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Abstract

Polarized synchrotron emission at meter to centimeter wavelengths provides an effective tracer of the Galactic
magnetic field. Calculating Faraday depth, the most useful parameter for mapping the line-of-sight magnetic field,
requires observations covering wide frequency bands with many channels. As part of the Global Magneto-Ionic
Medium Survey (GMIMS), we have observed polarized emission spanning 350—1030 MHz over the northern sky,
in the declination range —20° < 6 <90°. We used the 15 m telescope at the Dominion Radio Astrophysical
Observatory (DRAOQO), equipped to receive orthogonal circular polarizations, with the Onsala Space Observatory
band 1 feed developed for the SKA Project. Angular resolution varies across the band from 1.3 to 3.6. A digital
spectrometer provided 42 kHz frequency resolution. Data were taken with the telescope moving rapidly in
azimuth and are absolutely calibrated in intensity. Approximately 25% of the data were lost due to radro-
frequency interference. The resolution in Faraday depth is ~6rad m 2, and features as wide as ~38 rad m ™~ are
represented. The median sensitivity of the Faraday depth cube is 11 mK. Approximately 55% of sight lines in this
survey show Faraday complexity. This dataset, called “DRAO GMIMS of the Northern Sky,” is the first to probe
Faraday depth of the northern sky in its frequency range and will support many scientific investigations. The data
will be used to calibrate surveys with higher angular resolution, particularly Galactic foreground maps from the
Canadian Hydrogen Intensity Mapping Experiment, and to provide information on large structures for aperture-
synthesis telescopes, particularly the DRAO Synthesis Telescope. The data are available through the Canadian
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Astronomy Data Centre.

Unified Astronomy Thesaurus concepts: Galaxy magnetic fields (604); Milky Way magnetic fields (1057);
Interstellar medium (847); Radio telescopes (1360); Single-dish antennas (1460); Polarimetry (1278); Sky

surveys (1464)

1. Introduction

Magnetic fields play a significant role in the physics of the
Galaxy, contributing to the formation of clouds and stars (e.g.,
C. Federrath & R. S. Klessen 2012; M. Tahani et al. 2022a,
2022b), and influencing Galactic evolution (E.-J. Kim et al.
1996). The magnetic field shares the energy of the interstellar
medium (ISM) in approximately equal parts (on sufficiently
large scales) with the energetic charged particles and the

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOL

motion of the gas (K. M. Ferriere 2001). The interplay between
magnetic fields, cosmic rays, gas, dust, and stars is responsible
for the structures appearing in the ISM on a wide range of
spatial scales. Mapping the magnetic field across the sky, and
along the line of sight (LOS), will provide fundamental
information on the Galaxy and its future development. This 3D
mapping is challenging, but important, and high quality,
all-sky data are necessary for constraining global, large-scale
models (e.g., M. Unger & G. R. Farrar 2024). Recent studies
have shown that mapping 3D magnetic field vectors of
Galactic objects such as molecular clouds reveals their
formation and evolution history (e.g., M. Tahani et al.
2022a, 2022b).
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One of the best means of studying the LOS component of
the Galactic magnetic field (GMF) is to map the Faraday
rotation of polarized synchrotron emission observed with radio
telescopes. The frequency dependence of the polarization
angle rotation encodes information about the magnetic field
and electron density in the volume through which the emission
passes. This is quantified by the Faraday depth, ¢, defined as

_¢ 0.81 f ¢ Lﬂﬂ (1)
rad m 2 r=0 cm > uG pe

where 7, is the electron number density, and B|| is the LOS
component of the magnetic field, which is positive when
directed toward the observer. We follow the convention in
Equation (17) of K. Ferriere et al. (2021), with the integral
calculated along the LOS path length increments, dr, from the
observer located at » = 0 to the polarized emission source
located at a distance r = d.

