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Abstract

We report the radio observations of the eclipsing black widow pulsar J1720−0534, a 3.26 ms pulsar in orbit with a
low mass companion of mass 0.029 to 0.034Me. We obtain the phase-connected timing ephemeris and
polarization profile of this millisecond pulsar (MSP) using the Five-hundred-meter Aperture Spherical radio
Telescope (FAST), the Green Bank Telescope (GBT), and the Parkes Telescope. For the first time from such a
system, an oscillatory polarization angle change was observed from a particular eclipse egress with partial
depolarization, indicating 10-milliGauss-level reciprocating magnetic fields oscillating in a length scale of 5×
103 km (assuming an orbital inclination angle of 90°) outside the companion’s magnetosphere. The dispersion
measure variation observed during the ingresses and egresses shows the rapid raising of the electron density in the
shock boundary between the companion’s magnetosphere and the surrounding pulsar wind. We suggest that the
observed oscillatory magnetic fields originate from the pulsar wind outside the companion’s magnetosphere.

Key words: (stars:) pulsars: general – (stars:) pulsars: individual (J1720-0534) – (stars:) binaries: eclipsing

1. Introduction

Spider pulsars are millisecond pulsars (MSPs) orbiting low-
mass companions (MC< 1Me) in tight orbital periods (Pb<
24 hr) (Roberts 2011, 2013). There are two explicit subgroups of
spider pulsars (Roberts 2011): black widows (BWs) have
likely-degenerate companions with mass MC< 0.05Me, and
redbacks (RBs) have non-degenerate companions with mass
MC∼ 0.1–1.0Me. Spider pulsar systems commonly show eclip-
sing behaviors like: frequency-dependent radio intensity eclipse
wider than the companion physical size (Fruchter et al. 1988;
Polzin et al. 2018) and linear polarization eclipse leading and
trailing the intensity eclipse by a few degrees (You et al. 2018; Li
et al. 2023; Crowter et al. 2020).

The magnetic field in the eclipse medium causes the polarization
eclipse of spider pulsars (Thompson et al. 1994; Kansabanik et al.
2021). As suggested by Thompson et al. (1994) and Polzin et al.
(2018), the eclipsing materials should contain 10G magnetic
field to balance the energy density in the pulsar relativistic-particle
wind. The recent result of PSR J1544+4937 also shows that
eclipsing material needs to contain ∼10G magnetic field from
wide-band flux intensity modeling (Kansabanik et al. 2021).
However, observations of the depolarization eclipse do not always
agree with the prediction above. Based on the plasma lensing
argument, the average magnetic field parallel to the line-of-sight
(LOS) 〈B∥〉 for PSRB1957+20 is 0.02± 0.09G (Li et al. 2019).
Crowter et al. (2020)measure a corresponding B∥∼ 3.5± 1.7 mG
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at the eclipse egress of PSR J2256−1024 through polarization
angle changes caused by Faraday rotation. Other indirect evidences
point to a higher magnetic field strength in the eclipsing materials.
Li et al. (2023)measure substantial rotation measure (RM) changes
over particular orbital phases away from the eclipse and changes of
circular polarization consistent with the synchrotron-cyclotron
absorption caused by magnetic fields of 10-100G from
PSR 1744-24A.

PSR J1720−0534 (Wang et al. 2021) is a Galactic field BW
pulsar with a spin period of 3.26ms discovered in the Commensal
Radio Astronomy FAST Survey (CRAFTS) (Li et al. 2018;
Cameron et al. 2020; Cruces et al. 2021; Miao et al. 2023). The
discovery of this BW pulsar and the presentation of pulse intensity
variation with a modulation period of ∼22 s during the ingress of
the eclipse have been reported (Wang et al. 2021). In this work, we
report the phase-connected timing ephemeris, polarization profile,
and a magnetic field reversal of this pulsar. In Section 2, we
present the radio observations and data analyses. In Section 3, we
describes our timing results, linear polarization variation with the
orbital phase, and a only magnetic field reversal in an observation.
We discuss and summarize our results in Section 4.

