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Abstract

A direct consequence of Faraday rotation is that the polarized radio sky does not resemble the total intensity sky at
long wavelengths. We analyze G137+7, which is undetectable in total intensity but appears as a depolarization
feature. We use the first polarization maps from the Canadian Hydrogen Intensity Mapping Experiment. Our
400-729 MHz bandwidth and angular resolution, 17’-30’, allow us to use Faraday synthesis to analyze the
polarization structure. In polarized intensity and polarization angle maps, we find a fail extending 10° from the
head and designate the combined object, the tadpole. Similar polarization angles, distinct from the background,
indicate that the head and tail are physically associated. The head appears as a depolarized ring in single channels,
but wideband observations show that it is a Faraday rotation feature. Our investigations of HI and Ha find no
connections to the tadpole. The tail suggests motion of either the gas or an ionizing star through the interstellar
medium; the B2(e) star HD 20336 is a candidate. While the head features a coherent, ~ —8 rad m~ > Faraday depth,
Faraday synthesis also identifies multiple components in both the head and tail. We verify the locations of the
components in the spectra using QU fitting. Our results show that approximately octave-bandwidth Faraday
rotation observations at ~600 MHz are sensitive to low-density ionized or partially ionized gas, which is
undetectable in other tracers.

Unified Astronomy Thesaurus concepts: Interstellar medium (847); Interstellar magnetic fields (845); Stellar-
interstellar interactions (1576); Radio astronomy (1338); Interstellar dust (836); Interstellar clouds (834); Warm
ionized medium (1788); Polarimetry (1278); Proper motions (1295); Radio interferometry (1346)

1. Introduction

Investigations of the Galactic interstellar medium (ISM) have
revealed the pervasive presence of magnetic fields and ionized

Original content from this work may be used under the terms . . - ..
of the Creative Commons Attribution 4.0 licence. Any further gas (Ferricre 2001)' Observations of radio polarlzation can prObe

distribution of this work must maintain attribution to the author(s) and the title various ‘Scales and phases of the ISM’. revealing crucial
of the work, journal citation and DOI. information about the interplay of magnetic fields with other
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energy sources. Deriving the three-dimensional configuration of
the magnetic field from polarization data can be challenging;
nevertheless, recent observations have enabled progress toward a
much clearer picture of the evolution of the ISM and the
formation of clouds and stars (e.g., Tahani et al. 2022a, 2022b).

At wavelengths of ~1-100cm, polarized radiation largely
arises from synchrotron emission generated by cosmic-ray
electrons as they spiral around magnetic fields. Polarized
radiation beyond the Earth’s atmosphere was first detected by
Westerhout et al. (1962) and Wielebinski et al. (1962) and then
extensively mapped by Brouw & Spoelstra (1976). Recent
surveys of this polarized radiation have Nyquist-sampled wide
areas of the sky in different frequency ranges (Wolleben et al.
2019, 2021; Carretti et al. 2019).

Linearly polarized electromagnetic waves undergo Faraday
rotation as they propagate through a magneto-ionic medium.
The resulting change in polarization angle informs us of
electron density and magnetic field strength and direction.
Exploiting this effect, polarized emission from extragalactic
sources propagating through the Galaxy has been used to
measure the two-dimensional distribution of magnetic fields in
the Milky Way and nearby galaxies averaged along the line of
sight (Brown et al. 2003; Taylor et al. 2009; Mao et al. 2012a;
Ordog et al. 2017; Tahani et al. 2018; Van Eck et al. 2021;
Hutschenreuter et al. 2022; Thomson et al. 2023). The Faraday
rotation of the emission of the Galaxy itself is an especially
powerful probe of the diffuse ISM because the emitting cosmic
rays and the Faraday-rotating thermal gas are mixed, where
these emission regions illuminate different Faraday-rotating
regions along the line of sight (e.g., Gaensler et al. 2001; Mao
et al. 2012b; Van Eck et al. 2017).

Faraday rotation probes the convolution of ionized gas
density and the line-of-sight magnetic field; therefore, it is
sensitive to two distinct components of the ISM. The majority
of the ionized gas in the Milky Way ISM is found in the warm
ionized medium (WIM), traced by Ha emission with an
ionization fraction 290% based on observations of the [O1]
A6300 line (Hausen et al. 2002). However, particularly at low
frequencies <1 GHz, Faraday rotation is sensitive to very small
columns of free electrons and might trace a warm partially
ionized medium (Heiles & Haverkorn 2012) or the low (few
percent; Wolfire et al. 2003; Jenkins 2013) ionization in the
warm neutral medium (Foster et al. 2013; Van Eck et al. 2017;
Bracco et al. 2022). In fact, low-frequency Faraday rotation
observations may not be sensitive to the traditional WIM
(Haffner et al. 2009) at all because the electron density there is
high enough to cause depolarization (DP), even with weak
magnetic fields (Van Eck et al. 2017).

Burn (1966) established the formalism for extracting three-
dimensional information on the diffuse magneto-ionized ISM
with mixed synchrotron emission and Faraday rotation.
However, the technique requires data over a wide range of
wavelength squared (\%), which became feasible only recently
with the advent of radio telescopes equipped with wideband
receivers and modern digital signal processors (Brentjens & de
Bruyn 2005; Heald 2009). Useful A\” coverage typically implies
low frequencies and wide bandwidths (ideally octave or more).
The use of Faraday synthesis,”* a form of Faraday tomography

2 We mostly adopt the terminology described in Table 1 of Sun et al. (2015):
“Faraday depth,” “Faraday spectrum,” “Faraday synthesis” (Brentjens & de
Bruyn 2005), “RMSF,” “Faraday clean” (Heald 2009), and “3D Faraday
synthesis” (Bell & EnBlin 2012).
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(Takahashi 2023), enables studies of the large-scale structure of
the magnetic field (Dickey et al. 2019, 2022; Erceg et al. 2022),
and also of individual objects and small regions (e.g.,
Schnitzeler et al. 2007; Van Eck et al. 2017, 2019; Thomson
et al. 2019, 2021). Direct modeling of the spectra of Stokes
parameters Q and U (QU fitting) has proven able to detect
multiple Faraday depth components in Faraday complex
spectra more reliably than Faraday synthesis, but with the
drawbacks of needing considerably longer computational time
for each line of sight and requiring us to assume a Faraday
rotation model (Farnsworth et al. 2011; O’Sullivan et al. 2012;
Ideguchi et al. 2014; Sun et al. 2015). In practice, one often
uses Faraday synthesis to inform the selection of models for
QU fitting.

