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ABSTRACT

We present the polarization pulse profiles for 28 pulsarseniesl with the Arecibo Observatory by the North American
Nanohertz Observatory for Gravitational Waves (NANOGHaw)ing project at 2.1 GHz, 1.4 GHz, and 430 MHz. These profiles
represent some of the most sensitive polarimetric milbsgicpulsar profiles to date, revealing the existence of mmmponents
(that is, pulse components with peak intensities much Idivan the total pulse peak intensity). Although microcongitds
have been detected in some pulsars previously, we preserdeoimponents for PSRs B1937+21, J1713+0747, and J2234+09
for the first time. These microcomponents can have an impagudsar timing, geometry, and flux density determinatiore W
present rotation measures for all 28 pulsars, determingebi@ndently at different observation frequencies andlegand find
the Galactic magnetic fields derived from these rotationsuess to be consistent with current models. These polaizptofiles
were made using measurement equation template matchimgh alfows us to generate the polarimetric response of tteeiin
Observatory on an epoch-by-epoch basis. We use this methddscribe its time variability, and find that the polarineetr
responses of the Arecibo Observatory’s 1.4 and 2.1 GHzverevary significantly with time.

Keywords:pulsars: general, techniques: polarimetric
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1. INTRODUCTION which allows the effects of an imperfect receiver to be de-

Pulsars have proved themselves not only to be extremely SCfibed by a 44 matrix as follows:

interesting objects in and of themselves (measuring their

masses can, for example, put constraints on the nuclear mat- Smeas = M Ssre, (5)

ter equation of stateDemorest et al. 209) but also incred-

ibly useful tools that can be used to study their own local WheresS;,. represents the light as emitted from the source,
environment (see, for examplehernyakova et al(2009), Smeas represents the light as detected by the telescope, and
as well as properties of the Galaxy itself (for example, auls M, called the Mueller Matrix, takes the form (following
observations can be used to model the interstellar medium Lorimer & Kramer(2009. Also seeHeiles(2002):

(ISM) both broadly, as inCordes & Lazio (2002, and

coarsely, as irColes et al. (2015 and Jones et al(2019).

Much of the utility of pulsars stems from the ability to fit the 1 E A+ FEC B+ ED
pulse times of arrival to a timing model, while further appli E H A+ EC D+ EB
cations are drawn from the fact that pulsars are, in general, M =
highly polarized astrophysical signals. AF-GB GD-FC F -G

The study of this polarized emission is typically described AG + BF —GC — FD G FH
by the four Stokes parameters,Q, U, andV. In this vocab- (6)

ulary, Stokedl is the total intensity of the emission, Stokes  where
@ andU form the linearly polarized intensit{ through the
relation

(01) + €3 cos(62)

L=+Q?+U2, Q) B = €1 sin(6) + €2 sin(6s)
)

)

A = €1 cos(by

and Stoked/ is the circularly polarized intensity, where, us-
ing the International Astronomical Union (IAU) circular po
larization sign convention, right-handed circular patation
(RCP) is positive and describes light whose position angle
rotates in the counter-clockwise direction as seen by the ob
server. The total polarization of the emission is then

P=V@+UP+V2=VI2+ V2, ()

Another quantity of interest is the position angle (PA) of ande; ande, represent the magnitude of the cross-coupling
the linearly polarized emission, which describes the daen of the two respective feed$; andf, represent the phase
tion of the linear polarization coming from the pulsar and is  of this cross-couplingy represents the differential gain of
given by the receiver, and represents the differential phase of the
receiver.

Observations of the Stokes parameters emitted by pulsars
show that they are highly polarized sources, and that the PA
of the polarized light emitted by pulsars varies with pulse
Note that in this convention, positive position angles aeam phase. For many pulsars, this variation is well-described
sured counter-clockwise from North. This also provides an by the rotating vector model (RVMRadhakrishnan & Cooke
equivalent definition of RCP: polarized light whose positio (1969), which gives the pulsar's PA at a given pulse phase

angle increases with time. o o pulse phase (se@verett & Weisberd2007)):
The Stokes parameters describing the radiation incident on

the telescope are often represented by the vector

U =0.5tan"! % 3)

sin a sin(® — @g)

—tan(¥ — ¥g) =
an( 0) sin¢ cosa + cos ¢ sina cos(® — Pg)’
(7)
g — (4) whereq is the angle between the rotation and magnetic axes,

¢ is the angle between the rotation axis and the line of sight,
and V¥, and®, are the PA and pulse phase of the inflection

= Q@ O~



point of the PA swing, respectivély This model assumes
the pulsar radio emission is due to curvature radiation-orig
inating from charged particles flowing along dipolar mag-
netic field lines coming from the polar cap of the neutron star
(Radhakrishnan 196%omesaroff 197]) and that this emis-
sion should therefore be polarized parallel to the magnetic
field line along which those charged particles are streaming

This model makes it possible to use the PA swing to char-
acterize the geometry of the pulsar, however some pulsars,
specifically millisecond pulsars, have shown vast compjexi
in their PA swings. These characteristics, such as orthaigon
jumps in the PA swing as well as PA swings that are simply
not described well by the RVM, show that while the RVM
can be very useful, pulsar emission is often too complex to
be described well by it.

Analyzing the variation of the Stokes parameters over
guantities such as pulsar pulse phase and observing fre-
guency can be an incredibly powerful tool for probing phe-
nomena that are both intrinsic and extrinsic to the pulsar. F
example, emission from the pulsar will be affected in vasiou
ways by the environment it travels through on its way from
the pulsar to the observer. One of these ways is by Faraday
rotation, which rotates the linear polarization by an angle
determined by:

e3\2

2rm2ct

d

B= / ne By dl = RM?, (8)

0
wheree is the charge of an electron ang, is its massg¢ is
the speed of light in a vacuum,, is the electron number den-
sity, andB|| is the component of the magnetic field parallel
to the direction of propagation. This can be used to measure
the average) along the line of sight by computing the ratio

of rotation measure RM to dispersion measure DM:

d
. By dl RM
(B)) = fogin 1230 G )
Jy nedl DM
where RM is measured in rad Th and DM is measured in

pc cn 3,

Polarization properties of MSPs are similar in many ways
to those of young pulsars. For example, they both have high
polarization fractions (se®lanchester et al. 197®ai et al.
2015 Johnston & Kerr 201Btypically dominated by lin-
ear polarization rather than circular polarization, theythb
display orthogonal Backer et al. 1976 Stairs et al. 1999
and non-orthogonalBacker & Rankin 1980Navarro et al.
1997 jumps in the PA curve, and they both often show a re-

1 The negative sign on the left side of Equatidrrepresents the fact
that we quote PAs using the IAU convention (positive PAs dbscangles
counter-clockwise from North), whereas other analyses mmtegPAs in
the the opposite convention.

3

versal of the circular polarization handedness at the cerfite
the pulse Rankin 1983 Xilouris et al. 1998.

Despite these similarities, there are significant diffessn
in the emission characteristics of MSPs and young pulsars.
For example, the smaller rotational periods of MSPs mean
that MSPs have a much smaller light cylinder radius. As a
consequence, MSPs have higher duty cycles, and have pro-
files that are more affected by magnetic sweep-bBekr{ard
1986 Kramer et al. 1999eand relativistic aberration and re-
tardation Blaskiewicz et al. 1991Dyks 2009. Further the
PA swings of MSPs are typically more complex than those
of young pulsars, suggesting that MSP magnetospheres are
significantly non-dipolar.

Much remains to be learned from the polarization of pul-
sars in general and MSPs in particular. Studies of the pul-
sar emission mechanism (skbkelrose 2004 for a review),
the relationship between orthogonal modes of polarization
and the structure of the MSP magnetosphere all benefit from
high signal-to-noise ratio SNR, multi-frequency polartme
ric observations. In this paper, we present the polaripatio
profiles of the pulsars observed at the Arecibo Observatory
(AO) as part of NANOGrav’s pulsar timing campaign. We
also present the implementation of a calibration technique
described invan Straten(2013, whereby a polarimetric re-
sponse (PR) is created quickly, allowing PRs to be made on
an epoch-by-epoch basis. In secti®and3.1, we describe
this technique.

2. OBSERVATIONS

The NANOGrav Collaboration et a(2015 describes the
full details of NANOGrav'’s data collection process, and we
summarize the relevant parts of that process here. Note that
we only used data collected at the Arecibo Observatory with
the wideband PUPPInstrument.

Sources were observed spanning MJDs 56989 to 56874,
with a quasi-monthly cadence with AO’s S-Wide (center fre-
guency 2.1 GHz), L-Wide (center frequency 1.4 GHz) and
430 MHz receivers (or some combination of the three that
was chosen to most efficiently capitalize on each individual
pulsar's multi-frequency characteristics). The typicatier
gration time of a single observation was approximately 20
minutes. At 2.1 and 1.4 GHz (both dual linear feeds), the
available bandwidth is 800 MHz, which is split into 512 fre-
quency channels, while at 430 MHz (a dual circular feed), the
available bandwidth is 100 MHz and is split into 64 channels.

At all observing frequencies, the data were folded and co-
herently dedispersed in real time. Then, frequency channel
affected by RFI were excised and flux calibrator observation
were used to convert telescope intensity into flux. Reported
fluxes were determined by averaging fluxes over all epochs.

2 Puerto Rican Ultimate Pulsar Processing Instrument



4 GENTILE ET AL.

3. DATA REDUCTION Since the polarization profiles generated by this method
were not consistent epoch-to-epoch, we used PSRs J1718+074
o and B1937+21 as “standard sources” in the Measurement
The determination of the parameters that make up the gq ation Template Matching (METM) method, described in
Mueller matrix (shown in Equatio8) is typically performed sections 3.1 and 5 ofan Straten(2013 by choosing pro-

in multiple steps, the first of which is the determination of a5 or these sources that were consistent with previously
the differential gain and differential phase of the receive published profiles. This allowed us to use subsequent ob-

.ar_1d¢.respectively). These parqmeters can be dete.rmine-d bY servations of these sources to generate a new PR. In reality,
Injecting a correlated (that is, n phase)_, pulsed §|gn@ N since the observations being used to generate the METM
each receiver feed and measuring the difference in gain and ppq haq already been calibrated with the MEM-generated

the phase offset induced by the receiver. Since we expect PR, the METM-generated PRs should be thought of as per-
and ¢ to vary with observing frequency, this injected signal epoch corrections to the MEM-generated PR.

is broad band, enabling the determinationyaindg for each Next, having already calibrated all of the observations in

observed frequency channel. Further, since we expectd NANOGrav's AO data set with the MEM-generated PR, we

¢ to also vary with time, we observed the injected signal for e aple to apply these corrections to these observations
~90 seconds before each observatlon._Th|s procedure is part by selecting the PR correction whose epoch is closest to the
of the standard NANOGrav data reduction process. epoch of the observation that is to be calibrated.

