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1 INTRODUCTION

ABSTRACT

The recently constructed theory of radio wave propagation in the pulsar magneto-
sphere outlines the general aspects of the radio light curve and polarization formation.
It allows us to describe general properties of mean profiles, such as the position angle
(PA) of the linear polarization, and the circular polarization for the realistic structure
of the pair creation region in the pulsar magnetosphere. In this work, we present
an application of the radio wave propagation theory to the radio observations of
pulsar PSR J1906+0746. This pulsar is particularly interesting because observations
of relativistic spin-precession in a binary system allows us to put strong constraints
on its geometry. Because it is an almost orthogonal rotator, the pulsar allows us to
observe both magnetic poles; as we show, this is crucial for testing the theory of radio
wave propagation and obtaining constraints on the parameters of magnetospheric
plasma. Our results show that plasma parameters are qualitatively consistent with
theories of pair plasma production in polar cap discharges. Specifically, for PSR
J1906+-0746, we constrain the plasma multiplicity A ~ 10% and the Lorentz-factor of
secondary plasma v ~ a few hundred.
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Radio pulsars were discovered more than fifty years
ago (Hewish et al. 1968); however, their radio emission mech-
anism still remains unknown (Lyne & Graham-Smith 2012;
Lorimer & Kramer 2012). A large number of observational
light curves (also called mean profiles), which include inten-
sity, linear polarization and circular polarization, are avail-
able now (Hankins & Rankin 2010; Weltevrede & Johnston
2008; Johnston & Kerr 2016). The rotating vector model
(hereafter abbreviated RVM, Radhakrishnan & Cooke 1969)
is the most frequently used theory to describe mean profiles
of radio pulsars. In particular, it is usually used to infer
the inclination angle o between magnetic and rotation axes
and the impact angle 8, which characterizes the closest ap-
proach between the observer direction and the magnetic axis
(Lyne & Manchester 1988; Rankin 1993; Tauris & Manch-
ester 1998). However, full understanding of available pulsar
radio profiles cannot be reached within this model.

For instance, according to the RVM (more exactly, the
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“hollow-cone” model Oster & Sieber 1976), the polarization
characteristics of the observable radiation are formed not
so far from the stellar surface, at radii < 30R (hereafter,
R denotes the stellar radius). This assumption leads to al-
most exactly linear polarization of propagating electromag-
netic waves due to the super-strong magnetic field in the re-
gion near the stellar surface. Thus, the RVM predicts fully
linearly polarized radio emission, while observations show
the presence of a substantial degree of circular polarization.
Therefore, propagation effects have to be taken into account.
As the wave propagates further outwards in the magneto-
sphere, the strength of the magnetic field drops, so the wave
does not have to be fully linearly polarized.

Thus, propagation effects in the pulsar magnetosphere
should play an important role in understanding observed
characteristics of the pulsar radio emission. In particular,
the interaction of electromagnetic waves with magneto-
spheric plasma must result in considerable deviation from
the predictions of the RVM. Individually, all the main prop-
agation effects, namely: magnetospheric plasma birefrin-
gence (Barnard & Arons 1986; Beskin et al. 1988; Lyubarskii
& Petrova 1998; Petrova & Lyubarskii 2000), cyclotron ab-


emailto:alisag@princeton.edu

2  A.K. Galishnikova, A.A. Philippov and V.S. Beskin

sorption (Mikhailovskii et al. 1982; Fussell et al. 2003; Mel-
rose & Luo 2004), and limiting polarization (Cheng & Ru-
derman 1979; Barnard 1986; Petrova & Lyubarskii 2000;
Petrova 2006; Andrianov & Beskin 2010; Wang et al. 2010)
had already been taken into account. But only recently have
all these effects been successfully brought together (also tak-
ing into account the real structure of the magnetic field in
the vicinity of the light cylinder where the dipolar approxi-
mation is no longer applicable) (Beskin & Philippov 2012).
Thus, it has become possible to quantitatively analyze the
average profiles of pulsar radio emission (Hakobyan et al.
2017a,b).

