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Abstract

We present polarization profiles for 24 millisecond pulsars observed at 820 and 1500 MHz with the
Green Bank Telescope by the NANOGrav pulsar timing array. We use Mueller matrix solutions
calculated from observations of PSRs B1929+10 and J1022+1001 to calibrate the data. We discuss
the polarization profiles, which can be used to constrain pulsar emission geometry, and also present
the discovery of very low intensity average profile components (“microcomponents”) in four pulsars.
Using the rotation measures we measured for each pulsar, we calculate the Galactic magnetic field
parallel to the line of sight for different lines of sight through the interstellar medium. We fit for linear
and sinusoidal trends in time in the rotation measure, dispersion measure, and Galactic magnetic field.
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We detect rotation measure variations with a period of one year in some pulsars but overall find that
the variations in these parameters are more consistent with a stochastic origin.

Keywords: pulsars: general, ISM: magnetic fields, techniques: polarimetric

1. INTRODUCTION

Pulsars are highly-magnetized, rapidly-rotating neu-
tron stars that emit electromagnetic radiation that
sweeps across our line of sight as they rotate. In addi-
tion to being laboratories for study themselves, pulsars
are useful in probing the properties of the interstel-
lar medium (ISM). As the radio waves from a pulsar
traverse the Galaxy, they experience Faraday rotation,
which is a frequency-dependent rotation of the polar-
ization position angle by the Galactic magnetic field.
Faraday rotation changes the angle of linear polariza-
tion by an angle

e3 /\2

2rm2ct

d
8 / ne() By (1)dl (1)

where e is the charge of the electron, A is the wavelength
of the radio waves, m, is the mass of the electron, c¢ is
the speed of light, n. is the free electron density along
a line of sight I, d is the pulsar distance, and B is the
magnetic field parallel to the line of sight (in cgs units).
The degree to which the pulsar’s radio waves are rotated
is called the rotation measure (RM), where

RM:%. (2)

The dispersion measure (DM) is the integrated free elec-
tron density along the line of sight

DM = / ’ ne(1)dl (3)
0

and varies with the observational frequency as v 2.

We can calculate the parallel component of the mag-
netic field along the line of sight using both the DM and
RM as

RM
(By) = 1.235=nG (4)

where RM is in rad m~2 and DM is in pc cm~3.
When the radio waves reach the receiver on the tele-

scope, the telescope’s response alters the components of
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the waves. These components can be described by the
Stokes vector

; (5)

where Stokes [ is the total intensity, Stokes @ and Stokes
U form the linear polarization through L = /Q? + U2,
and Stokes V is the circular polarization intensity. Us-
ing the International Astronomical Union (IAU)’s circu-
lar polarization sign convention, right-handed circular
polarization is positive (corresponding to a clockwise ro-
tation of the position angle) and left-handed circular po-
larization is negative (corresponding to a counterclock-
wise rotation of the position angle) (Stokes 1851). The
total amount of polarized emission can be described by
the latter three Stokes parameters P = /L2 + V2.

The orientation of the linearly polarized radio waves
emanating from the pulsar can be described by the po-
sition angle (PA) of the linearly polarized emission:

U
U =05tan"! =.
Q

The polarization angle is quoted using the TAU conven-
tion with the polarization angle increasing in the coun-
terclockwise direction. We can solve for the telescope’s
response to the incoming radio waves

Smeas = MSsrc (6)

where Speas 18 the Stokes vector measured at the tele-
scope, Sgc 1S the Stokes vector of the incoming radio
waves, and M is the Mueller matrix, which depends on
the ellipticity of the receiver arms, non-orthoganality of
the receivers, the differential gain, and the differential
phase of the receiver (see Heiles et al. 2001 for more de-
tails).

By observing a strong polarized source through a se-
ries of telescope azimuth angles, Mueller matrix ele-
ments for a given telescope and observing system can
be determined. The Mueller matrix can then be used to
correct other observational data and recover the intrinsic
Stokes parameters of the source under observation. We
can determine the Mueller matrix for a certain receiver
by taking a long observation of one pulsar and tracking
it across the sky. By doing this for multiple epochs, we
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can judge the stability of the receiver by observing how
the solutions change over a long period of time.

Pulsars are highly-polarized sources, and the position
angle can vary across the pulse phase. For many pulsars,
this follows an S-shaped curve, interpreted through the
rotating vector model (RVM; Radhakrishnan & Cooke
1969) as the observer’s line of sight traversing a conal
emission beam, with radio emission originating from the
open magnetic field lines. The position angle is mea-
sured with respect to the magnetic axis such that it will
rotate through the pulse by 180° at most.

Numerous polarization studies on MSPs (Kramer et al.

1998; Xilouris et al. 1998; Stairs et al. 1999) have
demonstrated that most MSPs have more complex po-
sition angle curves which are notoriously difficult to fit
to this model (Craig 2014a; Stairs et al. 1999; Ord et al.
2004). This is due to the recycled nature of MSPs,
which results in complicated field configurations and a
reduction in the magnetic field strength, resulting in
much smaller period derivatives than canonical pulsars.

Millisecond pulsars also feature emission over a large
portion of the profile, with more complex profiles and
less profile evolution with frequency than canonical pul-
sars (Kramer et al. 1998). Geometric arguments imply
that pulse widths should vary as as the inverse square
root of the period (Rankin 1993). In addition, the beams
of millisecond pulsars are wider than those of canonical
pulsars due to emission that is produced farther out in
the magnetosphere. This is supported by recent stud-
ies with the NICER telescope, which show that MSPs
radio profiles could originate in the outer edge of the
beam instead of from the core of the emission beam
(Guillot et al. 2019).

Gentile et al. (2018) published fully-calibrated polar-
ization profiles at 430 MHz, 1400 MHz, and 2300 MHz
for 29 MSPs based on the NANOGrav 11-year data set
(Arzoumanian et al. 2018) using the Arecibo Telescope.
As expected, analysis of these profiles showed position
angles that are generally inconsistent with the RVM.
They also found microcomponents, which they defined
as pulse components with peak intensities much lower
than the total pulse peak intensity, in three pulsars.

In this paper, we present polarization profiles' of
24 MSPs observed with the Green Bank Telescope
(GBT) at both 820MHz and 1400 MHz as part of the
NANOGrav 12.5-year data set (Alam et al. 2020).

We measure how the rotation and dispersion measures,
and hence (B)) (i.e. from Equation 3), vary over the
course of the data set.

1 These data are available to be downloaded from
data.nanograv.org/polarization.

In §2, we detail the observations. In §3 we discuss
the polarimetric calibration, Faraday rotation fits, iono-
spheric corrections, and magnetic field calculations. In
84, we detail the results of the calibration and examine
the profiles each pulsar. In §5, we discuss rotation mea-
sure, dispersion measure, and magnetic field variations,
microcomponents, emission geometry, and implications
for timing.

2. OBSERVATIONS

We present a subset of the NANOGrav 12.5-year data
set taken between MJDs 55339 and 56739 (May 23,
2010 and March 23, 2014) at 820 MHz and 1500 MHz
with the GUPPI instrument. We analyze observations
of 24 pulsars, two of which overlap with Gentile et al.
(2018) (PSRs J171340747 and B1937+21). Most pul-
sars were observed on a monthly cadence, with the ex-
ception of PSRs J171340747 and J1909—3744, which
were observed weekly starting in 2013. The frequency
resolution of these observations is 1.6 MHz. Table 1
shows the data timespan and number of observations
for each pulsar at each frequency.

The data were run through the standard NANOGrav
radio frequency interference (RFI) excision pipeline; the
minimum and maximum values in the off-pulse region
were found and any channels for which this value was an
outlier relative to the surrounding channels were zapped
(see Alam et al. 2020 for more details).

NANOGrav timing observations with the GUPPI data
acquisition instrument began in 2010 March and contin-
ued into 2020. However, a technical problem arose in
2014 March, making all data collected after this date
unsuitable for polarimetric work. The problem was in-
stability in the time alignment of the digitizers for the
X- and Y-polarizations of the telescope signal. This
corrupted the polarization cross-products and made it
impossible to recover full Stokes parameters from these
data. The power in the two individual polarizations was
uncorrupted, and well-calibrated total intensity mea-
surements could still be derived, allowing for the use of
these data in timing even without full Stokes parameter
information.

3. DATA ANALYSIS
3.1. Calibration Method

All NANOGrav observations go through a basic po-
larization calibration procedure. At the telescope, a
25-Hz broadband signal is generated at a noise diode
and injected into the receiver. At the beginning of each
observation, this artificial noise signal is split into two
polarization signal paths and measured with the pulsar
backend.
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Table 1. Number and timespan of observations for each pulsar.

820 MHz 1500 MHz
Pulsar Start  End  # of Obs Start End # of Obs

J0340+4130 55972 56726 30 55972 56278 30
J0613—0200 55339 56706 53 55429 56733 44
J0636+5128 56677 56727 3 56640 56729 3
J0645+5158 55828 56706 31 55826 56736 36
JO740+6620 56675 56735 3 56640 56736 4
J0931-1902 56387 56706 12 56351 56703 14
J1012+5307 55339 56706 49 55389 56431 35
J1024—-0719 55339 56727 46 55364 56703 50
J112547819 56675 56709 3 56640 56736 6
J1455—-3330 55340 56709 51 55429 56736 45
J1600—3053 55340 56675 41 55616 56733 45
J1614—2230 55340 56709 49 55265 56733 61
J1643—-1224 55361 56709 47 55365 56733 52
J17134+0747 55340 56709 51 55364 56710 7
J1744—1134 55340 56735 35 55365 56736 47
J1747—4036 55976 56735 26 55977 56736 31
J1832—-0836 56354 56735 16 56367 56736 16
J1909—-3744 55340 56736 53 55365 56733 75
J1918—-0642 55340 56735 49 55390 56733 52

B1937+21 55361 56709 46 55365 56676 40
J2010—-1323 55340 56735 48 55365 56733 49
J2145—-0750 55340 56709 48 55390 56736 52
J2302+4442 56003 56726 32 55972 56728 27

NOTE—These numbers reflect only the data used in the analysis;the

outliers have been removed.

A calibration scan is taken for every NANOGrav
observation. The noise signals themselves, and also
the power in both X- and Y-polarizations, are cali-
brated by observations on and off a bright, unpolar-
ized source (for the GBT, this is quasar B1442+101;
NANOGrav Collaboration et al. 2015).