To determine the cross-coupling parameters @ndd »),
a source with strong linear polarization is observed over a 3.2. Faraday Rotation Correction
wide range of parallactic angles on the sky, which rotates
the angle of polarization relative to the receiver, enabptime
receiver to sample linearly polarized light at many differe
orientations. Equatiob can then be expanded into four si-
multaneous equations which can be used to for for the re-
maining parameters. Sineg . andf; , are also expected
to change with observing frequency, the observed calimati
source should be a broad band source. There is no general
assumption regarding the time variability of these sources
as major timing campaigns make assumptions ranging from
assuming the cross-coupling parameters are zero (tasily a

suming they ldp hot cr;]ange over tlTe, deesvignes et al. | We found that we could reliably fit an RM value to data
(2019), to solving for the cross-coupling parameters several ¢, most 1.4 GHz observations and some 2.1 GHz obser-
times per yearNlanchester et al. 20).3 vations. For data in which RM could not be fit (430 MHz

To esti.mate the magnitudg of the cross-coupling between observations and some 2.1 GHz observations, because of ei-
the receiver feeds, observations of PSR J0528+2200 (PSR ther a low SNR, a lack of channels in which the source was

B0525+21), a bright, broad band, strongly polarized saurce strongly detected, or both), we used the RM from 1.4 GHz to

were tﬁkenﬁg\(er aW|?Iehrange of pargllact|chang|es- TF’ mfaX|- correct for Faraday rotation. Errors quoted on RMs are the
mize the efficiency of the observing time, the observing fre- . 4o epoch to epoch variation of RM.

guency was switched between 430 MHz, 1.4 GHz, and 2.1

GHz. This process yielded polarimetric data for each of 4. RESULTS
the observing frequencies for which we have corresponding
NANOGrav pulsar data, allowing us to extract three full PRs
(as described iman Strater{2004)) with one observation.

These responses were then used to correct for the cross-
coupling of the receiver feeds. After using these responses
to calibrate our data, we then compared the resulting pro-
files from each of the quasi-monthly observations of PSR
B1937+21 and PSR J1713+0474 to previously published
profiles. These sources were chosen for comparison because
they had a high SNR and many consistent published polar-
ization profiles.

3.1. Polarimetric Calibration

As described above, one of the consequences of the prop-
agation of polarized light through the interstellar mediism
the rotation of the angle of the linearly polarized emission
known as Faraday rotation. To correct for this effect, weduse
a range of trial RMs, where for each trial RM, the linear po-
larization in each profile bin of each frequency channel was
rotated by the angle determined by the center frequency of
the channel, the trial RM, and Equati8nWe then summed
the linear polarization in frequency and pulse phase and de-
termined the RM at which the total observed linear polariza-
tion is maximized (seélan et al(2006).

Here, we present the profifesesulting from the calibra-
tion scheme described in SectiB8nFor each source at each
observing frequency, we describe the time and frequency-
averaged polarization profile and compare it to both our
own results at other frequencies and to previously pubtishe
results, if any exist. Profiles are shown in Figure4?7.

We note that epoch to epoch DM variations will introduce
some intra-channel dispersive smearing. For all sourbes, t
timescale for this smearing is less than the width of a profile

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



Table 1: Total Observation Lengths and Derived Rotation Mea3ures

PSR Observation Time 2.1GHzRM 1.4 GHz RM RM-Derived B
2.1GHz 1.4 GHz 430 MHz
hours rad m? uG

J0023+0923 0.0 25 3.2 - —4+3 —-0.3+0.2
J0030+0451 0.0 6.2 1.5 - 052 0.2+ 0.6
J1022+1001 0.0 0.0 0.2 - - -
J1453+1902 0.5 0.8 0.8 1388 134+ 09 1.2+0.1
J1640+2224 0.0 5.2 3.0 - 208 2+0.5
J1709+2313 0.0 0.6 0.0 - 4420 2.15
J1713+0747 6.5 8.2 0.0 1 13+ 2 1+0.1
J1738+0333 6.8 5.0 0.0 86 36+9 1.3+0.3
J1741+1351 0.5 55 3.5 63 63+ 4 3.2+ 0.2
J1853+1303 0.0 3.9 22 - a7 3.3+0.3
B1855+09 0.2 7.2 6.1 37 20+ 4 1.8+ 0.4
J1903+0327 6.5 5.0 0.0 12080 —4+4 —0.01+0.01
J1910+1256 55 4.9 0.0 46.3915.90 58+ 4 19+0.1
J1911+1347 04 1.1 0.8 063 —3.4+£0.6 —0.14+0.03
J1923+2515 0.0 3.7 1.9 - #9 0.5+ 0.6
B1937+21 4.6 3.7 0.0 9.22 1.96 10+ 1 0.174+ 0.02
J1944+0907 0.2 5.6 3.4 —30 —-30+£ 10 -1.7+05
J1949+3106 4.1 6.3 0.0 212 212+ 7 1.59+ 0.05
B1953+29 0.0 5.0 2.6 - &2 0.104+ 0.03
J1955+2527 0.0 15 0.0 - —120+ 60 —-0.7£0.3
J2017+0603 6.4 9.7 2.0 —41+8 —56+£5 —-29+0.3
J2019+2425 0.0 0.6 0.7 - —71+4 -5.1+0.3
J2033+1734 0.0 1.2 0.8 - —69.44+0.3 —3.41+0.02
J2043+1711 0.0 10.9 6.5 - —69+4 —-4.1+0.2
J2214+3000 4.5 45 0.0 —60+ 13 —43+5 —24+0.3
J2229+2643 0.0 1.4 1.1 - —58+2 -3.1+0.1
J2234+0611 0.0 2.0 0.0 - -2+1 —-0.2+01
J2234+0944 0.8 1.3 1.0 —6+42 —-8+4 —-0.5+0.3
J2317+1439 0.0 6.8 7.7 - —-9+4 —-05+0.2

®Errors on RM represent the standard epoch to epoch deviation of BRMe¥with a have no error because the data were too low SNR, so
the average 1.4 GHz RM was used. Values withhave no error because there was only one observation at this frgquen
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Table 2: Total Intensity Emission Parameters

PSR Flux Density Duty Cycle Spectral Index
2.1GHz 1.4 GHz 430 MHz 2.1 GHz 1.4 GHz 430 MHz
mJy mJy mJy

J0023+0923 - 0.43 5.69 - 0.30 0.30 —2.19
J0030+0451 - 1.19 14.85 - 0.54 0.60 —-2.14
J1022+1001 - - 10.95 - - 0.17 -
J1453+1902 0.04 0.09 1.58 0.15 0.29 0.50 —2.19
J1640+2224 - 0.69 18.71 - 0.25 0.28 —2.80
J1709+2313 - 0.12 - - 0.34 - -
J1713+0747 6.15 11.52 - 0.77 0.89 - —-1.16
J1738+0333 0.59 0.71 - 0.36 0.37 - —-0.34
J1741+1351 0.03 0.45 4.10 0.03 0.38 0.41 —2.70
J1853+1303 - 0.52 6.91 - 0.55 0.38 —2.19

B1855+09 3.38 3.81 18.06 0.38 0.75 0.71 —1.03
J1903+0327 0.68 0.74 - 0.22 0.63 - —0.16
J1910+1256 0.30 0.52 - 0.18 0.31 - —1.02
J1911+1347 0.93 0.99 1.99 0.54 0.53 0.46 —-0.47
J1923+2515 - 0.26 4.03 - 0.59 0.32 -2.32

B1937+21 7.07 13.19 - 0.82 0.85 - —-1.16
J1944+0907 0.53 2.80 32.43 0.48 0.75 0.74 —-2.34
J1949+3106 0.07 0.13 - 0.07 0.10 - —1.15

B1953+29 - 0.89 26.68 - 0.78 0.50 —2.88
J1955+2527 - 0.39 - - 0.26 - -
J2017+0603 0.29 0.35 1.96 0.35 0.62 0.54 -1.17
J2019+2425 - 0.28 5.89 - 0.48 0.35 —2.58
J2033+1734 - 0.41 2.82 - 0.45 0.45 —1.63
J2043+1711 - 0.20 4.14 - 0.82 0.41 —2.57
J2214+3000 0.80 0.61 - 0.47 0.60 - 0.50
J2229+2643 - 0.71 5.48 - 0.27 0.28 —-1.73
J2234+0611 - 1.28 - - 0.55 - -
J2234+0944 1.11 2.05 3.07 0.50 0.82 0.45 —0.55

J2317+1439 - 0.75 45.99 - 0.45 0.23 —-3.49
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bin given the level of variation shown iones et al(2017), rower than the component immediately preceding it, whereas
and is therefore negligible. The parameters describing the the widths of their total intensity counterparts are notiss d
observations themselves (such as observation times and fre parate.

guencies) and derived RMs are summarized in TablPa- For all the similarities our results show, there are some dif
rameters describing the total intensity emission from exch ferences. First, the circular polarization profile showef |
the sources in this data set are shown in Tahlehere the circularly polarized (LCP) peak that coincides with the fi-

spectral index was found by averaging the total flux over all nal total intensity component, as well as evidence for atrigh
epochs for each frequency band and “duty cycle” was defined circularly polarized (RCP) peak immediately preceding it.
as the ratio of bins where the total intensity emission was There is also evidence for an LCP peak coinciding roughly
above the baseline (as determined by eye) to the total number with the middle total intensity component, and a RCP peak
of bins, rather than the definition foundlimrimer & Kramer coinciding with the leading total intensity component. gt a
(2009*. A more detailed presentation and analysis of flux pears as though this would be consistent Withig (2014 if
densities will be covered in another paper. Polarizatiorsem  they had also shown negative circular polarization intési
sion fractions for each source in this data set are shown in modulo an overall negative sign. This suggests that they are
Table3 where angle brackets denote a phase-averaged quan-using the 1AU convention for circular polarization, altrgiu
tity, and bars denote an absolute value. the circular polarization sign convention used in the paper
Also, we note the presence of instrumental effects in the not stated. In addition, the total intensity profile theygmet
data. For example, the linearly polarized emission for some shows that the final component has a significantly higher in-
sources exceeds the total intensity emission in some phasetensity than the component immediately preceding it. As the
bins. In some instances, this is caused by the linear polar- relative intensity of these components changes subsigntia
ization noise being biased by virtue of it being a quantity with frequency, it is likely that the pulsar was detected muc
derived from a quadrature sum, while in other cases, it is more strongly in the lower part of the observing bandwidth
due to baselining effects. In these latter cases, the ljnear (where the final component is strongest) during the observa-
polarized emission in said phase bins should be viewed as tions taken for the analysis presenteddraig (2014 due to

an aberration. Additionally, for certain bright sourceairs interstellar scintillation.

