochs and the updated RM values
using FAST data. The RM changes shown in Table 1 are
probably due to variations of the Earth’s ionosphere, so we
estimate the ionospheric contribution using software ionFR
(Sotomayor-Beltran et al. 2013a, 2013b) with the global
ionosphere map UPCG'' (Hernandez-Pajares et al. 1999).

2.1. Profile Decomposition: Eigenmode Search

To make a clear description of the mode switches and other
profile evolution processes, Hao et al. (2023) put forward an
eigenmode searching method. We extend the method from only

i https://cddis.nasa.gov /archive /gnss/products /ionex /
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Here, «; and (3; represent the mixture weights of eigenmodes f;
and g; Assuming n; follows Gaussian distribution, the
likelihood used to estimate the modes and the weights could
be written in the form:
g 2
1 py—cif;= B
AT

A o @)

Here, o;; means the uncertainty of the subintegration profile
value at the ith subintegration profile’s jth bin. The relations
between the best estimated parameters are derived from

OA/0a; =0, OA/00; =0, OA/Of;=0, and OA/0g; = 0:

Zj:(p,j —aif; — ﬁi&)a% =0, 3)
Zj:(l’ij - aify - ﬂi&)% =0, )
oy~ ufy = i) Ly =0 s)
Zi:(p,j —aif; — ﬁigj)% =0. (6)

i

Equations above could be written in the form of matrices, and
be used for iteration calculation of f, g;, a;, and §;:

2 L[ -1 el
/ Raii . i Py
fj Z’ rrlzj Z’ (7,2; Zl 0,2/-
= : ; (7N
g i f3; 8 Py
J 2 o2 2iy 2

152
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The subintegration p;; is an “extended” profile of 1, L, and V:
suppose the number of bins of profiles /, L, and V is nbin, then
the number of bins of p;; is 3 x nbin. The profiles of /, L, and V
are located at bin ranges of (0, nbin), (nbin, 2 X nbin), and
(2 x nbin, 3 x nbin) for p;;.

When deriving the ith eigenprofile, the (i — 1)th eigenpro-
files and mixture weights are set as initial conditions.
Practically, before decomposing the eigenmodes, we align the
pulse profiles of I, L, and V separately between different
subintegrations in the following way. The pulse profiles can be
shifted from 7 to 7 + At using fast Fourier transformation (FFT):

FUF (p)e™™) = p(t + Ar) ©)

The time lag Ar between two profiles p; and p, is derived
below. The arguments of . (p,) and % (p,) could be written in
the form

(I)]’k = iwyt, (10)

(I)2,k = iw(t + At) (11)

The wy is just O, 1, 2, ... k ... as is defined in FFT algorithm.
So through fitting ®; ; — @, x = wAt, we can get Az and use it
to align profiles by Equation (9).

For the pulse sequence of B0943+10, to improve the signal-
to-noise ratio, the decomposition is applied to all four epochs’
subintegrations made by 100 pulses every five pulses (e.g.,
1-100, 6-105, ...). It must be emphasized that the eigenmode
profiles decomposed from the pulse sequences are pure
mathematical results. Although they do not have direct physical
meaning, together with the mixture weights, they do reveal
some profile evolution properties appear in pulse sequences, as
it will be shown in Section 3.1. Two examples of mixing
eigenmode profiles with different weights are presented in
Figure 1.
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2.2. Mapping the Radiation to the Pulsar Surface with
Emission Geometry

Following is an introduction to the mapping method in
Wang et al. (2024b). The aim is to match the radiation phases
to certain locations in the magnetosphere, given the inclination
angle a, the impact angle 3, and a group of magnetic field lines
(see Figure 9 for a schematic diagram). Here are some basic
assumptions and approximations: (1) the magnetic field is pure
dipole and centered at the pulsar center; (2) the radiation
polarization mainly follows the adiabatic walking in Cheng &
Ruderman (1979), namely, that the polarization main axes are
either parallel (O mode) or perpendicular (X mode) to the
magnetic field line plane (so the position angle, hereafter P.A.,
could be described with the RVM model); (3) the radiation
frequency is considered simply as the critical frequency of
curvature radiation.

The first step of the algorithm is to choose appropriate
groups of magnetic field lines, i.e., a group of magnetic
azimuths and magnetic colatitudes (®;, ©,) (i=1, 2, 3, ...,
spherical coordinates regarding the magnetic axis's footprint as
(0, 0)) of the magnetic fields’ footprints on the polar cap for
calculation. Here, the concepts of the inner annular gap IAG)
and the inner core gap (ICG), which are introduced in Qiao
et al. (2004) to make the magnetospheric current closed, are
adopted. In the polar cap region, IAG means the region inside
the feet of critical magnetic field lines, and ICG means the
region between the feet of critical field lines and the feet of last
open field lines. The region too close to magnetic axis has too
straight magnetic field line to produce significant radiation
(e.g., Beskin 2018), and the region too close to the last open
field lines near the pulsar surface may have not large enough
parallel electric field for particle acceleration (based on
Ruderman—Sutherland (RS) model; Ruderman & Suther-
land 1975). So the representative field lines we choose are
not too close to the above two regions. Given the inclination
angle o and the pulsar rotational period, the feet locations of
critical field lines and last open fields could be calculated,
which are just the red line and the black line in Figure 9(ii). The
ICG’s representative field lines’ feet are chosen to have 2/3
distances of the critical field lines’ feet to the magnetic axis,
and the IAG’s representative field lines’ feet are chosen to have
equal distances to the critical field lines’feet and to the last open
field lines’ feet.

