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Abstract

We present 2—4 GHz observations of polarized radio galaxies toward eight fast radio bursts (FRBs), producing
grids of Faraday rotation measure (RM) sources with sky densities of 9-28 polarized sources per square degree.
Using a Bayesian interpolation framework, we constrain Galactic RM fluctuations below ~1 deg” angular scales
around the FRB positions. Despite the positions of all eight FRBs being located far from the Galactic plane, we
constrain previously unresolved small-scale Galactic RM structures around six of the eight FRBs. In two of these
fields, we find potential changes in the sign of the Galactic RM that are not captured by previous, sparsely sampled
RM grid observations. Our Galactic RM estimate toward the FRBs differs by a few radians per square meter up to
~40 rad m 2 from the all-sky Galactic RM map of S. Hutschenreuter et al. Extrapolating our results to the known
population of polarized FRB sources, we may be incorrectly interpreting the host galaxy RM for ~30% of the FRB
source population with current RM grid observations. Measuring small-scale Galactic RM variations is crucial for
identifying FRBs in low-density and weakly magnetized environments, which in turn could serve as potent probes
of cosmic magnetism. This framework of reconstructing continuous Galactic RM structure from RM grid
observations can be readily applied to FRBs that fall within the sky coverage of upcoming large-sky radio
polarization surveys of radio galaxies, such as the Very Large Array Sky Survey and the Polarization Sky Survey
of the Universe’s Magnetism.

Unified Astronomy Thesaurus concepts: Radio bursts (1339); Milky Way magnetic fields (1057); Polarime-

try (1278)
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1. Introduction

Fast radio bursts (FRBs) are millisecond-duration extra-
galactic radio transients that were discovered by D. R. Lorimer
et al. (2007). To date, 802 FRB sources have been reported
(e.g., the first Canadian Hydrogen Intensity Mapping Experi-
ment FRB, hereafter CHIME/FRB catalog; CHIME/FRB
Collaboration et al. 2021)," and just over 100 of those sources
have been associated with external galaxies (e.g., S. Bhandari
et al. 2020b; M. Bhardwaj et al. 2024; R. M. Shannon et al.
2024; K. Sharma et al. 2024). FRBs have been observed to

15 Based on the Fast Radio Burst Community Newsletter (Volume 5, Issue 11;
https://doi.org/10.7298 /QFM2-YX83) published in 2024 November.
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have a diverse set of local environments, including bursts found
in proximity to star-forming regions (FRB 20180916B;
B. Marcote et al. 2020), bursts observed in a globular cluster
(FRB 20200120E; F. Kirsten et al. 2022), and bursts associated
with compact, persistent radio sources within dwarf galaxies
(FRB 20121102A and FRB 20190520B; S. Chatterjee et al.
2017; C. H. Niu et al. 2022).

In addition, the magneto-ionic properties of the local
environment enshrouding the FRB source are encoded in the
Faraday rotation incurred by the linearly polarized emission of
the FRB as it propagates to Earth. As linearly polarized
emission propagates through magneto-ionic media, its intrinsic
polarization position angle v, with resgect to the observed
angle undergoes a wavelength squared (A”)-dependent rotation:

P(N) = 1o + RMX. (D)

The rotation measure (RM) depends on the integrated number
density of electrons and the parallel component of the magnetic
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field along the line of sight (LOS):

RM = 0 812]0 n.(2)B(2) di(z)
7 : (1422 dz

In Equation (2), we integrate between the emitting source (at z) and
the observer (at z = 0) such that the RM is positive when the
average LOS magnetic field is pointed toward the observer and
negative when it is pointed away from the observer. The electron
density (n.(z)) is in units of cubic centimeters, the LOS magnetic
field strength (B(z)) is in units of microgauss, and dl(z) is the LOS
line element at z in units of parsecs. Propagation through the same
medium also causes a )\ dispersion of the radio emission, which is
parameterized as the dispersion measure (DM):

pm= [* 1ne(2) dl(z)d 3
fo 7(1 g —dz Z pc cm 3)

dz rad m~2. )

To precisely probe the local magneto-ionic environment around
the FRB, we need to account for, and subtract, contributions to the
DM and RM from other, intervening media along the LOS. We can
express the observed DM and RM (DM,,,s and RM,s) of an FRB
in terms of the individual contributing components along the LOS:

DM,ps = DMumw + DMigm(z)
DMhost —3. (4)

RMobs = RMion + RlleW + RMIGM(Z)

RMuost rad m—2. 3)

In Equations (4) and (5), the “MW” subscript denotes the Galactic
DM or RM, which combines contributions from both the Milky
Way (MW) disk and the halo (DMg;gc and DMy, or RMg;gc and
RM.0), the “IGM” subscript is the collective DM or RM
contribution from the intergalactic medium (IGM), and the “host”
subscript encompasses DM or RM contributions from the FRB
local environment and host galaxy. In Equation (4), we ignore the
DM contribution from Earth’s ionosphere, which is typically only
~107° pc cm > (M. T. Lam et al. 2016), but we include the
ionospheric RM contribution (RM;,,,,) in Equation (5), as RM;,, is
generally on the order of ~0.1—1radm 2 (C. Sobey et al. 2019).
To derive the magneto-ionic properties of FRB local environments
and host galaxies, we are chiefly interested in obtaining DM,
and RM,os.. Thus, our goal is to precisely account for, and subtract,
all other foreground components in Equations (4) and (5).

In most cases, RMpyw is a significant contributor in
Equation (5), and sometimes it can even be larger than the
RM,,. contribution. The best estimate of RMyw over large areas
of the sky is provided by S. Hutschenreuter et al. (2022,
hereafter H22), who applied a Bayesian inference scheme on
55,190 RMs (mostly from radio galaxies; C. L. Van Eck et al.
2023) to reconstruct an all-sky interpolated map of RMjyqw.
However, there are two major limitations with the H22 RMyw
map: (i) the underlying RM data has an average density of only
about one polarized source per square degree (mostly using the
data of A. R. Taylor et al. 2009) and (ii) it has large statistical
uncertainties (with typical uncertainties of 10-20radm2).
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Therefore, on average, RM variations on scales <1 deg”® are
unconstrained.'®

When looking at the local magneto-ionic environments
around FRBs, the large statistical uncertainty in RMyw i
propagated into our estimate for RM, which can make it
difficult to, for example, identify FRBs originating from
“clean” environments (i.e., those with RMy, ~ Orad m_z).
Identifying FRBs in these clean environments would provide
evidence for FRB sources that lack dense circumburst material,
which is a key prediction of many theories that invoke young
neutron stars as FRB progenitors (e.g., L. Connor et al. 2016;
M. Lyutikov et al. 2016; B. D. Metzger et al. 2017, 2019).
Instead, these FRBs may indicate a population of sources that is
older, where the circumburst environment has dissipated or the
central engine has moved away from its point of origin over
time. In addition, FRBs with RMy, ~ Orad m~2 can serve as
direct probes of intergalactic magnetic fields and their evolution
over cosmic time (see, e.g., T. Akahori et al. 2016; V. Ravi
et al. 2016).

Currently, the largest number of polarized FRB sources
comes from the CHIME/FRB Collaboration (including 128
nonrepeating and 41 repeating FRBs; R. Mckinven et al. 2023;
C. Ng et al. 2024; A. Pandhi et al. 2024) and these FRBs have
typical localization uncertainties of <1’ (CHIME/FRB Colla-
boration et al. 2024). Polarized FRBs detected using other
telescopes often have even more precise sky positions than the
CHIME/FRB sample, for example FRBs observed with the
Deep Synoptic Array (with <2'/; C. J. Law et al. 2024) and the
Australian Square Kilometre Array Pathfinder (ASKAP, with
<1”; K. W. Bannister et al. 2019; S. Bhandari et al. 2020a;
J. P. Macquart et al. 2020; R. M. Shannon et al. 2024). The
current state-of-the-art H22 RMyw cannot accurately resolve
RM variations on <1 deg” scales across the whole sky. For
experiments requiring precise estimates of RMj, such as
studies of the magnetized IGM, we need higher-density grids of
polarized radio galaxies (i.e., RM grids) to probe RM variations
on scales comparable to the FRB positional uncertainties.

In this paper, we aim to precisely constrain the Galactic RM
toward eight FRBs, derive stronger constraints of their RMy,og,
and quantify the limitations imposed by the current H22
Galactic RM sky on our ability to identify FRBs from clean
magneto-ionic environments and use them as probes of cosmic
magnetism. We present the results of two observing campaigns
undertaken with the NSF's Karl G. Jansky Very Large Array
(VLA) that detect RM grids of densities of 9-28 polarized
sources per square degree, each in a region centered on one of
eight known FRB sky positions. We apply a Bayesian
interpolation scheme similar to the one used by H22, but
designed to be applied on discretized patches of the sky
(A. Khadir et al. 2024), with which we reconstruct high-
resolution maps of RMyw toward each FRB. We compare our
results to those by H22 and discuss the small-scale RM
fluctuations that we are now able to probe with higher-density
RM grids. Using these maps, we obtain an updated RMyw
toward each of the eight FRBs and more precisely constrain
their local magneto-ionic environments. We contextualize these
results in light of upcoming large-sky polarization surveys and
a rapidly growing FRB catalog to highlight key science that
will become possible within the next few years.

16 The sky density of RM sources is very inhomogeneous, so the exact scale of
RM variations that are resolved varies over the sky.