A set of four scans: pulsar, noise diode (which is the
off-quasar scan), pulsar and noise diode, and quasar and
noise diode, are used to obtain flux and polarization cal-
ibration solutions. A noise diode is observed with every
pulsar scan but B14424-101 is observed once per each
multi-day observing session at each frequency. This con-
stitutes the standard calibration scheme, which is ap-
plied to all NANOGrav observations. While likely suf-
ficient for timing purposes, in order to study the polar-
ization in detail, more rigorous and precise polarization
calibration is needed.

In this analysis, we used long-track observations
of two pulsars to calculate Mueller matrix solutions.

For our 820 MHz data, we used observations of PSR
B1929+410 acquired by Kramer et al. (in prep.) for
the double pulsar, which were shared with NANOGrav.
PSR B1929+10 is known for being very bright and
has well-known polarization characteristics. We solved
for the Mueller matrix at six epochs (MJDs 56244,
56419, 56608, and 56793) and used the solution clos-
est to the epoch of each pulsar observation to cali-
brate the 820 MHz data. The solutions produced cali-
brated profiles for PSR B1929+10 that matched those
in the literature (e.g., Stairs et al. 1999; Dai et al. 2015;
Gentile et al. 2018) for every epoch, which confirmed
that our solutions accurately calibrated the data (see
van Straten 2004 for full details of our calibration pro-
cedure).

At 1500 MHz, we used a single long-track observation
of PSR J1022+1001 taken on MJD 55670 (2011 April 19)
to calculate a Mueller matrix solution. Note that while
PSR J102241001 has been found to show pulse profile
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Figure 1. An example solution (MJD 56244) used to calibrate the data. Panel (a) shows the degree of cross-coupling between
receivers, (b) shows the ellipticity of the receivers (the two colors show the two polarizations; 61 is assumed to be zero so black
is not shown in the above panel.), (c) shows the differential phase, (d) shows the differential gain, and (e) shows the absolute
gain of the receiver (specified in units of the square root of the reference flux density). (See van Straten 2004 for more details

of this procedure).

variations by at most a few percent over the course of a
year (Hotan et al. 2004), we do not expect this to affect
our observations, as we observe the pulsar on a single
day. After calibrating all of the data with the single so-
lution, we found that the profiles were similar to both
those in the literature (e.g., Stairs et al. 1999; Dai et al.
2015) and to each other, showing that using a single solu-
tion for multiple epochs produces accurately-calibrated
profiles.

Figure 1 shows an example of an 820 MHz solution
used to calibrate our data. Panel (a) shows 6, the de-
gree of cross-coupling between the receivers. Panel (b)
shows €, which indicates how much Stokes @ has leaked
into Stokes V. The slight leakage of one Stokes param-
eter into another is caused by a small amount of non-
orthogonality in the receivers. Panel (¢) shows ¢, the dif-
ferential phase, which quantifies the mixing of the Stokes
U and V parameters. Panel (d) shows ~, the differential
gain. Ideally, v = 0; in our data set, this parameter is
consistent with zero for nearly all the epochs, with only
slight offsets. Finally, Panel (e) shows G, the absolute
gain for the receiver. As described earlier, we measured
six independent realizations of the Mueller matrix as a

function of frequency at 820 MHz at six different epochs.
These realizations were generally consistent with each
other.

3.2. Fitting for Faraday Rotation

To fit for Faraday rotation, we used the rmfit feature
of PSRCHIVE (van Straten et al. 2012), which uses a
brute-force method to search for the peak of the linear
polarization.

To ensure there were no outliers in RM values due to
instrumental effects or miscalibration, we calculated the
mean and RMS variations of the RMs for each pulsar
and then removed data with RMs that were more than
three standard deviations away from the mean from fur-
ther analysis. After the first cut, a new mean was calcu-
lated and anything more than 30 away from that value
was cut. This process was repeated three times. Epochs
with outlier RMs are not present in the combined (com-
posite) profiles (Figures 3—14) and were not used in the
variability analyses. Most outliers showed up on specific
days at both frequencies (e.g., all profiles were excised
on MJDs 55275, 55305, and 55337, likely because this
was the start of the GUPPI observing program).
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In addition to the method described above, we in-
spected the profiles by eye and eliminated any that
looked noticeably different from the others. Criteria for
this removal include incorrect handedness of the polar-
ization, unusual variations in the profile baseline, and se-
vere deviation from the composite profile on one epoch,
all artifacts of a technical/instrumental problem with
the observation.

Nearly all of the data sets that required outlier re-
moval had less than 17% of observations removed. The
exception was PSR J0740+6620, for which we excised
25% of the 820 MHz data and 33% of the 1500 MHz data;
this high percentage is simply due to the small number
(four and three, respectively) of total observations rela-
tive to the number of excised observations.

Though most outliers point to instrumental effects,
high RMs that occur when a pulsar’s line of sight passes
close to the Sun may be due to a contribution from the
solar magnetic field. We compared the epochs of the
outliers we identified with those at which the relevant
pulsar has the smallest elongation (the angle between
the Sun and the pulsar). We also searched for outlier
RMs at epochs at which DM peaks were detected. We
find two such points for one pulsar, PSR J1614—2230,
that correspond to its minimum elongation. See Section
5.1.3 for an in-depth discussion of these points.

3.3. Ionospheric Corrections

As the radio waves from the pulsar travel along our
line of sight, they pass through the magnetic field of the
Earth’s ionosphere. This contributes to the measured
RM and must therefore be subtracted to study trends in
RM due to the pulsar’s movement through the ISM. We
use the IONFR (Sotomayor-Beltran et al. 2013) code,
which takes publicly available GPS-derived total elec-
tron content maps, along with the most recent release
of the International Geomagnetic Reference Field, and
calculates the contribution of the ionosphere to the RM
along the line of sight. The code takes into account the
time of day of the observation, telescope location, and
sky coordinates of the pulsar to get an accurate mea-
surement for each hour of the day. We subtracted the
ionospheric correction for the closest hour to the mid-
point of each observation and were left with the RM
due to the magnetic field of the ISM.

3.4. Magnetic Field Calculations

To accurately constrain magnetic fields along the line
of sight to the each pulsar (see Equation 4), we need
to take into account variations in DM. The NANOGrav
data set includes DMX parameters, which measure how
much the DM of an observation varies from some fiducial
or reference DM (see Jones et al. 2017).

Table 2 shows the distance to each pulsar (calculated
from parallax measurements from Alam et al. 2020), the
DM (obtained from the par file for each pulsar), the
average RM at each frequency (both corrected and un-
corrected for the ionosphere), and the average magnetic
field derived from the ionosphere-corrected RMs using
Eqgn. 4. The errors on the uncorrected RMs are those
given by rmfit, and the errors on the corrected RMs are
the errors given by rmfit and ionFR added in quadra-
ture.

The error on the magnetic field at each epoch is the
error from the RM and DM added in quadrature. The
magnetic field value listed is the average over all epochs
and both frequencies for each pulsar.

Figure 2 shows the value of the magnetic field of pul-
sars around the sky using the values from this work com-
bined with those of Gentile et al. (2018). The results are
consistent with those of Sobey et al. (2019), which uses
pulsars and extragalactic sources in the northern sky to
map the rotation measures, and hence the magnetic field
of the galaxy. For the most part, our results also match
those of Gentile et al. (2018) as well as the values of
Dike et al. (2020) which uses the Long Wavelength Ar-
ray to analyze polarization of pulsars below 100 MHz.

4. RESULTS
4.1. Profiles/Individual Pulsars

Here we present the polarization-calibrated average
profiles from the method described in the previous sec-
tion. Figures 3-14 show profiles for pulsars included in
our descriptions. These composite profiles were made
by summing the profiles from individual epochs. Table
3 shows the fractions of total power of the emission, av-
erage linear polarization, average circular polarization,
and average absolute circular polarization of all pulsars
in the data set at 820 MHz and 1500 MHz.

Table 4 shows all previously published profiles for
these pulsars. We present the first published polariza-
tion profiles at any frequency for PSRs J0636+5128,
J0645+4-5158, J0740+6620, J0931—-1902, J1125+7819,
J1614—2230, J1747—-4036, J1918—0642, and J2302+4442.
We also detect microcomponents for the first time
in PSRs J1024—0719, J1455—3330, J1600—3053, and
J2145—-0750.

4.2. J0340+4130
4.2.1. 820 MHz

The total intensity profile of PSR J0340+44130 at
820 MHz (see top left panel of Figure 3) has three com-
ponents and features a bright central component with
weak leading and trailing components. The linear po-
larization profile has three main components and the
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Table 2. Properties of each pulsar and derived quantities. The RM values represent the average of all of the RMs
at that frequency. The corrected RM is the average of all RM values with the contribution from the ionosphere
removed; the error is a combination of the uncorrected RM and the ionospheric contribution. The B-field is the

average of the B-field at the two frequencies.

820 MHz 1500 MHz
Pulsar Distance DM RM Corrected RM RM Corrected RM  B-field
(kpc) (pc cm™3)  (rad m™?) (rad m™2) (rad m™?) (rad m™2) (nG)

J0340+4130 14 49.6 56.8(3) 55.0(3) 50(3) 49(3) 1.29(3)
J0613—0200 1.1 38.8 23.1(3) 21.0(4) 18.3(6) 16.1(6) 0.59(1)
J0636+5128 1.1 11.1 1(4) -1(3) -5(2) ~7(1) ~0.5(2)
J0645+5158 1.2 18.2 -0.2(7) -2.0(7) 2(2) -0(2) -0.07(6)
JO740+6620 0.44 15.0 ~44.0(1) —45.4(4) -37(1) -38(1) ~3.43(5)
J0931—-1902 0.80 41.5 -97(1) -99.6(9) -67(19) -80(18) -2.5(3)
J101245307 0.76 9.0 4.3(3) 2.6(2) 4.1(2) 2.4(2) 0.34(2)
J1024—-0719 1.3 6.5 -0.9(3) -3.2(3) -1.7(2) —-4.0(1) -0.69(3)
J1125+7819 0.052 11.2 ~27(2) ~28(2) ~27.6(5) -29.3(4) ~3.16(9)
J1455-3330 13.0 13.6 12(1) 8(1) 16(1) 12(1) 0.91(7)
J1600—3053 2.0 52.3 ~7.5(4) -11.2(3) -5.3(6) -9.5(4) -0.243(6)
J1614—2230 0.67 34.5 ~27.4(3) -30.5(2) -26.1(2) ~29.1(1)  -1.062(5)
J1643—-1224 1.4 62.4 -302.9(2)  -305.7(2)  -300.2(2)  -303.0(2)  -5.999(2)
J1713+0747 1.2 16.0 10.7(3) 8.7(2) 13.5(3) 11.2(3) 0.77(1)
J1744—1134 0.44 3.1 5.1(3) 2.3(2) 3.7(2) 0.7(1) 0.58(5)
J1747—-4036 2.8 152.7 —28(3) -33(3) —47(2) -52.4(2) -0.34(2)
J1832—-0836 2.9 28.2 39(2) 36(2) 43(2) 39(2) 1.65(5)
J1909—3744 1.1 10.4 4.2(3) ~0.1(2) 2.7(3) -2.1(2) ~0.13(2)
J1918—0642 1.1 26.6 -58.9(6) ~61.4(5) ~54.7(3) ~57.5(3) —2.75(1)
B1937+21 6.6 71.0 9.7(3) 7.8(3) 9.3(2) 7.2(1) 0.131(2)
J2010—1323 2.9 22.2 ~2.1(6) ~4.9(5) ~4.9(5) -8.0(5) -0.36(2)
J2145—-0750 0.63 9.0 ~0.4(4) -3.0(4) ~1.9(5) —4.7(5) ~0.53(4)
J2302+4442 1.8 13.7 19.4(4) 17.4(4) 21.2(3) 19.3(3) 1.65(2)