After the representative groups of magnetic field lines are
determined, the second step is to match the radiation at certain
rotation phases (or longitude, ¢;) to corresponding magnetic
field lines (®;, ©,), and to find the emission point. The radiating
particles’ Lorentz factors -y are usually about 10* ~ 10°, so the
emission cones are small (1/y< 1), and thus, we simply
regard the tangential direction of the magnetic field line at the
emission point as the emission direction. The second step is
equivalent to find a magnetic field line with a footprint at (P,
©,) that has a tangential direction (at the emission point) same
as the direction of the line of sight (LOS), at longitude ¢,. At
the same time, the emission point is determined, so the
emission height, i.e., the radial distance from emission point to
the pulsar central point, could be directly calculated.

The third step is estimating the Lorentz factor of radiating
particles at emission points. At emission points, the curvature
radii p. of dipole magnetic field lines are known. Then,
following the third assumption at the beginning of this section,
we equal the curvature radiation’s critical frequency to the

Cao et al.

radiation frequency v (in FAST’s case, we use 1250 MHz), and
thus, the Lorentz factors are just

7, \/3
v = (27TV . 3—?) . (12)
3. Results

The integrated pulse profiles of all four epochs’ pulses, all Q
mode pulses, all B mode pulses, and the B' mode of
PSR B0943+10 are shown in Figure 2, where the polarization
P.A.s and the ellipticity angles (EAs) of on-pulse regions are
also presented. Equations (13) and (14) are the definitions of P.
A. and EA (e.g., Rybicki & Lightman 1979). P.A. together
with EA curves are equivalent to the profile’s polarization
evolution track on the Poincaré sphere, which could provide a
more complete view of the polarization’s evolution with
phase (e.g., Edwards & Stappers 2004; Dyks 2020).

PA =9y = larctan g; (13)
2 0
EA = x = larcsinK = larcsin 14 . (14
2 P (Q2 + U2 + V2

The profiles’ P.A. curves could be well fitted with two
orthogonal RVM curves, of which the details will be presented
in Section 3.2.1. All pulse profiles’ longitude 0° is chosen
where the fitting RVM curves are steepest, i.e., the ¢ = ¢ point
of Equation (16). Two mode switch events are plotted in
Figure 3. Following is the radiation modes' identification and
analysis of the four epochs’ profile evolution.

3.1. Modes and Profiles’ Evolution

We begin the decomposition algorithm from i =1, namely,
only one eigenmode (i=1), by setting f;;=0 and setting
random initial values of the mixture weight. With the first
eigenmode derived, the calculation of two eigenmodes begins
by setting the first eigenprofiles and weights as initial
conditions. For deriving three eigenmodes, the process is the
same. After all three profiles are derived, we make them
mutually orthogonal through Gram—Schmidt orthogonalization,
and calculate their corresponding mixture weights. The results,
as well as all four epochs’ integrated profiles, are shown in
Figure 4. The first eigenprofile (pl) has a wide main pulse
component and a positive precursor component, and the second
profile (p2) has a narrow main pulse component and a negative
precursor component. The superposition of the first two
eigenmodes is shown as an example in Figure 1. The third
eigenprofile (p3) shows an anticorrelation between the
precursor’s and the main pulse’s intensity, which has been
observed in B0943+4-10’s Q mode pulses (Backus et al. 2010).

For a better description of the mode profile evolution
process, especially the mode switch, some extra plots on the
ratios of the first two eigenmodes’ weights (3/«) and the pulse
sequences’ evolution on a a—( plane (2D phase space) are
drawn and shown in Figure 5. The 8/« of one epoch could be
compared with the other epochs’. Following is the analysis to
all four epochs’ profile evolution based on Figures 4 and 5.
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Figure 2. Upper: integrated profiles of (i) all 14,521 pulses in total four epochs; (ii) all 9237 Q mode pulses; (iii) all 3486 B mode pulses; (iv) all 1798 B' mode pulses.