Here, we study a region, G137+47, first discovered by
Berkhuijsen et al. (1964) in a polarization survey of the northern
sky at 610MHz as a ring of low polarization, 2° in diameter,
centered on ¢=+137°, b=-+7°. It lies in the so-called Fan
region, an area otherwise bright in polarized intensity and
uniform in polarization angle at 408 MHz (Verschuur 1968).
Verschuur (1969) associated it with the star HD 20336 (distance
246 + 20 pc; Gaia Collaboration et al. 2023), suggesting that the
B2(e) star had tunneled its way through a cloud of neutral
hydrogen, disrupting it and ionizing a portion of the hydrogen
gas. Haverkorn et al. (2003) detected this polarized circular object
at 350 MHz, but considered HD 20336 an unlikely progenitor for
the feature on account of the star’s high proper motion of
18 masyr~' being too large to maintain a circular Stromgren
sphere. Instead, they suggest that the structure would be
elongated in the direction opposite to the motion of the star.
Tacobelli et al. (2013) used 150 MHz Faraday synthesis to place
the object at a distance of ~100 pc, possibly in the wall of the
Local Bubble. The lack of a detectable HII region led to the
suggestion that the source of ionization might be an unidentified
white dwarf. In this paper, we present observations that reveal a
tail-like prominence extending approximately 10° from a
prominent circular region of Faraday rotation, coincident with
the structure studied by earlier authors. This head-tail structure
has led us to name G137+7 the tadpole.

The outline of this paper is as follows. In Section 2, we review
Faraday rotation and Faraday synthesis. In Section 3, we describe
the Canadian Hydrogen Intensity Mapping Experiment (CHIME)
data (Section 3.2), the Dominion Radio Astrophysical Observa-
tory (DRAO) Synthesis Telescope (ST) data (Section 3.3), and
published data sets to which we compare the CHIME maps
(Section 3.4). We present the observed features of the tadpole in
Section 4 and discuss its origin in Section 5. We summarize the
paper in Section 6. In Appendix A, we present simulations of the
impact of marginally resolved Faraday complexity on Faraday
synthesis observations. In Appendix B, we present our QU-fitting
results.

2. Faraday Rotation and Faraday Synthesis

If a polarized photon is emitted with an intrinsic polarization
angle xo, the polarization angle we measure at wavelength A
after this signal has been Faraday rotated by the Galactic ISM is

X=X+ ¢ X (1)
The Faraday depth, ¢, is defined as (Ferriere et al. 2021)
observer
_ ¢ _ 0.81 f ne B ﬂ )
(rad m*2) emission cm > MG pc
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where n, is the electron density of the ISM, and we are
projecting the magnetic field, B, along our line of sight, dl.
There is a Fourier transform-like relationship between the
observable complex polarization25 P()%) = Q + iU and the
Faraday spectrum F(¢), which is recoverable through a process
known as Faraday synthesis (Burn 1966; Brentjens & de
Bruyn 2005). The polarized intensity at each Faraday depth is

p(P)I = JO(¢)* + U(p)*, where p(¢) is the fractional
polarization and [ is the total intensity. The Faraday spectrum
is the spectrum of polarized intensity as a function of Faraday
depth for each line of sight. A weighting function W(\?)
introduces a rotation measure spread function (RMSF), R(¢),
the Fourier transform of W(\). Gaps in W) result in
sidelobes in R(¢). Utilizing polarization data over a wide range
of wavelengths allows the creation of a (complex) Faraday
depth cube of F(Z, b, ¢) for Galactic coordinates (£, b).

The Faraday depth resolution, measured as the FWHM of the
main lobe of R(¢) = |R(¢p)|, can be approximated as
(Schnitzeler et al. 2009)

3.8

0p ~ —————
/\Iznax - )‘%nin

3)

for reference wavelength ), (the wavelength to which the
polarization angles are derotated; Brentjens & de Bruyn 2005,
Equations (25)-(26)) set to the average A% in the band (as we do
in this paper). The largest-scale feature in Faraday depth space
that is not depolarized is (Brentjens & de Bruyn 2005)

T
d)maxfscale ~ . (4)

)‘%nin
Rudnick & Cotton (2023) argue that setting Ay =0 recovers
additional information and modifies Equations (3) and (4), but

we use traditional Faraday synthesis in this work.

3. Data and Instruments

3.1. CHIME and Global Magneto-ionic Medium Survey
Surveys

This work is a part of the Global Magneto-lonic Medium
Survey (GMIMS), a collaboration using telescopes in the
Northern and Southern hemispheres to obtain all-sky diffuse
polarization maps with frequency coverage and resolution
designed to, in combination, be sensitive to large Faraday depth
scales (P scare ~ 100rad m=2) with fine sensitivity to small
Faraday depth structures (8¢~ 10radm™?). This requires
frequency coverage from ~300-1800 MHz with thousands of
frequency channels. GMIMS also requires sensitivity to all
spatial scales above the resolution limit, which prefers the use
of single-antenna telescopes. GMIMS low-band south
(300-480 MHz using the Murriyang Telescope at the Parkes
Observatory; Wolleben et al. 2019) and high-band north
(1280-1750 MHz using the John A. Galt Telescope at DRAO;
Wolleben et al. 2021) data products are public. This work uses
prerelease data from the low-band north survey using CHIME
at DRAO. The CHIME instrument is described in detail by
CHIME Collaboration (2022). The CHIME data pipeline,
including RFI excision, complex gain calibration, averaging
over redundant baselines, and stacking over sidereal days, is

25 We use a tilde to indicate complex values.
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described in CHIME Collaboration (2023). The CHIME/
GMIMS low-band north polarization data set will be described
in detail elsewhere (CHIME & GMIMS Collaborations 2024,
in preparation, hereafter “CHIME /GMIMS survey paper”). We
present a brief overview of the data and processing steps here.