In this paper, we analyze recent observations ob-
tained for radio pulsar PSR J1906+0746 (Desvignes et al.
2019), which has been observed for 13 consecutive years.
The uniqueness of this pulsar, as along with PSR J0737-
3039 (Perera et al. 2010) and J1141-6545 (Venkatraman Kr-
ishnan et al. 2019), is that it is located in a close binary
system. Misalignment of the spin vector of the pulsar with
respect to the total angular momentum vector results in
relativistic precession of its rotational axis. This leads to
a change in viewing geometry and to observed significant
changes in polarization profiles. In particular, observations
show a simultaneous switching of the signs of the circular
polarization V' and the derivative dPA/d¢ at the moment
when the line of sight crosses the magnetic axis (hereafter,
¢ denotes the pulsar rotational phase). As we describe be-
low, this is broadly consistent with the prediction of the
radio propagation theory described by Beskin & Philippov
(2012).

On the other hand, the consistent analysis of an almost
orthogonal pulsar requires a substantial refinement of the
theory. This is because previous work assumed the distri-
bution of the number density of secondary plasma to be
symmetric about the magnetic axis. However, this is not a
very good approximation for polar caps of nearly orthogonal
pulsars (Bai & Spitkovsky 2010; Timokhin & Arons 2013).
Below, following Timokhin & Arons (2013); Gralla et al.
(2017); Lockhart et al. (2019), we assume that the struc-
ture of the pair production regions is determined by the
distribution of the magnetospheric current in the force-free
magnetosphere. In this approach, which is valid if the size of
the particle acceleration region is significantly smaller than
the polar cap radius, pair creation is possible if the value
of the longitudinal electric current density, j; =j-B/B, is
larger than the Goldreich-Julian current® (hereafter referred
to as the GJ current, Goldreich & Julian 1969)

QB
1
=, M

or if it has the opposite sign (Timokhin & Arons 2013). In
order to identify such regions, we use analytic expressions for
the 4-current in the magnetosphere of a neutron star (Gralla
et al. 2017). These formulas were obtained by fitting the re-
sults of force-free simulations and allow us to find regions
which can support active pair production at the polar cap.
We assume that observed radio emission originates from the

Jjay = —

1 The GJ charge density, pgy = — - B/(27c), characterizes the
minimal charge density required for the screening of the longitu-
dinal electrical field in the pulsar magnetosphere.

region of active pair production. Therefore, our new numer-
ical method includes the improved geometry of the emission
region, as well as previously described propagation effects.
It is necessary to stress that the above criteria for the
activity of pair production has been formulated in the one-
dimensional case, when the size lzap of the particle accelera-
tion zone is significantly smaller than the size of the pulsar
polar cap, Ro. According to Timokhin & Harding (2015),
the size of the acceleration zone can be estimated as follows:

lgap >~ 2 % 104X;/7§j_3/70(2;,/77P3/7B1_24/7cma (2)

where xa denotes the value of the x parameter (photon en-
ergy multiplied by the perpendicular magnetic field) when
the optical depth reaches 1, &; denotes the electric field,
P is the period in seconds, pc,7 = pc/l()7 cm is the nor-
malized curvature radius of the magnetic field lines and
B2 = B/10*2 G is the normalized magnetic field. In particu-
lar, for PSR J19064-0746 (P = 0.14 s, P_15 = 20), lgap ~ 103
cm, which is an order of magnitude less than the size of the
polar cap Ry ~ R(QR/c)*/? ~ 10* cm. Moreover, for an al-
most orthogonal pulsar, the polar cap current is super GJ,
j > jag, which strengthens the applicability of a 1D ap-
proximation.

In this paper, we simulate the mean radio profile of a
nearly orthogonal rotator (i.e., we determine the intensity
I(¢), the position angle curve PA(¢) of the linear polar-
ization, and the circular polarization V(¢) along the mean
profile), which is necessary to explain the observable evolu-
tion of the polarization characteristics of the precessing pul-
sar PSR J1906+0746. In Section 2 we discuss observational
data presented by Desvignes et al. (2019). We summarize the
main results of the propagation theory with a focus on an
orthogonal rotator, present the results of our numerical sim-
ulations and compare these results with observation data in
Section 3. Finally, we discuss our main findings in Section 4.