THE ASTROPHYSICAL JOURNAL, 982:146 (20pp), 2025 April 1

The remainder of this paper is structured as follows. In
Section 2 we summarize the two VLA observing campaigns, the
data reduction, and the compilation of RM grids. In Section 3, we
break down the different DM and RM LOS components and our
methodology of estimating each one. Results presenting the new
RMw reconstructions and their impact on the FRB LOS RM
decomposition are provided in Section 4. We discuss our results
in Section 5 and identify key science questions that can be tackled
with our methodology in the coming years.

2. Data Processing

The VLA is a radio telescope based in the Plains of San
Agustin, New Mexico, and operated by the National Radio
Astronomy Observatory (NRAO). The telescope is an array of
27 antennas; each antenna carries 10 receivers and is a 25 m
parabolic dish installed on an altitude—azimuth mount. The
antennas are arranged into three elongated arms that each
contain nine antennas, allowing for a high degree of flexibility
and control over baselines. The VLA has four standard
configuration sizes: A, B, C, and D, which have longest
baselines of 36.4, 11.4, 3.4, and 1.0 km, respectively.

2.1. 2018 VLA Observations

The first of two observing campaigns was conducted
between 2018 February 22 and 27 (PL: Dr. Jamie Farnes)
around FRB 20110523A (for more details about this FRB
source, see K. Masui et al. 2015). The data were taken in the
B-configuration at 2.0—4.0 GHz with 2 MHz channel spacing,
8-bit samplers, an integration time of 3 s, and full polarization
information. The observations have a Stokes I rms sensitivity
of ~30.7 uJybeam™ and the synthesized beamwidth is 21.
The observation targeted ~90 known radio sources from the
National Radio Astronomy Observatory VLA Sky Survey
(NVSS; J. J. Condon et al. 1998) within a 1° radius of FRB
20110523A. Each radio source was observed for ~2.5 minutes,
with the overall desired RM grid density of ~25 sources per
square degree. The flux density scale, bandpass, delay, and
polarization angle are calibrated using the bright radio source
3C 286. The instrumental polarization leakage was calibrated
with a known low-polarization source, J1407+42827, and the
complex gain calibrator was J21364-0041.

This general observing strategy was adopted and modified
for follow-up RM grid observations around seven other FRBs
in 2023, described in the next section.

2.2. 2023 VLA Observations

The second observing campaign (PI: Ayush Pandhi) was
undertaken between 2023 February 18 and May 23 while the
telescope was in its B-configuration. These radio continuum
observations were also taken at 2.0-4.0 GHz with 2 MHz channel
spacing, 8-bit samplers, an integration time of 3's, an on-source
time of ~4 minutes per target, and full polarization information.
The Stokes I rms sensitivity is consistently 18.75 ;Jy beam™
across all observed fields and the synthesized beamwidth is 27 1.
For these observations we targeted a total of 164 radio sources in
seven fields around FRBs 20160102A, 20181030A, 20190117A,
20190213B, 20190608B, 20191108A, and 20200120E.

The average target RM grid density around each of the seven
FRBs was ~25 polarized sources per square degree. Thus, the
average separation between RM grid sources approximately
corresponds to the width of the error circle of the most poorly
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localized FRB in our sample, FRB 20160102A. The RM grids are
comprised of radio sources that were identified in the VLA Sky
Survey (VLASS; M. Lacy et al. 2020) quick-look catalog
(Y. A. Gordon et al. 2021). VLASS is observed in the same
frequency range (2.0—4.0GHz) and has the same angular
resolution (2'1) as our VLA observations, though a complete
polarization catalog from the survey has not yet been released.
Selecting our RM grid sources from this catalog ensures that we
can be confident in the flux density of each radio source and know
a priori whether sources will be resolved or unresolved. From this
catalog, we targeted all >3 mJy radio sources in a 0.5 radius
around each FRB position. Since most of the radio sources that
we target are within a few mlJy in flux of our faintest source, we
observed all targets for ~4 minutes. More importantly, we
diverged from the observing strategy employed in 2018 by
selecting fewer but brighter radio sources per target and increasing
the time on source. This was done with the expectation that a
higher fraction of targeted sources would yield sufficient linearly
polarized signal to measure their RMs. We only conducted on-
axis observations of these radio galaxies in order to avoid off-axis
instrumental polarization effects, which can introduce ~10% RM
uncertainties (Y. K. Ma et al. 2019).

For each field, we observed the quasar 3C 138 as our flux
density scale, bandpass, delay, and polarization angle cali-
brator. The instrumental leakage terms were calibrated by
observing 3C 84—a bright, low-polarization (<1%) source. A
complex gain calibrator near each target field was observed
every ~12 minutes; for this calibration we used J2248-3235 for
FRB 20160102A, J10484-7143 for FRBs 20181030A and
20200120E, J21524-1734 for FRB 20190117A, J1800+7828
for FRB 20190213B, J2246-1206 for FRB 20190608B, and
J1037+3309 for FRB 20191108A.

2.2.1. FRB Sample

Multiple criteria were considered during the selection of FRB
fields for the 2023 VLA observing campaign. First, we wanted to
select FRBs for which the RMyw contribution dominates, or is
comparable to, the RM;,, as these FRBs will benefit the most
from our analysis. We enforced this criterion by requiring that the
FRB must already have a measured RM,,; and it must be
IRM,ps| < 1000 rad m? since RMyw < 1000 rad m™* except
along specific sight lines through the Galactic plane. We avoided
FRBs near the Galactic plane by requiring that they must have a
Galactic latitude |b| > 25° to minimize the likelihood of sharp
RMyw gradients that may be difficult to model even with high-
density RM grids. Priority was given to FRBs with positional
uncertainties smaller than the sky area sampled by the currently
available all-sky RM grid of a density of about one polarized
source per square degree. Ideally we wanted our RM grids to
probe a comparable angular scale to the FRB positional
uncertainty. Furthermore, FRBs with associated host galaxies
and independently measured redshifts were also prioritized. This
information allowed us to measure the RM, contribution in the
rest frame of the FRB and estimate the average LOS magnetic
field strength in the FRB host galaxy. Finally, we deliberately
chose to include a mix of repeating and nonrepeating FRBs as
target fields to ensure diversity in our sample and to enable
potential analysis comparing the two subpopulations. Note that the
selection process for these FRB fields predates some of the
recent FRB polarization catalogs (e.g., A. Pandhi et al. 2024;
M. B. Sherman et al. 2024), and hence the candidate pool of
FRBs that satisfied the aforementioned criteria at the time these
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Table 1
Summary of Observed Properties of the Eight FRB Sources (with Repeaters in Boldface) Discussed in This Work
TNS Name Modified Julian Date® J2000 R.A. J2000 Decl. DM_ps RMgps Zhost
(pc cm ™) (rad m2)
FRB 20110523A (1) 55704.6 21h45m 250 —00°09™37%° 623.30(6)  —186.1(1.4)
FRB 20160102A (2), (3) 57389.4 22"38M49° (7.5) 30°10™50° (7.5) 2596.1(3) —221(6.4)
FRB 20181030A (4), (5) 58870.4 10734™22° (30.6) 73°45™14° (47") 103.500(13)  36.39(29)  0.00385
58870.4 103.504(11)  37.67(54)
58870.9 103.493(83)  37.08(51)
FRB 20190117A (5), (6) 58500.9 22"06™38° (13") 17°22™06° (13") 393.062(74)  74.30(68)
59532.1 395.804(36)  76.31(40)
FRB 20190213B (5), (6) 58834.4 18"25™02° (20") 81°24™05° (26) 301.64(12) —3.63(41)
59055.2 301.38(22) 1.04(42)
59261.7 301.400(48) 1.06(52)
59314.0 301.720(64) 0.97(52)
59431.3 301.430(19)  —0.28(42)
FRB 20190608B (7), (8) 58643.0 22M16™05° (02) —07°53™54° (072) 340.05(6) 353(2) 0.11778
FRB 20191108A (9) 58795.8 01"33m47° (3.5)° 31°51™30° (3'5) 588.1(1) 474(3)
FRB 20200120E (10), (11), (12) 58868.4 09"57™54369935 (1.2 mas)  68°49™00:8529 (1.3 mas)  87.782(3) —29.8(5) d
59182.6 87.812(4) 26.8(3)
59265.9 87.7527(3)  —21.9(13.1)
59265.9 87.7527(3)  —57.2(5.1)
59280.7 87.7527(3)  —37.1(4.2)
59280.8 87.7527(3)  —36.4(8.0)

Notes.

 The reported time of arrival of each burst at the respective observing telescope.

No positional uncertainties are reported.

¢ The localization uncertainties were presented for the semimajor and semiminor axes, which do not correspond to the R.A. and decl. uncertainties directly. To be
conservative, we present the uncertainty on the semimajor axis as the uncertainty on both the R.A. and the decl.

4 This FRB source is associated with the M81 galaxy, which is at a distance of 3.6 Mpc.

References. (1) K. Masui et al. (2015); (2) S. Bhandari et al. (2018); (3) M. Caleb et al. (2018); (4) M. Bhardwaj et al. (2021b); (5) R. Mckinven et al. (2023); (6)
D. Michilli et al. (2023); (7) C. K. Day et al. (2020); (8) J. S. Chittidi et al. (2021); (9) L. Connor et al. (2020); (10) M. Bhardwaj et al. (2021a); (11) F. Kirsten et al.