In the simplest case of an emission source located at a
discrete distance experiencing Faraday rotation through a
magnetized, ionized medium between the source and observer,
the LOS is characterized by a single Faraday depth, known as a
rotation measure (RM), which can be calculated from a linear
relationship between the measured polarization angle and the
square of the wavelength, A. However, in the case of the
diffuse polarized synchrotron emission in the interstellar
medium (ISM), emission and Faraday rotation can be mixed,
with sources located over a range of different distances, d, all
undergoing the Faraday rotation caused by varying path
lengths through the intervening medium. The resulting effects
on the observed, complex polarization can, in part, be
disentangled by applying “Faraday synthesis” (also known as
“RM synthesis”; B. J. Burn 1966; M. A. Brentjens & A. G. de
Bruyn 2005), which recovers a spectrum of Faraday depths
describing the LOS instead of a single value. The complex
Faraday depth spectrum, P(¢), can be calculated as

Bo) = f Z W OR)BOR) e 2040, )

where P(X?) is the measured complex polarization across the
available observing frequencies (wavelengths), and W()\z) isa
weighting function representing the finite A> coverage. The
range of scales in Faraday depth space that can be recovered
using this method depends on the observing bandwidth and the
width and sampling of the frequency channels. Broad
frequency coverage (octave bandwidth) and narrow channel
widths (~1 MHz or less at frequencies below 2 GHz) are best
suited to maximizing the information that can be gained from
measuring Faraday rotation.

Faraday rotation is a tracer of both the magnetic field and
the ionized gas density. Recent studies have shown that
Faraday rotation is sensitive to relatively low electron
densities, meaning that it is able to probe not only the warm
ionized medium but also the warm partially ionized medium
(C. Heiles & M. Haverkorn 2012) and even the low ionization
of the warm neutral medium (T. Foster et al. 2013; C. L. Van
Eck et al. 2017; A. Bracco et al. 2022), particularly at low
frequencies (<1 GHz).

The Global Magneto-lonic Medium Survey (GMIMS) is
paving the way for full-sky, broadband, single-antenna
polarization maps that are ideal for the application of the
Faraday synthesis technique, enabling the study of complex
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effects of mixed synchrotron emission and Faraday rotation in
the ISM. The GMIMS initiative is loosely comprised of six
component surveys, divided into three bands in each of the
northern and southern hemispheres. Three of these surveys have
been published: (i) GMIMS-Low-Band-South (GMIMS-LBS),
covering 300480 MHz (M. Wolleben et al. 2019), (i) the
Southern Twenty Centimeter All-sky Polarization Survey
(STAPS), contributing GMIMS-High-Band-South and covering
1324-1770 MHz (X. Sun et al. 2025), both using Murriyang,
CSIRO’s Parkes 64 m radio telescope, and (iii)) GMIMS-
High-Band-North (GMIMS-HBN), covering 1280-1750 MHz
(M. Wolleben et al. 2021) using the Dominion Radio
Astrophysical Observatory (DRAO) 26m John A. Galt
telescope. Of the remaining planned surveys, observations are
close to completion for the POSSUM EMU GMIMS All-Stokes
UWL Survey'* (PEGASUS; E. Carretti et al. 2026, in
preparation), covering 704-1440MHz and contributing
GMIMS-Mid-Band-South, using the Murriyang telescope at
Parkes.

Interferometric data from several other instruments and
surveys are complementary to the GMIMS single-antenna
datasets. A polarization study using data from the Canadian
Hydrogen Intensity Mapping Experiment (CHIME; CHIME
Collaboration et al. 2022) has been published (N. Mohammed
et al. 2024), demonstrating great promise for incorporating
CHIME maps into GMIMS as a high-resolution component in
the northern hemisphere, covering 400-800 MHz. Separately,
the LOFAR Two-meter Sky Survey (LoTSS-DR2) has
demonstrated a low-frequency (120-167 MHz), interfero-
metric approach to diffuse emission Faraday synthesis maps
over a significant portion of the northern sky (A. Erceg et al.
2022, 2024). The Polarisation Sky Survey of the Universe’s
Magnetism (POSSUM) is also producing high-resolution
diffuse emission polarization maps (B. M. Gaensler et al.
2025), for which PEGASUS will ultimately provide the short
baselines.