NoTE—The uncorrected RM at each frequency is the average of all of the measurements at each frequency, while the
error is the standard deviation of all of the measurements divided by the square root of the number of measurements.
The corrected RM at each frequency is the average of all of the measurements after the ionospheric correction is
subtracted from each day, and the error is the standard deviation of all of those corrected measurements divided by
the square root of the number of measurements. The magnetic field errors are a combination of the rmfit, ionFR,

and DMX errors.

second and third are not fully distinct. Our results are
consistent with Bangale (2011). However, due to our
signal-to-noise ratio (S/N) being much higher, we are
able to discern an additional component in the linear
polarization profile.

4.2.2. 1500 MHz

The profile at 1500 MHz (see top right panel of Figure
3) features one main peak with two components. There
is weak linear polarization, which is also split into two
components, and right-circular polarization (here we de-
fine left as positive and right as negative), which has one

component that lines up with the second component of
the linear polarization.

4.3. J0613-0200
4.3.1. 820MHz

The 820 MHz profile (see bottom left panel of Fig-
ure 3) is very complex with five distinct components
in the total intensity profile, the trailing component be-
ing brighter than the leading components. The linear
polarization profile is just as complex, consisting of five
components which line up with those of the total in-
tensity. The circular polarization also has five compo-
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Figure 2. Magnetic field values derived from pulsar rotation measures superposed on an Aitoff plot of the Galaxy. The color
bar at the bottom shows the value of (B)) in unit of uG. Results from this work are combined with those of Gentile et al. (2018)
to get a complete picture of the values around the sky. Note: the plot of Gentile et al. (2018) is incorrect in terms of the sign

of the Galactic longitude of the pulsars (which is corrected here).

nents. This profile is consistent with previous polariza-
tion profiles and position angle sweeps, such as Dai et al.
(2015), at similar frequencies, the exception being that
ours is right circularly-polarized and the others are left
circularly-polarized, a difference purely due to the use
of different sign conventions for polarization (Dai et al.
2015 uses the Institute of Electrical and Electronics En-
gineers definition of circular polarization whereas we use
the TAU convention).

4.3.2. 1500 MHz

The 1500 MHz profile (see bottom right panel of Fig-
ure 3) features six components that are clustered in three
major peak structures. The linear polarization follows
the general peak structure of the total intensity and also
has six components. The profile features two compo-
nents of LCP (left circularly polarization) which line up
with the second and third peak structures featured in
the total intensity and linear polarization.

Our profile and PA sweep are very similar to those of
Dai et al. (2015) and Yan et al. (2011b) (again with the
exception of a reversed circular polarization). Though
the amount of circular polarization stays roughly the
same from 820 MHz to 1500 MHz, the sign changes (it
starts as RCP and changes to almost fully LCP).

4.4. J0636+5128

4.4.1. 820MHz

The 820 MHz profile of PSR J0636+5158 (see top left
panel of Figure 4) is fairly simple, consisting of one
bright component for the total intensity and linear po-
larization and a weak single RCP (right circular polar-
ization) component.

4.4.2. 1500 MHz

The 1500 MHz profile (see top right panel of Figure 4)
looks almost identical to the 820 MHz profile with the
exception of bifurcations of some components. A weak
leading component appears on the edge of both the total
intensity and the linear polarization. The single compo-
nent of RCP, which before was just on the leading edge
of the profile, becomes brighter and a new weak LCP
component appears before turning back to RCP. Com-
pared to 820 MHz, the pulsar exhibits a similar amount
of linear polarization and more circular polarization at
this frequency.

4.5. J0645+5158
4.5.1. 820MHz

This pulsar (see bottom left panel of Figure 4) has a
leading weak component and a very bright main peak,
which is followed by two weaker components for a total
of four in the total intensity profile. The linear polar-
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Table 3. Polarized intensity parameters. (P) is the phase-averaged power, (L) is the phase-averaged linear polarization, (V) is
the phase-averaged circular polarization, (V) is the phase-averaged absolute value of the circular polarization, and I is the total

intensity. The polarization fractions reported are those of the composite profiles.

Pulsar (P)/1 (L)1 (V)/I (IV)/1
820 MHz 1500 MHz 820 MHz 1500 MHz 820 MHz 1500 MHz 820 MHz 1500 MHz
J0340+4130 0.28 0.11 0.28 0.10 0.00 0.05 0.04 0.07
J0613—0200 0.09 0.19 0.07 0.19 0.05 0.00 0.03 0.04
J0636+5128 0.36 0.46 0.36 0.46 0.02 0.02 0.10 0.13
J0645+5158 0.21 0.08 0.20 0.08 0.03 0.01 0.11 0.05
J07404-6620 0.33 0.23 0.33 0.23 0.01 0.01 0.26 0.11
J0931—-1902 0.20 0.32 0.20 0.32 0.01 —0.03 0.07 0.17
J10124-5307 0.66 0.53 0.66 0.53 0.02 0.03 0.04 0.08
J1024—0719 0.12 0.08 0.12 0.08 0.01 —0.01 0.03 0.02
J11254-7819 0.12 0.18 0.11 0.13 0.04 0.13 0.11 0.14
J1455—-3330 0.15 0.19 0.15 0.18 0.03 0.04 0.06 0.07
J1600—3053 0.28 0.22 0.28 0.22 0.00 0.02 0.03 0.10
J1614—2230 0.05 0.63 0.05 0.63 0.00 0.00 0.02 0.04
J1643—1224 0.07 0.11 0.05 0.08 0.04 0.07 0.04 0.08
J171340747 0.19 0.12 0.19 0.12 0.03 0.02 0.04 0.01
J1744—1134 0.04 0.04 0.04 0.04 0.02 0.00 0.01 0.01
J1747—4036 0.08 0.09 0.08 0.09 0.00 0.02 0.02 0.03
J1832—0836 0.21 0.28 0.20 0.28 0.05 0.03 0.12 0.10
J1909—-3744 0.03 0.02 0.02 0.02 0.01 0.01 0.01 0.01
J1918—-0642 0.07 0.19 0.06 0.19 0.04 0.05 0.02 0.06
B1937+21 0.05 0.30 0.05 0.30 -0.01 0.00 0.01 0.02
J2010—-1323 0.14 0.09 0.14 0.09 0.02 0.02 0.09 0.06
J2145—-0750 0.14 0.15 0.14 0.15 -0.02 -0.01 0.09 0.07
J2302+-4442 0.35 0.46 0.35 0.46 0.02 0.01 0.03 0.03

ization profile contains six weak components which gen-
erally follow the shape of the total intensity (the peaks
line up with the three total intensity components). The
circular polarization features a sharp reversal from LCP
to RCP in line with the main peak of the total inten-
sity, then three weak RCP components which match up
with the trailing components of the total intensity. The
profile features a postcursor which has one component
that is weakly linearly polarized with no circular polar-
ization.

4.5.2. 1500 MHz

The 1500 MHz profile of PSR J0645+5158 (see bot-
tom right panel of Figure 4) also features many complex
components. The shape of the main pulse is the same
as at 820 MHz, but with the trailing two components
appearing brighter in proportion to the main peak. The
linear polarization profile now has four distinct compo-
nents, with the second and fourth being the brightest.
The circular polarization is generally the same shape as

at 820 MHz. Compared to our 820 MHz profile, it has a
higher degree of linear polarization and is less circularly
polarized. The shape of the postcursor also stays the
same, with the linear polarization coming later in the
profile.

4.6. JO740+6620
4.6.1. 820 MHz

The 820 MHz profile (see top left panel of Figure 5)
has a fairly low S/N. Two major structures, the first fea-
turing a weak trailing and a strong leading component,
and the other showing one main peak split into bright
two components, are visible. Some linear polarization is
seen in the first structure and some LCP is present in the
second, but most of the linear and circular polarization
information is lost due to noise.

4.6.2. 1500 MHz

The 1500 MHz profile (see top right panel of Figure
5) is fairly complex. The first structure contains four
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Table 4. Previously published polarization profiles.