pling effects cause the pulsar signal to be aliased back into

the band. Therefore, some of the low-intensity emission see 4.1.2. 430 MHz

in the profiles presented here is not intrinsic, but rathertdu No polarization profiles have been published for PSR

instrumental effects (sé@ennucc{2015 for more details on J0023+0923 at 430 MHz, however Bangale et al. (in prep)
this issue). We stress, though, that while this effect astou  presents the total intensity profile as seen by the 350 MHz re-
for some of the low-intensity emission, we do see additional cejver on the Green Bank Telescope, whose frequency range
low-intensity emission that is not due to this effect and is overlaps with the AO 430 MHz receiver. Both profiles show a

therefore intrinsic to the source itself. very narrow pulse, however what appears to be a single com-
ponent profile in the published Green Bank Telescope profile

4.1. PSR J0023+0923 is shown to be a multi-component main pulse consisting of

4.1.1.1.4GHz an extremely bright component preceded by a low-intensity

The 1.4 GHz polarization profile for PSR J0023+0923 peak and followed by a moderate-intensity ridge. This main
pulse is preceded by a low-intensity pulse that does not ap-

pear to be connected to the main pulse and is aligned with
the precursor seen at 1.4 GHz.

The profile is not strongly polarized, with the only signifi-
cant features being a peak in both the linear polarizatiah an
the right-circular polarization coincident with the totaten-
sity peak.

published inCraig (2014 shows many similarities to our re-
sults in that the total intensity profile shows a leading comp
nent that has a relatively low intensity followed by two rela
tively high intensity components. The linear intensityfiieo

also shows three components as well as evidence for a bridge
of linearly polarized emission connecting them all. Altigbu

the leading component again has a lower intensity than the
trailing two components, the disparity is not as pronounced
as in the total intensity profile. Also of note is that the final
component in the linear polarization profile is noticealdy-n

4.2. PSR J0030+0451
4.2.1.1.4GHz

PSR J0030+0451 has a complex profile at 1.4 GHz, draw-

4 N ing interest even upon discovery-dmmen et al. 2000
We have adpoted this definition of “duty cycle” because tigh ISNR of

the dataset has allowed the detection of some profile compohentreds Their ane}IyS|s found a total Intensity proflle conS|st|pg Of.
of times smaller than the main profile peak, and “duty cycle” e in at least six components. Our results largely agree with this
Lorimer & Kramer(2009 is not sensitive to those profile components. analysis, however the significant increase in signal-tisao
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provided by this work reveals that the interpulse may be total intensity counterpart. The circularly polarized egion
more complex than the two component model described in is entirely LCP and also shows two components, although
Lommen et al(2000. We also do not see the “bump” situ-  unlike the linearly polarized emission, these componergs a
ated between the main pulse and the interpulse (correspond- aligned with their total intensity counterparts.
ing to a rotational phase of 0.8 m our analy§|§), although 4.4 PSR J1453+1902
both components appear to be wider than originally reported

The linear polarization profile of PSR J0030+0451 is sim- 4.4.1.21GHz
ilar in shape to that of the total intensity profile, although The SNR of the 2.1 GHz profile for PSR J1453+1902 is
the main pulse shows two low-intensity linear polarization not very high, but one component is clearly detected. That
peaks at the leading edge of the main pulse and another low- component shows moderate linear polarization, which also
intensity linear polarization peak on the trailing edge fué t consists of one component, the center of which precedes the
main pulse. The interpulse shows three distinct components main total intensity component. We do not detect any circu-

that coincide with three components of the total intensity p larly polarized emission.
file. - o . 4.4.2.1.4GHz

The circular polarization profile shows a strong LCP peak _ _ _
coinciding with the total intensity peak, along with lower- Much of PSR J1453+1902's total intensity profile at 1.4

intensity peaks in RCP and LCP following it, The interpulse  GHz resembles its 2.1 GHz counterpart, as the main part
shows almost no circular polarization, although there is ev ~ Of the profile consists of one bright component. However,

dence for a wide, RCP pulse spanning almost the entire in- the higher SNR at 1.4 GHz reveals an additional component
terpulse width. leading the brightest component. As with the 2.1 GHz pro-

file, there is a bright linearly polarized peak of emissioatth
4.2.2. 430 MHz precedes the total intensity peak by a phase-06.3, al-

The profile for PSR J0030+0451 at 430 MHz is similar  (N0Ugh it appears as though there is another, very weak com-
to the profile at 1.4 GHz, where the total intensity profile Ponent trailing that. The new total intensity component is

can also be seen to have two main components, although the 100% polarized. As with the 2.1 GHz profile, we do not de-
leading component appears to be wider at 1.4 GHz than at (€Ct significant circular polarization.

430 MHz. We also find the polarization profile to be less 4.4.3. 430 MHz

complex at 430 MHz than at 1.4 GHz. While this polar- .o 4y published profile for PSR J1453+1902 is a 430
ization profile is in good agreement with that presented in MHz total intensity profile that agrees well with our 430
Lommen et al (2000, there are small differences. As pre-

viously reported, the linear polarization profile of the mai
pulse has many components, with the overall peak coincid-
ing with the total intensity peak, however our data do not
show the linear polarization intensity dropping off as ptge
afterwards. The circular polarization profile is also ldyge
agreement with that shown irommen et al(2000, with the
only significant difference being the RCP peak presented in
this work is more significant.

MHz profile (Lorimer et al. 200), showing a leading, low
intensity component, followed by much stronger component
that has a faint, trailing pulse attached to it. The flux den-
sity of the total intensity profile is also in agreement witle t
analysis done ir.orimer et al.(2007. The linear polariza-
tion profile has changed markedly from the 2.4 and 1.4 GHz
linear intensity profiles, showing one, low intensity compo
nent that appears to be aligned with the total intensity peak
The circularly polarized profile is also very different at;43
MHz, where there is a clear LCP peak aligned with the to-
tal intensity peak, whereas at higher frequencies, themne is
detectable circular polarization.

4.5. PSR J1640+2224
45.1.1.4GHz

4.3. PSR J1022+1001
4.3.1. 430 MHz

PSR J1022+1001 profile has proven to be variable (see
Kramer et al. (19990; Kuz’min & Losovskii (1999, and
Kramer et al.(19993), most notably with the respective in-
tensities of the two components that make up the total inten- PSR J1640+2224’s pulse profile at 1.4 GHz is a single
sity profile. In this work, we see the leading component have pulse comprised of at least three componeHKisiner et al.

a higher intensity than the trailing component, consistent 1998. The linear polarization profile shows four distinct
with some later observationSiairs et al(1999, for exam- components, the brightest of which coincides with the to-
ple), but not with its discoveryCamilo et al.(19963. The tal intensity peak. PSR J1640+2224 also shows a strong
linearly polarized emission also shows two primary compo- LCP peak (with a higher intensity than the linear polarizati
nents, the first of which precedes its total intensity counte  peak) coincident with the total intensity peak, and flankgd b
part by a phase of 0.02, while the other is aligned with its low-intensity RCP emission.



4.5.2. 430 MHz

PSR J1640+2224's pulse profile at 430 MHz is similar to
the profile at 1.4 GHz, as the components on the 1.4 GHz pro-
file are all still present and the total profile widths are very
similar (Foster etal. 1995 The linear polarization profile
shows two main components that coincide with two compo-
nents of the total intensity profile, and a trailing linear po
larization tail. The circular polarization is wholly RCP dn
is nearly identical to the linear polarization profile, altigh
with a peak intensity~ 0.8 times that of the peak linearly
polarized intensity.

4.6. PSR J1709+2313
4.6.1. 1.4 GHz

The 1.4 GHz profile of PSR J1709+2313 presented
here is in agreement with the previously published profile
(Lewandowski et al. 2004 and includes a main pulse with
at least 3 components in addition to an interpulse. The-inter
pulse is almost entirely linearly polarized, as is the legdi
component of the main pulse. There is no detectable circular
polarization.

4.7. PSR J1713+0747
4.7.1.2.1GHz

The pulse profile for PSR J1713+0747 at 2.1 GHz has been
studied beforeQai et al. 201%, and our observations con-
firm the analysis presented therein. The increased sdhsitiv
of our data set, however, allows us to detect small compo-
nents preceding and trailing the main total intensity peofil
components. These microcomponents are 50 to 100 times
less intense than the total intensity peak, respectivelyaly
most double the width of the pulse. The leading component
shows slight linear polarization, yet because of its reddyi
low total intensity, this small level of polarization meahsat
the leading component is completely polarized. The trgilin

component, however, does not show any detectable polarized

emission.

4.7.2.1.4 GHz

PSR J1713+0747 has been studied extensively at 1.4 GHz,

and in terms of the most intense components, we again
find agreement with the existing literature (see, for exam-
pleDai et al.(2019; Ord et al.(2004); Yan et al.(2011), and
more). Yet as with the 2.1 GHz data, we find substantial
structure with intensities-100 times smaller than the peak
total intensity. Indeed, we see the same microcomponents
that were evident in the 2.1 GHz emission, although they are
much higher SNR at 1.4 GHz. Also, what appeared to be a
short tail preceding the first total intensity microcompoine
appears here to be a much longer tail, spanning nearly the
entire rotation of the pulsar.