(2022); (12) K. Nimmo et al. (2022).

observations were proposed was very limited. Based on these
criteria, we selected seven FRBs around which we aimed to derive
high-density RM grids using targeted VLA observations.

The seven FRBs in the 2023 VLA observations, as well as
FRB 20110523A from the 2018 observations, have properties
listed in Table 1. In Figure 1 we show their sky positions,
colored by their RMy, overlaid on the H22 RMyw sky.

2.3. VLA Data Reduction

All eight fields were processed through the standard VLA
calibration pipeline, which performs basic flagging and
calibration in the Common Astronomy Software Applications
(CASA) program (CASA Team et al. 2022)."” For each field,
we performed additional manual processing in CASA for each
128 MHz spectral window separately. First, we applied
Hanning smoothing across the band to mitigate any radio-
frequency interference (RFI) that was not initially flagged,
removed antenna-shadowed data, and removed RFI outliers in
the time—frequency space using the TFCrop algorithm (using
the default 40 and 3¢ thresholds for the time and frequency
axes, respectively). The model visibility amplitude and phases
of our calibrators were set using existing models of standard
calibrators or by the model generated by the VLA calibration
pipeline. We performed an initial phase and bandpass
calibration on a subset of the central channels to average over
temporal variation in the phases. Using the bandpass calibrator,

17 Details about the pipeline are provided by the NRAO (https://science.nrao.
edu/facilities /vla/data-processing /pipeline).

we then solved for the antenna-based delays relative to the
reference antenna and derived a bandpass solution. For the
polarization calibration, we first solved for the residual delay
between the two cross-hand polarization outputs using 3C 138, then
calibrated the instrumental polarization using the unpolarized
source 3C 84, and solved for the correct polarization position
angle using the reference model of 3C 138. Finally, we derived
complex antenna gain corrections across our observation, setting
the zero phase to that of the reference antenna, using the respective
gain calibrator for each field. The full set of calibration solutions
was applied to all observed sources and we used the TFCrop and
RFFlag algorithms for one last stage of RFI cleaning.

To clean and image our data, we employed the tclean
functionality of CASA using an adapted version of the CLEAN
deconvolver (J. A. Hogbom 1974). We defined the reference
frequency to be 3.0 GHz, used two Taylor coefficients in the
spectral model, applied a D. S. Briggs (1995) weighting
scheme with the “robust” parameter set to 0.5, and set the
maximum number of total iterations to 20,000 with a maximum
number of minor-cycle iterations of 1000. For every observed
radio source, we produced both a multifrequency synthesis
image (i.e., combining the signal over the observing frequency
range to produce a single image) and Stokes / (total intensity),
Q and U (orthogonal linear polarizations), and V (circular
polarization) data cubes.

2.3.1. RM Synthesis

To estimate the RM of each radio source, we performed RM
synthesis (as implemented in the RM-tools package;
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-200

RM [rad m™2]

200

Figure 1. The eight targeted FRBs (stars) overlaid on the H22 reconstructed Galactic RM sky. Both the FRB markers and background map are colored based on their
RM. For repeating FRBs, the mean RM across all bursts is used. The colorbar is saturated at +200 rad m 2.

C. R. Purcell et al. 2020) along the LOS corresponding to its
brightest pixel. Note that the RM-tools implementation also
accounts for the spectral index of the radio source by modeling
the Stokes 7 spectrum and dividing it from the Stokes Q and U
spectra. Here, we briefly summarize the RM-synthesis algo-
rithm but for a more detailed description we refer the reader to
the work by B. J. Burn (1966) and M. A. Brentjens & A. G. de
Bruyn (2005). RM synthesis relates the complex linearly
polarized intensity, P(\%) = Q + iU, to the Faraday dispersion
function (FDF), F(¢), through a Fourier-like transformation:

F(¢) = L T PR 2NN, (6)

Here, ¢ is the Faraday depth and is a generalized form of the
RM that accounts for multiple sources of Faraday rotation in
the polarized emission along the LOS. In practice, RM
synthesis computes F(¢) for a range of trial values of ¢ to
measure the total linearly polarized intensity across the
observed spectrum at different Faraday depths. The limited
bandwidth and sampling of the data means that the FDF is
convolved with the RM spread function (RMSF; M. A. Brentj-
ens & A. G. de Bruyn 2005). The full width at half-maximum
(FWHM) of the RMSF, 6¢, effectively determines the
resolution of the FDF in Faraday depth space as

_ 3.79
()‘%nax - A%nin) ,
for the maximum (Apa.x) and minimum (Ay;,) observed

wavelengths. For our observations between 2 and 4 GHz, we
achieve 8¢ = 224.9radm 2.

8¢ Q)

Faraday rotation contributed by an intervening screen
appears as a delta function at ¢ = RM,,,s convolved with the
RMSF. Previous works have found that polarization properties
derived with RM synthesis may become unreliable for a
polarized signal-to-noise ratio of (S/N)p <7 (M. A. Brentjens
& A. G. de Bruyn 2005; J. P. Macquart et al. 2012). Following
the conservative approach used in a recent RM data release by
the Polarization Sky Survey of the Universe’s Magnetism
(POSSUM) collaboration (S. Vanderwoude et al. 2024), we
consider an RM detection for a given radio source to be robust
if it satisfies (S/N)p = 8. In this case, the ¢ value
corresponding to the center of the peak in the FDF is the
estimated RM. The measurement uncertainty on the RM,ys,
6(RMobs)’ is

__b¢
(5(RM0bs) - 2(S/N)p (8)

2.3.2. Constructing the RM Grids

After applying RM synthesis to all observed radio sources,
we can begin constructing the respective RM grids for each
field. Keeping in mind that the purpose of these RM grids is to
inform our view of RMyw, we want to ensure that each radio
source provides a clean probe of our Galaxy and thus, we want
to minimize contamination from other contributions along the
LOS. We classify radio sources into three categories based on
their FDF: (i) unpolarized, (ii) “Faraday simple,” or (iii)
“Faraday complex.” In the foremost case, there is no
(S/N)p > 8 peak in the FDF, so we are unable to sufficiently
characterize its linear polarization properties and no RM
estimate is derived. Unpolarized radio sources are removed
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from our sample and do not contribute to any RM grids.
Faraday simple radio sources are those that have a singular
peak in the FDF with (S/N)p > 8 at ¢ = RM and their RM
uncertainty is computed following Equation (8). All Faraday
simple sources are included in our RM grids. We note here that
the determination of whether a linearly polarized radio source
is Faraday simple or complex depends on whether we can
resolve the different FDF components given our RMSF; hence,
this determination depends on the frequency range of our
observations. For example, a source that appears Faraday
simple at high frequencies (due to a large RMSF that cannot
resolve multiple, closely spaced FDF components) may
actually be Faraday complex at low frequencies where the
RMSEF is smaller.

In some cases, the FDF of radio sources will have a
(S/N)p > 8 detection but deviate from the single peak expected
from a Faraday simple source. These sources are labeled
“Faraday complex” and require careful handling if they are to
be used in an RM grid to probe a foreground screen. Faraday
complexity can manifest as multiple FDF peaks or the
broadening of an FDF peak due to a variety of physical
conditions; some examples include multiple distinct RM
contributing media along the LOS, unresolved RM components
within the synthesized beam, an extended medium along the
LOS that is both Faraday rotating and synchrotron emitting,
and turbulence in a foreground magneto-ionic screen on scales
smaller than the projected size of the polarized source (for a
more detailed description, see S. Vanderwoude et al. 2024).
When dealing with multiple peaks in the FDF, it is difficult to
ascribe a single RM value to the Faraday rotating screen that
one is attempting to constrain. Meanwhile, for broadened FDF
peaks, Equation (8) may not be an accurate description of the
RM measurement uncertainty.

To quantify the extent of Faraday complexity present in a
radio source’s FDF, we employ the M, metric developed by
S. Brown (2011). First, we run the RM-CLEAN algorithm
(G. Heald et al. 2009) to deconvolve the observed FDF with the
RMSF and obtain a list of discrete ¢ values and their |F(¢)]
amplitudes that exceed a S/N threshold of 80. We purposely
choose 8¢ to match our (S/N)p > 8 threshold following the
setup used by S. Vanderwoude et al. (2024) to avoid
overcleaning the data. Using the RM-CLEAN products as
inputs, we can then compute M, as the square root of the
second moment of ¢:

S (6 — BRIF @ ]

M:
’ SN IF (6]

©)

where the i subscript denotes each >80 RM-CLEAN component
for a total of N components and ¢ is the first moment:

5= S 0lF @)

. (10)
SN IF (@)

To account for our effective resolution in F(¢) space, we
normalize M, by ¢,

M
69

(S. Vanderwoude et al. 2024), and use m, as our final
complexity metric.

)

ny
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For a Faraday simple source, with only one >80 RM-CLEAN
component, we would measure m, = M, = 0. As one adds
more RM-CLEAN components, with increasing separation
between them, and as their |F(¢)| amplitude becomes
comparable to the primary FDF peak, m, increases. There are
no strict rules regarding setting complexity thresholds for ms,,
so we determine two thresholds upon visual inspection of our
data. First, we remove any radio sources with m, > 0.25 from
our sample, as these correspond to sources with multiple
resolved peaks in their FDF such that we cannot unambigu-
ously determine the Galactic RM along the LOS. We decide to
include linearly polarized radio sources with 0.1 < m, < 0.25
and with at least one secondary RM-CLEAN component that is
>50% of the |F(¢)| amplitude of the primary peak (i.e., two
comparable, blended peaks) in our RM grids. Radio sources
matching these criteria still have ¢ = RM but we update their
RM uncertainty to be more conservative:

5(RM0bs,bruad) = MZ- (12)

All radio sources with m, < 0.1 are considered Faraday simple
as they depict only one FDF peak that is approximately
Gaussian, and they are all included in our RM grids. A catalog
of all RM sources used in this work is presented in the
Appendix, which includes sky positions, RMs and associated
uncertainties, and m,.