3.2. CHIME/GMIMS Low-band North

We use all-sky diffuse polarization data from CHIME for
polarization observations of the tadpole feature and as the basis
for Faraday synthesis of the region. CHIME consists of four
stationary parallel cylindrical reflectors, measuring 1024
frequency channels across its range of 400—-800 MHz. Oriented
north—south, each 100 x 20m? cylinder has 256 dual-polariza-
tion linear feeds (X and Y) spaced every 30 cm along the central
78m of the focal line. CHIME observes the entire meridian at
any given moment with baselines from 0.3—78 m, mapping the
northern sky every sidereal day. This gives the telescope the
ability to collect data at a range of angular scales, resulting in
an effective angular resolution of approximately 30’ at
400 MHz (Masui et al. 2019). We exclude autocorrelations of
feeds with themselves. As an interferometer, CHIME is
missing the very largest scales corresponding to baselines
<0.3m or angular scales =>50°. A future survey with the DRAO
15m Telescope (A. Ordog et al. 2024, in preparation) will
provide the largest scales for the final GMIMS low-band north
data product.

We generate full sky maps known as ringmaps by
performing a one-dimensional Fourier transform on ~21s
samples of the visibilities in the north—south direction along the
meridian. As the sky passes through the primary beam, we
sample the full range of right ascension values with these one-
dimensional images each sidereal day, which we combine to
produce the full map. We employ stacked ringmaps, using
nighttime-only visibilities from 102 nights of data collected
from 2019 January to November. The CHIME beam profile,
which is declination dependent and somewhat different in the
XX and YY polarizations due to the cylindrical and stationary
design of the telescope, is one of our largest uncertainties; for
this reason, in this paper, we report CHIME data in jansky per
beam rather than brightness temperature units and confine
ourselves to a relatively small declination range at a low zenith
angle (<21°) where the beam is nearly constant.

The ringmaps we use do not have beam deconvolution
applied. There are small artifacts in the image, resulting from
this, which we describe in Section 4.5; however, their presence
is not detrimental to studying structures on the scale of several
degrees, such as the tadpole. In this analysis, we use the
400-729 MHz subset of the full CHIME band, as the highest
frequencies are contaminated by aliasing, which makes the
maps unreliable in the region of interest.

3.2.1. Polarization Angle Calibration

To calibrate CHIME polarization angles x = 0.5tan"'(U/Q)
(calculated using the full £7 range accounting for the signs of U
and Q), we rely only on CHIME co- and cross-polar data
products and two key assumptions: that Stokes V=0 (averaged
over right ascension at every declination), and that the gain
difference AG between the X and Y polarizations is small.
Because of the declination-dependent beam properties of
CHIME, we calibrate each declination in the raw maps using
data within a 1° strip, centered on that declination, and covering
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the full right ascension range. We focus on the narrow
declination range around G137+7, +60° < ¢ < 70°. This covers
zenith angles 11°-21°, a region in which the CHIME beam
model is best (CHIME Collaboration 2022, 2023).

We represent the co-polar power from the orthogonal feeds
as XX/ (east-west feeds) and Y/ Y/ (north-south feeds) and
the (complex) cross-polar term as X/ Y/. We use the stacked
X-XE, YEYE, and XY/ ringmaps. Here, X and Y refer to the
CHIME coordinate system (CHIME Collaboration 2022), in
which the naming of the variables X and Y is interchanged from
the TAU convention (IAU 1973). (The spherical CHIME
cosmology Xc and Y. coordinate system used here is also
different from the Cartesian CHIME /Fast Radio Burst (FRB)
coordinate system; CHIME/FRB Collaboration 2021.) The
prime notation indicates detected values after passing through
the full CHIME system, so the observed Stokes vector is

J% 0.5(YAYE + XEXE)

/ SLyL — xlx!
g = o' _ 05(cc/ /c o) —MS )
U’ Re(Y.XL)
4 — Im(Y.X()

for Miiller matrix M and true sky Stokes vector S. This follows
the TIAU convention with linear position angles increasing
counterclockwise when looking at the source (IAU 1973).

Using linear feeds to measure Stokes Q requires the careful
subtraction of two large numbers (the autocorrelations),
whereas Stokes U involves measuring the small cross-
correlation. For calibration of Q and U, we perform data-based
estimates of the cross terms in M following Heiles (2002). First,
we assume that the difference in gains Gy and Gy is small
enough to approximate AG = (Gy — Gx)/(Gy+ Gx) < 1. We
calculate the average AG at each declination and frequency
from a linear regression of Y/ ¥/ as a function of X/ X/, using
data within a 1° decl. bin (overlapping bins centered on each
declination) and covering the full 24 hr R.A. range. Over the
declination range of the tadpole region (45°-80°) and the
frequencies used in this analysis, we find the mean and median
of AG to be —0.43 and —0.38, respectively, with 73% of
declinations and unflagged frequencies having |AG|<0.5.
Although this does not strictly satisfy AG < 1, it is sufficiently
small, so the defined AG term dominates over second-order
corrections. The gain difference is dominated by differences in
the beam solid angle between the two polarizations due to the
asymmetric design of the CHIME telescope. We then apply this
declination- and frequency-dependent AG to correct for
leakage between Stokes / and Q,

Q' — I'NG/2
1 — (AG/2)?

Stokes U and V are measured from the cross-correlation
products. We assume that (V) =0 from the sky in diffuse
emission because synchrotron emission in low-density astro-
physical environments does not produce circular polarization.
Leakage between V and U arises from phase offsets. We
measure a mean phase shift (¢)(é, v) at each declination and
frequency, assuming that (V) =0 and calculate

U= U'cos(y)) + V'sin(¢). @)

0= (6)

The (V) =0 assumption leads to high-quality fits even in FRB
observations, where the assumption has less clear physical
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justification than in the diffuse polarized emission we
investigate (Mckinven et al. 2023). We find that the phase
shift is linear in frequency, consistent with a cable delay
7= () /2mv ~ 1 ns for the diffuse emission, as Mckinven et al.
(2021, their Appendix A) found in CHIME /FRB data.