4.8. PSR J1738+0333
4.8.1. 2.1 GHz

The 2.1 GHz total intensity profile for PSR J1738+0333
consists of one main pulse made up of two strong compo-
nents preceded by two low-intensity components. The linear
polarization profile shows many similarities to the total in
tensity profile, having 3 distinct components that correspo
to components of the total intensity profile. The circular po
larization profile has one strong component, and one weakly
detected component. Both of these components are RCP and
correspond to the strong total intensity components.

4.8.2.1.4 GHz

The 1.4 GHz profile for PSR J1738+0333 presented in this
work looks very similar not only to previously published pro
files (Jacoby 2005Freire et al. 201p, but also to its 2.1 GHz
profile. The linear polarization profile has 3 distinct com-
ponents that have corresponding components in the total in-
tensity profile and the circular polarization profile consis
of two components of all RCP emission that coincide to the
strongest components of the total intensity profile. Indeed
the only new feature that was not seen in the 2.1 GHz data is
a very weak total intensity component on the trailing edge of
the main pulse.

4.9. PSR J1741+1351
4.9.1.2.1GHz

The 2.1 GHz profile for PSR J1741+1351 is relatively sim-
ple: one bright, single-component pulse. There does seem
to be another component preceding the main pulse by 0.3
rotations, but this component is very weak, and therefore
cannot be characterized further. The polarization profite f
PSR J1741+1351 at 2.1 GHz contains no detectable polar-
ized emission.

4.9.2.1.4GHz

The 1.4 GHz profile for PSR J1741+1351 shows the low-
intensity component seen in the 2.1 GHz in much greater
detail. In addition, the bright, single-component pulserse
at 2.1 GHz is not seen to consist of one bright component
preceded by a low-intensity “bump” and followed by a long,
low-intensity tail. This tail was not reported in previoysl|
published studieslacoby et al. 20Q7Espinoza et al. 2093
The linearly polarized intensity profile shows that the lead
ing part of the profile’s linearly polarized emission alssha
two components that coincide with the two components of
the total intensity emission. The trailing part of the linga
polarized intensity profile has three clear components dfvo
which coincide with components of the total intensity pefil
There is no detectable linear polarization that coincidik w
the low-intensity tail seen in the total intensity profilehel
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circular polarization profile shows a LCP pulse correspond-
ing to the leading part of the total intensity profile, folleds

by a multi-component section with many changes in senses
of circular polarization.

4.9.3. 430 MHz

As expected Espinoza et al. 20)3 PSR J1741+1351's
430 MHz total intensity profile profile looks similar to the
1.4 GHz profile, however, the components immediately lead-
ing and following the strongest component are differente Th
former is much stronger relative to the total intensity peak

whereas the latter (seen at 1.4 GHz as a long tail) is seen as

two distinct components. The linear polarization profils ha
changed significantly. Indeed, there is almost no deteetabl
linearly polarized emission, save a small peak of emission
coinciding with the total intensity peak. The circular pela
ization profile shows two RCP components, one coinciding
with the total intensity peak, and one coinciding with thiato
intensity component preceding it.

4.10. PSR J1853+1303
4.10.1.1.4 GHz

The overall shape of PSR J1853+1303 is quite com-
plex, and spans more than half of the rotation of the pulsar
(Gonzalez et al. 201 Stairs et al. 2006 This work shows a
clear bridge of emission spanning the two major components
of the profile. In light of this complexity, it is no surpriskst
the linear polarization profile shows significant complgxit
as well, containing six distinct components. Interestng|
only two of them seem to coincide with components found
in the total intensity profile. Further, the two components
that do have corresponding components of the total intensit
profile are of relatively low intensity. The circular polas-
tion profile, on the other hand, contains a strong LCP peak
flanked by two strong RCP peaks, and they all appear to
coincide with total intensity components.

4.10.2. 430 MHz

The 430 MHz profile for PSR J1853+1303 shows similar
complexity to the 1.4 GHz profile, however some differences

are apparent. For example, the relative brightnesses of the
three brightest components have changed, and the bridge of

emission connecting the two main parts of the pulse profile is

no longer detectable above the noise. For as much as the total

intensity profile has changed, though, the linear polaomat
profile has changed wholly. One broad pulse spans the first
part of the profile, and there is no detectable linear intgnsi
emission coincident with the second park of the pulse pro-
file. The circular polarization profile has undergone a samil
transformation: the strong LCP pulse seen at 1.4 GHz has
turned into a strong RCP pulse, and the RCP pulse following
it has turned into a weak LCP pulse. In addition, some weak
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circularly polarized emission is coincident with the tiad
part of the profile.

4.11. PSR B1855+09
411.1.1.4GHz

The 1.4 GHz pulse profile has been well studi€chfmer et al.
(1998, Yan et al.(2017), Dai et al.(2019, and many more)
and shows a total intensity profile that is consistent with
our work, however, we clearly detect a bridge of emission
connecting the two pulses that make up the profile. This is
evidence that PSR B1855+09 is an aligned rotator, a question
which has generated much discussion and disagreement (see,
for example,Segelstein et al(1986, Thorsett & Stinebring
(1990, andRankin(1990).

The linearly polarized emission presented here is in agree-
ment with previously published profiles (seéan et al.
(2017 and Dai et al. (2019), which shows relatively low
levels of linear polarization with components that coircid
with all of the components in the total intensity profile, how
ever, we are able to resolve multiple additional components
The circularly polarized emission we present is also largel
in agreement with published profiles, although we note that
we detect less circularly polarized intensity.

4.11.2. 430 MHz

Just as at 1.4 GHz, the total intensity profile for PSR
B1855+09 at 430 MHzThorsett & Stinebring 1990also
shows two main pulses. With the improved sensitivity of this
data set, we are able to detect every component in the 1.4
GHz total intensity profile at 430 MHz, with the exception of
the bridge of emission. The polarized emission, on the other
hand, looks very different at 430 MHz than at 1.4 GHz, as
the degree of linear polarization is lower in general. The li
early polarized emission does seem to share some of the same
properties as the 1.4 GHz emission, as there are some distin-
guishable components that have corresponding total iityens
components, but the circularly polarized emission looky ve
different. The only detectable phenomenology is weak RCP
emission over much of both pulses.

4.12. PSR J1903+0327
412.1.2.1 GHz

PSR J1903+0327's 2.1 GHz total intensity profile shows
three components: a bright main component flanked by two
weaker components. Measurements of interstellar scatter-
ing presented irLevin et al. (2016 suggest that scattering
should be small at 2.1 GHz. This is consistent with PSR
J1903+0327’'s 2.1 GHz total intensity profile, as it is difftcu
to identify profile components clearly affected by intekste
lar scattering. The linearly polarized emission shows that
weak, leading component is almost fully polarized, while th
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Table 3: Polarized Intensity Parameters
PSR (P11 (L)y/1 /1 (vh/r

21GHz 14GHz 430MHz 21GHz 14GHz 430MHz 21GHz 14GHz MB&x 21GHz 14GHz 430MHz

Percent

J0023+0923 - 0.31 0.36 - 0.24 0.03 - 0.03 -0.06 - 0.06 0.18
J0030+0451 - 0.34 0.25 - 0.31 0.15 - 0.01 -0.05 - 0.04 0.08
J1022+1001 - - 0.48 - — 0.26 - - 0.22 - - 0.26
J1453+1902 0.67 0.86 0.82 0.27 0.37 0.03 0.07 —0.03 0.24 0.21 0.27 0.45
J1640+2224 - 0.16 0.23 - 0.11 0.16 - 0.02 -0.10 - 0.08 0.11
J1709+2313 - 0.61 — — 0.13 - - 0.05 - - 0.25 -
J1713+0747 0.32 0.33 - 0.30 0.32 - —-002 -0.01 - 0.03 0.03 -
J1738+0333 0.30 0.23 - 0.10 0.19 - —=005 -0.02 - 0.13 0.04 -
J1741+1351 0.33 0.22 0.23 0.07 0.17 0.01 -0.09 0.01 —0.07 0.12 0.05 0.13
J1853+1303 - 0.33 0.35 - 0.18 0.05 - 0.03 —0.09 - 0.19 0.19
B1855+09 0.23 0.15 0.16 0.07 0.12 0.02 -0.03 -0.01 —0.03 0.09 0.05 0.08
J1903+0327 0.23 0.21 — 0.04 0.13 — —0.08 —0.06 - 0.14 0.08 -
J1910+1256 0.27 0.25 - 0.12 0.16 — 0.01 —-0.00 - 0.15 0.14 -
J1911+1347 0.53 0.44 0.38 0.19 0.28 0.03 0.15 0.18 0.01 027 230 021
J1923+2515 - 0.33 0.30 - 0.16 0.04 - —-0.03 —0.13 - 0.11 0.18
B1937+21 0.30 0.31 - 0.28 0.31 - —0.01 0.00 - 0.04 0.02 -
J1944+0907 0.60 0.16 0.21 0.00 0.10 0.03 0.01 0.07 —0.13 0.28 0.08 0.15
J1949+3106 0.31 0.17 - 0.07 0.11 - -0.01 0.01 - 0.13 0.06 -
B1953+29 - 0.35 0.20 - 0.18 0.05 - —0.08 —0.03 - 0.23 0.10
J1955+2527 - 0.15 - - 0.02 - - —0.08 - - 0.10 -
J2017+0603 0.68 0.40 0.76 0.13 0.31 0.01 -0.01 -0.02 —0.02 0.29 0.07 0.39
J2019+2425 - 0.52 0.42 - 0.17 0.05 - 0.00 0.14 - 0.19 0.24
J2033+1734 - 0.43 0.39 - 0.27 0.03 - —0.01 —0.07 - 0.15 0.22
J2043+1711 - 0.62 0.49 - 0.42 0.12 - 0.03 -0.24 - 0.13 0.34
J2214+3000 0.37 0.39 - 0.17 0.34 - —-0.03 -0.00 - 0.12 0.03 -
J2229+2643 - 0.24 0.41 - 0.19 0.01 - 0.03 0.08 - 0.07 0.21
J2234+0611 - 0.33 - - 0.29 - - 0.03 - - 0.05 -
J2234+0944 0.25 0.20 0.78 0.08 0.13 0.08 0.07 0.06 0.01 0.13 .08 0 0.37
J2317+1439 - 0.29 0.14 - 0.24 0.07 - 0.06 —-0.04 - 0.07 0.09

main component is coincident with the strongest linearly po that at 2.1 GHz. The circularly polarized emission appears
larized component. There is also a moderate, RCP compo- to be nearly identical at 1.4 GHz, showing a RCP compo-
nent coincident with the main pulse peak, which is the only nent coincident with the total intensity peak. Unlike PSR

detectable circularly polarized emission. J1903+0327’s 2.1 GHz profile, the effects of scattering eanb
clearly identified, as not only does the leading components
4.12.2.1.4 GHz appear to be scattered into the main component, but the trail