3. Foreground DM and RM Estimation

To derive magneto-ionic properties of FRB local environ-
ments and host galaxies, we are chiefly interested in obtaining
DM,,0c and RMy,s,. Thus, our goal is to precisely account for,
and subtract, all other foreground components in Equations (4)
and (5). In the following sections, we describe the methodology
for estimating each of these foreground components.

3.1. Galactic and IGM DM Contribution

To estimate the DM contribution from the FRB environment
and host galaxy, DMy, we need to estimate and subtract the
Galactic DM component (DMyw) and, if possible, the IGM
component (DM;gnm). Encompassed within the DMy term are
both the DM contribution from the MW disk and the DM
contribution from its halo. While multiple models of the
Galactic disk DM contribution exist (e.g., J. M. Cordes &
T. J. W. Lazio 2002; S. Hutschenreuter et al. 2024), we opt to
use the thermal electron density n, model of the Galactic disk
by J. M. Cordes & T. J. W. Lazio (2002, hereafter NE2001) as
it is the most commonly used Galactic DM model for FRB
studies and allows for direct comparison of our results to
previous literature. We integrate through the full extent of the
MW toward the best-fit FRB position with the PyGEDM
package (v3.1.1; D. C. Price et al. 2021) to obtain the DM
contribution from the MW disk. For the MW halo, we assume a
constant DM contribution as a function of sky position with a
fiducial value of 30 pccm > based on estimates by K. Dolag
et al. (2015), S. Yamasaki & T. Totani (2020), and A. M. Cook
et al. (2023). Further, if the FRB has been associated with a
host galaxy that has a measured redshift, then the average
DMigm(z) along that LOS can be calculated following the
linear DMgy—z relation (i.e., the “Macquart relation”;
J. P. Macquart et al. 2020). In this work, we use the
DMgMm—< relation and its associated uncertainties as presented
by J. Baptista et al. (2024).
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Table 2
Summary of RM Grid Statistics for All Eight VLA Fields

FRB Source No. of Observed No. of RM Grid RM Grid Density Median RMps Median 6(RM,ps) RM,,s MADFM
Sources Sources Standard Deviation
(deg™?) (rad m?) (rad m?) (rad m?)
FRB 20110523A 35 7 9 13.7 7.3 10.5
FRB 20160102A 25 15 19 23.1 6.4 16.9
FRB 20181030A 24 8 10 —23.2 17.7 12.0
FRB 20190117A 24 16 20 —38.5 9.1 16.7
FRB 20190213B 19 12 15 10.7 7.4 18.8
FRB 20190608B 17 10 13 —22.7 8.2 15.3
FRB 20191108A 18 9 11 —64.1 10.7 32.7
FRB 20200120E 37 22 28 —17.1 5.6 21.0

3.2. Galactic RM Contribution

The interpolation technique to constrain the Galactic RM
component used in this work is based on information field
theory (IFT; G. Edenhofer et al. 2024), a Bayesian statistical
framework used to design nonparametric inference algorithms.
The specialized application of an IFT algorithm for RM grids
was first applied to all-sky data sets by N. Oppermann et al.
(2012, 2015), S. Hutschenreuter & T. A. EnBlin (2020),
and H22. It has also been used to constrain the Galactic DM
and LOS magnetic field skies (A. Pandhi et al. 2022; S. Huts-
chenreuter et al. 2024). For discrete sky patches, the RM
interpolation method was tested by A. Khadir et al. (2024) and
we refer the reader to this work for in-depth discussions of
performance, possible biases, and comparisons to other
techniques. Compared to the setup of A. Khadir et al. (2024),
we have simplified the algorithm such that we only infer a
single (Gaussian) field, instead of a product of an amplitude
and sign field. This is owing to the relatively sparse sky
sampling in some fields (i.e., about nine polarized sources per
square degree compared to the ~45 polarized sources per
square degree used by A. Khadir et al. 2024), which makes a
reduction of the parameter space necessary to stabilize the
inference algorithm and avoid overfitting. The price for that is a
reduced capability to represent strong variations (i.e., of several
orders of magnitude) in RM amplitude within a patch. Our
model together with our choice of hyperparameters results in a
marginal per—yixel prior that allows RM amplitudes well over
~100rad m™“. Since we are only reconstructing the RMyyw in
small regions of the sky around FRBs at high Galactic latitude
(|b| > 25°), this range easily encompasses the expected amount
of RM amplitude variation across our reconstruction area.
Thus, we expect no meaningful impact of this modeling choice
on the reconstructed RMyw maps.

Another significant difference to the A. Khadir et al. (2024)
implementation is that we include a noise estimation feature in
the inference algorithm that automatically detects and down-
weights extreme outliers in the data. This is useful for
removing RM grid sources that are dominated by RM
contributions local to the emitting source, and therefore are
less suitable tracers of RMyw. For details of this feature we
refer the reader to S. Hutschenreuter & T. A. EnfBlin (2020).
The reliability of this outlier removal feature critically relies on
the number statistics, i.e., the more data points constraining the
MW component, the more likely we are able to correctly
downweight data points with a strong source contribution. For
this reason, we use RM data points from the catalog provided
by C. L. Van Eck et al. (2023) in addition to the VLA
observations when reconstrucing maps of RMyw. Given the

relatively sparse sky sampling of these additional RMs, these
mostly help to constrain the large angular scales (with respect
to the field of view) around each FRB. We can test the impact
of the VLA RMs by comparing our results to the all-sky results
of H22, which are constrained by the same catalog (see
Section 4.2). We note that the additional RMs are largely of
poorer quality compared to our VLA grid, as the catalog is
dominated by RMs from the NVSS (A. R. Taylor et al. 2009),
which were inferred from only two frequency bands. Possible
problems resulting from this were discussed in detail by
Y. K. Ma et al. (2019), but S. Hutschenreuter & T. A. Enf3lin
(2020) demonstrated that the very same noise estimation
feature discussed above is able to reliably find and filter these
problematic RMs. We use sources from C. L. Van Eck et al.
(2023) within a radius of three times the maximum extent of
the respective VLA RM grid (i.e., within a 15 radius). We
choose this limit, as sources further out will likely not be
informative for the scales of the respective VLA field of view.

3.3. lonospheric RM Contribution

The ionospheric RM contribution depends on the LOS
through the ionosphere, but also undergoes temporal variations
related to the time of day and solar activity, so we need to
measure RM;,, at the sky position and at the time of arrival of
each FRB. First, a magneto-ionic model for the ionosphere is
created by combining maps of the vertical total electron content
in the ionosphere recorded using a distribution of Global
Positioning System satellites with models of the Earth’s
magnetic field at the time of arrival of an FRB. Then, an
estimate of RM;,, is computed by integrating over the
estimated trajectory of the FRB emission through the iono-
sphere. For this RM;,, estimation, we make use of the
RMextract package of M. Mevius (2018).

4. Results
4.1. RM Grids

Following the steps laid out in Section 2.3.2, we construct
RM grids for each of our eight VLA fields. In total, only four
sources are omitted from our RM grids due to Faraday
complexity (m, > 0.25). In Table 2, we describe the statistics
for each RM grid including the number of observed sources in
the field, the number of RM grid sources per field, the RM grid
density, the median RMyp,, the median RM measurement
uncertainty 6(RMgy,,), and a robust standard deviation of the
RM,ps distribution calculated using the median absolute
deviation from the median (MADFM), which approximates
to 1.4826 x MADFM. Our RM grid density ranges between 9
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and 28 sources per square degree. Note that a larger fraction of
the observed radio sources in the FRB 20110523A field are
unpolarized compared to the other seven fields because the
2018 VLA observing campaign selected fainter targets and
spent less time observing each target compared to the 2023
observations. As a result, our RM grid density of the FRB
20110523A field is relatively low (nine sources per square
degree). All eight fields have a moderate median RMp,
magnitude on the order of 10 rad m 2, as is generally expected
for regions located away from the Galactic plane (see, e.g.,
S. Vanderwoude et al. 2024).