In Figure 1, we compare the calibrated data to the Dwingeloo
telescope survey at 610 MHz in the Fan region (Brouw &
Spoelstra 1976). There is a strong correlation between Dwingeloo
U and CHIME U and Dwingeloo Q and CHIME Q in those
directions for which there is Dwingeloo data, with correlation
coefficient R values of 091 for U— U and 0.89 for Q — Q
comparisons. This is a significant improvement from the
uncalibrated correlation coefficients of 0.76 and 0.59, respec-
tively. We find a remaining leakage of up to 20% in Stokes Q
based on unresolved point source measurements. Using the mean
orthogonal distance between each point and the fitted line, we find
that noise from CHIME and Dwingeloo data describes ~70% of
the scatter in Figure 1. The polarization angle correlation, also
shown in Figure 1, is also improved through calibration, and most
outliers are points with low polarized intensity (yellow dots),
where the uncertainty in derived x is high.

We show the resulting CHIME Q and U maps, with the
x =0 reference axis rotated to the north Galactic pole, in
Figure 2. While Stokes I to Q leakage does exist in our data, the
tadpole structure cannot simply be the result of leakage.
Although there is total intensity emission over the entire Fan
region, including the tadpole, this emission is featureless on
small scales and thus cannot produce spurious polarization
matching the tadpole in morphology. Furthermore, the tadpole
cannot be the product of Stokes / emission originating at large
angular distances (such as the Galactic plane) and seen in far
sidelobes. While the far sidelobes have poor polarization
properties, their polarization averages to low values over
sizable areas. Moreover, with linear feeds, leakage from [/ is
primarily into Q, not U (in the native equatorial coordinates of
CHIME), but the tadpole is already evident in Stokes U in
equatorial coordinates (not shown).

The slopes of U— U and Q — Q inform the calculation
of the beam solid angle in converting jansky per beam to
brightness temperature units. From these slopes, we deduce that
1Jybeam ™' corresponds to 1.79K. The effective area of
CHIME is, therefore, 4900 m? at 610 MHz, confirming that, in
our application, CHIME acts like a large single-antenna
telescope. This paper focuses on Faraday rotation effects,
meaning that the primary data product is the polarization angle
and its variation with frequency. Absolute calibration of the
amplitude scale is thus of minor significance for the present
work, and we report intensities in units of jansky per beam,
leaving a more careful conversion to temperature units for the
CHIME/GMIMS survey paper.

The CHIME observations were made in 2019, at solar
minimum. Only nighttime data were used. The observations
were not corrected for Faraday rotation in the ionosphere, but we
expect the effect to be smaller than 1 rad m—2, with an rms value
of 0.3radm 2 The result is a small decrease in polarized
intensity since we averaged together observations from different
nights.

3.2.2. Faraday Synthesis on CHIME Data

We apply Faraday synthesis to the Stokes Q and U cubes
from the calibrated CHIME polarization data in Galactic
coordinates using RMTools_3D in the RM-Tools software



THE ASTROPHYSICAL JOURNAL, 971:100 (20pp), 2024 August 10

610 MHz

3 1.0
—-=-- Correlation: 0.91
o
/
21 - 0.8
o/ ®
¥ 1 [ ,‘o E
) .. 063
® L
2 4 o, E
& o S
s ° 0.4§
a-1 % G
of% 3
e 0.2
-2 o8 @
/0
I/.
II
-3 — ; ; . 0.0

3 -2 -1 o0 1 2 3
CHIME U [Jy/beam]

—-—- Correlation: 0.89

27 0.8
g 14 €
—_— ©
o 063
g o 3
= e —
o ’lf =
()]
£ ] 0.4%
s ° I
[a) -1 ® K O
/@
e /
-2 7 0.2
-3 ; ; . ; ;
T3 2 1 0 1 2 3o
CHIME Q [Jy/beam]
nm2—+ Tndl LA
[ ]
H
0.8
/44 e ."9
- & E
© [
i o ° f ° osg
A >
8 . % 3
o) o
g 4."!"
& —n/4- Ry R 5
( X ]
o o °©
o 8 0.2
%
—T11/24 -
—n2 /4 0 ma w2 00
CHIME y [rad]

Figure 1. Comparisons between the Dwingeloo (Brouw & Spoelstra 1976)
absolutely calibrated Q and U observations in the Fan region (120° < ¢ < 180°,
—2° < b <30° at 610 MHz and CHIME 614 MHz. All data points show a
Dwingeloo pointing and the median of corresponding CHIME data within the
Dwingeloo beam. The color bar is the CHIME polarized intensity for these
points. For Stokes Q and U, the Dwingeloo data are shown in brightness
temperature units and CHIME data in jansky per beam.

package (Purcell et al. 2020). We show images of the main
products of Faraday synthesis in Figure 3, and the magnitude of
the RMSF along with frequency and A* coverage in Figure 4.
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For each pixel in the maps, we calculate the dirty Faraday
spectrum out to 200 rad m~~ sampled every 0.5 rad m 2. This
extent in ¢ is sufficient to include the major structures without
being dominated by sidelobes. We do not convolve the CHIME
data to a common resolution prior to Faraday synthesis, as this
may be unreliable due to uncertainties in the synthesized beam
shape. With the resolution only varying between ~30’ (at
400 MHz) and ~17’ (at 729 MHz), structures on the scale of
the tadpole (several degrees) are largely unaffected.

The 400729 MHz frequency coverage yields 8¢ = 9.7 rad m >
and ¢, scare = 191ad M2, With 6¢ < @0 scaler WE €XpECE
CHIME data to resolve somewhat extended Faraday depth
structures. For all lines of sight in the tadpole region
(Section 4.2), we apply the RM-Tools implementation of the
RM-CLEAN algorithm (Heald 2009) to reduce the sidelobes in the
spectra, using a CLEAN threshold of 0.2 Jy beam™" based on an
estimate of the noise in the dirty spectra. We present CLEANed
spectra in Section 4.2 below.