, . . ing components is followed by a long scattering tail.
PSR J1903+0327's 1.4 GHz total intensity profile is very

similar to the 2.1 GHz total intt_ansity profilg, showir_19 _the_ 4.13. PSR J1910+1256
same three components. The linearly polarized emission is

not strikingly different either, although at 1.4 GHz, thade 4.13.1.2.1GHz
ing component shows a very low polarization fraction. Also, The 2.1 GHz profile for PSR J1910+1256 consists of one
the brightest linearly polarized component, while stiliraz- pulse with one bright, primary component preceded by a low-

dent with the total intensity peak, appears to be much wider intensity tail and followed by a small bump leading into an-
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other long tail. The longer, trailing tail is almost comglist
polarized, while the leading trail does not show evidence fo
polarized emission. The remainder of the linear intensity
profile consists of two components that are roughly, though
not exactly, coincident with the bright, primary total inte
sity component. The circularly polarized profile contains
one bright LCP peak that is coincident with the brightest lin
ear polarization peak, followed by a reversal in the sense of
circularly polarized emission, leading to a RCP peak which
trails off into a long tail.

4.13.2.1.4 GHz

PSR J1910+1256's 1.4 GHz profil&tairs et al. 2005
Lorimer et al. 2006 Gonzalez et al. 20)1looks very simi-
lar to its 2.1 GHz profile in that there is still a one bright,
primary component preceded by a low-intensity tail and fol-
lowed by a small bump leading into another long tail, and
indeed both the linear and circular polarization profilearsh
many of the same overall characteristics of the 2.1 GHz po-
larized emission. For example, the linearly polarized emis
sion still shows two main components roughly, yet not ex-
actly coinciding with the brightest total intensity comgon
and emission that extends into the trailing tail, and thewsir
larly polarized emission still contains one bright LCP peak
that is coincident with the brightest linear polarizaticeag,
followed by a reversal in the sense of circularly polarized
emission, leading to a RCP peak which trails of into a long
tail, yet there are some small, but nonetheless interedtfag
ferences. For example, the linear intensity profile now show
a very small component preceding the two main components,
and the long linearly polarized tail of the 2.1 GHz emission
is seen at 1.4 GHz to be two components, the first of which
roughly aligns with the bump seen in the total intensity pro-
file. Also of note is that the ratio of peak linearly polarized
intensity to peak circularly polarized intensity has resest:
at 2.1 GHz, the circularly polarized peak was more intense
than the linearly polarized peak, whereas the oppositeiés tr
at 1.4 GHz.

4.14. PSR J1911+1347
4.14.1.2.1GHz

The 2.1 GHz total intensity profile of PSR J1911+1347
consists of a very bright pulse neighbored on either side
by lower intensity components. Inspection of these lower-
intensity components reveals that the final component of the
total intensity profile appears to be connected to the rest of
the profile. The linear polarization profile shows that this
component is nearly 100% polarized, and that there is a
strong linearly polarized component coincident with thialto
intensity peak. Also coincident with the total intensityage

is a strong LCP peak, followed by a sense reversal and a very
weak RCP component. There also appears to be another, very
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weak RCP peak coincident with the final total intensity com-
ponent.

4.14.2.1.4 GHz

PSR J1911+1347’s 1.4 GHz total intensity profllefmer et al.
2009 is strikingly similar to its 2.1 GHz counterpart, and we
show that bridge of emission seen connecting the final com-
ponent to the rest of the total intensity profile seen at 2.1
GHz is even more evident at 1.4 GHz. The linear intensity
profile at 1.4 GHz is nearly identical to the 2.1 GHz linear
intensity profile, save the preceding components that lead t
linearly polarized peak. Unsurprisingly, the circularlglar-
ized emission has also remained largely unchanged, with the
weak RCP components being even more evident.

4.14.3. 430 MHz

PSR J1911+1347’'s 430 MHz profile does not look wholly
unlike its 1.4 GHz profile as the primary component appears
to be mostly unchanged, however what was seen as a long
precursor tail appears as two separate components at 430
MHz. We do not detect linear polarization, but we do de-
tect circular polarization, which shows a LCP peak coincid-
ing with the main pulse and is followed by a possible sense
reversal and RCP peak, although these features are exyremel
weak.

4.15. PSR J1923+2515
4.15.1.1.4 GHz

The 1.4 GHz profile for PSR J1923+2515 that was reported
upon its discoverylfynch et al. 2013 showed a fairly sim-
ple, two-component pulse, however the detection of an addi-
tional component preceding the 2.1 GHz total intensity peak
by ~ 0.35 rotations coupled with the detection of that same
additional component at 820 MHz suggests that increased
sensitivity may show more detail in PSR J1923+2515’s 1.4
GHz emission than was originally reported. The improved
sensitivity afforded by AO reveals that and other lower-
intensity components. In fact, there is evidence for anothe
component preceding the aforementioned feature, as well as
yet another component following the aforementioned featur
(the latter of which is also seen in the 2.1 GHz profile).

The linear polarization profile shows many components
that correspond to components in the total intensity profile
including three major components that roughly align with th
two major components of the total intensity profile. These
components are connected with a bridge of linearly polar-
ized emission. PSR J1923+2515 does not show very much
circularly polarized emission, however, there are two RCP
components that align with two corresponding linearly po-
larized components.

4.15.2. 430 MHz



The 430 MHz profile for PSR J1923+2515 shows a simi-
lar morphology to the 1.4 GHz profile in that there are two
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our results are broadly in good agreement with that con-
sensus, although we are able to resolve the rich microcom-

main components preceded by a weak component (the sameponents with coherently dedispersed data for the first time.

component seen at 2.1 and 820 MHZ.imch et al.(2013),
meaning that this component is seen consistently from 430
MHz to 2.1 GHz. At 2.1 GHz, the first of the two main com-
ponents is much brighter than the trailing component, and as
the frequency of observation decreases, so does the itytensi
of the first main component with respect to the second. We
show that this trend continues at 430 MHz.

The linear polarization profile shows one component with
along, leading tail and a peak that corresponds to thertggili
component of the total intensity profile. The circular pelar
ization profile appears to mirror the linear polarizatio{pr
file, although in place of a leading tail, there are three RCP
components whose intensities increase with pulse phase.

4.16. PSR B1937+21
4.16.1.2.1 GHz

The most sensitive 2.1 GHz polarization profile for PSR
B1937+21 was presented bai et al. (2019, however, the
profiles were significantly affected by dispersive smearing
an issue which is not shared by the profiles presented here.
For example, we see the component following the total in-
tensity peak thatis commonly seen in coherently dedisgerse
PSR B1937+21 profiles at multiple frequencies. We also see
the very complex microcomponents in the total intensity pro
files, except we show another, very faint component after the
main pulse that does not appear in previously published pro-
files. We also see that the microcomponent preceding the
total intensity peak by-0.75-0.8 is in fact two components,

We see the same microcomponents detected at 1.4 GHz,
although with much higher SNR. In fact, we see that the
microcomponent occurring at a pulse phase-6f8 appears

to be two components. The increased SNR at 1.4 GHz com-
pared to 2.1 GHz allows us to more readily see the widths of
these microcomponents, which reveals that PSR B1937+21
is “on” for at least a large majority of its rotation, a con¢lu
sion that would be contrary to that drawn from data that is
not sensitive enough to resolve these microcomponents.

The polarization properties of our observations again re-
flect those previously published. The linearly polarizedsem
sion shows the same basic structure as at 2.1 GHz, however
we can much more clearly see just how linearly polarized
many of the microcomponents are. In contrast, none of the
microcomponents show any circular polarization.

4.17. PSR J1944+0907
4.17.1.2.1GHz

The 2.1 GHz PSR J1944+0907 data have comparatively
low SNR, making us unable to report a detailed description
of its 2.1 GHz pulse profile. Still, we can see that the 2.1
GHz pulse profile is relatively broad, and includes two com-
ponents of roughly equal peak intensities. We cannot report
any significant detection of linear or circular polarizatio

4.17.2.1.4 GHz

PSR J1944+0907’s 1.4 GHz profile is incredibly complex,
showing at least eight distinguishable components, irnctud

and are able to resolve the microcomponent centered at a alow-intensity trailing component. The width of the 1.4 GHz

pulse phase 0£0.6 enough to see that it is in fact three com-
ponents.

The linearly polarized emission at 2.1 GHz shows that the
main pulse is comprised of three components which, like the
corresponding total intensity pulse, is preceded by a long
tail. The lower-intensity pulse has two linearly polarized

components, however the second of those components is ex-

tremely weak. The microcomponents show significant po-
larization fractions, especially the microcomponentsnspa
ning pulse phases 6£0.6—0.8. The microcomponents do
not show any detectable circularly polarized emissionJevhi
the lower-intensity pulse has a coincident RCP peak, and the
main pulse has a RCP peak, followed by a reversal in the
sense of circular polarization coincident with the totaéeim

sity peak, then a LCP peak.

4.16.2.1.4 GHz

The polarization profile of PSR B1937+21 has been stud-
ied extensively at 1.4 GHz (see, for exampbai et al.
(2019; Ord et al.(2004; Yan et al.(2011), and more), and

total intensity profile is similar to that of the 2.1 GHz prefil
however the leading pulse component is seen to be signifi-
cantly brighter than any other component in the profile.

The linear polarization profile is similarly complex; per-
haps more so. Indeed, there are eleven distinct components.
Although many of the components are apparently coincident
with corresponding components in the total intensity peofil
the density of profile components makes it difficult to aserib
one component to another (or rather, makes it difficut
to), which would call into question the physical relevante o
any such ascription.

Unsurprisingly, the circular polarization profile is alsery
complex, with at least three reversals in the sense of circu-
larly polarized emission. The two brightest components are
LCP peaks, although there are many other lower-intensity
LCP and RCP components.