Black line: intensity (7). Red dashed line: linear polarization intensity (L =

Q? + U?). Blue line: circular polarization intensity (V). I, L, and V are normalized by the

maximum intensity of the respective profiles. Green dots in 1) panel with error bars: polarization position angles (P.A., ¢ = 0.5 arctan(U /Q)). Orange and purple lines
in 1 panel: RVM curves with 90° displacement, of which the details are given in Section 3.2.1. Magenta dots in x panel with error bars: elliptical angle (EA,
x = 0.5arcsin(V / U? + Q% + V?)). Only P.A. and EA at longitudes where L/, > 10 are shown in the plots. Lower: comparison of profiles’ flux density before
and after mode switches in epoch (b) (plot (v)) and in epoch (c) (plot (vi)). The flux density is estimated with Equation (15).

3.1.1. Epoch (a): Pure Q Mode

Epoch (a)’s integrated profile (ipa) in Figure 4 has a highly
linearly polarized (~100%) precursor component at about 0.14
phase earlier than the main component. This feature is
consistent with B0943+10’s Q mode profile reported by other
observations (e.g., Backus et al. 2010; Hermsen et al. 2013).
The mixture weights (wal), (wa2), and (wa3) in Figure 4 and
the first two weights’ ratio 5/« (wra) in Figure 5 show no
sudden jumps, and the pulse sequence’s evolution in a—( plane
(wpa, weights' phase space; in Figure 5) follows only one
single patch. Besides, the longitude-resolved fluctuation spectra
(LRFS) of a total of 6569 pulses in epoch (a) are given in
Figure 6. There is no periodic fluctuation in the pulse
components, which is typical for B mode pulses (e.g.,
Deshpande & Rankin 2001). All these facts indicate that
pulses in epoch (a) data are pure Q mode.

3.1.2. Epoch (d): Pure B Mode

The epoch (d) profile (ipd) in Figure 4 has only one pulse
component, and it is manifestly narrower than the Q mode
pulse profile of epoch (a). The mixture weights (wbl), (wb2),
and (wb3) in Figure 4 and the first weights’ ratio 3/« ((wrb) in
Figure 5) show no sudden jumps. And there is one patch on the
a—0 plane ((wpb) in Figure 5). Figure 6 shows epoch (d)
pulses’ LRFS (Bd), where there is an FFT amplitude peak at
about 0.47 cycle/P, only in the pulse phase range. This
fluctuation frequency is consistent with results of former
studies on B0943+410’s B mode (e.g., Deshpande & Ran-
kin 2001). All these facts indicate that pulses in epoch (d) data
are pure B mode.

It is worth noticing that, in Figure 6 at longitude ¢ ~ —15°, a
distinct line appears in fluctuation spectra, and there is a peak
of standard deviation of single pulses’ intensity. Such
phenomena indicates an extra component in B mode pulses.
From previous observations, we learn that the B mode profile is
two-hump like under very low frequency ranges (e.g., Bilous
et al. 2014; Bilous 2018). When the frequency increases, the B
mode profile changes into one-hump. So the B mode extra
component shown in fluctuation spectra (as well as in single
pulses’ P.A., EA, and L/I distributions shown in Figure 10)
might just correspond to one of the two components under low
frequencies.

3.1.3. Epoch (b): B-to-Q Switch

Figure 3 has clearly shown a mode switch from narrow
pulses to wide pulses in epoch (b). The mixture weights (wb1),
(wb2), and (wb3) in Figure 4 all show sudden jumps around
N~ 1100, where the first two weights’ ratio 8/« ((wrb) in
Figure 5) switches from larger values to smaller values,
indicating a B-to-Q mode switch. Besides, it is worth noting
that the evolution pattern on a—4 plane (wpb) in Figure 4 looks
like a strange attractor of a chaotic system.

LRFS of the two modes’ single pulses are shown in Figure 6.
The first mode’s FFT amplitude has a peak at about 0.47 cycle/
P while the second does not have this. Comparing to results of
epoch (a) (Section 3.1.1) and epoch (d) (Section 3.1.2), the
conclusion is that the first mode is B mode, and the second
mode is Q mode. The extra component at ¢~ —15° also
appears in Figure 6.

Knowing FAST’s system temperature (7sy) and gain (G)
(using data from Jiang et al. 2020), the flux density of the two
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modes could be estimated:

Iy (15)

_ SNR- Tsys\/ nbin

G 2 x bandwidth X fops
The comparison of the two modes’ flux density is shown in
Figure 2. While Q mode being apparently dimmer under low
frequencies (like Figure 1 in Backus et al. 2011), under
1-1.5 GHz, Q mode is almost as bright as B mode, indicating
different frequency evolutions of the two modes. The spectra of
the main pulse components of B and Q mode, and of the
precursor component of Q mode, is shown in Figure 7. B mode
has a larger spectral index, while for Q mode the precursor’s
and the main pulse’s spectral indices have no significant
differences.

Cao et al.