Here, we present the DRAO GMIMS of the Northern Sky
(DRAGONS) survey, covering 350-1030 MHz, which con-
tributes GMIMS-Low-Band-North. The frequency range
corresponds to a A range of 0.085-0.73 m?, the widest \>
coverage of all GMIMS surveys, allowing for unprecedented
sensitivity to Faraday complexity. The overlap in sky
coverage (—20°<6<20° and frequency (350-480MHz)
with GMIMS-LBS allows for a useful comparison and data
validation between the two low-frequency GMIMS surveys.
The complete sky-coverage overlap with CHIME data, and
400-800 MHz frequency overlap, along with complementary
sensitivity to different ranges of angular scales, will allow
DRAGONS to be used to calibrate CHIME polarization maps
and provide information on missing short baselines.

This paper is organized as follows. In Section 2, we describe
the DRAO 15 m telescope, its signal chain, and the science
commissioning steps. In Section 3, we outline the observing
strategy and describe the data collected for the survey and
calibration. In Section 4, we describe the data processing
pipeline and mapmaking steps. In Section 5, we present Stokes
I, O, and U maps, and a data quality assessment with
comparisons to previously published datasets. In Section 6, we
describe the Faraday synthesis procedures and present the

14 polarisation Sky Survey of the Universe’s Magnetism (POSSUM)
Evolutionary Map of the Universe (EMU) GMIMS All-Stokes Ultra
Wideband Low (UWL) Survey.
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Figure 1. The DRAO-15 telescope, a 15 x 18 m offset Gregorian reflector

(top) and the Onsala Space Observatory quad-ridged, flared horn feed
(bottom).

resulting Faraday depth cubes. In Section 7, we discuss some
preliminary science results, with comparisons to other GMIMS
data products. We conclude in Section 8 with a summary of
DRAGONS science papers currently underway, and a look
toward future work with the broadband capabilities of this
survey.

2. Telescope and Receiver

The telescope we use was originally proposed as an SKA
Project design. Although not selected for the SKA, the
prototype instrument, installed at the southwest corner of the
DRAO site, has proven to be useful as a single-antenna
telescope with its rapid survey capability. We describe the
components comprising the telescope below, including
the unique reflector configuration, the feed and receiver, and
the signal chain. We also describe the characterization of the
telescope completed during the science commissioning phase
preceding this survey.

2.1. The 15 m Telescope

We conducted survey observations with the 15 x 18m
offset Gregorian reflector at the DRAO, pictured in Figure 1.
The telescope was designed to obtain an unblocked aperture of
15 m diameter (G. E. Lacy et al. 2012; L. B. G. Knee et al.
2016). We refer to it as the DRAO-15. Both reflecting surfaces
are built from carbon fiber, with a surface rms ~250 ym. We
equipped the telescope to receive left- and right-hand circular
polarization (denoted here by L and R, respectively). Offset
reflectors have poor polarization performance, with a position

Ordog et al.

3.51

N N w
=) n =)

HPBW (degrees)

=
8}

400 500 600 700 800 900 1000

Frequency (MHz)
Figure 2. The measured HPBW of the telescope as a function of frequency,
determined from the FWHM of Gaussians fitted to raster scans of compact
sources (see Section 3.2.2). Gaps in the measured beamwidth data are channels
with too much RFI for a successful Gaussian fit. A boxcar median smoothing
kernel of width 49 channels (~4 MHz) was applied to the measured FWHM
values.

offset between L and R beams (T.-S. Chu & R. Turrin 1973),
but the problem is overcome in this telescope by L. Baker &
W. A. Imbriale (2014) and L. Baker (2020) through shaping of
the reflector surfaces following the technique described by
Y. Mizugutch et al. (1976, hereafter “Mizigutch technique”).
Further shaping of the reflector surfaces is used to enhance
aperture efficiency.

The reflector was fed with a quad-ridged, flared horn
(J. Flygare et al. 2018) with an integrated calibration noise
coupler (J. Flygare et al. 2017), the prototype feed developed
by Chalmers University’s Onsala Space Observatory (OSO)
for the SKA-mid band 1. The feed accepts two orthogonal
linearly polarized signals. To measure the linearly polarized
Galactic emission, circular polarization is preferred over linear
because Stokes parameters Q and U can then both be derived
using correlation techniques, as described in D. McConnell
et al. (2006) and T. Robishaw & C. Heiles (2021). This method
is critically important for single-antenna systems, as it avoids
the inherent instability of deriving Stokes @ from the
difference of two large, noisy total-power signals. By
converting to a circular basis, both Stokes Q and U are instead
derived from the more stable cross correlation product, which
is largely immune to uncorrelated receiver noise and gain
fluctuations. To achieve this, the linearly polarized outputs
from the feed were connected to a transmission-line hybrid
coupler'® before amplification so that the telescope outputs
became L and R. Losses in transmission lines, in connectors,
and in the hybrid amount to ~12 K at 350 MHz and ~35K at
1030 MHz.