Using the rmtools_peakfitcube algorithm in RM-
Tools, we obtain the peak Faraday depth and its associated
error for every spectrum along all lines of sight. The resulting
map is shown in Figure 3(b). We use peak Faraday depths
rather than a first moment (Dickey et al. 2019) to focus on the
Faraday depth of the brightest feature in each line of sight
rather than a weighted mean Faraday depth in Faraday complex
regions.

We show the integrated polarized intensity across the
Faraday depth spectra as a zero moment map in Figure 3(a).
A polarization angle map derotated to x, by the peak Faraday
depth at each pixel is shown in Figure 3(c).

3.3. DRAO Synthesis Telescope Observations

We use new and previously published polarized continuum
and HI observations from the DRAO ST (Landecker et al.
2000). The ST continuum observations combine four 7.5 MHz-
wide frequency channels within a 35 MHz bandpass centered
on 1420.4 MHz to measure Stokes Q and U using dual circular
polarization feeds. The ST HT observations are produced by a
256-channel spectrometer with a velocity range between 211
and 1.32kms~ ' spectral resolution. Existing observations
come from the Canadian Galactic plane survey (CGPS; Taylor
et al. 2003; Landecker et al. 2010), covering Galactic latitudes
of —=3° < b < 45°. We use a variety of ST fields observed and
calibrated in the same manner as CGPS fields for a number of
projects, some previously published (West et al. 2007; Kothes
et al. 2014), and some unpublished, covering +5° < b < +12°.

In all ST polarized continuum observations, single-channel
1410 MHz polarization observations from the Effelsberg Med-
ium-Latitude Survey (EMLS; Uyaniker et al. 1998, 1999; Reich
et al. 2004, P. Reich et al. 2024, in preparation.) provide single-
antenna information. The EMLS data are based on Effelsberg
100 m Telescope observations from latitude |b| < 20°, observed
mostly in blocks 7° x 7° in size but with many exceptions to
avoid strong source complexes at the map boundaries. Emission
exceeding the map size is missing and was restored by
combining with the northern-sky Galt Telescope survey
(Wolleben et al. 2006). We then combine this single-antenna
data with the ST 1420 MHz data as follows. First, we mosaicked
the ST fields together following Taylor et al. (2003). Then, we
convolve the ST data to 10./4, slightly larger than the 9/35
EMLS resolution. We then subtract the convolved ST data
(Stokes Q and U separately) from the EMLS data; the residual is
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Figure 2. Images of the tadpole region in Stokes Q and U at 614 MHz in Galactic coordinates. The “x” markers indicate the position of B2(e) star HD 20336
(the x near the center of the circular tadpole head) as well as the selected spectra shown in Figure 7. The thin black line represents the LSR-corrected proper motion of
HD 20336, projected backward in time over 3 Myr, with each dot representing 1 Myr. The translucent lines represent the error cone, which is dominated by the

uncertainty in the LSR correction.

the large-scale structure missed in the ST data (Reich et al.
1990). Finally, we add the residual to the original ST data to
produce Q and U images, including scales from 1’ to the full sky.
This technique is somewhat different from that used for the
CGPS, where STH+EMLS data were combined in Fourier space
(Landecker et al. 2010), but produces very similar results. We
refer to this combined data set of interferometric observations
from the ST with single-antenna data from the Effelsberg and
Galt telescopes as “ST+EMLS,” and show the resulting
polarized intensity and polarization angles maps for the tadpole
region in Figures 5(i) and (j).

In our ST atomic hydrogen observations, we incorporate the
HI4PI Survey of HI 21 cm brightness temperature, with an
angular resolution of 16/2, velocity coverage of <600 kms ',
and spectral resolution of 1.49kms ' (HI4PI Collaboration
et al. 2016), to provide the majority of the single-antenna
information. The fields we incorporated that were previously
processed for the CGPS used the DRAO 26 m data to provide
short-spacing information on account of HI4PI being unavail-
able at the time. We process a wider field of view for the HI
observations than for the polarized continuum observations—
covering Galactic latitudes of —4° < b < +12° and longitudes
of 126° <1< 149°—to highlight typical fluctuations seen
across the diffuse neutral medium (see Section 5.1). For each
ST field in this region, we determine continuum emission by
averaging the HI channels void of 21cm emission, then
subtracting this to isolate only HI emission. We calibrate,
merge short-spacing and ST data, and mosaic the HI fields by
the same procedure used for the CGPS Taylor et al. (2003).
This results in the HT brightness temperature map, which we
refer to as “ST+HI4PL.”

3.4. Ancillary Data Sources

We use data from the Westerbork Synthesis Radio Telescope
(WSRT) at 150 MHz (Bernardi et al. 2009; Iacobelli et al.
2013, provided by M. Iacobelli, 2023, private communication)
and 350 MHz (Haverkorn et al. 2003) to supplement discus-
sions of observed DP. We summarize the observing parameters
for all four polarization data sets used in this paper in Table 1.
The five channels in the 350 MHz data are not sufficient for

Faraday synthesis, measuring only the rotation measure
RM =dy/ d\*. For the 150 MHz data, only post-Faraday
synthesis data are available, so we cannot show single-
frequency images or perform QU fitting on these data. We
show the WSRT polarized intensity and polarization angle
maps in Figures 5(a)—(d).

We use the Wisconsin H-Alpha Mapper (WHAM) survey of
Ha emission to study ionized hydrogen in the region (Haffner
et al. 2003, 2010). WHAM has an angular resolution of 1° and
provides a kinematically resolved map of Ha emission within
~100km s~ of the local standard of rest (LSR) with 12 km s~
spectral resolution.

4. Features of the Tadpole
4.1. Morphology in Single-frequency Images

We show images of the tadpole region in Q and U at 614 MHz
in Figure 2, image products derived from Faraday synthesis with
CHIME in Figure 3, and pI and x from the polarization data sets
described above, covering 150-1420 MHz, in Figure 5. The
tadpole is immediately apparent in the single-channel CHIME Q
and U images in Figure 2 with a circular feature we call the head
near (¢, b) = (137°, +7°) and a tail extending to the right as far
as (127°, +6°), most clearly in U. The structure as a whole
strongly resembles the larval stage of amphibians, leading us to
nickname it the tadpole. We use the name “G137+7” to refer to
the circular region first identified by Verschuur (1968), and the
name tadpole to describe the entire feature, including the tail.
The head (G137+7) is the feature that has been studied since
Verschuur (1968); it is visible in all channels in Figure 5.