3.1.4. Epoch (c): Q-to-B> Mode Switch

Figure 3 (right) shows the waterfall plots around the mode
switch at N~ 1180 for epoch (c). Sudden jumps also happen
around this pulse number in the mixture weights’ evolution
(wcel), (we2), and (wc3), and two distinct patches also appear
in a—0 plane ((wpc) in Figure 5). The first two weights’ ratio
B/a ((wre) in Figure 5) is generally small for the first half of
pulses, but then oscillates and slowly moves to larger values
after N ~ 1000.

LREFS of the two modes are shown in Figure 6 (Qc) and (Bc).
Comparing with the results of epoch (a), epoch (b), and epoch
(d), we can conclude that the first mode in epoch (c) is Q mode.
The second mode, whose integrated profile is shown in
Figure 2 as plot (iv), has a narrow main pulse component,
and has no precursor. There is possible fluctuation at about 0.45
cycle/P, but not very clear. The profile after the mode switch is
significantly different from B mode’s profile in Figure 2. We
mark the second mode as B' mode for the present.

The flux density of the two modes on epoch (c) is also
estimated in the same way of Section 3.1.3, and the result is
shown in Figure 2. Both from the flux density comparison and
the waterfall plot, B' mode’s intensity is much weaker than Q
mode’s.

3.2. Radiative Geometry and Polar Cap Mapping
3.2.1. RVM Fitting of the P.A. Curve

In Figure 2, the P.A. curves show “S” shape in the main
pulse longitude range, but are almost flat in the precursor pulse
longitude range. RVM model (in the form of Equation (16))
could well describe the “modified” P.A. curves, after shifting
the P.A.s of the precursor component by an angle of 90°
(shown in Figure 8(ii)). The wide longitude range of on-pulse
region makes RVM fitting possible. When making a least
square fitting with Equation (16), « is assumed to be in the
range (0°, 180°). All four epochs’ pulse profiles could be fitted
with the same «a, § with different os (Figure 2). The fitting
result is that the inclination angle o= 138°+2(°) and the
impact angle 0= —14° £4(°), i.e., the LOS is equatorward.
For making comparison with results of other literature, the pair
of values o/ = 42 £ 2(°) and 3’ = 14 & 4(°) should also be
considered, according to Everett & Weisberg (2001). The two
angles could be used to calculate the maximum gradient of the
P.A. curve Rpa, which is in the form of —| sin «¢/sin 3]. And the
value is Rpy = —2.76(deg/deg), which is in accord with values
around —2.4 ~ —3.6(deg/deg) given by Suleymanova et al.
(1998), Deshpande & Rankin (2001), and Backus et al. (2010)
(also see Table 2 for a comparison between our work and
former papers, in observation frequencies, Rpa, a, and 3). The
above fitting results are also checked by the chi-square
calculation result shown in Figure 8: for each pair of (a,(),
we calculate the least chi-square value when changing (1o, ¢o)
(¢ is limited between —90° and 90°). The RVM curve does fit
the P.A.s well within a small («, ¢) range around (138°, 125°).
P.A.s of the main pulse and the precursor are fitted with two
RVM curves displaced by 90° respectively, indicating that the
main pulse and the precursor are orthogonal in linear
polarization.

sin(¢ — ¢y)sin o

sin { cos a — cos { sina.cos(¢p — gbo)'

tan(¢) — o) = (16)
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The pulse sequence begins at deep blue dots and ends at bright yellow dots.

To check the geometry by fitting the spectral evolution of pulse
width, we calculate the profile width of epoch (a) and (d) under
divided frequency bands, but it shows that the width’s spectral
evolution is not monotonic.

3.2.2. Radiation Mapping onto the Polar Cap

Methods introduced in Section 2.2 are applied to map the
radiation to pulsar surface geometrically, with the help of two
representative groups of magnetic field lines, and the result is
shown in Figure 9. B0943+10 has a small polar cap (r < 1°),

and the spark discharge point of precursor component radiation
is generally located farther away from the magnetic axis than
that of main pulse radiation.

Based on the mapping result, the radiation height (namely,
the distance from the tangential point of LOS and magnetic
field line of certain phase to the center of the pulsar) and
radiation particles’ Lorentz factors (v) (based on curvature
radiation’s critical frequency equation, see Equation (12))
could also be estimated, and the results are shown in Figure 9.
For B0943+10’s case, if the radiating particles originate from
the annular region, they tend to radiate at a lower height with
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scintillations.

smaller Lorentz factor. And if both the main pulse component
and the precursor component are radiated by particles from the
same region, the precursor component is emitted higher by
particles with a larger Lorentz factor.