Figure 2 shows the measured half-power beamwidth
(HPBW) across the band. The HPBW varies from 3.6 at
350 MHz to 1.3 at 1030 MHz (all frequency channel maps are
convolved to a common 3.6 resolution prior to Faraday
synthesis; Section 6.1). Figure 3 shows the positions of Cyg A
derived from raster scans (described in Section 3.2.2),
averaged over seven scans. The top two panels show the
difference between the expected and measured positions.

15 R&D Microwaves model HD-AO1.
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Figure 3. Frequency dependence of pointing measurements using the average
of seven Cyg A raster scans. (a) R.A. offset, (b) decl. offset, (c) difference in
R.A. measured in LL* and RR", and (d) difference in decl. measured in LL*
and RR". The consistently positive offsets in (a) and (b) are the residual,
systematic errors in the pointing accuracy following the correction described
in Section 2.5. The “persistent RFI” mask described in Section 4.1 was applied
to these data to eliminate most RFI channels. Remaining outliers are due to
poor-quality fits to the raster scans in channels contaminated by intermit-
tent RFI.

There is some variation of beam position with frequency, but
the offsets are typically less than 5% of the beamwidth. The
bottom two panels of Figure 3 show the offset between the
RR" and LL" beams. These measurements show the extent to
which the offset reflector, corrected by the Mizigutch
technique, provides coincident beams in the two hands of
circular polarization. This small offset has a negligible effect
on our data.

2.2. The 350-1030 MHz Receiver

In the frequency band of this survey, commercially
available devices were able to provide adequate receiver
sensitivity and bandwidth. Low-noise amplifiers were
followed by conventional amplification and band-equalizing
stages placed on the feed platform. The receiver passband
was defined by the cutoff frequency of the feed at ~350 MHz,
and by a low-pass filter, with 3 dB frequency ~1030 MHz,
placed at the end of the feed-platform amplifier chain. The
amplified outputs were transported to the control building by
a radio frequency (RF)-over-fiber (RFoF) device. Signals
were further amplified to —20 dBm, the specified input level
to the analog-to-digital converters. The calibration signal was
provided by a solid-state noise source heated to a constant
temperature near 30°C.'°

16 Outside nighttime temperatures did not exceed 30°C during the survey, and
it is simpler to only heat the noise source rather than also implementing
cooling in warmer weather.
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2.3. The Digital Spectrometer

Since the key data product from this survey is a Faraday depth
cube, the requirements for the spectral channelization are
primarily driven by bandwidth depolarization effects
(W. Raja 2014; D. H. F. M. Schnitzeler & K. J. Lee 2015;
L. Pratley & M. Johnston-Hollitt 2020), which could, in principle,
be met by a spectrometer that analyzes incoming signals to a
frequency resolution of ~1 MHz (see Section 6.2 for details).
Faraday synthesis on such data produces a reliable Faraday depth
cube (and we ultimately bin the channels to 1 MHz in the
mapmaking stage). Also, digitization to four bits would
satisfactorily limit any additional noise from the quantization
process. However, in the real world, our observing frequencies
carry heavy communications traffic, and we need much finer
digitization in order to have the dynamic range to detect the
astronomical signal in the presence of the much stronger radio-
frequency interference (RFI) signals. Channels and samples
spoiled by RFI must be excised from the data, and to minimize
data loss, it is useful to have a sampling that is much finer than
required by the demands of Faraday synthesis. Fortunately,
modern digital electronics permits the design of spectrometers
with many bits and many narrow frequency channels.