4.17.3. 430 MHz

Champion et al(2005 shows that PSR J1944+0907’s 430
MHz total intensity profile consists of two main components
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that, together, form a profile that looks very similar to thé 1
GHz profile, albeit with far less complexity. Our data agrees
with this, however, we are able to detect a tail on the trgilin
edge of the profile.

As with the 1.4 GHz data, PSR J1944+0907 shows lin-
early polarized emission throughout virtually the entivéat
intensity pulse at 430 MHz, although again there is far less
structure apparent to the linear polarization profile. We se
at least 3 components, one of which aligns with the brightest
total intensity component.

The circularly polarization profile looks very different at
430 MHz than it does at 1.4 GHz in that the emission is al-
most entirely RCP with one (or possibly two) change in the
sense of circularly polarized emission.

4.18. PSR J1949+3106
4.18.1.2.1 GHz

Multi-frequency polarimetry for PSR J1949+3106 was
taken upon its discovenpbeneva et al. 20)2and what was
found was that PSR J1949+3106 does not show much po-
larization at all at both 820 MHz and 1.4 GHz. This is also
true for PSR J1949+3106 at 2.1 GHz, although there is some
linearly polarized emission spanning the duration of thalto
intensity emission. There is no detectable circularly pola
ized emission.

Deneva et al(2012 reported a total intensity profile with
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Gonzalez et al. (2011), and includes a bright, multi-
component pulse preceded by a low-intensity component.
The linear polarization profile shares much of the same shape
as the total intensity profile as every total intensity compo
nent has a corresponding linearly polarized component. The
same can be said of the circularly polarized emission, with
the exception of the first two total intensity componentse Th
circular polarization profile starts as LCP, then reverssss

and finished the profile as RCP. Interesting to note is the fact
that even though the linearly and circularly polarized emis
sion share very similar shapes, their components appear to
be offset from each other by a phase~of).005.

4.20. PSR J1955+2527
4.20.1.1.4 GHz

As with PSR J1949+3106, polarimetry data for PSR
J1955+2527 was taken upon its discoveByefeva et al.
2012, although the data did not have a high enough SNR
to detect any linear or circular polarization. Our data @ne-s
sitive enough to detect polarized emission, and it is indeed
at a low enough level to be consistent with no detection at a
lower SNR. Both the linear and circular polarization prdfile
show one broad pulse spanning nearly the entire duration of
the total intensity pulse. As for the total intensity profiie
is relatively simple, though there does appear to be a bump
on the leading edge. This is interesting becdbseeva et al.

two bright peaks, and that the first component has a steeper (2019 proffered the possibility of an “unresolved bump on

spectral index than the last. They report that these clerract
istics are consistent over both observation frequenci28 (8
MHz and 1.4 GHz), and we find that these characteristics are
consistent with the 2.1 GHz emission.

4.18.2.1.4 GHz

Our 1.4 GHz data are consistent with the profile reported
in Deneva et al(2012, although the improved sensitivity
shows that the linear polarization profile consists of astea

3 components, the brightest on the leading edge and another

bright component on the trailing edge. The circularly po-
larized emission is weak, but shows a RCP peak coinciding
with the trailing total intensity peak followed by a revdrsa
of the sense of circular polarization, then a LCP peak coin-
ciding with the trailing linear polarization peak. This phe
nomenology contrasts with the emission seen at 2.1 GHz,
where there the linearly and circularly polarized emission
was much weaker, as was the peak intensity of the trailing
component of the total intensity profile relative to the liead
component.

4.19. PSR B1953+29
4.19.1.1.4 GHz

The 1.4 GHz profile for PSR B1953+29 has been well
studied Boriakoff et al. (1983, Kramer et al.(1998, and

the leading edge of the main pulse and/or a slight bump
at the very top of the pulse” as a possible explanation for
non-gaussian characteristics of the pulse profile.

4.20.2. 430 MHz

4.21. PSR J2017+0603
4.21.1.2.1 GHz

The 2.1 GHz total intensity profile for PSR J2017+0603
is broadly comprised of two parts, both consisting of multi-
ple components themselves. The first of these two parts is
preceded by a tail of emission and is followed by a bridge
of emission that connects the two major parts of the total in-
tensity emission. The linear polarization profile is simila
many ways to the total intensity profile, as the components of
the linear polarization profile appear to be able to be mapped
to components of the total intensity profile bijectively. erh
relative intensities of these components, however, areeaot
lated to the relative intensities of their total intensipuater-
parts in general. The circular polarization profile is casi
erably simpler and weaker than the total intensity and linea
polarization profiles, as there are only two resolvable RCP
components, each coincident with brightest two components
of the total intensity profile.

4.21.2.1.4 GHz



The 1.4 GHz total intensity profile looks very similar to
the 2.1 GHz total intensity profile: we see two main parts,
connected by a bridge of emission and preceded by a tail of
emission. The exceptional SNR of PSR J2017+0603's 1.4
GHz profile reveals that as complex as the 2.1 GHz emis-
sion is, the 1.4 GHz emission shows even more complexity.
The linearly polarized emission varies from almost pelfect
tracing out the total intensity profile with 100% of the emis-
sion being linearly polarized, to straying significantlyrin
the total intensity profile, showing almost no polarized €mi
sion. There appears to be no detectable circularly poldrize
emission, save for two very weak RCP pulses aligning with
the most intense components of each of the main parts of the
total intensity profile.

4.21.3. 430 MHz

As with the 2.1 and 1.4 GHz emission, we again see two
parts to the total intensity emission at 430 MHz, however
(perhaps due to the low SNR), we see neither a leading talil
nor a bridge of emission. Moreover, and again perhaps due
in part to the low SNR, the total intensity profile shows sig-
nificantly less structure at 430 MHz than at higher frequen-
cies. Further differences between the 430 MHz profile and
the higher frequency profiles, and ones that are not due to a
low SNR, are seen in the linear polarization profile. Lingarl
polarized emission, which at times constituted nearly 100%
of the total 2.1 and 1.4 GHz emission, is not significantly de-
tected in any part of the pulse profile. We do, however, detect
a RCP component of emission that spans much of the latter
part of the total intensity profile.

4.22. PSR J2019+2425
4.22.1.1.4GHz

The 1.4 GHz profile for PSR J2019+2425 consists of 3
parts: a main, dual-component part flanked by two lower-
intensity componentsNjce et al. 200). The two flanking
components, which are very similar in total intensity, yet a
polar opposites in linear polarization. The component pre-
ceding the main pulse shows no detectable linear polariza-
tion, whereas the component following the main pulse ap-
pears to be 100% linearly polarized. This morphology per-
sists at low frequencies\{ce et al. 199 The main pulse
itself shows two linear polarization components, one on the
leading edge of the pulse, and one on the trailing edge of the
pulse. Interestingly, the local minimum of the linear irdeén
profile between these two components is coincident with one
of the peaks of total intensity emission. There is only one
weak LCP component to the circularly polarized emission.
This component is coincident with the aforementioned linea
polarization local minimum.

4.23. PSR J2033+1734
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4.23.1.1.4GHz

PSR J2033+1734 was discovered with the AO at 430 MHz,
and its profile was reported to be a bright pulse followed by
a long tail Ray et al. 199% This phenomenology also ac-
curately describes PSR J2033+1734's 1.4 GHz profile, al-
though the “tail” appears to be more accurately described as
a flat, shelf-like feature, followed by a more conventional,
gaussian component. The profile shows significant linear po-
larization, which mostly occurs on the leading edge of the
pulse, leaving the trailing components unpolarized. Tlere
a moderate LCP leak, followed by a sense reversal coinciding
with the total intensity peak, leading to a more intense RCP
peak. As with the linear polarization, there is no deteaabl
circular polarization associated with the trailing compots
of the total intensity emission.

4.23.2. 430 MHz

As described above, PSR J2033+1734 was reported upon
its discovered with the AO at 430 MHz to have a profile that
consists of a bright pulse followed by a long téildy et al.
1996. We report this same general structure, but our coher-
ently dedispersed data show the pulse is much narrower than
initially reported, and that the long tail is inherent to hd-
sar's emission, rather than being caused by external pgseses
such as propagation through the interstellar medium. The
linear polarization profile is much simpler at 430 MHz than
at 1.4 GHz, showing one component roughly aligning with
the total intensity main pulse. The linear polarization 30 4
MHz is also relatively weak, as it has a linear polarization
fraction of 0.03, which contrasts with the linear polarinat
detected at 1.4 GHz, which had a linear polarization fractio
of 0.27. The circular polarization profile is similarly sitep
as there is again only one detectable component: a RCP pulse
which follows the main pulse by a phase-0f0.01.

4.24. PSR J2043+1711
4.24.1.1.4GHz

Upon its discovery, PSR J2043+1711's 1.4 GHz profile
was reported to be “complex, with several pulsed compo-
nents” Guillemot et al. 201P Improved sensitivity shows
a profile that certainly confirms that statement. What ap-
peared to be the brightest single component is revealed to
be two components, and the trailing component is shown not
only to have a steep drop in the emission that was previously
unresolved, but also to not, in fact, be the trailing compo-
nent after all, as a very weak pulse is detected following
it. The linear polarization profile shows similar complexit
with the brightest components being almost 100% polarized,
while other components in the total intensity profile show no
corresponding linear polarization at all. For as intensé an
complex as the linear polarization profile appears to be, the
circular polarization profile is much more simple: one RCP
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component aligned with the brightest total intensity compo
nent and two weak LCP components aligning with other total
intensity components.

4.24.2. 430 MHz

PSR J2043+1711’s profile looks very different at 430 MHz
than it does at 1.4 GHz. Where at higher frequencies, there
was a trailing component connected to the main pulse profile
by a weak bridge of emission, both the bridge and the trailing
component are not seen at all at 430 MHz. Instead, we see 5
relatively sharp components. The linear polarization pgofi
resembles the total intensity profile, with every total mte
sity component except the last one showing a corresponding
linearly polarized component. The circular polarizationp
file almost perfectly mirrors the linearly polarized emdssi
in RCP, although the linear polarizationis5% less intense.