At 150 MHz (Figures 5(a) (b)), the head is evident as a large,
diffuse structure in pl. There is a circular pattern to the
polarization angles, suggesting rapid wrapping through =
radians as one moves outward radially from the center of
the head.

At 350 MHz (Figures 5(c), (d)), the head appears as a ring in p/
(Figure 5(c)). Haverkorn et al. (2003) measured RM = —8 rad m 2
in the center of the head. At this frequency, the head is also a ring
in x, with approximately two full rotations through 7 radians in the
radial direction. This is consistent with the RM changing from
—8rad m ™~ in the center of the head to 0 rad m ™~ outside the head,
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intensity. (b) Faraday depth of highest peaks of the Faraday depth spectra. (c)
The derotated polarization angle (i.e., the angle at the point of emission). The
“x” markers are as in Figure 2.

which would correspond to an angle change Ay =)\ =6
radians. Haverkorn et al. (2003) point out an elongated structure of
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high plI extending northwest, which they say does not necessarily
have the same origin as the ring; this is evident in both pIl
(Figure 5(c)) and x (Figure 5(d)). This appears to be the tail.

At 410 MHz in the CHIME plI data, the clearest signature of
the head is a narrow ring of low polarized intensity, which
extends in a nearly complete circle. At 614 MHz, there is a
similar ring of low polarized intensity, but only in a semicircle
on the left (east) side of the head. This feature is one beam
wide, a clear signature of beam DP, with the polarization angle
changing within the beam such that there is destructive
interference, reducing the polarized intensity (Sokoloff et al.
1998; Gaensler et al. 2001). The same feature is evident in pl
from the Faraday synthesis products in Figure 3, but it does not
stand out as much: by using information at a wide range of A%,
the Faraday synthesis product is less sensitive to beam DP than
single-frequency images. Furthermore, if the depolarized ring
arises from beam DP, we would not expect to see it in the
ST+EMLS data, due to the significantly smaller beam
(1" compared to 30"). This is, in fact, the case in Figure 5(i):
none of the head, the depolarized ring, or the tail is evident
in pl.

In polarization angle, the 410 MHz CHIME data show a
clear wrap through 7 radians moving radially from the center of
the head to outside the ring (Figure 5(f)). The tail of the tadpole
stands out clearly, especially as a polarization angle feature in
Figure 3(c) and Figures 5(f), (h). The tadpole, both head and
tail, is also visible at 1420 MHz in the ST+EMLS polarization
angle image (Figure 5(j)), despite not being evident in pl. The
large-scale structure at 1420 MHz is similar to that observed in
CHIME 614 MHz polarization angle (Figure 5(h)), where the
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Figure 5. The tadpole depicted in polarized intensity (left) and polarization angle (right). From top to bottom: (a), (b) Bernardi et al. (2009) Faraday synthesis data at
frequencies ~150 MHz with the WSRT at ¢ = —2 rad m ™ (a frequency data cube is unavailable), (c), (d) Haverkorn et al. (2003) single-frequency polarized intensity
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Figure 2. Beams are shown within each image. Beams for the WSRT and ST4+EMLS data are too small to be easily visible (see Table 1).



THE ASTROPHYSICAL JOURNAL, 971:100 (20pp), 2024 August 10

Mohammed et al.

Table 1
Observing Parameters

Bernardi et al. (2009), Iacobelli et al. (2013) Haverkorn et al. (2003) This Paper This Paper, Landecker et al. (2010)
Instrument WSRT WSRT CHIME ST+EMLS
Observed field ~12° x 12° ~7° x 7° all-sky Galactic plane plus 20° x 7° extension
Frequencies 138-156 MHz 341-375 MHz 400-729 MHz 1.4 GHz
Channels 2048 x 9.8 kHz 5 x 5 MHz 844 x 390 kHz 1 x 35 MHz
X? coverage 3.7-4.7 m* 0.64-0.77 m* 0.17-0.56 m* 0.04 m?
6¢ (equation 3) 3.8 rad m~? 29 rad m 2 9.7 rad m~? n/a
Pmax—scate (Equation 4) 0.8 rad m 2 n/a 19 rad m—2 n/a
Angular resolution 2/ x 2.2 5.0 x 5’5 ~17' to 30 ~1
Baselines 36-2760 m 36-2760 m 0.3-80 m 0-614 m

Note. Haverkorn et al. (2003) fit RM = dx/ d(\?) without Faraday synthesis and thus have no ability to separate multiple Faraday depth components.

values agree in sign with that of STH+EMLS. The values of |y
are smaller at 1420 MHz than at 614 MHz, which is consistent
with the expected reduction in Faraday rotation at higher
frequencies. We note some smaller structures on sub-tadpole
scales in STH+EMLS data not present in CHIME, which may
arise from probing larger physical depths at a higher frequency
and with a much smaller beam, combining to yield a more
distant polarization horizon (Uyaniker et al. 2003). In contrast,
although the WSRT data have an angular resolution on the
order of magnitude of the ST+EMLS data, the larger \* means
we expect the polarization horizon to be closer, possibly
probing physical depths more similar to CHIME than to the
ST+EMLS.

4.2. Faraday Depths

While the tadpole is prominent in polarization angle images, it
does not stand out from the background in total intensity in
single-channel images. Previous studies (Haverkorn et al. 2003;
Bernardi et al. 2009; Iacobelli et al. 2013) found the head to show
strong negative Faraday rotation peaking at ¢) ~ —8 rad m 2. The
data sets used in these studies and their observing parameters are
listed in Table 1.