The digital spectrometer (D. Lagoy et al. 2022) analyzes the
receiver output signals in five steps:

1. it digitizes time-domain signals into 10 bit samples at a
rate of Fy = 2.2 gigasamples per second;

2. it produces a coarse spectrum, with the channel width
F,/16 = 137.5MHz, of each input in a polyphase
filterbank (PFB) implemented with a field programmable
gate array, and attaches a time stamp to each data sample
(global positioning system, hereafter GPS, -based time);

3. it computes a fine spectrum of each of the 137.5 MHz
wide channels in a second PFB, producing 3300 channels
with an individual resolution of 41.67 kHz;

4. it produces the correlated data products from the left- and
right-circular channels;

5. it integrates the correlated data into 0.6 s samples.

Steps 1 and 2 are executed on an ICEboard (K. Bandura et al.
2016). Steps 3 to 5 are implemented on a GPU. The ICEboard
and GPU are connected via two 40 Gbit s~ network interfaces.
The data rate after fine channelization is 25 terabytes per day.
During the integration of 0.6 s, the raw data are discarded, and
the integrated data are sent via a single 40 Gbit s~ interface to
a storage cluster. The cluster provides low-cost redundancy
and efficient time-series data management. The stored data are
processed by the backend pipeline into a Hierarchical Data
Format—based file format (G. Hobbs et al. 2020).

Two of the 137.5 MHz wide bands lie below the cutoff
frequency of the feed and therefore do not contain useful data.
The number of spectrometer channels used is about 16,300.
The interchannel isolation (between 41.6 kHz channels) is
70dB, and the passband ripple is 0.1 dB. Aliasing at the
1030 MHz roll-off of the low-pass filter is ~40 dB. The four
correlated outputs produced by the spectrometer are the total
power from the left- and right-circular channels, RR* and LL",
and the linear polarization products, RL* and LR™.

2.4. Telescope Control System

Survey observations were made as azimuth scans at two
fixed elevations (Section 3.1). With its azimuth-elevation
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configuration, the DRAO-15 telescope has the capability to
scan quickly in azimuth (up to 180 deg minute ') at a fixed
elevation. The azimuth axis uses two drives to prevent
backlash.'” The elevation drive has a maximum speed of
60 deg minute ', allowing the telescope to change between the
two survey elevations (49° and 20°; Section 3.1) in less than
4 minutes (slow-down and settling time included), permitting
efficient scheduling of scans at the two elevations used for the
survey within an observing night.

The low-level control software was written in , while
the observing schedule for the survey (including azimuth scans
and calibration scans) consisted of a set of scripts.
For the cross scans for the pointing model (Section 2.5) and
the raster scans of bright calibrators (Section 3.2.2),
scripts provided the telescope with a series of pointings in R.A.
and decl., updated every 0.5 s, tracing out the pattern of the
scan by commanding the telescope to “chase” the changing
target pointing.

2.5. Pointing Model

Commissioning the DRAO-15 included an assessment and
correction of the pointing accuracy. We used the pointing
model software package " (P. T. Wallace 1994) to
compare position measurements of bright radio sources to their
expected sky positions and to calculate model parameters to
feed into the telescope control system. We observed eight
radio sources, with a minimum flux density of 60 Jy at 1 GHz,
approximately regularly spaced in decl. from —12° to 59° for
this stage. Each source was scheduled for observation several
times over the course of a few days in order to maximize hour-
angle coverage. A total of 110 observations provided sufficient
coverage in azimuth and elevation (the native coordinates of
the telescope) for to produce a suitable model.

Each observation consisted of a “cross scan”: one 8° long
scan in R.A. and one 8° long scan in decl. across the expected
source position. Peak positions of 1D Gaussian functions fitted
to each scan in the LL" correlation product at frequencies
above 900 MHz determined the measured positions. The six
model parameters fitted to the data with were
azimuth offset, elevation offset, nonperpendicularity between
the azimuth and elevation axes, elevation-dependent azimuth
shift, azimuth-axis east-west misalignment, and azimuth-axis
north—south misalignment. After applying the corrections, we
reobserved a smaller subset of sources in order to assess the
new pointing accuracy. The combined corrections produced a
substantial improvement, reducing the systematic offsets
between the expected and observed source positions by
~80% in both elevation and azimuth, and reducing the rms
errors by 6% in elevation and by 50% in azimuth. The overall
residual uncertainty in pointing is ~5% of the beamwidth,
making this a sufficiently accurate correction for mapping
large-scale structures.