4.2. Reconstructed RMynw Maps

Using the Bayesian inference scheme described in
Section 3.2, we derive reconstructed RMyw and associated
statistical uncertainty maps. The reconstructed RMyw maps for
each region are presented in the right panels of Figures 2-3. For
comparison, the H22 RMyw maps are shown in the left panels.
The pixel scale for the H22 maps in a Cartesian projection is
0°1435 and for the reconstructed RMyw maps in this work the
pixel scale is 0.04. In the center of each map, we show the
respective FRB's sky position as a star (with a black ellipse
indicating its positional uncertainty) that is colored by its
RM_ps. In both the left and right panels, we overplot previously
existing extragalactic RM data in these regions from C. L. Van
Eck et al. (2023) as squares. In the right panels, we also plot the
VLA RM grids derived in this work as circles and the
unpolarized radio sources are shown as purple crosses. The
aspect ratios of the plots depend on the decl. of the field (i.e.,
the vertical axis becomes more compact closer to decl. = +90°).
Notably, the FRB 20110523A field has an RM grid density
greater than one source per square degree even prior to the
inclusion of our VLA observations. This is because that region
of the sky overlaps with the first data release of Spectra and
Polarisation in Cutouts of Extragalactic Sources from the Rapid
ASKAP Continuum Survey (SPICE-RACS), which provides
an average RM grid density of about four sources per square
degree (A. J. M. Thomson et al. 2023). In Figures 4-5, we plot
the associated RM statistical uncertainty maps from the
Bayesian inference. Again, the H22 maps are on the left and
those from our reconstruction are on the right and the FRB
position and associated positional uncertainty are plotted as a
star and black ellipse, respectively. We note that the error maps,
in parts, have different degrees of smoothness from the RMyw
maps. This reflects the very heterogeneous structure of the RM
grids, both with respect to spatial structure and with respect to
measurement uncertainty on the individual RM,,s measure-
ments. This leads to varying degrees of certainty of our
reconstruction within a given field, even if the posterior mean
appears to be smoothly varying. In Figures 2-3, six of our eight
reconstructed RMyw maps show RM variations on <1 deg?
scales that were previously unresolved by the H22 all-sky
reconstruction, or provide a more granular picture of larger-
scale RM variations. Only the field around FRB 20181030A
does not show any clear RM variations across the map, while
around FRB 20190117A we recover a similar large-scale RM
gradient to that seen in the H22 map. Even in fields without
drastic small-scale RM variations, our reconstruction is still
notably different from the H22 map, suggesting that we are also
able to better constrain the large-scale RM variations with the
addition of our localized, high-density RM grids. Qualitatively,
in five of the eight fields (FRBs 20110523A, 20160102A,
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20190213B, 20190608B, and 20191108A), we uncover sharp
small-scale variations in RMpyw (~20-40rad m 2 variations
over ~0.3-1° scales). In the FRB 20200120E field we discover
a previously unseen large-scale RM gradient that shows a
change of ~30rad m~2 over ~3° In all of these cases, the
range of RMyw values in our reconstruction is broader than
the H22 map. For example, the H22 map shows a constant
~15radm™~ across the FRB 20160102A field, while the
RMpmw values in our reconstruction range over ~9-35 rad m 2.
In two maps (corresponding to FRBs 20110523A and
20190213B), we find changes in the RM sign that potentially
suggest a flip in the average LOS magnetic field orientation
across the sky. We caution that in both of these fields, the RM
sign flips appear to be driven largely by one RM source and
therefore could instead be RM contribution intrinsic to the
source. Furthermore, the negative RM regions in these two
maps have RMyw amplitudes close to 0 radm ™2, which are
comparable to or smaller than the RMyw uncertainties in these
areas, meaning that they may still be consistent with there
being no physical RM sign flips.

Furthermore, as is clear in Figures 4-5, we reduce the
average statistical uncertainty on RMyw in all eight regions.
The second panel of Figure 6 also shows that the RMpyw
uncertainty at the position of all eight FRBs is lower in our
reconstruction than in H22. Note that in the case of FRB
20190608B, the statistical RMyw uncertainty in the north-
eastern area is not constrained due to a lack of RM data points
in that part of the sky. The reason why this issue only manifests
in our reconstruction, and not in the H22 map, is that our
inference model is computed only over a small region rather
than over the entire sky.

4.3. FRB Magneto-ionic Environments

In the top panel of Figure 6, we compare the RMyw
specifically toward each of the eight FRBs as determined
by H22 (x-axis) and by our RM reconstruction (y-axis). For five
of the eight FRBs, the RMyw between the two reconstructions
is consistent within statistical uncertainties. In the other three
cases, the RMpw between reconstructions is inconsistent,
with the largest difference being 26 + 13radm > for FRB
20191108A. We compare the statistical uncertainties on
RMpw between the two reconstructions in the bottom panel of
Figure 6. In all cases, the uncertainty is improved by a factor of
2—-6 with our updated RMyw reconstruction.

When redshift information for the FRB host galaxy is
known, we derive its DMy, and RM, following
Equations (4) and (5), respectively. Using these values, we
can calculate the electron-density-weighted average magnetic
field strength parallel to the LOS in the FRB host galaxy as

(B host) = 1232 -Mhost uG. (13)

host

If the redshift of the FRB host galaxy is unknown, we instead
compute the observer-frame values:

DMEgg = DMy, — DMyw pc cm ™3 ; (14)
RMgG = RM gy, — RMyw rad m—2. (15)

Here the subscript “EG” denotes the combined extragalactic
contribution from the IGM and host galaxy in the observer



THE ASTROPHYSICAL JOURNAL, 982:146 (20pp), 2025 April 1 Pandhi et al.

FRB 20110523A (H22)

40 40
= 20 i 20
5 4] £ E z
-: 0 T '; 0 '_'
% E Q8 E
g d B 8 B
= S S
- -0 —20
—1°00' m -
- —40 —40
u N : [
301 1 1 A= L a0l
21I|50m 48m 46 44qm 4om glhaﬂm 48m 46™ qqm 4om
J2000 Right Ascension J2000 Right Ascension
FRB 20160102A (H22) FRB 20160102A (This Work)
T T T T T
_ogognt e _
oY 10 10
= —30°00' {0 - 20
g -3 = s =
E Z 3 £}
2 _ li» T2 =
= 15'f8 T = = =
= 5 2 g
2 & S Ly
; -0 4-20
30 -
—40 —40
i i 1 L L | | I |
g9l 10" 39m SR ERD 9ol q0m 3qm Erm
J2000 Right Ascension J2000 Right Ascension
AR FRB 20181030A (H22) - FRB 20181030A (This Work)
= 74°15 = g o =
2 = 2 =
g0 0 = 5 o 20 =
£ 0 T T ew I
a8 = g
g -208 & 02
8 -
u]h_u]m 36™ 3am l[)ilag}u 36m 33m 30m
J2000 Right Ascension J2000 Right Ascension
FRB 20190117A (H22) FRB 20190117A (Thls Work)
‘ 60
17945
40
E w w0 B
= 3 T
> )
& = " £
= =t 8 =
g 15 S 20‘_&‘
—40
00
—60

]
22l o7 06" 05m
J2000 Right Ascension J2000 Right Ascension

22§|0u o7 a6 05"

Figure 2. Comparison of the H22 RMysw maps (left) and those reconstructed in this work (right) for FRBs 20110523A, 201601024, 20181030A, and 20190117A, in
order from top to bottom. Each FRB is represented by a star with a black ellipse representing its position uncertainty (in most cases the position uncertainty is smaller
than the symbol). RMs of polarized radio galaxies observed prior to this work are shown as squares in both panels and our VLA RM grid sources (Faraday simple
sources or those with 0.1 < m, < 0.25) are shown as circles in the right panels. Sources that were observed but did not meet our linear polarization threshold of
(S/N)p > 8 are plotted as purple crosses in the right panels. The few Faraday complex sources with m, > 0.25 are not plotted. The background maps, FRBs, and
polarized radio galaxies are all colored by their RM,;,,. The aspect ratio of each panel depends on the decl. of the field (i.e., more compact means closer to

decl. = £90°).
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Figure 3. Same as Figure 2 but for FRBs 20190213B, 20190608B, 20191108A, and 20200120E.

frame. Then, the observer-frame analog of (Bj hot) is

8= 1.232E1\131—EG 1G.

EG

(16)

The uncertainties in some of our foreground estimates are
strongly non-Gaussian and asymmetric. Below, we list the
distributions and associated uncertainties for every foreground

estimate in our DM and RM decomposition:

1. DM_y,: drawn from a Gaussian distribution with a mean
equal to the measured DM,,s and a standard deviation
equal to the associated measurement uncertainty. We note
here that a Gaussian distribution is not always a reliable
assumption for modeling DM, which is a definite

positive quantity, as it could lead to randomly drawn
samples with negative DM,,s. In our case, the
combination of relatively large DM, for our FRBs
(>88 pc cm™) and minuscule measurement uncertain-
ties (0.3 pc cm™) means that there is an extremely
small likelihood of drawing a negative DM,,s. There-
fore, the choice of a Gaussian distribution for DM,
does not affect our results. However, we caution against
the use of this assumption in cases where DM, is
very small and/or the associated measurement uncer-
tainity is large.

2. DMyjs: drawn from a uniform distribution with 20%
uncertainties about the NE2001 prediction at the given
sky position (J. M. Cordes & T. J. W. Lazio 2002).

10
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Figure 4. Comparison of the RMyw uncertainty maps from H22 (left) and from this work (right) for FRBs 20110523A, 20160102A, 20181030A, and 20190117A (in
order from top to bottom). The position of each FRB is plotted as a gray star and the position uncertainty is plotted as a black ellipse. In most cases, the position
uncertainty is smaller than the symbol.

11



THE ASTROPHYSICAL JOURNAL, 982:146 (20pp), 2025 April 1

J2000 Declination

J2000 Declination

=
FRB 201902138 (H22) _ZUE 5
0= %
T A
[l ==
18836 30m 24m 18m 0 E. §
J2000 Right Ascension =
FRB 201906088 (H22)

20.0

=30 175

5.0
& .
& 1252 2
S 00— ¢
a 5 /A
= s =
=) 170 5 S

5.0

; 25

9ol gm 17 16m 15m 0.0

J2000 Right Ascension
FRB 20191108A (H22) ,

20.0

17.5

15.0
= b=
2 1252 2
E 00— £
= = [
< 8o
= iz =

5.0

2.5

1i3gm 35m g4 33m 0.0

J2000 Right Ascension
FRB 20200120E (H22) )
Go°15 T 1 T T =
o= o R
68°45' = * = m? &
, s - S
30 =) =&
I I L g —
1 ”hﬂ:}m opm gl:m«n 54m

J2000 Right Ascension

22]'13m

1h3gm

18"30‘"

Pandhi et al.