3.3. Single Pulses’ Polarization

B0943+10’s single pulses’ distributions of L/I, P.A., and
EA for all four epochs (14,519 pulses in total) are shown in
Figure 10(i). For the main pulse component longitude range
(—20°, 20°), there are P.A. patches located around 0° and
+90°, indicating the existence of OPMs. OPMs can also be
seen directly from some individual pulses’ P.A.s, like those
shown in Figure 11. For the precursor component longitude
range (—70°, —20°), there is only one P.A. patch, which is on

the same RVM curve with the main pulse P.A. patch around 0°.
The respective dominating polarization modes of the main
pulse and the precursor are orthogonal, which is in accord with
the P.A. curve fitting results in Section 3.2.1. The P.A., EA,
and L/I distributions for B mode and Q mode are also shown in
Figures 10(ii) and (iii). In Figure 10(ii) for the B mode’s case,
the extra component at longitude ¢ ~ —15° described in LRFS
in Sections 3.1.2 and 3.1.3 also clearly appears. The extra
component tends to have pure SPM P.A. patch, higher L/, and
more negative V than the main part of B mode pulse
component.

It is worth noticing that, although the integrated profile
shows always V > 0, a fraction of single pulses’ ellipticity
angles are actually below 0°, indicating some minus-sign V
appears significantly in single pulses. We wonder if
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intensity observed by FAST in the integrated profile shown in Figure 2. (iii) Estimation of emission heights and radiating particles’ Lorentz factors. Left panel:
radiation height, the distance from the radiation position to the pulsar’s central point. Middle panel: Lorentz factors of radiation particles. Light green dotted—dashed
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A Comparison between Different Papers’ Results on Ma’)l(‘ﬁ)llﬁnzP.A. Gradient, Inclination Angle «, and Impact Angle 3
Source Suleymanova et al. (1998) Deshpande & Rankin (2001) Backus et al. (2010) This Paper
Frequency (MHz) 102.5 and 430 102.5 and 430 327 and 430 1250
Rpp (deg/deg) —24~-36 2.7 -3.0 —2.76
« (deg) 11.58 42 (138)
3 (deg) —4.29 14 (—14)

Note. The corresponding observation frequencies are also presented.
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Figure 11. Examples of single pulses exhibiting orthogonal polarization modes. Panel (1) (14 from up to bottom): P.A. and RVM curves, where lines’ and dots’
meanings are same as Figure 2. Here, only P.A. points with op < 5° are presented. Panel (2): individual pulse profiles of 7, L, and V. Panel (3): dynamic spectrum of
total intensity (¢, v), where the 4096 frequency channels are binned into 32 bins (binned channels that are much affected by RFI are zapped). The intensity values are
normalized with the maximum of /(¢, v). Panel (4): dynamic spectrum of circular polarization intensity V(¢, v), where the 4096 frequency channels are binned into 32
bins. The intensity values are normalized with the maximum of (¢, v).

different signs of Stokes V correspond to different P.A. Compared to the results of Deshpande & Rankin (2001; also
patches (or equivalently, different OPMs). Figure 12 shows introduced in Section 1), in Figure 10, P.A. patch around
the relation between circular polarization degrees V/I and P. +90° is the PPM, and the P.A. patch around 0° is the SPM.
A.s subtracted by the purple RVM curve in Figure 10. The main pulse component has certain amounts of both
Compared to Figure 10, we find that pulse bins with P.A. PPM and SPM, but it is dominated by PPM. The precursor’s
around £90° tend to have V > 0. But for pulse bins with P. P.A.s are on the same RVM curve with SPM patch of the
A. around 0°, they are more likely to have V < 0. Moreover, main pulse component, indicating that the precursor
the polarization mode with V> 0 tends to have larger |V|. component is pure SPM.

10
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Figure 12. P.A —EA distribution for the main pulse component. Horizontal axis: P.A. subtracted by the purple RVM curve in Figure 10. Vertical axis: EA. Only single

pulses’ bins where both the uncertainties opy < 5° and oga < 5° are included.

In Figure 2, the maximum linear polarization fraction, which
could be affected by OPMs’ incoherent mixing, does not vary
evidently in main pulse components of B mode’s and Q mode’s
integrated profiles. We would like to examine if OPMs’
proportions change between different modes at 1-1.5 GHz. In
order to figure out PPM and SPM’s proportion in B mode’s and
Q mode’s main pulse component, we subtract the purple RVM
curve in Figure 2 from the actual P.A. values again, to make
SPM and PPM more concentrated around +90° and 0°. The
subtraction process is equivalent to calculating P.A. with
respect to the purple RVM curve. For example, if an individual
pulse’s P.A. curve perfectly follows the RVM curve, then, after
subtraction, its P.A. curve becomes a horizontal line at 0°.
Regarding rotated P.A. points within range (—45°, +45°) as
PPM P.A. points, others as SPM P.A. points, PPM and SPM
pulse bins' (with ops < 5° and oga < 5°) numbers in B mode’s
and Q mode’s main pulse component phase range are counted
and shown in Table 3. The proportion of SPM versus PPM is
larger for pulse bins with significant polarization in Q mode
than that in B mode.