We applied the pointing model at the beginning of the
survey, and no further corrections were made throughout.
However, the daily calibration raster scans using the four
brightest sources (CygA, CasA, TauA, and VirA;
Section 3.2.2) provided continuous checks on the pointing
accuracy. We show the R.A. and decl. offsets in Figure 3 as a

17 Discrepancy in the motion due to the clearance between the gear teeth.

'8 Available from Software Bisque: hitps://www.bisque.com/product/
tpoint/.
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Figure 4. R.A. (top) and decl. (bottom) offsets between the expected and
observed pointing positions as a function of azimuth. These measurements are
derived from Gaussian fits to the calibration raster scans of Cyg A, Cas A,
Tau A, and Vir A (Section 3.2.2) produced over the course of the survey.

function of frequency based on an averaged set of Cyg A raster
scans, and in Figure 4 at 820 MHz as a function of telescope
azimuth from the full set of raster scans. While there is a slight
residual pointing accuracy dependence on both frequency and
azimuth, the pointing accuracy remains within 5% of the
beamwidth over the course of the survey, indicating sufficient
pointing stability.

2.6. System and Noise-source Temperature

Separate from the calibration measurements and procedures
that we ultimately applied to the survey data (described in
Section 3.2), we measured the noise temperature of the
receiver and the noise equivalent of the injected calibration
signal prior to installing the receiver on the telescope. This was
accomplished using the DRAO Hot-Cold Test Facility (HCTF;
G. J. Hovey et al. 2018). The HCTF is a large metal funnel,
with its wide mouth open at the top. The floor of the funnel is a
flat metal plate, 1 m square, and the top opening is 3 m square,
3 m above the floor. The feed and receiver were placed in it,
pointing upwards. Noise measurements were put on an
absolute scale by exposing the feed and receiver to two
terminations at known temperatures. A hot termination
consists of a sliding roof lined with microwave absorber, and
a cold termination was provided by sliding the roof open,
exposing the feed and receiver to the sky. We measured the
physical temperature of the hot absorber directly, and derived
the brightness temperature of the sky from the sky
model (D. C. Price 2016; H. Zheng et al. 2017). Measurements
were made with laboratory spectrum analyzers with a
frequency resolution of 3 MHz.

The receiver temperature and calibration noise-source
temperature are shown in Figure 5. The receiver temperature
varies smoothly between ~80 K at the high and low ends of
the band and ~55 K at 600 MHz. The calibration noise-source
temperature fluctuates between ~15 and ~80 K. The large-
scale, sinusoidal fluctuations in the noise-source temperature
are likely caused by reflections between the noise-source
coupler (Section 3.2.1) and the metal plate to which it was
mounted. We estimate the accuracy of these measurements as
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Figure 17. Histograms showing the differences in Stokes Q (left) and Stokes U (right) between east and west high-elevation scans at their intersection points before
(gray lines) and after (black lines) correcting for ground emission. The distributions generally become narrower and better centered on zero after correcting for the
ground, showing the improved agreement between the east and west maps as a result of this step.

Since the east and west maps are observed in different
ranges of azimuth, the ground contributions in the two maps
are not the same. Therefore, the east and west maps are not
identical prior to ground correction, even though they contain
the same sky signal. If our ground correction technique is
effective, the difference between east and west maps after
correction will be smaller than the difference before correc-
tion. Application of this test demonstrated that the differences
were indeed reduced, but they were not reduced to zero,
indicating that some ground emission remained in the maps.
This proved to be a problem at later stages of processing (see
Section 4.6). At selected frequencies, shown in Figure 17, we
compared the distributions of the differences between the east
and west values, with and without the ground correction
applied, for each of Stokes Q and U. The east—west difference
distribution typically became 30% to 50% narrower with the
ground correction applied, indicating substantially improved
agreement between the east and west maps. However, at
frequencies below ~500 MHz, the uncertainties in the ground
calculations still produce significant residual differences
between the east and west maps. We incorporate these
differences into error estimates for the maps as described in
Section 5.3.