Pulsar Published Polarization Profiles
J0340+4130 820 MHz(1)
J0613—0200 410 MHz(® | 610 MHz(?), 728 MHz®), 1335 MHz(¥), 1369 MHz(®), 1369 MHz(®), 1405 MHz(®), 3100 MHz(3)
J0636+5128 —
J064545158 —
J07404+6620 —
J0931—1902 —t
J1012+5307 149 MHz(") | 610 MHz(?)
J1024—0719 728 MHz ), 1369 MHz (), 1369 MHz(®) | 1373 MHz(®) | 3100 MHz(3)
J11254-7819 —
J1455—3330 1300 MHz(6)
J1600—3053 728 MHz®) | 1369 MHz(®) | 1369 MHz(®), 1373 MHz(®) | 3100 MHz(?)
J1614—2230 —f
J1643—1224 610 MHz(?) | 728 MHz(®) | 1331 MHz(%), 1369 MHz(3), 1369 MHz(3), 3100 MHz(3)
J17134+0747 410 MHz, 610 MHz(® | 728 MHz(®), 1369 MHz(®), 1369 MHz(5), 1400 MHz(®), 1405 MHz(®) | 1414 MHz (2,
2100 MHz(®), 3100 MHz(®)
J1744—1134 610 MHz(®) | 728 MHz(®), 1341 MHz(®), 1369 MHz(3), 1369 MHz(3), 3100 MHz(3)
J1747-4036 —t
J1832—0836 728 MHz(®) | 1369 MHz(®) | 1369 MHz(®), 3100 MHz(3)
J1909—3744 728 MHz(®) | 1369 MHz(®), 1369 MHz(®), 1373 MHz(®) | 3100 MHz(®)
J1918—0642 —t
B1937421 610 MHz(®) | 728 MHz(®) | 1369 MHz(3®), 1369 MHz (%), 1373 MHz(®), 1400 MHz(®) | 1414 MHz(?), 2100 MHz(®), 3100 MHz(®)
J2010—1323 1373 MHz(6)
J2145—0750 | 410 MHz(®), 610 MHz(?, 728 MHz(®) | 1335 MHz®%) | 1369 MHz(® | 1369 MHz (), 1373 MHz(®), 1414 MHz(?), 3100 MHz(®)
J23024-4442 —

NoTE—References: () Bangale (2011), (2)Stairs et al. (1999), (3 Dai et al. (2015), (Y Manchester & Han (2004), (®)Yan et al. (2011b),
(©)Ord et al. (2004), (D Noutsos et al. (2015), (¥ Gentile et al. (2018), (9 Burgay et al. (2013). Note: several pulsars with no previously
published polarization profiles are included in a study of MeerKAT data (Spiewak et al. in prep.); these are denoted with a t.

peaks in the total intensity, four in the linear polariza-
tion (the middle two corresponding to the strongest to-
tal intensity peak), and two fully separate RCP compo-
nents that also correspond to the strongest total inten-
sity peak. The second structure contains two peaks, the
trailing brighter than the leading; the linear polarization
contains one weak component and the circular polariza-
tion has a weak RCP component followed by a sharp
reversal to LCP.

4.7. J0931—-1902
4.7.1. 820 MHz

The 820 MHz profile of PSR J0931-1902 (see bottom
left panel of Figure 5) has three separate structures in
its pulse profile at 820 MHz. The first structure has
a single peak with two weaker leading components, a
linear polarization profile that contains a weak leading
component and a main peak (which is split into three
components) that is half as bright of the total intensity
but also peaks around the same phase, and a weak LCP
profile. The second structure is weak and is almost to-

tally linearly polarized. The third structure is weaker
than the first but brighter than the second and is also
almost fully linearly polarized with no circular polariza-
tion.

4.7.2. 1500 MHz

The 1500 MHz profile (see bottom right panel of Fig-
ure 5) shows some evolution from the 820 MHz profile:
the leading peak on the total intensity becomes compa-
rable to the main bright peak and the profile is more
linearly polarized, and traces amount of circular polar-
ization are detected. The second structure features two
components comparable in intensity and now is almost
fully unpolarized. The third structure, which has two
strong components and a weak trailing component, is
now nearly as intense as the first structure, and is al-
most fully linearly polarized (the liner polarization also
being split into two components) with a weak LCP com-
ponent that lines up with the brightest peak of the total
intensity.
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4.8. J1012+5307
4.8.1. 820MHz

The 820 MHz profile (see top left panel of Figure 6)
is very complex, featuring two main structures. The
first structure has two leading components followed by
five bright components; the linear polarization has seven
components which get brighter over the course of the
profile, and there is a weak amount of circular polariza-
tion, which switches from LCP to RCP over the course of
the profile. The second structure contains two distinct,
comparable-intensity components and are fully linearly
polarized. Those components are connected to another
set of three total intensity peaks (also almost fully lin-
early polarized). The second structure contains no cir-
cular polarization.

4.8.2. 1500 MHz

There is quite a bit of evolution from 820MHz to
1500 MHz (see top right panel of Figure 6) for this pul-
sar. The first major structure now only has four compo-
nents, as the two leading components become brighter
and other components merge together; some of the com-
ponents in the linear polarization merge, resulting in
three major peaks, while the circular polarization stays
the same shape but the components become brighter.
The first part of the second structure becomes more com-
parable in intensity to the first structure, still featuring
two distinct components but is now less linearly polar-
ized. The second part of the second structure is still con-
nected to the first by bridge emission and is totally lin-
early polarized but the polarization position angle points
to a separation of the structures. At 820 MHz, there was
one polarization position angle sweep that spanned the
two structures but now it is separate. There is now weak
LCP in the first part of the structure but still none to-
ward the end of the structure.

4.9. J1024—0719
4.9.1. 820 MHz

The 820 MHz profile of PSR J1024—0719 is very com-
plex (see central left panel of Figure 6); the total in-
tensity profile has six components with a weak seventh,
and the first three components are almost fully linearly
polarized. The linear polarization profile has eight com-
ponents, the brightest components lining up with the
first three of the total intensity profile and the rest being
much weaker at the second half of the profile. There is
a weak RCP that features three weak components. The
circular polarization profile now features one LCP com-
ponent which switches handedness in the center of the
profile and becomes three very weak RCP components.

A very weak microcomponent with a maximum flux
density of about 0.5 mJy is seen at a phase of 0.2 in
our plots (see bottom left panel in Figure 6) and some
linear polarization is detected. This is the first time a
microcomponent in this pulsar has been detected.

4.9.2. 1500 MHz

The overall shape of the 1500 MHz profile (see cen-
tral right panel of Figure 6) is generally the same as at
820 MHz with many components, though fewer compo-
nents are seen in the linear polarization profile and more
are present in the circular polarization profile. The mi-
crocomponent is still visible and has a peak flux density
of 0.3 mJy at this frequency (see bottom right panel
in Figure 6) . Our results are consistent with those of
Dai et al. (2015) and Yan et al. (2011b).

4.10. J1125+7819
4.10.1. 820 MHz

The 820 MHz profile of this pulsar (see top left panel
of Figure 7) shows a fairly simple peaked structure. The
total intensity profile features one peak with a hint of an-
other leading peak, and the linear polarization contains
two, the brightest being more than half the that of total
intensity and the second component about half of the
first. There is a weak RCP component that changes to
LCP, and the brightness becomes comparable to that of
the weaker component of the linear polarization profile.

4.10.2. 1500 MHz

The 1500 MHz profile of PSR J1125+7819 (see top
right panel of Figure 7) shows evolution from the
820 MHz profile, mostly in the intensity of the linear
polarization. Both peaks of the total intensity bifurcate,
creating four components of comparable intensity. The
leading components of the linear polarization become
brighter and totally polarizes the first component of the
total intensity, and the second peak get weaker. The
shape of the circular polarization is very similar but the
amplitude of the RCP and LCP component increases
slightly.

4.11. J1455—3330
4.11.1. 820 MHz

The high S/N of this profile allows us to see the com-
plex structures in the 820 MHz profile of this pulsar (see
center left panel of Figure 7). The total intensity pro-
file has four components while the linear polarization
is fairly weak but has six components and the weak
RCP has five (two weak leading components and three
stronger trailing).
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After the main pulse, we detect a weak microcompo-
nent that peaks around a phase of 0.9 in our plot (see
bottom left panel of 7). It is just above the noise but
is seen to be largely linearly polarized with traces of
circular polarization. This is the first time this micro-
component has been detected.

4.11.2. 1500 MHz

As we go from 820 MHz to 1500 MHz (see central right
panel of Figure 7) for this pulsar, the first component
of the profile weakens, the second two peaks merge into
one, and the main peak absorbs the fourth peek. The
linear polarization profile now only has three peaks while
circular features two LCP components followed by an
RCP component that is comparable in intensity to the
linear polarization. Our results are consistent with those
or Ord et al. (2004).

In the microcomponent (see bottom right panel of Fig-
ure 7), we can now see two peaks, the first being almost
fully linearly polarized and the second being weakly lin-
early polarized with no circular polarization.

4.12. J1600—-30563
4.12.1. 820 MHz

The total intensity profile of PSR J1600—3053 at
820 MHz (see top left panel of Figure 8) shows two main
components, the leading about half as bright as the trail-
ing. The linear polarization profile has three compo-
nents, the trailing component being the strongest and
the central component being the weakest of the three.
There is a weak LCP profile. These results are identical
to those seen by Dai et al. (2015) at 728 MHz.

At a phase of around 0.2 in our plot, a microcompo-
nent with a maximum flux density of 0.5 mJy is detected
but the polarization is too noisy to make any definite
statements (see central left panel of Figure 8). This is
the first detection of this microcomponent.

4.12.2. 1500 MHz

For the most part, the 1500 MHz total intensity profile
(see top right panel of Figure 8) matches the 820 MHz
profile. The linear polarization profile changes slightly;
the central component becomes brighter than the lead-
ing and lagging components and bifurcates. There is
a bit more circular polarization detected, though it is
still fairly weak, and it shifts from RCP to LCP. The re-
sults identical to those of Dai et al. (2015) and Yan et al.
(2011Db), with the exception of the sign of circular polar-
ization.

The microcomponent also present at this frequency
(see bottom central right of Figure 8) but is barely above
the noise.

4.13. J1614—2230
4.13.1. 820 MHz

The 820 MHz profile of PSR J1614—2230 (see bottom
left panel of Figure 8) has a weak structure containing
three weak components that precede the main profile,
and only weak linear polarization is detected. The main
profile itself has two components, the trailing about half
as bright as the main component. It is almost fully lin-
early polarized and there is a weak amount of LCP that
lines up with the main peak of the total intensity/linear
polarization.

4.13.2. 1500 MHz

The preceding structure at 1500 MHz (see bottom
right panel of Figure 8) has six components in its total
intensity profile, the second half containing being par-
tially linearly polarized. The main profile of this pulsar
features a main peak that is very nearly fully polarized
with some LCP.

4.14. J1643—1224
4.14.1. 820 MHz

The total intensity of PSR J1643—1224 at 820 MHz
(see top left panel of Figure 9) contains one main com-
ponent that sharply peaks with a weak leading com-
ponent. The linear polarization profile features three
components, the leading being about twice as bright as
the two trailing; the circular polarization starts off with
RCP and switches to weak LCP halfway through the
profile and becomes comparable in brightness to the lin-
ear polarization. Our results are consistent with the
720 MHz profile from Dai et al. (2015) with the excep-
tion of the different sign of circular polarization.

4.14.2. 1500 MHz

The main profile at 1500 MHz (see top right panel
of Figure 9) shows a middle component that develops
on the leading edge of the main peak. The polariza-
tion shows quite a bit of evolution from 820 MHz: the
second component of the linear polarization becomes
more brighter than the first and the circular develops
a central LCP component. Our results match those
of Manchester & Han (2004), Yan et al. (2011b), and
Dai et al. (2015) with the exception of the sign of the
circular polarization.