However, a large fraction of pulse bins with low-polarization
flux are ignored if we only consider pulse bins with significant
polarization. Those high-polarization-flux bins, with a number
of 7241, are only very small fractions of all individual pulses’
bins: each pulse is divided into 1024 bins, so there should be
0.2 x 1024 x 14,521 ~3 x 10° samples within the on-pulse
longitude range. In order to take all pulses into account, we
similarly subtract the purple RVM curve in Figure 2 from their
Q and U points. Marking Stokes Q and U at a single bin ¢ as Q
(¢) and U(¢), and the orange RVM curve value at ¢ as §(¢),
practically, the subtraction could be denoted as

Q'(9)) _ [ cos26(¢)) sin(26(¢)) \(Q(#) a7
U'(¢) —sin(26(¢)) cos(26(¢) \U ()

Then, we calculate representative P.A."s for all individual
pulses:

(18)

Y, U’
PA* = 0.5 arctan [o_@’))

¥50'(9)

Although it has been mentioned above that both OPMs also
appear in individual pulses (Figure 11), the P.A." could reveal
the dominating orthogonal mode in an individual pulse.
Regarding pulses whose P.A."s within range (—45°, +45°) as
PPM dominated pulses, others as SPM dominated pulses, the
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Table 3
Main Pulse Orthogonal Modes Counting

Number

Radiation Modes Number of PPM of SPM
Pulse Bins with Significant Polariza-
tion (ops < 5° and oga < 5°)
B mode 1453 144
Q mode 4518 1126
Full Individual Pulses

B mode 2607 879
Q mode 8364 873

counting results are also shown in Table 3. From Table 3, we
see that OPM proportions change vastly before and after a
mode switch. As for the question of why maximum linear
polarization fraction does not vary much between B and Q
mode profiles, it may be due to the differences in PPM’s and
SPM’s single pulse polarization degrees: PPM’s polarization
seems to be more significant than that of SPM (also from
Table 3).

4. Discussion
4.1. The Profile Evolution

The possible existence of a strange attractor pattern in pulsar
mode switches (Figure 5) indicates that the pulsar dynamic
system can be in chaos, switching between two or more states.
The B' mode, though, happens after a mode switch from Q
mode, is different from the transitive modes reported in
Suleymanova & Bilous (2023), because the B' mode lasts for a
long time (>1000 pulses). Suleymanova & Rodin (2014)
reports a continuous increase in B mode’s flux, lasting several
hours, after Q-to-B mode switch. So B' mode may be a
beginning status of B mode.

4.2. The Geometry and the Polar Cap Region: Toward
Understanding the X-Ray Emission

Further analyses on the radiation geometry, the polar cap
pattern, the emission height, and the radiating particle’s Lorentz
factors in Section 3.2.2 are carried out in this section. First we
would like to point out that the RVM fitting result of B0943
+10’s FAST L-band observations is different from the
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frequently mentioned radiation geometry in former studies,
namely, the geometry given by Deshpande & Rankin (2001).
Deshpande & Rankin (2001) calculates the geometry through
radiation cone models (based on Rankin 1993) to fit for both
polarization angles and pulse profiles, and their results are
a~12° and S~ —5° (see also Table 2).

A question related to our mapping result in Section 3.2.2
involves the true origin of the radiating particles. A good RVM
fitting indicates that, at the particles radiating positions, the
magnetic field is well described with a dipole field, which
usually demands that the radiating position is not too far from
the pulsar surface. And the existence of subpulse drifting in the
main pulse region suggests that radiation originates farther
from the magnetic axis, according to the carousel model in
Ruderman & Sutherland (1975). So from Figure 9, the IAG
might be a more reasonable birthplace of the radiating particles,
for both the main pulse component and the precursor
component. If we accept that statement, then, comparing with
the main pulse component, the precursor component is radiated
higher from larger 7 radiating particles, as is already pointed
out in Section 3.2.2.

Based on the geometry derived from FAST observations in
this paper, we could give explanations to the X-ray radiation
properties of B0943+-10. First, on the X-ray pulsation observed
in both B and Q mode, it has already been pointed out (e.g.,
Hermsen et al. 2013; Rigoselli et al. 2019) that the significant
thermal X-ray pulsation could come from a local high-
temperature spot on the pulsar surface, namely, a hotspot.
Hermsen et al. (2013) pointed out the possible contradiction
between the observed X-ray pulsation and the radiation
geometry given by Deshpande & Rankin (2001): when the
magnetic axis, the spin axis, and the LOS are almost aligned
(with small « and 3 angles), the hotspot in the polar cap region
is more likely to appear unmodulatedly, and thus, an X-ray
pulsation will not happen. In our result’s case, the axes are not
so close to each other, making the hotspot modulation more
feasible.

However, there still exists a question why thermal X-ray
pulsation is significant in Q mode, but almost ceases in B
mode. An X-ray photon usually has few interactions with
magnetized plasma, so it is more possible that some changes on
the pulsar surface happening during mode switch lead to
differences in hotspots of different radiation modes.