4.25. PSR J2214+3000
4.25.1.2.1 GHz

PSR J2214+3000's 2.1 GHz profile consists primarily of
two pulses, the peaks of which are separated by almost ex-
actly half a rotation. The brightest of these is made up of one
bright component preceded by a much dimmer component.
The other pulse is comprised of three components. Follow-
ing the brighter pulse, however, we are able to detect anothe
very weak feature. This feature is very narrow and approxi-
mately as bright as the component leading the brightest com-
ponent in the total intensity profile. The linear polaripati
profile shows a similar structure to the total intensity pro-
file. The leading component of the brightest pulse is nearly
100% polarized, whereas the following component is much
less polarized. The dimmer of the two main pulses in the to-
tal intensity profile also shows significant linear polatiaa,
although we are unable to detect linear polarization fram it
trailing component. There is no detectable circular pakayi
tion throughout the pulse profile.

4.25.2.1.4 GHz

PSR J2214+3000's 1.4 GHz profile looks very similar to
the 2.1 GHz profile (unsurprising, as this general shape ap-
pears to persist down to frequencies as low as 820 MHz
(Ransom et al. 20)). Again, we see two bright pulses sepa-
rated by about half a rotation, and again, we are able to tletec
a very faint pulse trailing the brightest of the total intéys
pulses. At 1.4 GHz, however, we are also able to detect a tail
leading this very faint pulse. The linear polarization peofi
still shows a similar structure to the total intensity prefiind
the leading components of both pulses are very highly polar-
ized, however at 1.4 GHz we find that the brightest compo-
nent in the total intensity profile is much more highly polar-
ized. We also find that the trailing component in the dimmer
total intensity pulse does have corresponding linear prdar
tion. We are also able to see that the faint, solitary pulse is
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very highly polarized. There seems to be a broad RCP pulse
and LCP pulse coincident with the brighter and dimmer total
intensity pulses, respectively, although the peak of theuei
larly polarized emission isc 1% of the total intensity peak.

4.26. PSR J2229+2643
4.26.1.1.4 GHz

The first published profiles of PSR J2229+2643 at 1.4
GHz (Camilo etal. 1996p had significantly lower SNR
than the profile published in this work, however, since PSR
J2229+2643's 1.4 GHz profile is relatively smooth and broad,
the increase in sensitivity serves more of a confirmation of
previously published profiles than a revelation of previgus
hidden details. The linear polarization profile contain® tw
components: one relatively sharp component aligned with
the total intensity peak, and another component that has a
peak intensity less than a fifth that of the brighter componen
on the leading edge of the profile. The circular polarization
profile shows a RCP peak, followed by a sense reversal, a
LCP peak, another sense reversal, and an final RCP peak.
The LCP peak appears to be aligned with the total intensity
peak.

4.26.2. 430 MHz

Since the 1.4 GHz profile was relatively smooth and broad,
and therefore served as more as a confirmation of previously
published profiles, it is perhaps not a surprise that the same
true at 430 MHz. Indeed, the total intensity profile shows the
same general shape at 430 MHz as it did at 1.4 GHz, a phe-
nomenology that has already been establiskgth{ilo et al.
19960. For as little as the total intensity profile changes from
1.4 GHz to 430 MHz, the polarization profiles at 430 MHz
are starkly different. We detect no linear polarizationdan
the only circular polarization we detect is a weak LCP peak
that trails the total intensity peak by a phase-of.02.

4.27. PSR J2234+0611
4.27.1.1.4GHz

PSR J2234+0611's 1.4 GHz profile appears to be relatively
narrow, however closer inspection reveals that it radiates
a substantial fraction of its rotation. The profile shows gnan
components, however most of the components have peak
fluxes that are an order of magnitude or two lower than the
peak flux of the profile as a whole. These low-intensity com-
ponents show a high degree of linear polarization in general
although the trailing component appears to be unpolarized.
The circular polarization is weak, and shows two LCP peaks
that are coincident with the two strongest peaks in the tinea
polarization profile.

4.28. PSR J2234+0944
4.28.1.2.1 GHz



The total intensity profile for PSR J2234+0944 at 2.1 GHz
appears to be made up primarily of to two separate pulses,
however, the high SNR of the data show that the pulses that
comprise the profile are in fact connected by a bridge of emis-
sion. Interestingly, a tail of emission leads into this ged
from both sides. The profile shows moderate linear polariza-
tion, with a dual-component pulse coincident with the large
of the total intensity pulses and a very low-intensity compo
nent coincident with the smaller of the total intensity @sls
The circularly polarized emission is simple, with two compo
nents aligning roughly with the total intensity pulses. 3&e
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postcursor is easily detectable in our data, we would ex-
pect such a precursor to also be easily detectable. As we
do not detect it, we conclude that the precursor reported in
Kramer et al.(1998 cannot be attributed to the pulsar’s in-
trinsic emission.

The linear polarization profile also shows significant com-
plexity, with the leading components being much more po-
larized than the trailing components, with the exception of
the postcursor (which is nearly totally polarized). Thecair
lar polarization profile shows many components, but interes
ingly, they are all LCP, meaning that despite the complexity

pulses are both LCP, and therefore PSR J2234+0944 does notthere is no detectable change in the sense of circular polar-

display a detectable reversal in the sense of circularlgpol
ized emission at 2.1 GHz.

4.28.2.1.4 GHz

The total intensity profile for PSR J2234+0944 at 1.4 GHz
is very similar to its 2.1 GHz counterpart in that it also ap-
pears to be made up primarily of to two separate pulses that
are connected by a bridge of emission, however, we are able
to detect microcomponents preceding the total intensigkpe
The first of these microcomponents does not appear to be
polarized, while the second appears to be 100% linearly po-
larized. The polarized emission coincident with the high-
intensity pulses in the total intensity profile are also &mi
to the corresponding 2.1 GHz components, however we note
that a tail emission precedes the final linearly polarizetsem
sion, and the higher SNR of the 1.4 GHz profile reveals a
reversal in the sense of circularly polarized emission.

4.28.3. 430 MHz

Although the 430 MHz profile for PSR J2234+0944 resem-
bles the high-frequency profiles in that it is broadly made up
of two pulses, we show that the trailing pulse is stronger at
430 MHz whereas the preceding pulse was stronger at higher
frequencies, indicating that the spectrum of the trailiotsp
is steeper than the leading pulse. We detect a linearly polar
ized component coincident with the first total intensity lpea
as well as very weak RCP and LCP pulses corresponding to
the two respective total intensity pulses, with a sensersale
in between.

4.29. PSR J2317+1439
4.29.1.1.4 GHz

PSR J2317+1439's 1.4 GHz profile shows a bright, ex-
tremely complex main pulse and a low-intensity postcursor.
Kramer et al.(1998 reported that PSR J2317+1439’s total
intensity pulse consisted of 4 components (not counting the
postcursor), but we show that is considerably more complex.
They also report the presence of a precursor preceding the
main pulse by about 0.4 rotations. This precursor was re-
ported to be about half as bright as the postcursor. As the

ization.

4.29.2. 430 MHz

Our total intensity profile for PSR J2317+1439 agrees well
with previously reported 430 MHz profilesCamilo et al.
1993. The linear polarization profile is significantly simpler
at 430 MHz than at 1.4 GHz, as there are only two compo-
nents: one broad component aligned with the first bright tota
intensity component, followed by a much weaker, much nar-
rower component. The circular polarization profile, on the
other hand, is much more complex at 430 MHz. While there
was not one detectable reversal of sense of circular palariz
tion at 1.4 GHz, there are many at 430 MHz.

5. RESULTING POLARIMETRIC RESPONSES

Recalling that the METM method was performed on pro-
files that had already been calibrated with the nominal PR
created through the MEM procedure, the PRs shown in Fig-
uresl8andl19can be viewed as “residual PRs” (that is, cor-
rections to the nominal, MEM-generated PR). Since new PRs
were produced spanning a range of epochs, we can use them
to describe the stability of the PR of AO’s 1.4 and 2.1 GHz
receivers.

First, however, it is important to be clear about the limita-
tions of the analysis presented in this paper. The ideat stan
dard profiles to use would be ones that were produced using
the MEM procedure. As such profiles were not available to
us in this data set, we chose profiles that were consisteht wit
previously published profiles. Inevitably, the standard-pr
files we chose will not be in perfect agreement with the true
profiles of the sources we used to make the PRs. Any dif-
ference between the two will cause corresponding devigtion
that will propagate through the PRs made with the imper-
fect standard profiles, and since these imperfections will b
caused by errors in the PRsve expect the errors introduced
by using the METM procedure to be frequency-dependent.

5 We assert this due to the stability that PSRs J1713+0747 and
B1937+21’s polarization profiles display in a number of psibéid analy-
ses over a wide range of epochs.
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Crucially, though, it is important to recall that using only
the PR produced by the MEM procedure yielded profiles for
PSRs J1713+0747 and B1937+21 that were not consistent
epoch to epoch, whereas using the PRs created by the METM
procedure produces profiles that are consistent with a profil
that varies slightly from the ideal standard profile. As the
latter is undoubtedly preferable to the former, and as the (a
beit imperfect) standard profile does indeed appear to agree
with published profiles, we can assume that errors caused by
these considerations are small, especially compared &rthe
rors that would have arisen if the METM procedure had not
been implemented.

With these considerations in mind, we turn to the residual
PRs themselves. In light of the previous discussion, and be-
cuase the METM procedure treats the entire receiver chain as
a black box, we do not aim to determine what specific com-
ponents of the telescope receiver could provide an explana-
tion for any behavior shown in the residual PRs. We also note
that any errors in the standard profile will bias the resultan
PRs in the same way. Therefore, while those errors will af-
fect the residual PRs in an absolute sense, the time-vityabi
of the PRs will be largely unaffected.

We quantify the variability of the parameters that make
up the residual PRs in two ways. First, for each parame-
ter, we calculate the reduced for that parameter across alll
frequency channels on a given epoch. Assuming the stan-
dard profile errors are small, this describes how much the
given parameter from the residual PR on that epoch varies
from the nominal parameter from the residual PR produced
by the MEM procedure. Second, for each parameter, we cal-
culate the reduceg? for that parameter across all epochs in a
given frequency channel. This describes how much the given
parameter varies in that frequency channel on an epoch-by-
epoch basis. Again, this variability will be largely unafted
by standard profile errors.

We find that the resulting reduceg? values, both while
considering the variation of parameters on a specific epoch,
as well as in a specific frequency channel, are extremely
large. While high reduceg? can be interpreted as an indica-
tion that the errors on parameters are underestimatedat al
can serve as quantitative evidence that the residual PR (and
therefore the PR) of AO is highly variable. We find this de-
scription of AO’s PR to be consistent with both the 1.4 GHz
PRs and the 2.1 GHz PRs.