FRB 20190213B (This Work

[~

ia_l[l pua] (M) e

307 24
J2000 Right Ascension

FRB 20190608B (This Worlk)

lTlN lll\ l_jill
J2000 Right Ascension
FRB 20191108A (This Work)

[

z—

4 a3m
J2000 Right Ascension

35m

69715

[

G8°45

30

FRB 20200120E (This Work) o
T 1 T =

3

(MNIY)e

S

[zt ]

e

;

1
10m03™

1
o ghig7m B
J2000 Right Ascension

Figure 5. Same as Figure 4 but for FRBs 20190213B, 20190608B, 20191108A, and 20200120E.

. DMpa0: we assume a 0.2dex uncertainty about the

fiducial 30 pccm > used in this work (i.e., a lognormal
distribution with mean In(30) and variance In(10°2);
S. Yamasaki & T. Totani 2020).

. DMjgMm: directly sampled from the probability distribu-

tion presented in Equation (1) by J. Baptista et al. (2024).
DMjgum is only included in the DM decomposition if the
FRB has a known redshift.

. RM_,: drawn from a Gaussian distribution with a mean

equal to the measured RM,, and a standard deviation
equal to the associated measurement uncertainty.

. RM;,,: we use the estimate obtained from RMextract

(M. Mevius 2018) without an associated uncertainty since

12

RM;,, is much smaller than the other RM contributions
along the LOS.

. RMjgm: drawn from a Gaussian distribution with mean

Oradm 2 and standard deviation 6radm 2 following

D. H. F. M. Schnitzeler (2010).

. RMyw: both estimate and associated uncertainty

obtained from either the H22 maps or the reconstructed
maps derived in this work.

Thus, we compute uncertainties on our estimates of DMy,
RMosi and (Bjhost) (0 DMgg, RMgg, and () using Monte
Carlo random sampling. In this procedure, we randomly draw
values for all foreground DM and RM components from their
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Figure 6. The RMyw (top) and §(RMyw) (bottom) estimates at the position of
our eight FRBs between the H22 map and our reconstructed map using VLA
RM grids. In both panels, the black dashed line corresponds to unity between
the respective estimates.

known underlying distributions, use those to compute DMy,
RMost, and (Bj host) (or DMgg, RMEgg, and (), and repeat this
process for 10,000 trials. We approximate our uncertainties as
the 68% confidence interval around the median from the
resulting DMyqq, RMpoqi, and (Bj nost) (0r DMEg, RMgg, and (3)
distributions. In the second section of Table 3, we tabulate the
DMiost; RMhost, and (B posi) (or DMEg, RMEgg, and 3) of each
FRB, computed using the H22 map and using our updated
reconstruction. We quantify the impact of the updated RMyw
reconstruction on our understanding of the FRB magneto-ionic
environments in Figure 7. Specifically, we compare the
magnitude of RMy, (or RMgg) predicted by both reconstruc-
tions for each FRB.
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4.4. The Extragalactic RM Contribution at 3 GHz

Previous RM surveys have been conducted primarily at or
below 1.4 GHz (e.g., A. R. Taylor et al. 2009; S. P. O’Sullivan
et al. 2023). In these studies, a model of the Galactic RM is
subtracted from the RMs of the polarized radio galaxies
themselves to obtain the sum of the extragalactic RM
contributions along that LOS, RMgg. We expect to see
nonzero variance in the RMgg distribution arising from
differing intrinsic source environments, path lengths through
the IGM, and intervening structures. At 144 MHz, o0(RMgg)
has been measured to be 1.8—4.0radm 2 (S. P. O’Sullivan
et al. 2023), while at 14GHz it is 6—7rad m~?
(D. H. F. M. Schnitzeler 2010; N. Oppermann et al. 2015).
The discrepancy between o(RMgg) estimates at these two
frequencies may be due to stronger depolarization effects at
lower frequencies. This hypothesis suggests that higher-
frequency polarization observations should, on average, probe
more complex sight lines (e.g., those with more turbulent
intrinsic environments or sight lines passing through turbulent
intervening structures). Here, we derive an estimate of
0(RMgg) at 3.0 GHz and compare it to the results at lower
frequencies to determine if, on average, our higher-frequency
data probes more complex sight lines.

To derive an estimate of 6(RMgg) at 3 GHz, we first define a
subset of 79 radio galaxies from our combined RM grid data
that are Faraday simple (m, < 0.1) and that have high linearly
polarized signal-to-noise ratios ((S/N)p > 12). For each radio
galaxy we subtract the Galactic RM toward that position from
our RMyw reconstructions and in Figure 8, we plot the
distribution of RMEgg for the 79 radio galaxies. We overlay the
median RMgg (—0.2rad m72) as a solid black line, and the
robust standard deviation calculated using the MADFM,
0(RMEgG obs) = 13.6rad m 2, is indicated by black dashed
lines. Here, we include the subscript “obs” as this estimate still
includes the variance introduced by various RM uncertainties.
We then obtain o(RMgg) by subtracting the variance
contributed by the RM measurement uncertainty, d(RM,ps),
and the statistical error in the RMyw reconstruction, 6(RMpsw),
following Equation (5) of E. Osinga et al. (2025):

N 2 1/2
! (6<RMEG>)i) Ca

c(RM = | 02(RMEgG.obs) —
(RMEgg) (( EG,obs) N1

where 8(RMgg) is the quadrature sum of 6(RMg,) and
O(RMpmw), and N = 79. Following Equation (17), we derive
an estimate of 6(RMgg) = 6.8 rad m 2 at 3.0 GHz. To quantify
an uncertainty on this estimate, we bootstrap (with replace-
ment) over 10,000 iterations from our c(RMEgg obs), O(RMops),
and 6(RMy,w) distributions, and estimate a o(RMgg) for each
iteration. We adopt the standard deviation of the resampled
0(RMgg) distribution as the uncertainty on our estimate, so that
o(RMgg) = 6.8 &+ 3.1radm >. We find that our estimate of
0(RMgg) at 3.0 GHz is consistent with those derived at
1.4 GHz by D. H. F. M. Schnitzeler (2010) and N. Oppermann
et al. (2015). We do not find clear frequency-dependent
variance between o(RMgg) measurements at 1.4 and 3.0 GHz,
but do find that o(RMgg) as measured at 144 MHz is smaller
than our estimate. This suggests that while the much lower
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Table 3
Summary of DM and RM Decomposition for Each of the Eight FRBs

Foreground Contributions

FRB Source DMpyw DMgm RM,,, RMyw (H22) RMyw (This Work)
(pc cm ™) (pc cm ™) (rad m~?) (rad m~?) (rad m~?)
FRB 20110523A 73.4717¢ 2.4 149 + 126 75 £ 6.7
FRB 20160102A 64.55171 - -2.0 149 + 55 345 + 37
FRB 20181030A 7117174 3248 0.24 —19.6 + 6.9 -238+ 18
0.23
0.51
FRB 20190117A 78.2717¢ 0.84 —283+74 —339+19
0.44
FRB 20190213B 8277189 0.11 102 + 122 23.1 + 10.0
0.34
0.69
0.54
0.38
FRB 20190608B 6731177 99.97352 —0.52 —24.4 + 133 —22.7+52
FRB 20191108A 81.871%3 - 0.23 —63.4 + 124 -375+ 3.0
FRB 20200120E 7074139 1.0° 0.14 ~17.0 +£ 5.3 —13.6 £ 0.9
0.34
0.20
0.20
0.41
0.39
FRB Magneto-ionic Environment
FRB Source DMiyoq RMos (H22) RMy,4 (This Work) Bhos: (H22) Bhos: (This Work)
(pc cm™?) (rad m ™) (rad m~?) (uG) (1G)
FRB 20110523A 549.67132 —203.7 + 14.1 —196.2 + 8.9 —0.46 + 0.03 —0.44 £ 0.02
FRB 20160102A 25314134 —233.6 + 103 —253.1+£95 —0.11 4+ 0.01 —0.12 + 0.01
FRB 20181030A 304417 56.2 +9.1 60.4 + 6.3 23721 25132
30.871}¢ 57.5 +9.2 61.7 £ 6.2 23132 25722
30.671}7 57.0 +9.3 61.5 +6.2 2.37%2 .5f02_74
FRB 20190117A 314.3t}§_§ 101.9 + 9.6 107.3 + 63 0.4073% 0.42+3:94
317.1713% 1042 + 95 109.7 + 6.4 0.41 £ 0.04 0.43+0:9%
FRB 20190213B 218.07133 —13.9 + 13.7 —26.9 £ 11.8 —0.08 + 0.08 —0.15 £ 0.07
21817128 —9.5+ 135 —22.6 + 11.7 —0.05 + 0.08 —0.13 £ 0.07
218.271%3 —9.5 + 13.6 -22.7 £ 116 —0.05 £ 0.08 —0.13 £ 0.07
218.21132 -9.7 £ 13.7 -22.6 £ 11.7 —0.06 £ 0.08 —0.13 + 0.07
218.21132 —10.9 + 13.6 -238 + 116 —0.06 + 0.08 —0.14 + 0.07
FRB 20190608B 219.87287 471.7 +17.9 470.4 +10.2 2.678 2.6797
FRB 20191108A 505.81128 5372 + 14.1 5112 + 7.3 L. 3*006 L. 2*005
FRB 20200120E 18.911¢4 -129 +79 —16.3 +6.1 —0.8703 —1.1703
18.871%F —10.2 + 8.0 —13.6 £ 6.0 —0.703 5 —0.9703 5
19.077:% —52 +153 —8.4 +14.5 —0.3%]1 —0.64}7
18.87104 —40.3 +9.5 —43.7 +£7.9 —2.94 —2.9414
19.17124 —20.6 +9.1 —24.0 + 7.3 —1.3704 7 —1.6%%] 7
19.141%1 —20.1 +11.2 —23.5 4+ 10.1 —1.379¢ s —1.5704 ;

Notes. Sources with Transient Name Server (TNS) names presented in boldface are repeating FRBs. For sources with redshift information, we present the respective
rest-frame quantity in italics; otherwise the observer-frame quantity is provided. All reported uncertainties are the 16th and 84th percentiles except for DMy, for
which they are 20% of the NE2001 prediction (J. M. Cordes & T. J. W. Lazio 2002).