2. Observation and Data Analysis

2.1. Observation

There were 42 observations performed at FAST with its 19-
beam L-band receiver (Nan et al. 2011; Jiang et al. 2020), which
covers a frequency band of 1.0−1.5 GHz. To ensure the possible
smallest data sizes, we used two different observation modes. The
regular timing observations were carried out with 1024 frequency
channels and 49.152μs sampling time. The analysis of DM and
RM variation was carried out with 8192 frequency channels and a
sampling time of 98.304μs. The observations at the 100 m Green
Bank Telescope (GBT) were carried out using the 350MHz and
820MHz feeds at its prime focus receiver. Data were coherently
de-dispersed using the VEGAS backend at a DM of 37.8 pc cm−3

with 128 frequency channels, and sampling times of 20.48μs and
10.24μs at 350 and 820 MHz, respectively. The observation taken
at the Parkes telescope was made with the ultra-wide-bandwidth
low-frequency (UWL) receiver (Hobbs et al. 2020). This 2.7 hr
observation covered ∼90% of the orbital phase. All the data
presented in this work were recorded in pulsar search mode with
full polarimetry. The parameters of timing observations and
eclipsing events are listed in Table A1.

2.2. Data Processing

The initial timing ephemeris was derived with tools from
PRESTO16 (Ransom 2011). We folded the data with the initial
ephemeris by using DSPSR17 (van Straten & Bailes 2011) and

obtained the pulse time of arrivals (ToAs) with PSRCHIVE18

(Hotan et al. 2004) software packages. We used TEMPO19 (Nice
et al. 2015) and DRACULA20 (Freire & Ridolfi 2018) to get a
phase-connected timing solution with the initial ephemeris and
these ToAs. After obtaining a phase-connected timing solution, we
refolded the data and performed the polarimetric calibration on the
newly folded data. We derived the new ToAs with PSRCHIVE
and get the timing residuals by using TEMPO. ToA integration

Table 1
Best-fit TEMPO Timing Parameters for Pulsar J1720-0534

Pulsar name J1720-0534

Measured Parameters
R.A., α (J2000) K 17:20:54.505914(2)
decl., δ (J2000) K –05:34:23.82233(14)
Spin Frequency, ν (s−1) K 306.030167430858(4)
Spin frequency derivative, n (s−2) K −7.6539(19) × 10−16

Dispersion Measure, DM (cm−3 pc) K 36.82987(10)
Binary model K ELL1
Orbital Period, Pb (day) K 0.13169857686(2)
Projected semimajor axis, x (lt-s) K 0.05961281(10)
Epoch of the ascending node, Tasc (MJD) K 58941.85271857(4)

( )w -e sin , 101
5 K 0.2(2)

( )w -e cos , 102
5 K –4.3(2)

Mass function, f (10−3)Me K 0.01311331(6)

Fixed Parameters
Solar System Ephemerisa K DE438
Reference epoch for α, δ, and ν (MJD) K 58990.725174
Data span (MJD)K 58987—59626
Number of TOAsK 2697
Fit χ2/number of degrees of freedomK 5524.72/2688
Post-fit rms of residuals (μs)K 3.093
EFACK 1.43

Derived Parameters
Minimum companion massb, ( )m Mc,min  K 0.029

Median companion massc, mc,med(Me) K 0.034
Inferred eccentricity, e (10−5) K 4.3(2)
Galactic longitude, l (°) K 17.0667302186(7)
Galactic latitude, b (°) K 17.25223302(4)
Spin-down luminosity, E (1033 erg s−1) K 9.2
Surface magnetic field, Bsurf (10

8 G) K 1.6
Characteristic age, τc (Gyr) K 6.3

Notes.
a The timing model use the DE438 solar system ephemeris and is referenced to
the TT(BIPM) time standard. Values in parentheses are the 1σ uncertainty in
the last digit as reported by TEMPO.
b mc,min is calculated for an orbital inclination of i = 90° and an assumed
pulsar mass of 1.35 Me (Hobbs et al. 2006).
c mc,med is calculated for an orbital inclination of i = 60° and an assumed
pulsar mass of 1.35 Me (Hobbs et al. 2006).

16 https://github.com/scottransom/presto
17 http://dspsr.sourceforge.net

18 http://psrchive.sourceforge.net
19 http://tempo.sourceforge.net
20 https://github.com/pfreire163/Dracula
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times used for FAST, GBT, and Parkes observations are is 20 s,
120 s, and 420 s, respectively.