We show pl images at ¢ = —15, —7, and —3 rad m 2 using
CHIME and WSRT 150 MHz data in Figure 6. In both data sets,
the head stands out as a strong feature in pI at —7 rad m~ > with
little surrounding emission. Furthermore, in both data sets the
head appears to be a DP feature in pI at —3 rad m 2, but with
differing morphology; in WSRT, the entire region of the head
shows little or no polarized intensity, while there is a ring of
polarized intensity outside the head. This suggests pure Faraday
rotation: the polarized intensity is moved from ¢ = -3 to
—7radm 2. At CHIME frequencies, the —3radm 2 image
shows a narrow depolarized ring immediately outside the head,
but it lacks the clearly defined re%ion of bright emission we find
in WSRT. At ¢ =—15radm™ °, a structure appears in the
CHIME data, which is absent in the WSRT data. The tail of the
tadpole stands out from its surroundings at this Faraday depth,
with the bright emission extending partway around the head,
tracing the depolarized ring that appears at the other two Faraday
depths shown. The tail also appears as reduced pl at
¢ =—7radm ? in CHIME data.

We show Faraday spectra at three positions—one in the
head, one in the tail, and a background position—in Figure 7
for CHIME and 150 MHz WSRT data. In the head, we find
multiple peaks in both data sets. In the 150 MHz data, there are
peaks at &~ —8, —4, and O rad m~2, with polarized intensities of
~5, 4, and 6 Jy beam ™" respectively. In CHIME data, there is

also a Faraday depth peak at ¢~ —8radm 2 with
pl~1.3Jybeam ', while a secondary peak is at +5rad m >
with pI ~ 0.4 Jy beam '. There is no evidence of a peak near
—4rad m~2. However, with 6¢ =9.7 rad m~ 2 in the CHIME
data, we would not expect to resolve two peaks separated by
~4rad m 2. In the tail, we see two peaks in both the CHIME
and 150 MHz data at ¢ ~ —2 and —l4radm 2 (p/ ~ 1.75 and
0.351]y beam '), and ¢ ~ —4 and —12radm * (p/~ 3.4 and
1.8 Jy beam™ ") respectively. The CHIME peaks in both the
head and tail are separated by close to d¢, suggesting that the
separation of the peaks may be an artifact of the RMSF and
may not be physically meaningful, as we discuss in Section 4.3
below. Off-tadpole, we find only one peak in the CHIME data
at ¢~ —2radm 2 with pI ~ 1.35 Jy beam™". There is a bump
in the spectrum seen at ~10 rad m™ “; however, this bump does
not coincide with any notable peak in the 150 MHz data.
Rather, we find two peaks at ¢ =~ —2 and —8rad m~2 with
polarized intensities ~4 and 3 Jy beam ™', respectively.

Plotting the fitted peak Faraday depth values (as described in
Section 3.2.2) in Galactic coordinates gives the map shown in
Figure 3(b). This image lets us view the Faraday depth
morphology of the region more effectively. In this image, the
head of the tadpole is clearly visible, showing significant
negative Faraday depths (around —7 to —8 rad m™~2) compared
to the surrounding region (around —1 rad m~2). In contrast with
the single-frequency images (Stokes Q and U in Figure 2 and
polarization angle in Figure 5) the tail of the tadpole does not
stand out in peak Faraday depth.

4.3. Faraday Complexity

Using the peak Faraday depths in Figure 3(b), we derotated
the observed polarization angle to the nominal intrinsic angle
by rearranging Equation (1). The result, shown in Figure 3(c),
reveals the tail as a distinct feature, separate from its
background, and spatially uniform in polarization angle. If
the tadpole is solely a Faraday rotation phenomenon, with a
single Faraday-simple feature representing each line of sight,
we would not expect it to be visible in a map of derotated x.
The fact that it does appear means that either the tadpole
contributes significant polarized emission distinct from its
surroundings, or there is Faraday complexity along the lines of
sight passing through it. The latter possibility is strongly
suggested by the sample Faraday depth spectra in Figure 7 and
the image slices shown in Figure 6.

The separation of the two peaks in the tail in the CHIME data,
~12rad m~2, is close to the separation between the main lobe
and first sidelobe of the RMSF, which suggests the influence of
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Figure 6. Images of polarized intensity at ¢ = —15 rad m~2 (a), (b), —7 rad m~2 (c), (d), and —3 rad m~2 (e), (f) from CHIME 400729 MHz data (left) and WSRT
150 MHz data (right). Note that the fainter loop above and to the left of the head, visible in all three CHIME channels but most clearly at —7 rad m 2, is a grating lobe

artifact; see Section 4.5.

the A% coverage. In this context, the Faraday complexity is a true
feature but unresolved or marginally resolved. We address this
issue in Appendix A, concluding that while the presence of
multiple peaks in the Faraday spectra is real, the positions of two
peaks separated by <dé¢ are modified by the Faraday synthesis
process, as was first demonstrated by Sun et al. (2015). QU
fitting is less subject to this issue; in most but not all cases, QU
fitting recovers the true Faraday depths of multiple screens even
when separated by <é¢p. We investigate the validity of the
secondary peaks further in the following section.

4.4. QU Fitting

In the CHIME Faraday depth spectra, a secondary peak at
¢~ —l4radm 2 appears as a coherent structure along the tail.
Given the proximity of this feature to the first sidelobe of the
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RMSF (Figure 4), it is necessary to investigate the validity of
these secondary peaks. To this end, we employed QU fitting,
using the qufit package in RM-Tools, with the PyMul-
tiNest nested sampler. We examined 51 representative lines
of sight throughout the head and tail of the tadpole and in the
surrounding region. We tested four models: screens at one and
two Faraday depths (1 FD and 2 FD), with and without beam
DP. The fractional polarization for this set of models is given by

: 2 24
pO,k 62’(X0.k+¢k)‘ )e—Zok)\ ,

8
] 2 ®)
where oy is the standard deviation of Faraday depths within the
beam, the subscript O refers to quantities at the source of
emission, and the subscript k refers to the individual Faraday
depth components (primary and secondary in our models). The
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Figure 7. Faraday spectra (magnitudes) from CHIME 400-729 MHz (black solid lines) and WSRT 150MHz (blue dotted—dashed lines) for lines of sight on the
tadpole head, tail, and in the surrounding region. These lines of sight correspond to the markers shown in Figure 2 and elsewhere. Dashed and dotted vertical lines
show the peaks ¢; and ¢, from QU fitting (see Section 4.4). The intensity scale on the left applies to CHIME data; the intensity scale on the right applies to