2 OBSERVATIONS

Pulsar PSR J1906+0746 was first discovered by the Parkes
Multibeam Pulsar Survey in 1998 (Manchester et al. 2001),
when only a single pulse was detected. A second peak at
the phase ¢ = 180° appeared in 2005 (Lorimer et al. 2006).
This pulsar has since been observed for 13 years at 1.38
GHz with the 305-m William E. Gordon Arecibo radio tele-
scope and the Puerto Rico Ultimate Pulsar Processing In-
strument (PUPPI). The presence of an interpulse at the
phase ¢ = 180° indicates that this pulsar is almost orthogo-
nal (the inclination angle between the magnetic moment and
the rotational axis @ ~ 90°). As one can see in Figure 1, this
geometry allows us to observe the emission from both po-
lar caps. In particular, due to the symmetry of the emission
from both polar caps, the light curves for both pulses will
be similar for an observer located exactly at the equator.
As we have already emphasized, in the binary system con-
taining pulsar PSR J1906+0746, the curvature of space-time
near massive bodies leads to relativistic spin-orbit coupling.
Therefore, the spins of those bodies precess around the total
angular momentum, thus changing their relative orientation
to an observer. According to Desvignes et al. (2019), from
2001 to 2018, the angle 8 of the closest approach between the
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Figure 1. Illustration of the emission pattern of an almost or-
thogonal pulsar (o ~ 90° is the inclination angle between the
magnetic moment p and axis of rotation €2). The observer’s line
of sight is directed at an angle 8 with respect to the magnetic
moment. Color represents the magnetospheric current density,
& = j|/ics; large positive (red) and negative (blue) values cor-
respond to the regions that support active pair formation (see
Section 3.3). Top panel: As the pulsar rotates, the observer’s
line of sight can cross the directivity pattern of both northern
and southern polar caps (red solid line). Therefore, emission from
both polar caps can be observed. Bottom panel: a schematic
illustration of the figure in the top panel. For certain values of j3,
emission from both polar caps can be observed. Moreover, if the
pulsar precesses, the value of 3 changes with time. Therefore, the
relative position of the line of sight is evolving with time (gray
line), and emission from different regions of both polar caps can
be observed.

observer direction and the magnetic axis has changed from
5° to —22° for the main pulse and from 20° to —6° for the in-
terpulse?. In other words, observations of PSR J1906-+0746
have been able to scan a significant fraction of the emission
region in both polar caps due to a gradual change in the
angle .

Observations of pulsar PSR J1906+0746 at different
epochs are shown in Figure 2. In all panels, observed radio
intensity is shown by a black solid line, and circle polariza-
tion is represented by a black dashed line. Being a nearly
orthogonal rotator, this pulsar shows two pulses during its
period of rotation. The first detected single pulse (on the
left) is called the main pulse and the second (on the right)
is called the interpulse (hereafter denoted MP and IP, re-
spectively). In the bottom portion of each panel, observed
position angle is shown by light red dots and a solid red line
demonstrates the fitting with the RVM (Desvignes et al.
2019).

As mentioned above, relativistic precession leads to sig-
nificant changes in the shape of the mean pulse profile. First
observations of the pulsar PSR J1906+0746 in 1998 show
only the main pulse (Manchester et al. 2001). Continuous ob-
servations were started in 2004 (Lorimer et al. 2006), when
the IP also started to appear (Figure 2a). At that time,
both the IP and the MP had single-peaked mean profiles.

2 These values of 8 have been obtained by fitting an RVM curve
into the position angle curve at different observational epochs.
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Their peaks were separated by half of a period (180° in pul-
sar phase), which is representative of an orthogonal rotator.
The intensity of the MP was higher than the intensity of the
IP (Figure 2a). Circular polarization of the MP was positive,
as was the derivative dPA/d¢ of the position angle along the
profile. Since the values V and dPA/d¢ had the same sign,
we can conclude that the MP corresponds to the X-mode,
according to the criteria of Beskin & Philippov (2012) (see
also the discussion in Section 3.2).

Over time, the IP became stronger, which enabled the
recognition of its circular polarization at MJD 56012 (Fig-
ure 2c). Since the IP had negative circular polarization V
and also negative derivative dPA/d¢, one can conclude that
the IP also corresponds to the X-mode.