4.15. J1718+0747
4.15.1. 820 MHz
The total intensity profile of this pulsar at 820 MHz

(see central left panel of Figure 9) has three components:
a bright central component with one leading component
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and two trailing components. The two weaker compo-
nents of the total intensity are fully linearly polarized
and the linear polarization profile itself features a total
of five components . There is weak circular polarization
that switches from LCP to RCP in the middle. Our
profile is similar to that of Dai et al. (2015). It is also
matches that of Gentile et al. (2018)’s profile, which was
polarization calibrated using a different technique using
Arecibo data (see §3.1 for details). Because of the high
S/N of our observations, we detect the polarization an-
gle in much higher detail and observe an RVM-like swing.
We do not detect a microcomponent at this frequency.

4.15.2. 1500 MHz

The profile of PSR J17134-0747 at 1500 MHz (see cen-
tral right panel of Figure 9) is very similar to that at
820 MHz; the total intensity components are just as
bright, and a new component presents itself on the lead-
ing edge of the main peak. The trailing component gets
weaker, as does the second component of the linear po-
larization. The first component of the average profile
is still fully linearly polarized and there is less circular
polarization.

The polarization profile of PSR J1713+0747 has
been studied by many, including Dai et al. (2015)
Gentile et al. (2018), and many more, and our results
are consistent with all other published profiles. Because
of the high S/N of our observations, we detect the po-
larization angle in much higher detail and observe an
RVM-like swing.

We observe a microcomponent with a maximum flux
density of 0.3 mJy that peaks at a phase of 0.82 in our
plot (see bottom right panel of Figure 9). The profile
features some linear polarization on the trailing edge of
its first peak and has no detectable circular polariza-
tion. There was no detection of this microcomponent at
820 MHz, which is likely due to the fact that the S/N
of the 1500 MHz profile is three times greater than that
of the 820 MHz profile, making it easier to see the mi-
crocomponent at the former frequency. Dai et al. (2015)
Gentile et al. (2018), and Dolch et al. (2014) also detect
this microcomponent at 1500 MHz.

4.16. J17)4—113
4.16.1. 820 MH:

The main pulse of the 820 MHz profile (see top left
panel of Figure 10) shows two bright components in the
total intensity, the leading being much brighter than the
trailing. The profile is almost fully linearly polarized and
no circular polarization is detected. This pulsar has a
precursor, which is also detected by Dai et al. (2015) at
728 MHz. The precursor has three components in its to-
tal intensity and some linear polarization. Kramer et al.

(1998) detects a small postcursor that follows the main
pulse by about 0.2 in phase and is half the intensity of
the microcomponent. Neither we nor Yan et al. (2011a)
detects this feature.

4.16.2. 1500 MHz

The 1500 MHz profile of PSR J1744—1134 (see top
right panel of Figure 10) features a fully linearly-
polarized main component. The trailing component
on the main component is now barely detectable. Our
results are consistent with Dai et al. (2015), the only dif-
ference between the two works is the sign of the circular
polarization. The precursor, also identified by Dai et al.
(2015), is very similar to that at 820 MHz, the only
difference being a slightly weaker linear polarization.

4.17. J1747—4036
4.17.1. 820 MHz

At 820 MHz (see bottom left panel of Figure 10), the
total intensity profile is very wide and has two bright
components with two weaker components on either side
of the second peak, which are all very weakly linearly
polarized. There is a very weak RCP component that
lines up with the first bright peak of the total intensity.

4.17.2. 1500 MHz

At 1500 MHz (see bottom right panel of Figure 10),
the leading component is much brighter than the lag-
ging and there is almost no emission between the com-
ponents. The two weaker components merge with the
second component in the total intensity profile. The
linear and circular polarization (RCP) profiles peak at
the same phase as the leading total intensity component
though are only about a quarter the brightness of the
total intensity. The second component in the total inten-
sity profile is much broader than the leading component
and has weak linear polarization with traces of circular
polarization.

4.18. J1832—0836
4.18.1. 820 MHz

The profile of PSR J1832—0836 at has three major
structures at 820 MHz (see top left panel of Figure 11),
the first featuring two peaks in total intensity, the ma-
jor one being the trailing component. There are two
weak components in the linear polarization and an even
weaker LCP component. The second structure contains
two separate peaks, both have equal linear and RCP.
The last structure is weak compared to the others and
is almost fully linearly polarized with no circular polar-
ization.
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4.18.2. 1500 MHz

The 1500 MHz profile (see top right panel of Figure 11)
contains similar structures to the 820 MHz profile. The
peaks on the first structure have separated and are now
distinct, the first peak being fully linearly polarized and
the other peak having a linear polarization component
that peaks at the same phase. The second structure
now contains two bright components and a third weaker
component. The linear polarization profile of the second
structure also has two peaks which are equal in intensity.
The RCP profile has the same amount of peaks. The
third structure is again totally linearly polarized and
has a weak LCP. The profile and PA sweep are consistent
with Burgay et al. (2013)’s 1369 MHz observation of this
pulsar as well as Dai et al. (2015)’s.

4.19. J1909—-3744
4.19.1. 820 MHz

At 820MHz (see central left panel of Figure 11), the
main peak of this profile is very bright in its total in-
tensity while the the linear polarization is half as bright
and contains two components. The LCP is about half as
bright as the linear and mirrors the structure of the lin-
ear polarization profile. The profile and PA sweep are
consistent with Dai et al. (2015)’s observations at 728
MHz.

We detect a microcomponent that has a peak at 2
mJy that has two components (see bottom left panel in
Figure 11). The second component is weakly linearly po-
larized with traces of circular polarization. This micro-
component was previously noted in the work of Dai et al.
(2015).

4.19.2. 1500 MHz

The only major change between 820MHz and
1500 MHz (see third row on the right panel of Figure
11) in is that lagging component of both the linear and
circular polarization becomes a bit brighter than the
leading component. Our results are consistent with
those of Yan et al. (2011b) with the exception of the
sign of the circular polarization.

The microcomponent retains its structure at this fre-
quency, though the linear polarization is now barely de-
tectable (see bottom right panel in Figure 11).

4.20. J1918—-0642
4.20.1. 820 MHz

The total intensity profile at 820 MHz (see top left
panel of Figure 12) contains one central bright peak and
three leading components and two trailing. The linear
polarization profile also features one bright peak (about
half as bright as the total intensity peak) and two more

trailing components. The circular polarization is about
half the power of the linear and peaks at the same phase
after changing from LCP to RCP. A weakly linearly po-
larized precursor with no circular polarization is also
present.

4.20.2. 1500 MHz

The main difference between the profile at 1500 MHz
(see top right panel of Figure 12) and 820 MHz is the
leading components on the average profile: the first pro-
file component gets brighter relative to the main profile
and separates from the main component. The shape
of the precursor total intensity and polarization profiles
stays the same with the exception of the disappearance
of one of the weaker central components of the linear
polarization.

4.21. B1937+21
4.21.1. 820 MHz

The 820 MHz profile of PSR B1937+421 (see central
left panel of Figure 12) shows two main structures. The
first structure shows a bright single peak which is highly
linearly polarized, and has a detectable amount of LCP
that has its peak aligned with that of the total inten-
sity and linear polarization peaks. The second structure
is about half as bright and is weakly polarized, the lin-
ear polarization profile consisting of three components
below 100 mJy and the LCP barely detectable. This pro-
file matches that of Dai et al. (2015), though the compo-
nents of the linear polarization on the second structure
are less well-defined.

Between the two pulses, we detect a microcomponent
at an intensity of 3 mJy (see bottom left panel of Figure
12. This microcomponent is fully linearly-polarized and
were detected by Dai et al. (2015).

At 820 MHz, B1937+21 showed variability mostly in
the degree of linear polarization in the second main
structure (the interpulse). Because the RMs matched
published values, we chose to carry out the analysis with
them; the average profile is also similar to the literature,
so we chose to present it. Because the variability appears
in the polarization and not total intensity, we attribute
it to a calibration error and will explore it in future work.

4.21.2. 1500 MHz

The 1500 MHz (see central right panel of Figure 12)
first structure has two components, the leading much
brighter than the lagging. The linear polarization pro-
file shows three components; a weak leading component
is followed by a bright central component and a trailing
component that is half as bright as the main component.
Very little LCP is detected. The second structure also
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contains two components in its total intensity profile,
though the second is very weak compared to the leading.
The linear polarization profile has one weak component
with a trace of a second component and barely any cir-
cular polarization. The linear polarization in the main
component of B1937+21 at 1500 MHz is comparable to
that at 820 MHz, as is the circular polarization. Because
of the high S/N of our observations, we detect the polar-
ization angle in much higher detail than previous works.

The polarization profile of PSR B1937+21 has been
studied extensively at L-band (for example, Stairs et al.
(1999) and Dai et al. (2015)) and our results are gen-
erally consistent with the literature. The polarization
profiles are generally in agreement as well, though the
number of components on the linear polarization profile
of the main pulse and the intensity of them is different;
Stairs et al. (1999)) detect one bright component and
two weak components, while Dai et al. (2015) detect a
bright component and one weak component, and we de-
tect two components of comparable intensity. The pro-
file we present is similar to Gentile et al. (2018)’s profile
with the exception of the intensity of the second compo-
nent on the main pulse, but is most similar to that of
Dai et al. (2015). This discrepancy between the inten-
sity of the second component of the profiles is due to
the fact that that component is known to vary on the
timescales of about a year (Brook et al. 2018).

The microcomponent between the two pulses has two
components in itself, one having a flux density of 1 mJy
and the other about half its size (see bottom right panel
of 12). Some linear polarization is detected but very
little, if any, circular polarization is detected. These
components have been detected by Gentile et al. (2018)
and Dai et al. (2015).

4.22. J2010—-1323
4.22.1. 820 MHz

The 820 MHz total intensity profile (see top left panel
of Figure 13) features a bright peak with a trailing com-
ponent connected to the first. The linear polarization is
fairly weak and has two components, the second much
wider than the first. The LCP is as bright as the linear
polarization and peaks around the phase of second com-
ponent of the linear polarization profile. The circular
polarization later switches to RCP and peaks slightly
before leveling off. Our profile is similar to that of
Ord et al. (2004), though ours has a much higher S/N
which allows us to resolve the polarization in higher de-
tail.

4.22.2. 1500 MHz

The shape of the profiles at 1500 MHz (see top right
panel of Figure 13) is very similar to the shape at

820 MHz, the main difference being that the linear po-
larization becomes brighter in comparison to the main
peak. The trailing component of the total intensity also
separates slightly from the main component.