2.3. Faraday Rotation Measurements

The observations covering the eclipses are all taken at
1250MHz with the FAST. To study the depolarization of the
pulsar signals during the eclipse phase, we search for the
optimal RM using RM-TOOLS21 (Purcell et al. 2020) from each
sub-integration. We obtained polarization profiles with the
signal-to-noise ratio ∼80 by forming profiles for every 20 s.
We find RM≈ 21 rad m−2 at the non-eclipsing phases
(0.00< fb< 0.15 and 0.40< fb< 1.00).

The RM-TOOLS failed to provide a fit result for the ingress
and egress phase (0.15< f< 0.18 and 0.31< fb< 0.40), due
to the low linear polarization. We then attempt to obtain the
RM variation by measuring the polarization position
angle (PA) shift of the sub-integration (Crowter et al. 2020).
The extra RM is given byD = D -f cRM PA c

2 2, where ΔPA is
the PA shift; c is the speed of light in m s−1; and
fc= 1250MHz is the center frequency of the observation. We
compare PA values between the shifted and non-shifted PA
profiles to obtain the ΔPA measurements.

3. Results

We present a phase-connected timing solution for PSR J1720
−0534 (Table 1) based on two years of observations. This

3.26 ms pulsar is in a tight orbit with an orbital period of
3.16 hr, an eccentricity of 4.4× 10−5, and a projected
semimajor axis of 0.0596 lt-s. The companion mass is to be
between 0.029−0.068Me, assuming 90°� i� 26° and a
pulsar mass of 1.35Me. We derive the spin-down luminosity
(E ), the surface magnetic field (Bsurf), and the characteristic age
(τc) from the intrinsic period (P) and spin period derivative (P ).
The E of 9× 1033 erg s−1 is similar to those of the 102
published LAT-detections of Gamma-Ray MSPs22 with
measured E . We folded the 12-year Fermi-LAT data with the
timing solution in Table 1, but no pulse was detected. We
searched the potential counterpart at the Gaia DR3 catalogs
(Gaia Collaboration et al. 2021) and none was found within a
1″ radius.
Figure 1 shows the post-fit timing residuals as the function of

orbital phases (fb) and MJDs, with different colors represent-
ing different telescopes. The eclipse and its surroundings have
been excluded (0.16< fb< 0.35, by eyes). The post-fit
weighted rms (WRMS) of timing residuals is 3.093 μs after
applying an error factor (EFAC) of 1.43.
We present the variation of the excess DM (ΔDM) and the

inferred excess electron column density (Ne) of 10 eclipse
observations in Figure 2, with different colors representing
different observations. These observations, which cover the
phase of the eclipse, were all made with the FAST telescope.
On MJD 58987 and MJD 59262, we detect two significant DM

Figure 1. Post-fit timing residuals of all observations. Upper panel: The timing residuals vs. MJD. Lower panel: The timing residuals vs. orbital phase. Residuals at
350 and 820 MHz from GBT observations are plotted in green and red, while residuals from FAST and Parkes observations are plotted in blue and yellow,
respectively. The vertical lines in the lower panel represent the approximate location of the eclipse, at orbital phases between 0.16 and 0.35.

21 https://github.com/CIRADA-Tools/RM-Tools

22 https://confluence.slac.stanford.edu/display/GLAMCOG/Public+List
+of+LAT-Detected+Gamma-Ray+Pulsars

3

Research in Astronomy and Astrophysics, 23:105005 (12pp), 2023 October Miao et al.

https://github.com/CIRADA-Tools/RM-Tools
https://confluence.slac.stanford.edu/display/GLAMCOG/Public+List+of+LAT-Detected+Gamma-Ray+Pulsars
https://confluence.slac.stanford.edu/display/GLAMCOG/Public+List+of+LAT-Detected+Gamma-Ray+Pulsars


fluctuations during the eclipse egress (called blips, Crowter
et al. 2020). The close-ups of the blips are presented in the
insert plot of Figure 2. The pulse profile and linear polarization
position angle (PA) for PSR J1720−0534 at 350MHz
(MJD 59626) and 1250MHz (MJD 59313) are shown in
Figure 3. The pulse profile at 820MHz is similar to the
1250MHz one. As described in Rotating Vector Model (RVM,
Radhakrishnan & Cooke 1969; Everett & Weisberg 2001), the
linear polarization PA is a function of the magnetic inclination
angle (α), the angle between the line of sight and the rotation
axis (ζ), the reference position angle (ψ0), and longitude of the
fiducial plane (f0). We used the RVM model to model the
viewing geometry of this pulsar. The geometric parameters
used for RVM fits are α= 84°.2, ζ= 96°.1, ψ0=−74°.2 and
f0= 221°.8.