At MJD ~ 5600, both pulses were roughly equally
strong (Figure 2c-d). Since the observed intensity peak of
the IP was noticeably offset with respect to the maximum
of dPA/d¢, we assume that the IP was emitted as double-
peaked (see also a hint of the second peak in Figure 2f). The
correlation of the signs of V and dPA/d¢ when V is clearly
identifiable is positive for both the MP and the IP, which
correspond to the X-mode.

After MJD 56213 (Figure 2d), the intensity of the MP
decreased, while the sign of dPA/d¢ remained the same
(Figure 2e). The IP was clearly visible, but its circular polar-
ization was impossible to determine. Gradually, the deriva-
tive dPA/d¢ in the IP became steeper. At some moment
between MJD 56523 and MJD 57310, the sign of the deriva-
tive dPA/d¢ changed in the IP, which implied the cross-
ing of the magnetic axis at the polar cap, according to the
prediction of the RVM (Figure 2f). Unfortunately, at this
time it was hard to clearly recognize the sign of the circular
polarization in the IP (as with MP, which became almost
invisible). However, the IP demonstrates a clearly positive
circular polarization, V', in later observations. Also, after the
crossing of the magnetic axis, the position angle derivative
dPA/d¢ remained positive in the IP (Figure 2g-h). Thus, in
agreement with theoretical expectations (see the discussion
in Section 3.2), the quantities V and dPA/d¢ simultane-
ously changed their signs when the line of sight crossed the
magnetic axis.

3 THEORY AND SIMULATIONS
3.1 Basic equations

Let us recall the key points related to the propagation the-
ory of radio waves in the pulsar magnetosphere (Beskin &
Philippov 2012; Hakobyan et al. 2017a). First, as is well-
known (Lyne & Graham-Smith 2012; Lorimer & Kramer
2012), there are two orthogonal modes which propagate
in the pulsar magnetosphere: the extraordinary X-mode
and the ordinary O-mode. The X-mode propagates along a
straight line, while the O-mode experiences refraction, which
takes place at small distances r < ro from the star, where

ro ~ 10°RA* 140 By i, P, (3)
Here, R is the stellar radius, A = ne/nqy is the pair creation
multiplicity where ngy = QB/(2mce) is the GJ number den-
sity, Aa = A/10%, 4100 is the normalized Lorentz-factor of

secondary plasma (yi00 = </100), Bi2 is the normalized
magnetic field on the surface (B12 = B/10'? Q), vgn, is the
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Figure 2. Simulations and observations of the radio intensity and polarization of PSR J19064-0746 as a function of pulsar phase, ¢,
for different observational epochs. In each panel (a)-(h) of the Figure, the left sub-panel corresponds to the MP, and the right sub-
panel corresponds to the IP. In each of the sub-panels, the top plots show the observed emission intensity (solid gray line) and circular
polarization (dashed gray line), while the simulated intensity and circular polarization are shown as solid red and dashed blue lines,
respectively. The bottom plots of each sub-panel show observed values of the position angle curve (red dots), RVM fits performed by
Desvignes et al. (2019) (red solid line), and simulated values of the position angle (black dots).
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frequency in GHz and P is the period of rotation measured
in seconds. The difference in propagation between two or-
thogonal modes was first taken into account by Barnard &
Arons (1986) and later discussed by various groups (Beskin
et al. 1988; Lyubarskii & Petrova 1998; Petrova & Lyubarskii
2000; Beskin & Philippov 2012).

The second important propagation effect that has
to be addressed is the limiting polarization effect (see,
e.g., Zheleznyakov 1996). Its importance for radio pulsars
was first noted by Cheng & Ruderman (1979) and later dis-
cussed in detail by Barnard (1986); Petrova & Lyubarskii
(2000); Petrova (2006); Andrianov & Beskin (2010); Wang
et al. (2010). This effect arises because the plasma number
density, ne, rapidly decreases with the distance r from the
star. In the region of a dense plasma, close to the stellar sur-
face, the polarization characteristics of the wave depend on
the direction of the external magnetic field. However, po-
larization characteristics almost freeze when the radiation
propagates into the region of low plasma density. According
to Cheng & Ruderman (1979), the freezing distance resc can
be calculated as

Tese ~ 10°RAY P~ 8P B2y 2P Pt /e, (4)

As was noted by Andrianov & Beskin (2010); Be-
skin & Philippov (2012), the most convenient method for
studying the liming polarization effect for radio pulsars is
the Kravtsov & Orlov (1990) approach, which directly de-
scribes the evolution of the complex angle © = ©1 + O3
along the propagation of the radio wave:

d91 o w

_%% Acos[20; — 253(1) — 256(1)]sinh202, (5)

dO,
dl
where

A= :F\/(Re[szy])2 + (@)2 (7)

Here, ©: is the position angle of linear polarization
(i.e., ®1 = PA), Oy describes the circular polarization:
O©2 = 1/2tanh™*(V/I) (here, I and V are two Stokes pa-
rameters), and e;; is the dielectric tensor of the magnetized
pair plasma.