4.23. J2145—-0750
4.23.1. 820 MHz

The 820 MHz profile of the pulsar (see central left
panel of Figure 13) features multiple components and
a precursor. At this frequency, the precursor is fully lin-
early polarized. The main total intensity peak features
one bright peak followed be three components after a
bridge component. The linear polarization contains two
peaks of equal intensity followed by a dip and then two
more, while the circular polarization profile contains a
fairly bright LCP peak, goes to zero, and then switches
to a RCP peak comparable in intensity to the LCP peak.
It is consistent with that of Dai et al. (2015). We see a
highly linearly-polarized precursor to the main profile,
which is also seen by Dai et al. (2015).

We also detect a microcomponent after the pulse pro-
file with a maximum amplitude of 1.4 mJy (see bottom
left panel of Figure 13, which is highly linearly-polarized
and has a circular polarization equal to its amplitude but
opposite to its sign. This is the first time this component
has been detected.

4.23.2. 1500 MHz

The 1500 MHz profile (see central right panel of Figure
14) is equally as complex as the 820 MHz profile. A cen-
tral component in the bridge emission arises while the
trailing components weaken. The structure of the polar-
ization profiles stay the same with the exception of the
first component of the linear polarization profile grow-
ing weaker than the others. The polarization profile and
PA sweep match those presented in many past works, in-
cluding Dai et al. (2015) and Manchester & Han (2004).
The precursor also stays the same, and this matches ob-
servations of Dai et al. (2015)

The microcomponent is visible with a maximum flux
density of 0.3 mJy (see bottom right panel of Figure
13; it has very weak linear polarization and the circular
polarization, again, is comparable to the total intensity
of the microcomponent found by Dai et al. (2015) but
is the opposite sign.

4.24. J23024+4442

4.24.1. 820 MHz
The 820 MHz profile of this pulsar (see left panel of
Figure 14) is very wide, spanning almost the entire

phase range. The total intensity of the 820 MHz pro-
file contains three major structures: the first structure
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has three components is totally linearly polarized, the
second contains two components in which the linear po-
larization is slightly weaker, and a third structure has
five components and is slightly linearly polarized by a
two-component linear polarization profile. Very little
circular polarization is present in the profile.

4.24.2. 1500 MHz

The 1500 MHz pulse profile (see right panel of Figure
14) is equally as complex as it was at 820 MHz. The first
structure, which features five components, is fully lin-
early polarized. The second structure features contains
three components, with the linear polarization contain-
ing two. There is then a bridge component before the
third structure where the linear polarization weakens
and then increases to become two separate components
in the third structure. There is very weak circular po-
larization detected.

5. DISCUSSION
5.1. Variations in Measured Values

For each of the three parameters (ionosphere-corrected
RM, DM, and (By)), we performed a least-squares fit
weighted by the errors for a purely linear trend, a purely
sinusoidal trend, and a combination of the two for all
pulsars for which we have greater than one year of data.
We only performed a sinusoidal and combination fit if a
significant period with a false alarm probability (FAP)
less than 5% was first identified through a Lomb-Scargle
periodogram analysis. This FAP was calculated using
the formula from Scargle (1982), which uses the length
of the dataset and power spectral density to determine
the probability that the period of the Lomb-Scargle pe-
riodogram is detected by random chance. That period
was then used as the initial guess for the fitting. The
reduced x? values were calculated for each fit; the trend
reported for each pulsar is the model with the smallest
reduced 2 value.

The parameters for the trends are reported in Tables
5—7 and the data containing the best fit trend lines are
shown in Figures 15—23. We plot the two frequencies
separately because the trends could look different due
to systematics. In addition, one frequency may be more
sensitive than another due to the pulsar’s spectrum, DM,
or RFI, so we may only see the trend significantly in one
plot.

5.1.1. RM Variations

Tonosphere-corrected rotation measure variations for
each pulsar are shown in the top panels of Figures 15—
23 and the best-fit trends are shown in Table 5. We
find that six pulsars (PSRs J1024—0719, J1643—1224,

J1713+0747, J1909—-3744, J1918—0642, B1937+21)
show significant trends in their rotation measure val-
ues. The majority of these pulsars show a trend that is
both linear and sinusoidal in nature. Two pulsars that
show a sinusoidal trend have a period consistent with
one year but others have a period consistent with one to
two years. Because we only see two to three full periods
in the data set, these trends are likely due to stochas-
tic processes and are not true periodicities. The linear
trends may also be part of a longer-timescale stochastic
variation or they could be produced by a change in dis-
tance between the Earth and the pulsar, which would
cause an increase or decrease in the magnetic field and
electron density along the line of sight. The trends that
are left unexplained can most likely be explained by
these stochastic variations similar to those we see in
NANOGrav’s DM time series (Jones et al. 2017). See
Rickett (1990) for more details on these variations in
the interstellar medium.

Of the six pulsars for which we find significant trends
in RM, four have detectable trends at only one frequency.
We attribute these differences to smaller errors bars on
RM measurements at one of the two frequencies. For
PSR J171340747 and J1909—3744, trends are detected
at both 820 and 1500 MHz, but the fits are inconsistent.
This suggests that the fitted trends may not indicate
true magnetic-field variations but are due to some other
systematic effects.

Yan et al. (2011a) observed 20 MSPs at 2-3 week
intervals for 4.8 years, measured the position angle
changes over time to obtain RM variations, and aver-
aged their measurements over 100-day intervals. There
is an overlap of nine pulsars between the data sets:
PSRs J0613-0200, J1024-0719, J1600-3053, J1643-
1224, J1713+0747, J1744-1134, J1909-3744, B1937+21
(J1939+4-2134), and J2145-0750. Yan et al. (2011a) fit
only for linear trends in their data and find significant
RM trends in five (PSRs J0613—0200, J1643—1224,
J1909—-3744, B1937+421, and J2145—0750). We find no
trends in J0613—0200 or J2145—0750, a purely sinuso-
dial trend in the RM values of B1937+21, and linear +
sinosiudal fit for J1643—1224 and J1909—3744, both of
which have a slope that is an order of magnitude greater
than that found by Yan et al. (2011a) and not within
their error bars.

There is only an overlap of roughly six months be-
tween our two data sets, which may cause some differ-
ences. The averaging used by Yan et al. (2011a) over
100-day windows makes them more sensitive to long-
term variations but less sensitive to daily and annual
variations. They obtain their rotation measures in a
slightly different way, using an iterative differential PA
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Table 5. Rotation measure trends. The results of fitting a linear trend, a purely sinusoidal, and a sinusoidal +
linear trend to the magnetic fields. A weighted least-squares fitting routine was performed and the periods of
the sinusoidal fits are result of doing a Lomb-Scargle periodogram. Any period that had less than a 5% false

alarm probability was not considered significant. Trend reported is the one with the smallest x?2 value.

Pulsar Frequency | Trend dRM/dt Amplitude | Period X> | Pre-Fit x2 | Period FAP
(MHz) (1073 rad m~2 yr~1) | (rad m™2) | (days)

J1024—-0719 1500 Linear 1.3(3) — — 3.6 5.4 —
J1643—1224 1500 Both 0.8(3) 1.0(1) 373(9) 3.1 6.2 0.6%
J171340747 820 Both 1.2(5) 1.5(3) 644(24) 24.6 49.0 0.1%
J1713+0747 1500 Linear -3.3(6) — 73.2 100 —
J1909—-3744 820 Both 0.8(6) 1.3(3) 630(37) | 9.3 12.4 3.5%
J1909-3744 1500 Both 2.0(4) 1.3(3) 387(11) | 6.26 10.2 0.42%
J1918—0642 820 Both 4.2(9) 3.2(5) | 601(21) | 38.4 101 0.7%
B1937+21 820 Sine — 1.5(3) 368(11) | 78.7 109 4.4%

Table 6. Dispersion measure trends. The results of fitting a linear trend, a purely sinusoidal, and a sinusoidal
+ linear trend to the magnetic fields. A weighted least-squares fitting routine was performed and the periods
of the sinusoidal fits are result of doing a Lomb-Scargle periodogram. Any period that had less than a 5%

false alarm probability was not considered significant. Trend reported is the one with the smallest x2 value.

Pulsar Trend dDM/dt Amplitude Period p% Pre-Fit x2 | Period FAP
(MHz) (10=* pc cm ™3 yr=1) | (pc cm™3) | (days)

J1012+5307 | Both 0.4(2) 1.6(2) 874(51) 0.8 16 0.7%

J17134+0747 | Both ~0.38(5) 0.61(7) 366(7) 3.1 6.7 0.3%

J1744-1134 | Both 0.2(1) 0.9(2) 425(16) 3.1 45 0.9%

J1909—-3744 | Both | -5.3(2) x 10~4 4(1) x 1075 568(46) 33.7 431 1.8%

J2302+4442 | Linear -3.5(7) — — — 2.5 —

Table 7. Magnetic field trends. The results of fitting a linear trend, a purely sinusoidal, and a sinusoidal +
linear trend to the magnetic fields. A weighted least-squares fitting routine was performed and the periods
of the sinusoidal fits are result of doing a Lomb-Scargle periodogram. Any period that had less than a 5%
false alarm probability was not considered significant. Trend reported is the one with the smallest x2 value.

Pulsar Frequency | Trend dB/dt Amplitude | Period X2 | Pre-Fit xZ | Period FAP
(MHz) (1073 uGyr) | (uG) | (days)

J1643—1224 1500 Both 0.016(5) 0.019(3) 373(9) 3.1 6.2 0.6%
J1713+0747 820 Both 0.09(4) 0.11(2) 644(24) 24.6 49.0 0.1%
J17134-0747 1500 Linear -0.25(5) 73.2 100.4 —
J1909—-3744 820 Sine — 0.17(4) 656(33) | 9.3 124 3.5%
J1909—-3744 1500 Both 0.23(5) 0.16(3) 387(11) | 6.3 10.2 0.42%
J1918—0642 820 Both 0.19(4) 0.15(2) 601(21) | 13.8 17.3 0.7%
B1937+21 820 Sine — 0.025(5) 368(11) | 78.7 109.4 4.4%
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refinement using two halves of the band (RM mea-
surements from Yan et al. 2011a detailed in Yan et al.
2011b), whereas we find the RM by using a brute force
algorithm that maximizes linear polarization. The tech-
niques give similar uncertainties in the RM but the tele-
scopes used for NANOGrav observations are much larger
and more sensitive, which should allow us to determine
the RMs with higher precision.