The variations of ΔDM, normalized flux density and
polarization fraction for five observations covering the eclipses
are shown in Figure 4. At fb between 0.165 and 0.180, the
circular polarization is detected while the linear polarization is

depolarized. The circular polarization starts to be detected at
fb= 0.31 while the linear polarization is still depolarized. The
circular polarization is eclipsed at the similar orbital phase as
the total intensity, as a result the linear polarization presents a
wider eclipse range, disappears earlier, and appears later.
Only at MJD 59214, we observed a shift in the PA when the

linear polarization appears again in the orbital phase of 0.32—
0.35 (shown in Figure 5). The flux of linear polarization shows
a decrease at random decrease at different orbital phase and
totally disappeared at fb= 0.324, 0.330, 0.342, 0.344, and
0.354. The PA profiles also show the random shifts. At the
same time, the total intensity profiles (I) and circular
polarization profiles (V ) show no deviations. The ΔDM and
ΔRM measurements between the orbital phase 0.32 and
0.35 are presented in the top panel of Figure 6.
Recent research indicates that a magnetic field permeates the

eclipse material being the cause of a shift in PA and linear
depolarization (You et al. 2018; Crowter et al. 2020; Li et al.
2023). The average magnetic field in the eclipse material 〈B∥〉

Figure 2. Variations of the excess DM (ΔDM) and excess electron column densities (Ne) as the function of orbital phases around superior conjunction. Different
colors represent the different eclipse observations. The inset shows the DM “blips” observed on MJD 58987 and MJD 59262.
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is given by Equation (1) while assuming that the ΔRM and
ΔDM are originating in the same place (Crowter et al. 2020; Li
et al. 2023). Positive/negative RMs indicate that the direction
of 〈B∥〉 is toward/away from the observer.

( )má ñ =
D D

- -

-

B 1.232 G
RM

rad m

DM

pc cm
1

2 3

1

⎜ ⎟⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠



Detailed 〈B∥〉 measurements are presented as black dots in
the bottom panel of Figure 6. These ΔDM and ΔRM imply a
maximum magnitude of 〈B∥〉 toward the LOS direction of
∼24± 8 mG and a maximum 〈B∥〉 ∼−10± 5 mG in the
opposite direction.

It is worth noting that when |ΔPA|� 90°, it is possible that
the PA would wrap around and appear on the opposite side of
the baseline. This could lead to a misinterpretation of the
ΔRM. However, at 1.25 GHz, a ΔRM= 27 rad m−2 that lead
to |ΔPA| of 90° will also reduce the linear polarization fraction
Lobs to 63% of the original level (Lori) (Li et al. 2023). But the
polarization reduction fractions Lobs/Lori measured from most
of the egress phases are greater then 70%, which means that the
|ΔPA| at these phases should be smaller than 90◦, except for
fb= 0.345, where Lobs/Lori∼ 63% (the left bottom panel of
Figure 5). At the orbital phase of 0.345, there are two possible
values for ΔPA: 78° ± 3° or −102° ± 3°. A theory predicts
that Lobs/Lori should drop to 55% if the ΔPA is −102°. This is

in tension with the observed value. Therefore, we think that
ΔPA= 78° ± 3° is favored for fb= 0.345.

4. Discussion & Conclusion

In the two-year timing campaigns, we measured the
astrometric parameters (RA and DEC), pulsar parameters (ν,
n , and DM), and binary parameters (PB, x, Tasc, ò1, and ò2) of
PSR J1720−0534 (Table 1). The measurements of the proper
motion, projected semimajor axis derivative, and orbital period
derivative are future objectives that could help us reveal more
about the binary evolution of this system.
PSR J1720−0534 is a BW pulsar system and is eclipsed at the

orbital phases of 0.19− 0.31 (∼12% of its orbit) at L-band.
Assuming i= 90° and a pulsar mass of 1.35Me, the minimum
pulsar-companion separation is ∼1.2Re and the radius of the
companion’s Roche lobe (Eggleton 1983) is =R R0.16L

c
.