In homogeneous media, the normal modes of the plasma
are described as PA = g + ¢ and PA = g + § + /2 for
the O-mode and X-mode, respectively. Here, the angle 5p
describes the orientation of the external magnetic field in the
plane perpendicular to the wave vector k. The nonzero angle
0 results from the drift motion of plasma particles U/c =
[E x B]/B? in the corotational electric field E ~ (Qr/c)B:

'co;0mb/c , (8)
sin6, — Uy /c
where 60y, is the angle between the wave vector k and the
external magnetic field B, the xz-y plane is perpendicular to
the external magnetic field B, and the unit vector in the z
direction is oriented in the k-B plane.

= S Asinl20; - 25() - 26()]cosh26z,  (6)

tand = —

3.2 Two orthogonal modes and polarization

The main result of the propagation theory is the rela-
tion between the circular polarization V and the derivative
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Table 1. Parameters of the simulations shown in Figure 3. Here,
Big = B/1012 is the normalized strength of the magnetic field
near the pulsar surface, P is the period of rotation in seconds,
VG H - 18 the radiation frequency in GHz, A is the pair multiplicity,
7 is the Lorentz-factor of the secondary plasma, « is the inclina-
tion angle, rem is the emission height measured in units of the
pulsar radius, and fo is a parameter used for determination of the
magnetospheric pair plasma density in equation 11.

B2 P vgHy A vy [e? B  rem fo

1.0 0.9 2.0 1000 250 45° 4° 30 0.7

d(Bs + §)/dr along the ray (Beskin & Philippov 2012)

K x d(ﬂB + 5)/(17" . (9)
I cos(201 — 28 — 26)

This relation is valid when the shear of the external mag-
netic field along the ray trajectory is sufficiently large and
when the sign of the circular polarization V is determined
not by the non-diagonal components of the dielectric tensor
€i; but by the sign of the derivative d(8p + 0)/dr at the es-
cape radius r & resc. Moreover, as was shown by Wang et al.
(2010), for the dipolar geometry of the magnetic field, the
derivative dBp/dr is proportional to the observable value
dPA/d¢ with the negative sign. Thus, equation 9 allows us
to determine which of the two modes, ordinary or extraor-
dinary, forms the mean profile of the radio emission.

As was shown by Hakobyan et al. (2017a), for most
pulsars the freezing radius resc is sufficiently large that the
derivative dd/dr (whose sign is the opposite of the sign of
dBgp/dr) plays the leading role. In this case, the signs of
dPA/d¢ and V are the same for the X-mode, and are oppo-
site for the O-mode. At present, there is direct observational
evidence that supports this correlation. Indeed, the main dif-
ference between the modes is that the O-mode experiences
refraction, while the X-mode propagates along a straight
line. Therefore, the widths of the mean profiles formed by the
O-mode should be statistically larger than those of the X-
mode profiles, which is indeed what has been observed (Be-
skin 2018).

However, there are examples of radio profiles where the
correlation described above is not observed, i.e., there are
observations for which the sign of the circular polarization
V' along the mean profile varies, while the position angle
curve PA(¢) does not show any transition to a different po-
larization mode. As was shown by Hakobyan et al. (2017a),
such behavior can be also described in the framework of
the propagation theory. Indeed, for small enough distances
r from the neutron star, one can neglect the angle § in the
sum Bp + 0 because B > §. The fact that the derivatives
dé/dz and dBp/dz have different signs results in different
signs of the circular polarization V' at different phases ¢ of
the mean profile if the freezing radius resc is located in the
regions of different asymptotic behavior of the sum 8 + 4.
This means that the circular polarization V is formed at dif-
ferent heights at different phases of the mean profile. This
effect is quantitatively demonstrated in Figure 3, where we
show a simulated profile for the propagation of the O-mode
in the pulsar magnetosphere with parameters shown in Ta-
ble 1.