4 DMjgum estimated by F. Kirsten et al. (2022); we assume no uncertainties on DMy in this specific instance.

frequency observations at 144 MHz are sensitive to depolariza-
tion effects and trace LOSs that are preferentially less complex,
both L-band and S-band observations likely trace similarly
complex sight lines. However, we note that the 144 MHz
observations preferentially probe low-RM,s sources due to

14

increased intrachannel depolarization at lower observing
frequencies and therefore may underestimate o(RMgg). Our
0(RMgg) estimate provides a good reference for future large-
sky polarization surveys at >1.4 GHz, such as VLASS
(S. A. Mao et al. 2014; M. Lacy et al. 2020).
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Figure 7. Comparison of the |[RMyog| (squares) or [RMgg| (triangles) for all
eight FRBs as estimated using the H22 RMpyw map (blue) vs. the
reconstructions from this work (red). The y-axis scaling is logarithmic to
highlight the fractional change in [RMpog]-

5. Discussion
5.1. FRB Magneto-ionic Environments

By isolating the host galaxy contribution to DM and RM, we
can both put constraints on the sources and progenitors of
FRBs and identify the subset of FRBs with clean environments
that will be the best astrophysical tools for studying intervening
media.

We expect different levels of typical |[RM| contributions from
different FRB local environments. On the lower-density and
weakly magnetized end of the spectrum (e.g., globular
clusters), we might expect the local environment to contribute
~0rad m 2. For FRBs in the vicinity of star-forming regions in
an MW-like galaxy, S. Hackstein et al. (2019) predict a median
[RM| contribution on the order of 10 rad m~2 and up to a few
10> rad m 2. If instead the FRB is enshrouded by a compact
nebula (e.g., a young supernova remnant), we might expect it to
contribute up to ~10°rad m 2 (A. L. Piro & B. M. Gaensler
2018). At high Galactic latitudes (|b| > 25°), we find that the
RMpyw estimate between H22 and our results changes by as
little as a few radians per square meter to 26 &+ 13rad m 2.
Therefore, our interpretation of the local magneto-ionic
environment of FRBs with |RMgg| < 26radm 2 (assuming
the RMyw from H22) can change when using higher-density
RM grids. Based on the |RMgg| distribution of the FRB
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population studied by A. Pandhi et al. (2024), which is the
largest sample of FRB sources with polarization properties to
date, this applies to ~30% of FRBs. Note, however, that ~30%
is likely a lower limit, as FRBs at |b| < 25° will, on average,
encounter larger-magnitude RM variations over similar or
smaller scales.

All eight of our FRBs have RMgg or RM;, values that are
generally in line with various environments in an MW-like
galaxy (S. Hackstein et al. 2019). Note that those FRBs with
RMgg in the observer frame could be at notably larger RM o
if the associated host galaxy is at a high redshift. In
comparison, the median of the Galactic pulsar |RM| distribu-
tion is approximately 70 rad m 2, though the standard devia-
tion is quite large.'® The variation observed in our sample of
eight FRBs, with |RMgg| or |RMype| amplitudes spanning
~10-500 rad m 2, could imply variety in their local environ-
ments (e.g., disk versus halo, or differing proximity to active
sites of star formation and HII regions) or distinct positions
within their host galaxies (e.g., smaller or larger offsets from
the center of the host galaxy or different heights with respect to
the host galaxy disk). Two sources in particular, FRB
20190608B (RMj,o5i| = 470.0 rad m~2) and FRB 20191108A
(RMgg| = 511.2 rad m~2), are also consistent with predictions
from dense circumburst environments (e.g., within a supernova
remnant; A. L. Piro & B. M. Gaensler 2018). Since our sample
size is small, we do not draw any conclusions about relative

'8 Based on the 1494 pulsars with RM measurements in the Australia
Telescope National Facility pulsar catalog v1.71 (R. N. Manchester et al.
2005), which is hosted at https://www.atnf.csiro.au/research /pulsar/psrcat/.
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magneto-ionic  environments
nonrepeaters.

We do not find any significant changes to any of the FRB /3 or
Bhost €stimates after updating the Galactic RM estimate from H22
to our reconstruction. Also, all of our FRBs have 3 or By, that is
generally consistent with the ~microgauss-level magnetic fields
expected in spiral galaxies (R. Beck 2001). The five FRBs without
known redshifts potentially have a significant (unaccounted-for)
DMjgm contribution, which would cause 3 to underestimate the
rest-frame By, by a substantial margin. In addition, the
uncertainties in the DM decomposition, particularly for DMyw
and DMgy, are comparatively larger than those in the RM
decomposition. Therefore, we find that improving our under-
standing of the small-scale Galactic RM structure is not the
limiting factor for improving estimates of By for FRBs (for
recent examples of studies examining the DM, RMjos, and
Bpose contributed by FRB host galaxies in simulations and
observations, see A. G. Mannings et al. 2023; J.-F. Mo et al.
2023; T. O. Kovacs et al. 2024; S. K. Acharya & P. Beniamini
2025). Instead, the primary bottlenecks in accurately measuring the
FRB host galaxy By are the lack of redshift information for a
large fraction of FRBs and the large uncertainties in DMyw and
DMigm.

In the case of FRB 20190213B, the estimated |RMgg| after
subtracting the H22 RMyw estimate is 9.5 &= 13.5 to 13.9 £+
13.7rad m 2, which is consistent with |[RMgg| ~ 0 rad m~2.
With our updated RMyw estimate, the |RMgg| is now
22.6 + 11.7t0 26.9 + 11.8 rad m 2 and is no longer consistent
with |RMgg| ~ 0 rad m~2. Prior to this work, FRB 20190213B
could have been reasonably interpreted as an FRB originating
in a clean, weakly magnetized environment, but we have
shown that it instead has [RMgg| that is similar to what one
might expect from some parts of an MW-like host galaxy disk
(S. Hackstein et al. 2019). The case of FRB 20190213B
exemplifies how high-density RM grids are essential for
understanding the magneto-ionic environments of low-
|[RMps| FRBs.

Theories of FRB origins often invoke young neutron stars
(e.g., L. Connor et al. 2016; M. Lyutikov et al. 2016;
B. D. Metzger et al. 2017, 2019), which are expected to be
enshrouded by complex circumburst environments, such as
supernova remnants or pulsar/magnetar wind nebulae. In this
regard, the population of FRBs with low local environment RM
contributions are of particular interest, as they may be located
in exceptionally low-density circumburst environments. It is
possible that this subset of FRBs is associated with an older
population of compact objects where the circumburst environ-
ment has expanded and dissipated, or where the objects were
imparted with a significant velocity kick at birth and have
moved away from their birthplace over time. Further, FRBs in
weakly magnetized environments are powerful probes of the
intergalactic magnetic field strength (T. Akahori et al. 2016;
V. Ravi et al. 2016) and can help to answer questions about the
origins and evolution of cosmic magnetism.

of repeaters compared to

5.2. Prospects with Upcoming Surveys

The blueprint for reconstructing small-scale Galactic RM
fluctuations around FRB positions outlined in this work can be
applied directly to any FRB with full Stokes data that falls
within the sky coverage of a high-source-density RM survey.
Above a decl. of —40°, VLASS is expected to provide a
catalog of radio galaxy RMs with an average grid density of
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about seven polarized sources per square degree (S. A. Mao
et al. 2014). While the density of the RM grids from VLASS
will not match the ones presented in this work, it will still probe
angular scales that are a factor of ~7 smaller than is currently
possible across the Northern sky. Prospects in the Southern
Hemisphere are even more promising, with POSSUM catalo-
ging polarized radio galaxies over 20,000 deg® below a decl. of
0°, with an RM grid density of ~30-40 sources per square
degree (B. Gaensler et al. 2025; S. Vanderwoude et al. 2024).
Especially for FRBs within the latter survey’s footprint, we will
be able to accurately isolate local environment RM contribu-
tions to FRBs and potentially identify a population of FRBs
from low-density and weakly magnetized environments that are
ideal cosmological probes of intergalactic magnetic fields.