6. DISCUSSION

The profiles presented are among the highest SNR polar-
ization profiles to date, and this sensitivity reveals ttnet t
profiles of many millisecond pulsars have much more struc-
ture than may appear without careful inspection. That pro-
file components can be hidden by insufficient SNR is not a
new revelation, however, the detection of microcomponents
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in pulse profiles, particularly the microcomponents degdct

in PSRs B1937+21, J1713+0747, and J2234+0944 detected
for the first time, challenges the very notion of “sufficient”
SNR.

These microcomponents also complicate processes that
aim to rigorously define “on-pulse” and “off-pulse” regigns
as many such routines implicitly or explicitly assume that
profile bins that have intensities which are “small” comphre
to the brightest components in the profile must be noise, as
assumption which is refuted by the existence of microcompo-
nents. This has implications for any process which requires
the specification of “on-pulse” and “off-pulse” regions. -Ob
servers who would like to flux calibrate their observations
by calculating radiometer noise, for example, may derive a
substantially overestimated value for the radiometer enois
present in an observation if an “off-pulse region” is not se-
lected with great care with regard to the possible presehce o
microcomponents. It should be noted that since NANOGrav
does not use the radiometer Equation to calibrate their$luxe
(Demorest et al. 20)3the reported fluxes of the NANOGrav
pulsars are not affected by this effect.

6.1. Position Angle Swings

Notably, the position angle swings of the polarimetric
profiles presented in this analysis are not generally well-
described by the RVM shown in Equati@n(see, for exam-
ple, the 1.4 GHz profiles of PSRs B1855+09, J1944+0907,
J2234+0611, and many more). Consequently, a detailed
characterization of the pulsar’s spin geometry would ngiees
tate a more complex model of the PA swing (which we leave
for future analysis). In lieu of such an analysis, the prefile
themselves can be used to make simple statements about a
pulsar's spin geometry (see, for example the discussion in
Sectiond.11.1regarding whether or not PSR B1855+09 is an
orthogonal rotator) or magnetosphere (by using the period-
width relationship to constrian the pulsar's beam width).
Care must be taken in these cases, however, as the existence
of microcomponents can drastically change the interpgostat
of the pulse profiles and should therefore be taken into con-
sideration when defining quanities such as “pulse width” and
“duty cycle”.

The PA swings also show the existence of orthogonal
polarization modes (OPMs) for a number of sources in
this dataset, including PSRs J1713+0747, J1944+0907,
B1953+29, J2017+0603, and J2234+0611, as well as non-
orthogonally polarized modes of emission (see, for example
PSR J0023+0923 at 1.4 GHz). We note that these modes
generally persist over different observing frequencie=(s
for example, PSRs J1911+1347 and B1937+21 at 2.1 and
1.4 GHz). While the OPMs for these pulsars coincide with
either LCP emission (as in the cases of PSRs J1713+0747,
J1944+0907, and B1953+29) or no circularly polarized emis-
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sion (as in the cases of PSRs J2017+0603 and J2234+0611),servation8, the RM values are largely in agreement with

the sign of the circular polarization does not generallyngea
when returning to the dominant mode of emission. We can-
not therefore ascribe a handedness of circular polarizatio
to the mode of emission. This is consistent with some stud-
ies of the relationship between PA and circular polarizatio
handedness (segtinebring et al(1984), for example), but
not others (for instance;ordes et al(1978). We note that
while the most detailed studies of the PA-circular polar-
ization handedness relation come from statistical anaylse
of pulsar single pulses, our analysis comes from integrated
profiles. Still, other analyses of integrated profiles (sash
Weisberg et al(2004) show further examples of sources that
do not display a change of circular polariation handedness
with a change of the dominant mode of emission.

Young pulsars have been shown to have smaller degrees of

polarization with increasing observing frequency (i.e.gne
ative “depolarization indices”, seklanchester etal. 1973
Xilouris et al. 1999. We do not see the same general trend
in our data. Rather, we see a spread of depolarization in-
dices, with some showing a smaller degree of polarization
with increasing observing frequency, similar to young pul-

each other. The source with the largest RM discrepancy
versus receiver is PSR J1903+0327, whose RMs at 2.1 and
at 1.4 GHz differ by 1.6. While this discrepancy may be
caused by statistical fluctuation, it is interesting to ribiat
PSR J1903+0327 has the highest DM of any pulsar in the
data set, and by far the highest DM of any pulsar for which
we are able to measure RMs for 1.4 and 2.1 GHz indepen-
dently, which means that there is more interstellar materia
between Earth and the pulsar. As interstellar scattering is
a frequency-dependent phenomenon, the radio waves scat-
tered by the ISM will sample a different region of the ISM
at different observing frequencie€¢rdes et al. 2016 It is
possible that the region sampled at 1.4 GHz includes inter-
stellar components and magnetic fields not sampled at 2.1
GHz, thereby changing the properties that govern Faraday
rotation, and thus, the observed RM. We stress, though, that
we put forth this explanation as another possibility rather
than an assertion that it is indeed the cause of the varia-
tion in PSR J1903+0327's RM with respect to observing fre-
quency. More observations would be necessary to determine
the cause of any such variation.

sars, and others showing an opposite dependence on observ- Using Equatior9, we can calculate the component of the

ing frequency. This spread in depolarization index was also
seen inDai et al.(2015.

6.2. Interstellar Scattering

Propagation of the pulsar signal through the interstellar
medium will cause scattering, which serves to smear the pro-
files, but we determine that this effect is negligible for our
data taken at 2.1 and 1.4 GHz, as the timescale for this smear
ing as determined bi,evin et al. (2016 is generally< 1%
of the pulsar’s spin period at these frequencies with the ex-
ception of PSR J1903+0327 (see Sectot?). It is unclear
what percentage of the pulsar's spin period the scattering
timescale is at 430 MHz since this will depend on the spec-
tral index of the scattering timescale, which is not pregise
known, but using any reasonable estimate of the scattering
spectral index to extrapolate measured 1.4 GHz scattering
timescales to 430 MHz indicates that scattering is likely to
play a role at these low observing frequencies. This will
reduce the degree of polarization and flatten the PA swings
(Li & Han 2003 Karastergiou 200R We do see evidence for
flatter PA swings at 430 MHz for several pulsars, including
PSRs J0023+0923 and J1640+2224.

6.3. Rotation Measures

We also present RM measurements for all sources at both
1.4 and 2.1 GHz (where applicable) derived independently
for each epoch. We note that for the sources where a RM
could be determined independently from the 1.4 GHz ob-

Galactic magnetic field parallel to the line of sight to the
source and use it to probe the structure of the Galaxy’s mag-
netic field. We see that the magnetic field strengths are anti-
symmetric about the Galactic plane, with nearly all the mag-
netic field strengths above the plane being positive (tosvard
Earth), and nearly all the magnetic field strengths below the
plane being negative (away from Earth, see E@). This
structure suggests that the magnetic field in the Galaclic ha

- is broadly dipolar, a phenomenology consistent with presio
studies Han et al. 1997Xu & Han 2019.

There still remains much to be learned from the polarimet-
ric data taken as a result of NANOGrav’s timing campaign,
and despite this datasets sensitivity, it represents cadfyof
NANOGtrav's full polarimetric dataset. The forthcoming re-
lease of this full dataset, including the pulsars observitd w
the Green Bank Telescope, will be accompanied by a more
detailed analysis of MSP polarimetry and its implications o
MSP magnetospheres, radio emission, and the environments
through which that emission propagates.
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6 See3.2for why this might not be able to be done.
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Figure 1: Polarization profile of PSR J0023+0923 at 1.4 GHz and 430 Mifd PSR J0030+0451 at 1.4 GHz and 430 MHz.
The top panel of each subplot shows Position Angle (P.A.)egrees, which are plotted twice for clarity. The middle gane
shows the full polarization profile, that is, intensity wesgulsar spin phase. The profile is roughly aligned with #r@er of the
on-pulse region. Total intensity is plotted in black, linpalarization in red and circular polarization in blue. Tiattom panel

is the same as the middle panel, except zoomed verticallyde siny possible microcomponents in more detail. All paaets

phase-aligned.
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Figure 3: Same as Figur#, for PSR J1640+2224 at 1.4 GHz and 430 MHz, and PSR J170942313 GHz.
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Figure5: Same as Figur#, for PSR J1741+1351 at 2.1 GHz, 1.4 GHz, and 430 MHz.
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Figure 18: PRs of the S-wide receiver for both standard sources (seaten6 for a description of the parameters in the PR). For
each color plot, the x-axis is MJD and the y-axis is obserfiiaguency. To further highlight the differences, the caoales have
been restricted. The lowest subplot of each plot shows tiarithm of the reduceg? of the given receiver parameter holding
MJD constant, while the right-post subplot of each plot shitive logarithm of the reduceg? of the given receiver parameter in
a specific frequency channel. Recall that the PRs are defivedobservations that have already been calibrated wehMEM
solution, and therefore the above plots do not show the atesolmerical values for each parameter versus frequerctidD,

but rather the difference between each parameter and itthiabMEM value over frequency and MJD. All angles are expeelss
in degrees.
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Figure 19: PRs of the L-wide receiver for both standard sources (se@tan6 for a description of the parameters in the PR). For

each color plot, the x-axis is MJD and the y-axis is obserfiiaguency. To further highlight the differences, the caoales have

been restricted. The lowest subplot of each plot shows tharithm of the reduceg? of the given receiver parameter holding
MJD constant, while the right-post subplot of each plot shitive logarithm of the reduceg? of the given receiver parameter in

a specific frequency channel. Recall that the PRs are defivedobservations that have already been calibrated wehMEM
solution, and therefore the above plots do not show the atesolmerical values for each parameter versus frequerctidD,
but rather the difference between each parameter and ittnabMEM value over frequency and MJD. All angles are expeess
in degrees.
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Figure 20: RM-derived values for the Galactic magnetic field paraitethe line of sight for each source as it appears on the
sky in Galactic coordinates. Positive values denote a ntagiiedd pointing towards the Earth whereas negative vatiewmote a
magnetic field pointing away from the Earth. The asymmetigula Galactic latitude of‘Oagrees with Galactic magnetic field
models.