Combining the eclipse span and pulsar-companion separation, the
eclipse radius RE is 0.45Re (∼2.8RL

c) (Altamirano et al. 2011).
The intensity eclipses of PSR J1720−0534 are consistent

with a symmetrical core plus variable edges. The ingresses
happen at fb= 0.18 and last for ∼1% of the orbit (half-
maximum flux density). The egresses happen at the fb= 0.31
and the egress duration varies between 1% and 2% of the orbit.
The steady ingress and swept-back egress suggest that the

Figure 3. Pulse profile and polarization position angle for PSR J1720−0534 at 350 MHz (left) and 1250 MHz (right). The upper panel of each plot is the position
angle, and the lower panel of is the polarization profiles. The blue solid line in the upper panel represents the best-fitting RVM model. The total intensity (I), linear
polarization (L), and circular polarization (V ) profiles are represented by black, red, and blue solid lines.
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Figure 4. Variation of the ΔDM, normalized mean flux density, and polarization fractions along the eclipse. Different colors represent different observations. The
upper panel with ΔDM � 0.006 pc cm−3 in the same observation are connected by lines. The eclipse region is shaded in purple at the orbital phase between 0.18 and
0.31. The linear depolarization region is shaded in pink at orbital phases of 0.165–0.180 and 0.31–0.35.

Figure 5. Sub-integration polarization profile variation in different orbital phases. The sub-integration profiles are for the integration time of 20 s for a FAST telescope
observation on MJD 59214. The orbital phase (f) at the center of each integration is at the top right corner of each subplot. The lower panel of the sub-plot gives the sub-
integration pulse profile (solid line) comparing with the average pulse profile (dashed line) from this observation, with I, L, V profiles are plotted in black, red, and blue. the
different colors representing different polarization. The position angle (PA) of the average profile comparing with the sub-integration profile are presented at the top panel.
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eclipse material around the companion leaves a comet-like tail
due to orbital motion.

The strength of these fields is similar to the turbulent and
ordered field observed from other BW pulsar systems inferred
using Faraday rotations (You et al. 2018; Polzin et al. 2019;
Crowter et al. 2020; Li et al. 2023). The oscillatory magnetic
field in egress is observed for the first time and presents an
important piece of evidence for understanding the interactions
between the pulsar and the companion.

The polarization observed in the egress phase reveals an orderly
magnetic field showing an oscillatory pattern with a timescale of
20 s and direction reversal. This oscillation timescale corresponds
to a length scale of ∼5× 103 km when assuming an i of 90°.

We summarize the eclipsing event as follows:

1. A symmetrical complete-eclipsing body larger than the
companion star in physical dimension;

2. Varying asymmetrical ingress and egress, through which
the pulsar signal can pass with different levels of extra
dispersion and depolarization.

3. Electron densities between 0 and >1.3× 107 cm−3 were
found in the ingress and egress.

4. We find a 10-milliGauss-level reciprocating magnetic
field from one of the eclipse egresses with a low electron
density (<106 cm−3).

Various physical pictures have been proposed in the
literature to explain the eclipse of black widows and redbacks.

In this paper, we explain our observations of J1720−0534 with
a particular picture that was proposed as one of the possible
scenarios for other BW pulsars (e.g., Phinney et al. 1988;
Thompson et al. 1994; Wadiasingh et al. 2018). We suggest
that the eclipse is caused by the magnetosphere of the brown
dwarf. The brown dwarf magnetosphere interacts with the
pulsar wind in a similar way as the Earth magnetosphere
interacts with the Solar winds (Sckopke et al. 1983). There is a
shock boundary between the companion magnetosphere and
the pulsar wind outside. The 10-milliGauss-level reciprocating
magnetic field observed in the egress is part of the pulsar wind
outside of the magnetosphere.
To better illustrate our idea, we present the following three

general categories of models, discuss their implications, and
provide evidence that falsifies some of them and supports the
other (Figure 7).