6. Conclusions

We have conducted two observing campaigns with the VLA
to observe the polarization properties of background radio
galaxies around eight FRB sources at high Galactic latitudes.
We apply RM synthesis on each radio galaxy, deriving RMs
and quantifying Faraday complexity in each source that
exceeds a linearly polarized S/N of 8. From the linearly
polarized radio sources, we construct RM grids with densities
of 9-28 sources per square degree around each of the eight
target FRBs. We input these RM grids into a Bayesian
inference framework, following the steps described by
A. Khadir et al. (2024), to reconstruct continuous maps of
the Galactic RM in regions around each FRB sky position. We
compare our reconstructed Galactic RM to the current state-of-
the-art Galactic RM sky by S. Hutschenreuter et al. (2022).
Finally, we recalculate the RM contributed by the FRB host
galaxy and circumburst environment after subtracting our
newly computed Galactic RMs toward each FRB. The key
conclusions of this work are as follows:

1. In six of the eight fields, we find previously unresolved
Galactic RM amglitude variations on angular scales
smaller than 1 deg”. In five of these fields, we see sharp
Galactic RM fluctuations while in the remaining field we
derive a more granular picture of the smooth large-scale
RM gradient across the region. We also potentially
identify changes in the sign of the RM in two of these
fields. More importantly, all of our fields are at high
Galactic latitudes (|b| >25°) and we predict that even
larger Galactic RM amplitude variations over similar, or
smaller, scales are present in regions near the Galactic
plane.

2. Toward the FRBs themselves, we see differences of a few
radians per square meter up to ~40radm > in the
Galactic RM estimate between our results and those of
S. Hutschenreuter et al. (2022). The statistical uncertain-
ties on our Galactic RM estimates also provide a factor of
~2—6 improvement on those by S. Hutschenreuter et al.
(2022). After adjusting the Galactic RM estimate toward
FRB 20190213B, we find that its observer-frame host
galaxy RM is no longer consistent with 0rad m—2. We
suspect that the host galaxy/local environment RM for as
much as 30% of all FRB sources (namely those with low
observed RM amplitudes) may be incorrectly interpreted
by the currently available, low-density RM grids over
most of the sky. Since variations in the Galactic RM are
expected to be larger in magnitude, and to occur over
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smaller angular scales, near the Galactic plane, it is
possible that 30% is only a lower limit and an even higher
fraction of the polarized FRB population is impacted.

With upcoming radio surveys of polarized radio galaxies in
the northern (VLASS) and southern (POSSUM) skies, the type
of analysis presented in this work will be routinely possible for
hundreds to thousands of FRBs, and it will enable us to better
understand the progenitors of FRBs from clean magneto-ionic
environments and identify FRBs that can best probe inter-
galactic magnetic fields.
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Appendix
RM Catalog of Polarized Radio Sources

In Table 4, we tabulate the full RM catalog across all eight fields
studied in this work. For each linearly polarized radio source, we
provide the sky position in degrees, the RM,,s with the associated
measurement uncertainty 6(RMys), the Faraday complexity metric
my, and a flag to indicate whether the radio source is Faraday
simple (“Y”) or not (“N”). Note that for values of m, < 1072, we
report my = 0.00. The sky positions provided are of the brightest
pixel across a given source along which we apply the RM-
synthesis analysis and therefore do not necessarily correspond to
the physical center of the radio galaxy.

Table 4
RM Catalog of All Linearly Polarized Radio Sources Observed in This Work
Faraday
J2000 R.A. J2000 Decl. RMops O(RMps) my Simple?
(deg) (deg) (rad m™?) (rad m™2)
Field: FRB 20110523A
326.952 —0.491 29.9 7.3 0.00 Y
327.030 —0.815 51 12 0.00 Y
326.171 0.450 10.4 39 0.00 Y
326.263 0.535 13.7 4.2 0.00 Y
325.970 —0.142 9.3 5.5 0.00 Y
325.970 —0.466 —26.2 7.3 0.00 Y
325.665 —0.904 21 12 0.00 Y
Field: FRB 20160102A
339.285 —30.346 24.4 2.7 0.00 Y
339.286 —30.342 23.4 1.3 0.15 N
339.310 —30.088 39 13 0.00 Y
339.362 —30.190 18.7 53 0.00 Y
339.420 —29.849 —2.8 6.4 0.00 Y
339.525 —30.100 36.1 8.5 0.00 Y
339.589 —30.346 -39 14 0.00 Y
339.678 -30.114 415 3.0 0.00 Y
339.771 —29.707 23.0 4.7 0.00 Y
339.794 —30.616 11.9 34 0.00 Y
339.797 —30.619 23 12 0.00 Y
339.894 —30.072 40.6 83 0.00 Y
339.988 —30.378 18.58 0.86 0.00 Y
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Table 4
(Continued)
Faraday
J2000 R.A. J2000 Decl. RM,ps O(RMgps) my Simple?
(deg) (deg) (rad m™2) (rad m™?)

339.987 —30.380 34.5 1.7 0.00 Y
340.078 —30.365 40.7 6.7 0.00 Y

Field: FRB 20181030A
157.525 73.424 786 12 0.00 Y
157.640 73.978 —26 11 0.00 Y
157.969 73.426 —28 24 0.10 N
158.006 73.429 -21 23 0.10 N
158.073 74.063 —55 71 0.23 N
159.217 73.655 —13.5 8.7 0.00 Y
159.904 73.429 -30 59 0.24 N
160.243 73.919 1.9 8.4 0.00 Y

Field: FRB 20190117A
331.275 17.125 54 10 0.00 Y
331.312 17.181 5.6 8.9 0.00 Y
331.444 17.210 —-39.7 54 0.00 Y
331.447 17.210 -33 12 0.00 Y
331.713 17.172 —-37.4 6.3 0.00 Y
331.744 17.159 —33.8 2.6 0.00 Y
331.782 17.374 —514 4.1 0.00 Y
331.783 17.374 —54 52 0.22 N
331.849 17.596 —345 2.7 0.00 Y
331.958 17.208 —69.9 9.3 0.00 Y
332.051 17.564 —48.3 2.8 0.00 Y
332.055 17.564 -20 37 0.16 N
332.084 17.549 —34 13 0.00 Y
332.163 17.354 —39.8 2.6 0.00 Y
331.956 17.204 —78 12 0.00 Y
331.706 17.173 -59 13 0.00 Y

Field: FRB 20190213B
274.102 81.477 12.2 3.8 0.00 Y
274.580 81.422 —18.0 7.7 0.00 Y
275.879 81.806 442 1.1 0.09 Y
275.899 81.810 522 53 0.00 Y
275919 81.415 9.3 54 0.00 Y
275.956 81.414 229 2.5 0.00 Y
276.043 81.229 -2.5 8.0 0.00 Y
276.255 81.740 36 11 0.00 Y
276.412 81.306 -394 54 0.24 N
277.431 81.341 3 37 0.16 N
277.562 80.987 20.3 7.5 0.00 Y
271.576 80.998 0.5 73 0.00 Y

Field: FRB 20190608B
333.589 —8.053 3 10 0.00 Y
333.601 —8.083 —46.1 7.8 0.00 Y
333.644 —8.084 —36 31 0.13 N
333.869 —8.329 —13.27 0.71 0.00 Y
333.955 —7.960 0.7 8.0 0.00 Y
333.956 —7.961 -30.4 4.0 0.00 Y
334.038 —8.276 —24.3 29 0.00 Y
334.042 —8.278 —31 43 0.19 N
334.051 —7.875 -21 29 0.12 N
334.081 —8.252 —11.4 8.4 0.00 Y

Field: FRB 20191108A
22.908 31.793 —82 12 0.00 Y
23.011 31.947 —67 11 0.00 Y
23.011 31.948 —86 47 0.20 N
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Table 4
(Continued)
Faraday
J2000 R.A. J2000 Decl. RM,ps O(RMgps) my Simple?
(deg) (deg) (rad m™2) (rad m™?)
23.037 31.949 —64.1 7.8 0.00 Y
23.322 31.874 —41.7 6.0 0.00 Y
23.492 31.721 —33.2 3.1 0.00 Y
23.522 32.074 -96 12 0.00 Y
23.669 32.079 -31.7 8.6 0.00 Y
22.904 31.790 —49 12 0.00 Y
Field: FRB 20200120E
148.300 69.068 -55 33 0.14 N
148.550 68.982 —43.1 5.1 0.00 Y
148.888 69.065 -229 2.1 0.00 Y
149.091 68.766 —4.4 7.2 0.00 Y
149.095 68.767 —53.6 4.6 0.00 Y
149.426 68.742 2 68 0.24 N
149.450 69.175 -32 71 0.21 N
149.452 69.180 —13.3 1.5 0.05 Y
149.745 68.768 —143 5.2 0.00 Y
149.749 68.539 —19.8 1.6 0.00 Y
149.774 68.548 -31.0 1.7 0.00 Y
149.829 68.567 =75 5.9 0.00 Y
149.832 68.563 50 91 0.23 N
150.002 68.523 31.0 6.9 0.20 N
150.038 68.537 -8 50 0.22 N
150.072 68.652 —1308 14 0.00 Y
150.276 68.835 —8.7 2.0 0.07 Y
150.285 68.834 -5.0 1.2 0.08 Y
150.537 68.978 —628 38 0.19 N
150.537 68.977 -330 43 0.18 N
150.609 68.973 —53.5 3.0 0.00 Y
150.615 68.975 —4.0 1.5 0.00 Y

(This table is available in its entirety in machine-readable form in the online article.)
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