A possible answer to this question lays in the origin of the
precursor component. As is mentioned above, compared with
the main pulse component, the precursor component is radiated
higher (farther from pulsar surface) by radiating particles with a
larger Lorentz factor . A simple picture on radiating particles
(e.g., Ruderman & Sutherland 1975) is that all primary
particles are accelerated to very large Yprimary (~106) near the
pulsar surface, and then flow along magnetic field lines, losing
energy through radiation, and high-energy photons produce
secondary particles. After several turns of cascade reactions,
finally, radiating particles radiate radio frequency waves at
certain heights, which is observed by us. According to
estimations of primary particles’ Lorentz factor, like Sob’yanin
(2023), we state that, since the precursor component’s radiating
particles have larger Lorentz factors and have gone through
longer ways along magnetic field lines losing more energy, the
precursor component may originate from primary particles with
larger “Vprimary than those contributing to the main pulse
component.
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High-energy primary particles and secondary particles can
flow back and hit the surface to form hotspots, which lead to
X-ray emission (e.g., Zhang & Harding 2000; Harding &
Muslimov 2001). Under such logic, the component with
higher-energy primary particles might be related with a hotter
hotspot. In B0943+10’s case, the hotspot associated with the
precursor component is hotter than the hotspot associated with
the main pulse component. It is also possible that the precursor
component, or the Q mode profile as a whole, originates nearer
to the magnetic axis than B mode (like the light purple dashed—
dotted line in Figure 9), which results in higher-energy
secondary particles for Q mode radio radiation origin. All
two processes above make Q mode X-ray pulsation stronger
than that of B mode.

The results in Figure 9 also provide possible explanations to
some other phenomena observed. (1) Since the precursor
component is radiated relatively closer to the light cylinder than
the main component, the precursor radiation undergoes less
propagation effects, and less circular polarization is introduced
by propagation, which could explain why the precursor
component has high L/I. (2) At lower frequency bands, the
curves in the “Height” panel of Figure 9 will have an overall
shift to higher heights (according to radius—frequency-map-
ping). When the frequency is too low, the calculated precursor
component’s radiation height may exceed the light cylinder,
which could cause the precursor component to actually be
weak, like Figure 2 in Hermsen et al. (2013): comparing to the
main pulse component, the precursor component is relatively
much weaker under LOFAR 140 MHz observation than under
Giant Metrewave Radio Telescope 320 MHz observation.

We would like to mention that, in pulse profile plots with
fitted RVM curves (Figures 2 and 9), the phase locations of
main pulses’ peaks are all close to longitude ¢ = 0°, namely,
the centroid of the RVM curve. If considering Blaskiewicz—
Cordes—Wasserman (BCW) shift described in Blaskiewicz
et al. (1991), the radiation height shown in Figure 9 (at ¢ =0,
height 7~ 300Rys~ 3 x 10° cm) make the BCW shift be
A¢ ~ 0.04, which is larger than what we have observed. This
may indicate that the birthplaces of radiation particles are
actually closer to the feet of last open field lines, which means
that radiation heights are actually lower (see Figure 9 (iii)’s
black lines for the case of last open field lines). Besides, radio
signals propagating through polarization limiting region will
also reduce the BCW shift (e.g., Barnard 1986; Blaskiewicz
et al. 1991). Anyway, if BCW shift does work, the intensity
profile’s centroid will move to ¢ ~ —0.04, which actually does
not affect our main conclusion that the precursor component is
radiated higher by charged particles with higher energy.

4.3. The OPMs and Propagation Effects in Magnetosphere

OPMs in pulsar are usually interpreted as O (ordinary) mode
and X (extraordinary) mode for high frequency electromagnetic
waves propagating in plasma. Theoretically, OPMs can be
produced near the emitting point (Cheng & Ruderman 1979) or
at higher regions in magnetospheres through wave mode
coupling (Petrova 2001). In Figure 11, both orthogonal modes
could be observed in one single pulse, and this may be caused
by the asymmetry of particles’ distribution in the magneto-
sphere: on some longitudes, O mode dominates X mode, or
reversely.

The OPM-V relation revealed by Figure 12 (also seen in
other pulsars like B2020+-28; Cordes et al. 1978) could be a
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result of the changing of circular polarization during waves’
propagating through the pulsar magnetosphere. Take radiative
transfer of Stokes parameters in uniform media for
example (e.g., Sazonov 1969; Huang & Shcherbakov 2011),
the change of circular polarization V could be written in the
form

v
— = -0yl + p,U —n,V.
s Ny Po Ny

19)
The U is defined in the local coordinate system presented in
Shcherbakov & Huang (2011). The coefficient py in
Equation (19) measures the conversion between linear
polarization and circular polarization (Faraday conversion or
mode coupling; e.g., Lyubarskii & Petrova 1998; Petrova &
Lyubarskii 2000; Huang & Shcherbakov 2011). For orthogonal
modes, P.A., = P.A.x £90°, so the Stokes parameters Q and U
have opposite signs for O mode and X mode at the same
longitude. Then, the circular polarization caused by conversion
tends to be in opposite directions for OPMs, which is also
consistent with calculations in Petrova (2001). The different
|V|/I of OPMs then could come from cyclotron absorption term
nvl, because Stokes parameter [ is always >0. Therefore, if we
simply take above arguments into account, we may get

[(VI/Do = (VI/Dxl ~ [y ds.