4.1. Naive Stellar Wind

An important feature of the black widow eclipse is the fact
that the eclipsing body is bigger than the companion star’s
Roche lobe ( ~R R2.8E L

c). When Fruchter et al. (1988)
discovered the first black widow system B1957+20, they
suggest that the eclipse could be caused by a stellar wind from
the companion evaporated by the pulsar. Figure 7 illustrate an
eclipsing body with an isotropic out-flowing stellar wind that
surrounds the companion. The speed of the stellar wind should
be far greater than the orbital velocity of the companion

Figure 6. The detailed ΔDM (blue dots), ΔRM (red dots), and extra magnetic field strength at the LOS direction (B∥, black dots). Dotted vertical lines show the
division of each sub-integration and dashed horizontal lines at 0 are added for comparison. At the orbital phase of 0.345, there are two possible values for ΔRM. The
ΔRM and extra magnetic field derived from the ΔPA greater than 90° are marked with orange squares.
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Vorb= 409 km s−1 (i= 90°) in order to create a symmetrical
eclipsing body. However, a stable isotropic wind should have a
density profile of ρ(r)∝ 1/r based on Gauss’s theorem. Such a
density profile is smooth toward the eclipsing edge, incon-
sistent with what was observed at the edge of the eclipsing
body (Figure 8).

Note that electron density ne is often estimated simply by
taking the column density nH derived from dispersion and
dividing it with the eclipsing body diameter 2RE. This is a
crude estimation that does not take the distance from the eclipse
center into account. In Figure 8 we present ne based on ∝1/r
profile but account for the different LOS length for different
eclipsing phase f. This figure helps us demonstrate the
discrepancy between a wind density profile and the observed
density profile. But the presented ne should also serve as a
reasonably good general estimation for electron density for our
later discussion.

4.2. The Companion Magnetosphere

In the other scenario (Figure 7(b)), the pulsar emission is
eclipsed by the plasma in the magnetosphere of the companion.
Assuming that the companion brown dwarf is Roche Lobe-
filling and has a surface magnetic field of 103 G (Reiners &
Christensen 2010), we get a magnetic field strength of
4.5× 101 G at the eclipse edge (fb= 0.31). A magnetosphere
field strength of 10 G is sufficient to trap and dominate plasma
(assuming protons and electrons) of number density <3×
1013 cm−3 and velocity ∼Vorb.

Thompson et al. (1994) suggests that, at the edge of the
magnetosphere of the brown dwarf, the magnetic pressure

should balance the pulsar wind pressure, while the pulsar wind

energy density is =
p

UE
E

ca4 2


and the magnetic pressure is

p
B

8
E
2

.

Here E is the spin-down luminosity, c is the speed of light, a is
the orbital separation, and BE is the magnetic field of the eclipse
medium. From this, the magnetic field strength of BE should be
≈8 G (Wang et al. 2021).
Interestingly, the derived theoretical magnetic field strength

(45 G) is more than sufficient for the required field strength
(8 G) at the eclipsing edge. However, these field strengths are
more than three orders of magnitude higher than the value
observed in our egress (10 mG).

4.3. Pulsar Wind

The third scenario (Figure 7(c)) supplements the second one
with pulsar wind and a shock boundary, and fixes the
inconsistency mentioned above. Such a picture was proposed
by Phinney et al. (1988) as one of the early models. In this
picture, a shock boundary exists between the magnetosphere
and the pulsar wind. Outside of the shock boundary are high-
speed, low-density pulsar wind particles traveling with a low
magnetic field, and inside, the slow-moving, high-density
plasma trapped by the companion’s magnetic fields. This is
similar to the boundary shock observed from the solar wind and
the Earth magnetosphere (Sckopke et al. 1983) where both the
electron density and magnetic field rose suddenly as the ISEE-
123 probe traveled downstream of the solar wind into the Earth
magnetosphere.