5.1.2. DM Variations

Dispersion measure trends are shown in Table 6 and
the second panel of Figures 15-23. We detect significant
trends in five pulsars (PSRs J10124+5307, J1713+0747,
J1744—-1134, J1909—3744, and J2302+4442). They all
exhibit some kind of linear trend, though four exhibit
a sinusoidal trend combined with a linear trend. Our
results are similar to those of Jones et al. (2017) for the
NANOGrav 9-year data set which used most of the same
observational data underlying the present work. There
are twelve pulsars that overlap between our data sets,
and Jones et al. (2017) finds significant trends in eleven,
whereas we only find trends in three. For those pulsars in
which we do both find significant trends, the slopes are
roughly the same magnitude and the trends are the same
for two of them (we find an extra sinusoidal trend in PSR
J1012+4-5307). The differences in our results can be at-
tributed to a lack of overlap in the data sets. Jones et al.
(2017) is sensitive to longer term trends because they fit
nine years of data, whereas we only include four years
in our analysis due to the sampler board issues.

Yan et al. (2011a) also fit DM trends with one year
of data from You et al. (2007), though they fit only
for linear trends. Their data are not sensitive enough
for high-precision DM measurements, and they there-
fore only report upper limits on the slope of DM vari-
ations. For the pulsars that overlap between their pa-
per and this one, they find significant linear trends for
three (PSRs J0613—0200, J1024—0719, and B1937+21).
We find no significant trends in the DM of any of
those pulsars. The fact that we look at data on much
longer timescales could cause the discrepancies. Though
Yan et al. (2011a) predict that their current slopes are
believed to be representative of the longer-term gradi-
ents, the linear trends they see are most likely fitted out
over longer data sets (which is seen in our analysis).

5.1.3. Variations in Measured (B))

The magnetic field variations are shown in Table 7 and
the third panel of Figures 15-23. We find five pulsars
with significant trends (PSRs J0613—0200, J1643—1224,
J1713+0747,J1909—-3744, J1918—0642, and B1937+21).
All show sinusoidal trends, three with a period consistent
with a year, and the others with a period of around 600

days. As with the RM variations, we only see two to
three full periods in the data set, so these are likely due
to stochastic processes and are not true periodicities. As
previously noted, because of corrupted data after the
sampler board switch, we used a maximum of four years
of data for each pulsar.

Four pulsars show significant linear trends in magnetic
field. Assuming that this is due to movement through
a region of increasing or decreasing B-field, we can use
the timescale and amplitude of the trends to calculate
the ambient magnetic field over the distance the pulsars
have traversed. Local magnetic fields of roughly 10 mG
are required over the distances of 82—-190 upc traveled
by the pulsar over the timespan of our observations in
order to produce the changes in average magnetic field
observed.

van Ommen et al. (1997) measured the time variabil-
ity of the RMs of PSRs B1556—44 and B1727—47 and
found that local magnetic fields of 2 uG and 16 uG,
respectively, were required to explain the observed vari-
ations. The latter was attributed to motion through ir-
regularities within a nearby HII region. Rankin et al.
(1988) observed RM and DM variations towards the
Crab Pulsar for two years and calculated a local mag-
netic field of ~170 uG, consistent with its dense mag-
netic environment. Our values are an order of magni-
tude larger; it is unlikely these are astrophysical, as our
derived fields are much larger than any measured Galac-
tic magnetic fields, even including the 1 mG fields sam-
pled by PSR B1959—63 as it travels through the disk of
its companion star (Johnston et al. 2005).

Yan et al. (2011a) point out similarly large derived
local B-fields for pulsars for which they measure lin-
ear changes in B-field with time (specifically PSRs
J0613—0200, J1909—3744, and J2129—5721). However,
the method they use to obtain the value of the ambi-
ent magnetic field is not correct. Their slopes are also
one to two orders of magnitude larger than ours. They
point to statistical fluctuations due to random spatial
and temporal variations in the interstellar electron den-
sity and (B)|) to explain RM variations. Similarly, the
linear trends we derive are likely to be part of larger
stochastic trends and not reflective of a linear B-field gra-
dient. Longer and, ideally, more sensitive observations
are necessary to discriminate between these possibilities.

You et al. (2012) explored the effects of the Sun on pul-
sar RM values by observing PSR J10224+1001 when its
line-of-sight passed close to the Sun. They found signif-
icant effects when the line-of-sight to the pulsar passed
below 10 Rg, which corresponds to ~3° of elongation.

We also checked the outliers for large changes in RM,
DM, and B-field when the pulsars were at a minimum
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elongation. We found that PSR J1614—2230 experiences
an increase in all three parameters when it came within
1.3° of the Sun (which corresponds to ~4.5Rg). The
increase in RM and DM at minimum elongation cor-
responds to a solar B-field contribution of 12(1) mG.
This is consistent with You et al. (2012) and Ord et al.
(2007), who report B-fields of the same order of magni-
tude at similar distances from the Sun.

5.2. Microcomponents

We detect microcomponents in eight of our pulsars.
Microcomponents were discussed in Gentile et al. (2018)
and here we define them as components that are not
easily visible in the average profile and/or are <4% of
the intensity of the highest peak on the average profile.
Out of these eight, three pulsars have microcomponents
that are detected for the first time. Most of the micro-
components, such as that of PSRs B1937+21 (820 MHz)
and J2145—0740 (820 MHz), have a high degree of po-
larization, but others, such as that of PSR J1909—3744,
exhibit very little.

Microcomponents that have been previously detected
in other works have a flux density of above 1.6 mJy, and
all of the new ones have a flux density of < 1.5 mJy and
below. Because of our long data sets, which produce
a very high S/N composite profiles, we are able to de-
tect these very faint microcomponents. When the set, of
observations is temporally split into two, the microcom-
ponents are detected in both halves. We also see the
microcomponents in the upper and lower half of each
frequency band and with the exception of J17134+0747
(see Section 4.15), they are seen at both 820 MHz and
1500 MHz for each pulsar. The tests show that micro-
components are not an anomalous instrumental artifact
but are rather most likely of astrophysical origin. The
detection of microcomponents demonstrates that MSPs
emit over a wide phase range due to their larger opening
angles and emission produced further out in the magne-
tosphere (Xilouris et al. 1998).

These microcomponents make it difficult to define
the duty cycle of millisecond pulsars. As noted in
Gentile et al. (2018), they may cause an overestimation
of the radiometer noise in the off-pulse region which
would affect flux calibration (something NANOGrav
does not rely on). If these microcomponents are present
in other pulsars, they would be revealed by longer data
sets (and therefore higher S/N profiles). Microcompo-
nents are generally most prevalent in our highest S/N
pulsars; higher gain telescopes would improve that S/N;,
allowing us to probe weaker pulsars for these microcom-
ponents (e.g., Spiewak et al. in prep.). To make tem-
plate profiles for TOAs, NANOGrav aligns and averaged

the reduced data profiles and applies wavelet smoothing
to the average profile (Alam et al. 2020). This wavelet
smoothing preserves the microcomponents, and there-
fore they are taken into account when calculating TOAs.

5.3. Emission Geometry

As expected, the polarization profiles for these mil-
lisecond pulsars are very complex, as is the position an-
gle sweep (which is shown in the top panel of Figures 3—
14 above the profiles). The position angle in PSRCHIVE
is plotted when the linear polarization is >3o.

Many pulsars show very complex polarization an-
gle sweeps (e.g. PSRs J1455—3330, J1918—0642, and
J2145—-0750) that would require a model more sophis-
ticated than the RVM. Only two pulsars in our data
set show a quasi-S-shaped curve in the PA. Using
PSRCHIVE, we searched an 18 by 18 grid in which
a (the angle between the spin axis and the magnetic
axis) and ¢ (the sum of a and the angle between the
magnetic axis and sightline () are varied from 5 to 175
degrees in steps of 10 degrees. We perform this fitting
for both pulsars at each frequency. The only significant
result is the L-band observation of PSR J1600—3053,
where o = 52.8 £ 5.0, § = 49.6 + 14.6, a fit that has
a x2 value of 2.5. This shows that PAs are very dif-
ficult to fit in MSPs and a more sophisticated model
incorporating emission far from the polar caps and/or
more complex magnetic field structures is required to fit
the position angle sweeps. Craig & Romani (2012) and
Craig (2014b) show that by adding in the sweep of the
phase shift, fitting an RVM may be possible.

5.4. Correlations with Pulsar Parameters

Studies such as Johnston & Kerr (2018) have exam-
ined the correlation between polarization fraction and
spin-down parameters, but none have been conclusive.
Using the wealth of polarization information in this
study, we examine the relationship between linear and
circular polarization and five parameters: spin period,
age, surface dipole magnetic field, spin down energy loss,
and proper motion. We find no conclusive evidence of
any correlations between these parameters and linear or
circular polarization fraction 820 MHz or 1500 MHz. If
a relation did arise, it would give information about the
magnetosphere, pointing to the fact that MSPs, for in-
stance, with different spin periods have different sized
magnetospheres.

5.5. Timing Implications

Pulsar time-of-arrival measurements calculated from
data which have not been corrected for telescope polar-
ization distortions, such has the NANOGrav 12.5-year
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data set (Alam et al. 2020), are susceptible to system-
atic timing errors. These errors will be higher for pulsars
with larger polarization fractions (see Table 3). Correc-
tion of these data using the Mueller matrix formulation,
as in the present paper, has the potential to improve the
timing accuracy of such data sets. Also note that while
incorrect polarization calibration could lead to higher
levels of noise in the dataset, it would not show the
spatial correlations expected for a GW signature. Fu-
ture work will apply the methods outlines in this pa-
per to NANOGrav data our to determine the effect of
polarization-calibrated profiles on timing.

These data only represent a portion of those ob-
tained by the NANOGrav timing campaign. New ultra-
wideband receivers on the GBT will provide more sensi-
tivity. The Canadian HI Mapping Experiment (CHIME)
telescope will provide complementary frequency cover-
age to track how the polarization and microcomponents
behave at lower frequencies.
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Figure 3. Pulse profile for pulsars J0340+4130 and J0613-0200. The black line is the total intensity, red is the circular
polarization, and blue is the circular polarization. The polarization position angle is shown in the top panel.
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Figure 4. The pulse profile for pulsars J0636+5128 and J0645+5158. The black line is the total intensity, red is the linear
polarization, and blue is the circular polarization. The polarization position angle is shown in the top panel.
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Figure 5. Pulse profiles for pulsars J07404+6620 and J0931-1902. The black line is the total intensity, red is the linear
polarization, and blue is the circular polarization. The polarization position angle is shown in the top panel.