From the usual correlation of the signs of V and
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Figure 3. Simulated profile for a pulsar with parameters shown
in Table 1. Circular polarization V has different signs across the
profile, because polarization is formed at different heights.

dPA/d¢ one additional effect, which is specific to interpulse
pulsars, can be noticed. As one can see from the RVM for-
mula for the position angle (Radhakrishnan & Cooke 1969)

sin asin ¢
PA = arct
arctat (sina cos(a + B) cos ¢ — sin(a + 53) cosa) ’

(10)

during the crossing of the magnetic axis (8 = 0), the deriva-
tive dPA/d¢ changes its sign. As was mentioned above,
the signs of V' and dPA/d¢ are usually correlated for both
modes. Therefore, the sign of V' also has to change to an
opposite one after crossing the magnetic axis. This has been
observed in PSR J0916-+0746 at MJD ~ 57000. We also note
that for almost all nearly orthogonal pulsars, the sign of the
circular polarization V remains constant when the position
angle curve PA(¢) indicates that the mean profile is formed
by one specific mode (Johnston & Kramer 2019).

3.3 Polar cap structure

As was already mentioned, almost orthogonal pulsars (o &~
90°), require separate consideration to determine the re-
gions of plasma generation within the polar cap. As has been
shown both analytically (Shibata 1997; Beloborodov 2008)
and numerically (Timokhin 2010; Timokhin & Arons 2013),
under the assumption of free particle ejection from the sur-
face of a neutron star, pair production only occurs in the re-
gions that support a super-GJ current flow, £ = jj /jas > 1,
where jgy is given by relation (1), or in the regions with a

Table 2. Parameters of the simulations shown in Figure 2. Defi-
nitions are the same as in Table 1.

Bia P VGHz A o « Tem fo

1.0 0.14 1.38 1000 300 81° 10 0.2

magnetospheric return current £ < 0. For almost orthogonal
rotators, numerical simulations of magnetospheres produce
very high current density, £ > 1, in the entire polar cap (Bai
& Spitkovsky 2010). In Figure 4 we show the distributions
of jaj, jj and & at the polar cap of the orthogonal and the
81° -inclined rotators, following analytical fits to simulation
results by Gralla et al. (2017). As is clear from the plots,
the region in which 0 < £ < 1, which does not allow for pair
production, is small and localized near the magnetic axis.
For this reason, in the simulations described below we
choose the number density of outgoing plasma, ne, to be:
_ [*Pexp(=f?)

ne = Ag(f)nas ¢, 9(f) = TRy s (11)
0

Here f = r2 / R2 is the characteristic polar cap area, Ry =
(QR/c)Y?R is the characteristic polar cap radius, and fo
models the diminishing of the number density n. in the cen-
ter (for fo = 0 we have no ’hollow cone’ at all). This cor-
rection mimics the suppression of the curvature radiation
of accelerated particles and the associated pair production
process near the center of a polar cap, where the curvature
radius of magnetic field lines is large. Finally, ( is a step
function which defines the region of the polar cap that sup-
ports pair production, given by the condition £ < 0 or £ > 1.

3.4 Simulation Results

In this section we present the results of our modeling of the
radio polarization of PSR J1906+0746 obtained by solving
equations (5)—(6) numerically (Beskin & Philippov 2012).
We use realistic distributions of the number density of the
relativistic pair plasma outflowing along open magnetic field
lines (see Section 3.3). Also, we assume intensity of radio
emission in the emission zone to be proportional to plasma
density, as was specified before. Since the signs of the Stokes
parameter V' and the derivative dPA/d¢ are the same for
both the MP and IP, we determine that the mean profile is
formed by the X-mode. Also, as the pulsar is precessing, we
calculate the evolution of the mean profiles for the X-mode
as the impact angle 8 changes with time. Our best model
parameters for our simulation are shown in Table 2. Below,
we discuss how polarization signatures change for different
values of the plasma parameters A and . We use values of
angles o and 8 as inferred by Desvignes et al. (2019). This
significantly simplifies the problem and allows us to place
constraints on the parameters of the magnetospheric pair
plasma. The emission height 7em = 10R is set by the width
of the profile and is also fixed in our calculations.