observer

eclipse eclipse

observer observer

Companion orbit

Roche lobe

Companion orbit

Roche lobe

Companion orbit

Roche lobe

depolarization depolarizationdepolarization

eclipse

depoldepol

depolarization
Stellar wind

Figure 7. Three general categories of models for the eclipsing body: (a) a naive companion wind picture; (b) the companion magnetosphere; (c) the companion’s
magnetosphere plus a pulsar wind shock boundary. The Roche lobe and companion orbit are calculated assuming a pulsar mass of 1.35 Me and an orbital separation
of 1.2 Re (i = 90°). The Roche lobe of the companion star is filled in yellow. The eclipse edges and linear depolarization edges are shown by black and red dashed
lines. The black dashed curves represent the magnetic field and the black solid curves represent the edge of stellar wind. The gray arrows indicate the companion’s
direction of motion.
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The majority of energy in the pulsar wind is carried by
relativistic particles. The magnetic fields in the pulsar wind could
be much smaller than the magnetic field of the companion at the
orbital distance. After all, the pulsar’s magnetic field is only
1.6× 108 G at its 10 km radius surface (Table 1). The pulsar wind
is almost transparent to the pulsar emission. This is because of the
low density and the high Lorenz factor of the wind particles. The
wind particles have motion masses far exceeding their rest masses,
causing their Faraday rotation effect to be negligible (Quataert &
Gruzinov 2000; Wang et al. 2011). When a moderate amount of
slow-moving ionized materials from the companion’s magneto-
sphere flow out of the boundary and come to the pulsar wind side,
the combination of the extra slow electrons and a reasonably low
magnetic field (10mG) environment leads to the incomplete
depolarization and the Faraday rotation. As we mentioned in the
previous section, such a condition is rarely met (only be observed

in MJD 59 214). In most of the ingresses and egresses of this
pulsar, the out-flowing electrons are either too dense or too variable
and often completely depolarize the pulsar signal.
Thompson et al. (1994) predicted that the pulsar wind could

contain an oscillating part around the eclipsing edge with an
oscillation length of cP/2; 500 km, where c is the speed of
light and P is the spin period of the pulsar. It should be noted
that such reciprocating magnetic fields in the pulsar wind was
already illustrated in the model of Phinney et al. (1988). But
such field was never observed until now. We observed an
oscillation length of 5× 103 km, different from the prediction,
possibly due to our viewing angle or the reconnection loop
expanding due to pressure changes.
The pulsar wind is expected to contain an alternating

magnetic field in both the radial and transverse directions. This
means that the eclipse was due to plasma occupying a relatively

Figure 8. Upper panel: electron volume density at ingresses and egresses as a function of eclipse phase fb: ( )f f= - -n n R0.5 sine b H E b
1 1

( )( ) ( )p f p f- - -
-

sin 2 sin 2b b
1

3
3

1
assuming a wind density profile of ne ∝ 1/r, where r is the distance from the companion center, RE is the eclipsing

radius and nH is the column density derived from the excess DM (Figure 6). Lower panel: A close-up of the liner polarization fraction at the eclipse ingresses and
egresses.
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small volume of space in which the field is relatively uniform
in the radial direction. It is possible that in the particular egress
of MJD 59214, the eclipsing plasma was a small stream of
matter escaping the magnetosphere. This might not be the case
for the other egresses, through which significantly higher
electron densities were observed and pulsar signals are
completely depolarized.

The asymmetry between the depolarizing ingress and egress
phase could be caused by an asymmetrical boundary shock
layer deformed by orbit motion as illustrated in Figure 7(c). In
our picture, the shock between the magnetized plasma is
collisionless and could have boundaries with varying thickness
depending on the conditions at the eclipse egresses.

We conclude that the companion magnetosphere plus pulsar
wind picture could explain most of the observations. It also
predicts that a shock boundary exists between the pulsar and
the companion. Inside the shock boundary, the magnetic field
could reach the 10 G level required for pressure balance and
intensity eclipse, outside the boundary both the electron density
is ∼106 cm−3 and the magnetic field is only ∼10 mG. As
suggested by Wadiasingh et al. (2018), if sufficient dissipation
and heating exist in this boundary, one may be able to observe
double-peaked X-ray modulation like those observed in some
low-mass millisecond pulsar binaries.
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Appendix
Observation Parameters and Eclipsing Events

A table (Table A1) with the timing parameters of the
observations and the eclipsing events. The “Observation MJD”
column indicates the start time of the observation (to the
minute), and the “Eclipsing” column indicates whether the
eclipse was captured in this observation.
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