4.5. lonospheric Faraday Rotation

Faraday rotation in the Earth’s ionosphere is indistinguish-
able from Faraday rotation of astronomical origin in the survey
observations alone. The nighttime ionosphere at solar mini-
mum has RM between 0.5 and 2 rad mfz, and this translates to
a rotation of polarization angle from 21° to 84° at our lowest
frequency, 350 MHz. Even at solar minimum, it would have
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been essential to correct our survey data for the effects of the
ionosphere; since our observations were made on the rising
slope of solar cycle 25, it was even more important to make
this correction. An ionospheric correction step is not included
in the S-PASS software, as it was written for 2.3 GHz, where
ionospheric Faraday rotation is negligible.

Ionospheric modeling is based on the technique developed
by W. C. Erickson et al. (2001), using data from GPS
receivers. The time delay between two standard GPS
frequencies, 1575.42 and 1227.60 MHz, measures the total
electron content (TEC) along the LOS from the GPS satellite,
through the ionosphere, to the receiver. This technique is the
foundation of the widely used routines (C. Sotomayor-
Beltran et al. 2013), (M. Mevius 2018), and its
more recent up%rade, ** We used the software
package ! "# *° whose operating principle is similar, with
two key differences. First, other ionospheric modeling routines
make use of vertical TEC calculations from the Center for
Orbit Determination in Europe, which use 240 GPS sites and
provide data files of TEC values at a 1 hr cadence. By contrast,
I "# calculates its own TEC values using additional
secondary GPS stations within a selected distance of the
observatory, and can do so on a cadence as fast as 30s.
Second, most other routines operate by “placing” the electron
content at a single fixed height above Earth’s surface for
calculating the resulting RM. ! "# instead distributes the

2 hitps: //git.astron.nl/RD/spinifex

I "# (Advanced Long Baseline User Software) was originally developed
by J.M. Anderson to model ionospheric delay as it affects long baseline
interferometry. The software is available from https://github.com/twillis449/
ALBUS_ionosphere.


https://git.astron.nl/RD/spinifex
https://github.com/twillis449/ALBUS_ionosphere
https://github.com/twillis449/ALBUS_ionosphere
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Figure 18. Ionospheric Faraday rotation RM values as a function of azimuth
and time, calculated using ! "# , for the ep;gn scans on 2022 June 7. The
colored points show the RM values at 5 minute cadence with 10° sampling in
azimuth. The purple lines indicate the scans made on this night of the survey,
along which the RM values are interpolated to then be applied to the scan
polarization data.

electrons into multiple, concentric spherical shells, such that
the variations in magnetic field strength and electron density
along the LOS are more accurately accounted for.

Each GPS receiver sees from four to eight satellites (the
number above the horizon) at any instant, allowing | "# to
probe that number of sight lines through the ionosphere.

I "# fits to the many individual TEC values along different
sight lines, deriving a 2D map of ionospheric TEC. This is
possible on a 30 s cadence, but we use a 5 minute cadence in
all our calculations as there is very little variation over shorter
timescales.

The terrestrial magnetic field is 3D, so field intensity and
direction vary with height along any LOS. To calculate RM, it
is therefore necessary to know how the ionospheric electrons
are distributed along the LOS. For this, ! "# wuses the
parameterized ionospheric model (PIM; R. E. J. Daniell et al.
1995) with three shells (height bins) for the electron
distribution, which are equidistant in integrated electron
density.

I "# uses the International Geomagnetic Reference Field
(IGRF) for the geomagnetic field model (E. Thébault et al.
2015). The lines of the terrestrial magnetic field slope steeply
downwards at the location of the DRAO in Canada, yielding a
strong influence of the magnetic field on ionospheric Faraday
rotation. ! "# calculates the ionospheric Faraday rotation by
integrating the LOS component of the IGRF magnetic field
model weighted by the GPS-derived PIM electron density
profile along the LOS path from infinity to the location of the
observer for any given telescope pointing.

We used a radius of 350km around the DRAO 15m
telescope to query available GPS ground station data, yielding
8-10 stations for each night of the survey. We implemented a
runner script for the ! "# software, using the GPS data at a
5 minute cadence for every night of the survey and calculating
ionospheric RMs from the resulting TEC maps for pointings
spaced by 10° in 0° <a <360° at each of the two survey
elevations (epign and ejoy). This resulted in a grid of

15

Ordog et al.