A comparison of our simulations with observable pro-
files at different epochs is shown in Figure 2. At MJD 53571,
the intensity of the MP is higher than the intensity of the
IP, and both their ratio and their single-peaked shape are
well reproduced by numerical simulations (Figure 2a). For
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Figure 4. Distributions of the GJ current, jg., electric current density, jj, and their ratio, £ = j“/jGJ in the polar cap. The top row
corresponds to the orthogonal rotator, « = 90°, and the bottom row corresponds to the case of PSR J1906+40746, o = 81°. A black
dashed line accounts for the zero-value in all plots. Gray dashed lines mark the contours of £ = £1 for a = 81°, which bound the regions
that can support pair production, £ < 0 and £ > 1. The plot of £ for the orthogonal rotator is saturated, since £ > 1 and the whole
polar cap supports active pair production in this case. These plots use analytical fits to the results of force-free simulations of pulsar

magnetospheres by Gralla et al. 2017.

the MP, both V and dPA/d¢ are positive; i.e., the correla-
tion of their signs is also reproduced. At this and all subse-
quent epochs, the shapes of PA for both the MP and the IP
closely follows the observed ones, as well as the RVM predic-
tion. Furthermore, the degree of circular polarization is well
reproduced by our calculations. However, while the single
shape for both pulses is reproduced, our results show that
the MP is significantly wider compared to what is observed.

The following epoch (Figure 2b) illustrates the devia-
tion of the ratio of the intensities of the MP and IP. Al-
though the I and V shapes are not reproduced numerically,
the shape of PA is in good agreement with the observations
for both pulses. Also, while the simulated V and dPA/d¢
have the same signs along both pulses, as required for the
X-mode, there is no clearly detected circular polarization at
this epoch.

At MJD 56012, the simulated MP becomes significantly
weaker than the IP (Figure 2¢). It stays invisible throughout
profiles at later epochs in simulations, while it is still visi-
ble in observations until MJD ~ 57000. The IP is double-
peaked, with the left hump being slightly weaker than the
right one due to the synchrotron absorption that happens
at large distances in the magnetosphere. Simulations repro-
duce the observed shapes of V and dPA/d¢ as well as the
degree of V. The correlation of signs is also in agreement
with observations: V and dPA/d¢ are both negative for the
IP. Again, while the simulated IP reproduces the double-
peaked shape, there is a significant difference from the ob-
served intensity shape. We find that for higher values of A,
the resulting strong synchrotron absorption makes the IP in-

MNRAS 000, 1-9 (0000)

tensity profile more compatible with observations; however,
the PA curve becomes significantly distorted in this case.
Similar conclusions hold until MJD ~ 57000 (panels d and
e in Figure 2).

As the line of sight approaches the magnetic axis in
the interpulse, Sip = 0, the PA(¢) becomes steeper. After
the crossing (at the moment in time between panels e and
f), both V and dPA/d¢ change their signs, in agreement
with the prediction of the propagation theory. Finally, Fig-
ures 2g-h illustrate the latest available observations at MJD
~ 58000. The MP is again invisible, while the IP shows
roughly the same behavior as MP at comparable impact an-
gles, Bip =~ PBup (see Figure 2a). At these late epochs, we
reproduce both the single-peak shape of the IP and the be-
havior of both PA(¢) and V. The simulated profile is slightly
wider than the observed one.

To summarize, the choice of plasma parameters A ~ 10°
and v ~ 300 allows to reproduce both the position angle
profile and the degree and sign of the circular polarization
in observations (a poor fit of circular polarization at MJD
54987, panel b, is mainly due to a poor fit of the intensity,
since V' = I tanh(20;)). Higher values of A or smaller val-
ues of v result in stronger propagation effects, and thus a
higher degree of circular polarization and more significant
deviations of the PA profile from the RVM prediction. In
contrast, smaller A\ and higher « lead to a lower degree of
circular polarization, V', or a change in the sign of V' along
the same profile, as described in Sec. 3.2 (see also Figure 3).
As discussed above, higher values of A may better describe
the weakness of the first peak of the IP at MJD 56000-57000.
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However, given the high uncertainty in the initial intensity
profile, we decided to focus on fitting the polarization sig-
natures.