P.A. (deg.)
-60 0 60
T
1
P.A. (deg.)
-60 0 60
T

F 3

- J0740+6620 820 MHz A [ J0740+6620 1500 MHz

10

Flux Density (mJy)
Flux Density (mJy)

i 1“ “
“ ‘11‘ ""\l\ ” m ik “‘ml ~| 1)

n n | n | n | n [ n | n | n | n n
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Pulse Phase Pulse Phase

- T T T T T F T T T T T
~ o[ | ] ~ o[ ]
w © [ M w © [
g1 o - g1
Soer \ A W . < or .
< or < or 1
A O - — o, © - -
(IS 1 1 1 1 (IS 1 i 1 I' I'g 1
o [ N T N T N T N T N ] VQ— N T N T N T N T
— | J0931-1902 820 MHz — | J0931-1902
N =
£z E gl
L S
> > O -
- -
= =
g g
a e a
x x ©
= =
[ [
© [}
S
8|_ | | | | =

0 0.2 0.4 0.6 0.8 1
Pulse Phase Pulse Phase



Figure 6. Pulse profiles for pulsars J1012+5307 and J1024-0719 including microcomponents.
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The black line is the total

intensity, red is the linear polarization, and blue is the circular polarization. The black arrow points to the location of the
microcomponent in J1024-0719. The polarization position angle is shown in the top panel. The microcomponent plots for
J1024-0719 have been plotted with fewer bins to increase the signal-to-noise. The polarization position angle is shown in the
top panel.
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Figure 7. Pulse profiles for pulsars J1125+7819 and J1455-3330 including microcomponents.

WAHL ET AL.

The black line is the total

intensity, red is the linear polarization, and blue is the circular polarization. The black arrow points to the location of the
microcomponent of J1455-3330. The microcomponent plots for J1455-3330 have been plotted with fewer bins increase the
signal-to-noise. The polarization position angle is shown in the top panel.
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Figure 8. Pulse profiles for pulsars J1600-3053 and J1614-3053 including microcomponents. The black line is the total intensity,
red is the linear polarization, and blue is the circular polarization. The black arrow points to the location of the microcomponent
of J1600-3053. The microcomponent plots for J1455-3330 have been plotted with fewer bins increase the signal-to-noise. The
polarization position angle is shown in the top panel.
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Figure 9. Pulse profiles for pulsars J1643-1224 and J17134+0747 including microcomponents.

WAHL ET AL.

The black line is the total

intensity, red is the linear polarization, and blue is the circular polarization. The black arrow points to the location of the
microcomponent in each J1713+0747 profile. The microcomponent plot for J1713-0747 have been plotted with fewer bins to

increase the signal-to-noise.

The polarization position angle is shown in the top panel.

Note: there is no detection of the

microcomponent of J17134+0747 at 820 MHz, the plot is just shown for comparison.
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Figure 10. Pulse profiles for pulsars J1744-1134 and J1747-4036. The black line is the total intensity, red is the linear
polarization, and blue is the circular polarization. The polarization position angle is shown in the top panel.
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Figure 11. Pulse profiles for pulsars J1832-0836 and J1909-3744 including microcomponents. The black line is the total
intensity, red is the linear polarization, and blue is the circular polarization. The black arrow points to the location of the
microcomponent in each J1909-3744 profile. The polarization position angle is shown in the top panel.
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Figure 12. Pulse profile for pulsars J1918-0642 and B1937+421 including microcomponents. The black arrow points to the
location of the microcomponent in each B1937+21 profile. The black line is the total intensity, red is the linear polarization,
and blue is the circular polarization. The polarization position angle is shown in the top panel.
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Figure 13. Pulse profiles for pulsars J2010-1323 and J2145-0750 including microcomponents. The black arrow points to the
location of the microcomponent in each J2145-0750 profile. The black line is the total intensity, red is the linear polarization,
and blue is the circular polarization. The polarization position angle is shown in the top panel.

Flux Density (mJy) P.A. (deg.)

A. (deg.)

P.

Flux Density (mly)

P.A. (deg.)

Flux Density (mdy)

T T T
oL
@ ;/l
oy
er I
' [
o }
© L t
> | | t |
By v T T T v .
r J2010-1323 820 MHz -
oL
™
oL
QL
oL
| | n |
0 0.2 0.4 0.6 0.8
Pulse Phase
of ™ T T " Ty 7
©
L : A
o £
° f\ﬂb/\
o[ ' | ‘,
v o
i ! M' | . f /= f f
C J2145-0750 820 MHz
SL
™+
o
SL
o
o
st
o
Il L Il L Il
0 0.2 0.4 0.6 0.8
Pulse Phase
T T T T
oL
©
O —
d
SF ) e M S M gty
L
0750 820 MHz -

r J2145-

0.9
Pulse Phase

0.85

P.A. (deg.)

15-60 0 60

Flux Density (mJy)

A. (deg.)

P.
-60 0

Flux Density (mly)

P.A. (deg.)

04 -60 0 60

Flux Density (mlJy)

50

0.2

60

T T T T
/N
] | ]
| | L b | N g
- t T T t T T t 7
- J2010-1323 1500 MHz A
| | . | | . ]
0.2 0.4 0.6 0.8 1
Pulse Phase
8 T T T T ( T T
(i R [l
i | \/‘///":I .
/ ' ]
+ d + 'hl I: ) |I L +
L JR2145-0750 1500 MHz
1 . 1 . 1 . 1 .
0.2 0.4 0.6 0.8 1
Pulse Phase
T T T ]
t I _
Il : | ! ! ! |
T T t t T t
1500 MHz T
H \ “ H 1 u
| . . . . | N . . | -
0.8 0.85 0.9

Pulse Phase



NANOGRAV POLARIMETRY

33

Figure 14. Pulse profiles for pulsars J2302+4442. The black line is the total intensity, red is the linear polarization, and blue
is the circular polarization. The polarization position angle is shown in the top panel.
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Figure 15.

WAHL ET AL.

Tonosphere-corrected rotation measure, dispersion measure, and magnetic field changes over time for pulsars

J0340+4130 and J0613-0200. The error bars on the RM are a combination of fitting for Faraday rotation and from the
ionospheric correction, errors on the DM come from those on the DMX value are those reported by TEMPO, and errors on the
magnetic field are a combination of the two. The trendline shown is that with the lowest reduced x?2 value of all of the trends.
No trend is shown if the lowest x2 value for the fits was that of a horizontal line with a slope of zero.
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Figure 16. Ionosphere-corrected rotation measure, dispersion measure, and magnetic field variations over time for pulsars
J0645+5158 and J1012+45307. The error bars on the RM are a combination of fitting for Faraday rotation and from the
ionospheric correction, errors on the DM come from those on the DMX value, and errors on the magnetic field are a combination
of the two. The trendline shown is that with the lowest reduced x2 value of all of the trends. No trend is shown if the lowest
X2 value for the fits was that of a horizontal line with a slope of zero.
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Figure 17. Ionosphere-corrected rotation measure, dispersion measure, and magnetic field changes over time for pulsars J1024—
0719 and J1455-3330. The error bars on the RM are a combination of fitting for Faraday rotation and from the ionospheric
correction, errors on the DM come from those on the DMX value, and errors on the magnetic field are a combination of the two.
The trendline shown is that with the lowest reduced x?2 value of all of the trends. No trend is shown if the lowest x2 value for

the fits was that of a horizontal line with a slope of zero.
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Figure 18. Ionosphere-corrected rotation measure, dispersion measure, and magnetic field changes over time for pulsars J1600—
3053 and J1614-2230. The error bars on the RM are a combination of fitting for Faraday rotation and from the ionospheric
correction, errors on the DM come from those on the DMX value, and errors on the magnetic field are a combination of the two.
The trendline shown is that with the lowest reduced x?2 value of all of the trends. No trend is shown if the lowest x2 value for
the fits was that of a horizontal line with a slope of zero. Note: the plots for J1614-2203 contain two outliers at epochs of small
ecliptic angle (less than 3 degrees) (MJDs 55892 and 55893, as discussed in Section 5.1.3). These points are excluded from the
fitting and the mean RM and B calculation but included in the plot to show the spike in RM, DM, and B-field when the pulsar
is close to the Sun.
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Figure 19. Ionosphere-corrected rotation measure, dispersion measure, and magnetic field changes over time for pulsars J1643—
1224 and J17134-0747. The error bars on the RM are a combination of fitting for Faraday rotation and from the ionospheric
correction, errors on the DM come from those on the DMX value, and errors on the magnetic field are a combination of the two.
The trendline shown is that with the lowest reduced x?2 value of all of the trends. No trend is shown if the lowest x2 value for
the fits was that of a horizontal line with a slope of zero.
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Figure 20. Ionosphere-corrected rotation measure, dispersion measure, and magnetic field changes over time for pulsars J1744—
1134 and J1747-4036. The error bars on the RM are a combination of fitting for Faraday rotation and from the ionospheric
correction, errors on the DM come from those on the DMX value, and errors on the magnetic field are a combination of the two.
The trendline shown is that with the lowest reduced x?2 value of all of the trends. No trend is shown if the lowest x2 value for
the fits was that of a horizontal line with a slope of zero.
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Figure 21. Ionosphere-corrected rotation measure, dispersion measure, and magnetic field changes over time for pulsars J1909—
3744 and J1918-0642. The error bars on the RM are a combination of fitting for Faraday rotation and from the ionospheric
correction, errors on the DM come from those on the DMX value, and errors on the magnetic field are a combination of the two.
The trendline shown is that with the lowest reduced x?2 value of all of the trends. No trend is shown if the lowest x2 value for
the fits was that of a horizontal line with a slope of zero.
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Figure 22.
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Tonosphere-corrected rotation measure, dispersion measure, and magnetic field changes over time for pulsars

B1937+421 and J2010—1323. The error bars on the RM are a combination of fitting for Faraday rotation and from the ionospheric
correction, errors on the DM come from those on the DMX value, and errors on the magnetic field are a combination of the two.
The trendline shown is that with the lowest reduced x?2 value of all of the trends. No trend is shown if the lowest x2 value for

the fits was that of a horizontal line with a slope of zero.
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Figure 23. Ionosphere-corrected rotation measure, dispersion measure, and magnetic field changes over time for pulsars J2145—
0750 and J2302+4442. The error bars on the RM are a combination of fitting for Faraday rotation and from the ionospheric
correction, errors on the DM come from those on the DMX value, and errors on the magnetic field are a combination of the two.
The trendline shown is that with the lowest reduced x?2 value of all of the trends. No trend is shown if the lowest x2 value for
the fits was that of a horizontal line with a slope of zero.
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