Figure 19. The ionospheric Faraday rotation RM values for all east and west
scans in the survey in equatorial coordinates for the two elevations: epi,p, ((),
(b)) and e}y ((c), (d)). These are the same scans as shown in Figure 8. The
ionosphere generally produced more Faraday rotation in the summer (P1 and
P2) survey phases than in the winter phase (P3).

ionospheric RM values in time and azimuth for each night
of the survey; we show one example in Figure 18. We then
interpolated these values onto the tracks in time and azimuth
traced by the survey scans, thereby producing an ionospheric
RM value for each of the 0.6 s integrations and corresponding
telescope pointings. The ionospheric RM values for all survey
scans are shown in Figure 19.

For each frequency channel, we calculated an ionospheric

rotation angle (6;,,,) as
eiono = )\ZRM ionos» (8)

that could then be used to derotate the ionospheric effect from
the observed complex polarization, Pys =0+ iU. We
applied this rotation along with the parallactic angle (0,4
correction as

ﬁcorr = ﬁobsezi(ﬁpar_eio"[’)’ (9)
to produce fully calibrated scans with polarization angles
referenced to equatorial coordinates.

As shown in Figure 19, despite being on the rising slope of
the solar cycle, a significant fraction of the survey was
observed with relatively low ionospheric RM. This is because
the ionospheric Faraday rotation drops rapidly after sunset. For
sets of scans conducted during the winter phase (P3; with more
than 15 hr of observing possible on many nights), only the
scans scheduled close to sunset and sunrise had ionospheric
RM values of up to 3 rad m 2, while the majority of scans only
suffered ~0.5radm 2 of ionospheric rotation. The highest
ionospheric RMs that form spatially coherent patches in the
maps occurred during the early summer phase, P1 (compare
with Figure 8). In the low-elevation scans, these patches
coincide with the central regions of the Galaxy, where
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Faraday Depth MO Map
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Figure 32. Map of zeroth moments (MO) of the cleaned Faraday depth spectra in Galactic coordinates with a Mollweide projection. The four brightest radio sources
are masked, as the regions within two beamwidths of these are contaminated by artifacts. We do not mask the Galactic plane in the maps displayed here, but for
Galactic longitudes ¢ < 90°, the region within a £7° latitude range from the midplane is also unreliable. The small patches of missing data near £ = 30°, b = —15°
are masked for insufficient signal to noise.

Faraday Depth M1 Map
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Figure 33. Map of first moments (M1) of the cleaned Faraday depth spectra. Projection and masking as in Figure 32.

ratios close to unity, indicating successful calibration of both such a combined map in Figure 37, where we have averaged the
surveys. maps in the overlapping decl. range. This highlights the potential

The strong agreement between GMIMS-LBS and DRAGONS of the full GMIMS initiative in allowing for polarization and
allows for the maps to be combined into a single, full-sky image Faraday depth mapping of large-scale patterns simultaneously
across the overlapping frequency range. We show examples of covering both northern and southern Galactic hemispheres.
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Faraday Depth m2 Map
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Figure 34. Map of the square root of the second moments of the cleaned Faraday depth spectra (m2). Projection and masking as in Figure 32.

Figure 35. Number of Faraday depth peaks in the cleaned cube above a polarized intensity threshold of 8. 55% of the sky has more than one Faraday depth peak.
Note that yellow indicates five Faraday depth peaks or more. Masking as in Figure 32.

Examples of existing and forthcoming studies that take advantage
of this are (i) a follow-up to the analysis of the asymmetry
between the northern and southern Galactic latitudes explored in
J. M. Dickey et al. (2022) using GMIMS-HBN and STAPS
(C. van Bergen et al. 2026, in preparation) and (ii) an analysis of
the large-scale magnetic field reversal using STAPS and the
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higher frequencies (>500MHz) of DRAGONS (R. A. Booth
et al. 2026). Other future work will be able to benefit from the
high Faraday depth resolution provided by GMIMS-LBS and the
lower frequencies of DRAGONS to investigate Faraday com-
plexity in the more nearby Galactic volume by using only the
lower end of the DRAGONS band (<500 MHz).