Finally, we note that our simple model for the inten-
sity works especially poorly for the MP (as well as at the
boundary of the IP beam, when it just starts to appear). In
this regard, we would like to point to an interesting circum-
stance. As we have seen above, due to the precession of the
rotation axis, the observer’s line of sight crosses the stellar
equator (8 = 90° — a, or Brp = —fBrp; the moment of time
between panels a and b in Figure 2) at epoch MJD~ 54400.
If the magnetic field at the neutron star surface would cor-
respond to the field of a centered dipole, then the MP and
IP would have the same shape at this time, for any model
of the initial intensity (see also the bottom panel in Figure
1). However, observations show quite different radio inten-
sity profiles. Therefore, this fact can serve as an indication
that the magnetic field at the stellar surface differs from
the dipolar one for the pulsar PSR J1906+0746. According
to Johnston & Kramer (2019), the same is true for the pul-
sar PSR J1828-1101, since the condition Brp = —Bmp is
also fulfilled. In the case of PSR J1906+0746, the intensity
profiles of the MP and the IP also differ significantly.

4 DISCUSSION

In this paper, we present simulations of the formation
of the radio polarization of the nearly orthogonal pulsar
PSR J1906+0746 using the method developed by Beskin
& Philippov (2012). Our numerical models have been able
to explain the general shape, sign and degree of the circular
polarization, V', for many observational epochs. In particu-
lar, the change of sign of V' at the moment when the line of
sight crosses the IP magnetic axis is a very robust predic-
tion of the propagation theory. We find that the observed
circular polarization is best explained for a multiplicity of
secondary plasma of ~ 103, and a Lorentz factor of ~ a few
hundred. For these parameters of the pulsar plasma, the pro-
file of the position angle is not dramatically distorted and
matches with the RVM fits shown in Desvignes et al. (2019).

While our modeling shows that the radio polarization
can be robustly modeled, it also shows that the assumptions
we used for describing the shape of the radio beam are still
overly simplistic. This is particularly evident when we model
the MP and the edge of the IP beam. The observed behavior
of the MP is even more complicated, and potentially requires
a non-dipolar surface magnetic field. Analytical models of
the near-field structure of non-dipolar magnetospheres ex-
ist (Gralla et al. 2017) and have been used to explain the
puzzling behavior of the X-ray light curves of millisecond
pulsars (Lockhart et al. 2019; Bilous et al. 2019). Despite
this, we think the main uncertainty lies in our assumption
that the radio intensity is proportional to the density of the
secondary plasma. For example, recent particle-in-cell nu-
merical investigations of the pulsar emission mechanism sug-
gest the important role of the non-uniformity of the plasma
flow close to the polar cap, bringing in extra dependencies
(Philippov et al. 2020). An additional complication arises be-
cause the mean profile is formed by the X-mode, which can-
not be directly excited by the plasma currents and must be

a "propagation effect" by itself®. This may also explain why
we require a somewhat small multiplicity value, compared to
traditional estimates of ~ 10° (Timokhin & Harding 2015).
In fact, polarization may be freezing at lower altitude if the
emission escapes through the local under-dense plasma zone,
which can be seen as effectively lower density of a uniform
flow. As these theoretical models and ideas are developed
further, modeling of the light curves of PSR J1906+0746
may provide key tests of the theory.

To conclude, we want to emphasize the uniqueness of
this pulsar for future tests of theories of the pulsar radio
emission mechanism. For example, the fact that the IP is
observed both above and below the magnetic axis rules out
theories that rely on the presence of ions in the plasma flow
(Cheng & Ruderman 1980; Jones 2014), at least as a generic
model applicable to all pulsars. This is because ion extrac-
tion is only possible in the half of the polar cap that supports
a volume return current (the lower half of the polar cap in
Figure 4). These observations also rule out early models of
stationary pair cascades, which did not take the effects of
general relativity into account and predicted that pair pro-
duction, and thus radio emission, would be active only in
one half of the polar cap (Arons & Scharlemann 1979). PSR
J1906+0746 emphasizes the role of unique, long-term ob-
servations, which are sometimes more useful to constraint
theories than the continuous increase of observed sources.
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