From Figure 12, the difference in |V|/I is about 0.2 for
OPMs in B0943+10. Of course Equation (20) is too
simplified because the pulsar magnetosphere is not uniform,
and our knowledge on the absorption and conversion process
is limited. But such a kind of observational patterns do give
us opportunities to quantitatively dig into the pulsar
magnetosphere.

As for the wave propagation process in the pulsar magneto-
sphere, a question is how to match PPM and SPM to the actual
O and X modes. If adapting criterion given by Andrianov &
Beskin (2010) and Beskin & Philippov (2012), where O-mode
has a minus sign of (dP.A./d¢) - V and X-mode has a plus sign
of (dP.A./d¢)-V, then, for the main pulse component, P.A.
patches around +90° (PPM) correspond to O-mode, while the
P.A. patch around 0° (SPM) corresponds to X-mode, and the
precursor component consists of only X-mode. The switch
from B to Q mode leads to the rise of X-mode dominated
precursor, as well as the change of OPM proportions in the
main pulse region. It is possible to give a picture of B-to-Q
mode switch that something happening on the pulsar surface
gives rise to quick changes of discharge regions in the polar cap
and of some physical parameters (like the particle number
density; e.g., Kramer et al. 2006) of the magnetosphere.
Anyway, those physical processes may need more detailed
investigations.

(20)

4.4. On the Trigger of Mode Switches

From the analysis on geometry and single pulse polarization,
the mode switch process seems to require some changes on the
pulsar surface. The surface condition’s influence to pulsars’
radio emission has been considered for the case of “mountains”
or “zits” on the surface (e.g., Vivekanand & Radhakrishnan
1981; Wang et al. 2024a, 2024b), and has been taken into
account as an explanation to the mode switch phenomenon
(Bartel et al. 1982). The birth of a new spark discharge
point may suppress spark discharging near it (Beskin 1982),
which may explain the main pulse component intensity’s
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anticorrelation with the precursor component intensity pointed
out in Section 3.1. Meanwhile, it has been reported that planets
are found around B0943+10 (Suleymanova & Rodin 2014;
Starovoit & Suleymanova 2019). Suleymanova & Rodin (2014)
suggests that B09434-10’s mode switch and X-ray emission are
caused by the surrounding matter’s accretion. The accretion
could lead to changes in magnetosphere and hotspots’ formation
on the pulsar surface, too. To judge whether a mode switch is
triggered by surface change or external accretion or both, more
observations on other wavelengths are needed.

5. Conclusion

PSR B0943+10 is observed by FAST at 1-1.5 GHz. The
radiation modes in all four observation epochs are analyzed.
The mode switch process could be quantitatively described
with the results of an eigenmode searching algorithm. The
mixture weights of the two most significant eigenmodes appear
as jumps that represent the mode switch process, and a strange-
attractor-like pattern in 2D plane, suggesting the pulsar system
switches between certain states. Under FAST L band, Q mode
is almost as bright as B mode, indicating a different frequency
evolution between modes.

RVM fitting of the integrated profile’s polarization angles
gives a geometry of o =42° (138°) and 3= 14° (—14°). The
precursor component and the main pulse component are
orthogonally polarized. Based on this geometry, we map the
radiation to some representative magnetic field lines starting
from the polar cap on the pulsar surface and estimate the
radiation height and radiation particles’ Lorentz factors. We
conclude that B0943+10’s L-band radiation particles are more
likely to originate from the annular region of the polar cap than
from the core region. Comparing with the main pulse
component radiation, B0943+10’s precursor component radia-
tion comes from a farther place from the magnetic axis, and has
higher radiation height and larger Lorentz factors of radiation
particles. So the precursor component may have primary
particles with higher energy, leading to a hotter hotspot on the
pulsar surface. The precursor component only appears in Q
mode, so B0943410 may have considerable thermal X-ray
pulsation only in Q mode, which is consistent with former
X-ray observations.

On the other hand, single pulses’ polarization properties are
studied. B0943+10’s different OPMs tend to have a different
handedness of the circular polarization, which could be used to
relate observed OPMs to ordinary and extraordinary wave
modes in plasma, as well as to give some possible constraints
on the cyclotron absorption process in the magnetosphere. The
proportion of OPMs changes with mode switches. Some
individual pulses also appear with both of the two orthogonal
modes. The precursor component’s stimulation, as well as the
change of polarization during mode switch, may be related to
some variations on the pulsar surface.
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