WSRT data.
Table 2

Results of QU Fitting for Representative Lines of Sight
Location l, b D1 o1 Xo0.1 oy P2 (033 Xo0.2 02

(rad m™?) (rad m~?) (rad m?) (rad m?)
Head 137.1°,7.1° 0.46 -7.5 1° 1.4 0.08 3.0 65° 0.02
Tail 133.9° 6.7° 0.47 —-14 163° 1.3 0.15 —12.5 112° 2.0
Off 134.9°, 9.6° 0.26 -1.3 176° 0.03 0.11 74 106° 1.3

Note. Parameters refer to variables in Equation (8). Faraday depth values are bolded for ease of comparison with Faraday synthesis results.

e~20tX factor represents beam DP caused by any unresolved
variation of ¢ within the beam. Beam DP can be caused
by unresolved turbulent cells or a gradient of ¢ across the
beam. Setting o to zero produces the corresponding Faraday
screen(s) with no beam DP, while setting pg 4 to zero for k > 1
produces the one-component model.

For the nested sampling, we used uniform distributions of
priors for all parameters, with ¢ e [—50, 50]radm 2,
Pox €10, 11, xox € [0°, 180°], and oy € [0, 100] rad m~2. We
also constrained the Faraday depths and fractional polarizations
such that |¢; — ¢,| <100radm 2 and Y pox < 1. Following
Thomson et al. (2021), we use the Bayesian evidence to
determine the best-fit models, as described in Appendix B.

For the three representative lines of sight shown in Figure 7,
we found a two-component model with independent beam DP
factors for each component to be the best fit (the full form of
Equation (8)), although the primary and secondary components
of the off-tadpole and head points respectively have low DP.
By contrast, both components for the line of sight through the
tail exhibit significant DP. The results of this model and best-fit
parameters are summarized in Table 2 and Figure 8 (orange
lines) for these three sample lines of sight, and the ¢ values are
marked by vertical lines in Figure 7. Figure 8 also shows the
three other models we tested for those lines of sight. A
comparison of the models is presented in detail in Appendix B.
Note that the ripples seen in the data in Figure 8 that are not
fitted by the models are the well-known 30 MHz CHIME ripple
caused by reflections between the cylinders and the focal line
(CHIME Collaboration 2022, 2023). The Faraday depths for all
51 lines of sight tested are shown in Figure 9, with the
background images indicating the first (top panel) and second
(bottom panel) peaks from the Faraday depth cube, and the
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colors of the 51 points indicating the corresponding QU-fitted
Faraday depths from the two-component model with DP.

In the head of the tadpole, most of the 18 tested lines of sight
have a primary component near —7 radm > (Figure 9, top
panel), with some lines of sight having a weak secondary
component (mostly less than p = 0.1; Figure 9, bottom panel).
Since this secondary component is relatively weak, the head is
mostly well-fit with a one-component model with DP. In the
tail of the tadpole, a two-component model (with DP) is
consistently the best-fit model across the 18 lines of sight
tested, in contrast to the surroundings for which several of the
15 tested lines of sight are adequately described by a one- or
two-component screen (without DP). Although the tail does not
stand out from its surroundings in terms of the primary
component (which is mostly between —2 and 0 rad m~~ in both
the tail and the off-tadpole region), it does have a relativel;/
coherent secondary component between —14 and —11radm™°,
which the surroundings lack. This is the secondary component
that also appears in the Faraday depth spectra, although in some
cases, it is shifted slightly in Faraday depth due to the
interaction of the components with the RMSF (see Sun et al.
2015, and Appendix A).

We note that the purpose of the models we chose to test was to
confirm the Faraday depth values of the primary and secondary
peaks in the spectra derived using Faraday synthesis. As we can
see from large values of the Bayes odds ratios listed for the
models in Appendix B, the true description of the tadpole lines
of sight is likely more complicated than this set of models.

4.5. Artifacts

The CHIME maps are sensitive to structures on a wide range
of angular scales. Some artifacts are described in detail in
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Figure 8. Best-fit models from QU fitting for the lines of sight shown in Figure 7. The panels show Q/I (a)—(c), U/I (d)—(f) and the fractional polarized intensity,
p (g)-(1). Black points represent the data. The blue dotted—dashed line is the one-component model (1 FD), the green dashed line is the two-component model (2 FD),
the magenta dotted line is the one-component model with beam DP (1 FD+DP), and the orange solid line is the two-component model with beam DP (2 FD+DP). The

fast ripples in the data (an instrumental effect) are not fitted by the models.

CHIME Collaboration (2022). One is evident in the single
diagonal stripe in the top left corner of Figures 2 and 3, which
is a line at the right ascension of Tau A. Curved striations, seen
in the Stokes Q and U images (Figure 2) and the Faraday
synthesis images (Figure 3), correspond to fixed zenith angles
(or, equivalently, declinations). Point sources appear as a single
point with bright copies at the same declination on either side
of the source due to grating lobes, resulting in an apparent triple
source. The sources themselves appear in Stokes Q in
equatorial coordinates due to leakage, with symmetric side-
lobes, while in Stokes U only the asymmetric sidelobes, with
opposite signs, appear. In the Galactic coordinates shown in
this paper, leakage sources appear in both Q and U, along with
their sidelobes.

Grating lobes also appear for larger-scale structures, having a
slight effect on the appearance of the images of the tadpole
region. In the CHIME 410 MHz pI map in Figure 5, a copy of
the head of the tadpole can be seen as an outline that stands out
in polarized intensity, centered on ¢~ 13875, b~ 8°5. The
location and the separation between this and the center of the
head agree with the position of the grating lobes in relation to
the main lobes of the point sources. This ghost copy of the
tadpole also appears in the 410 MHz polarization angle image
in Figure 5, is generally more apparent at the lower frequencies,
and is quite evident in the Faraday depth slices shown in
Figure 6.

There is also declination-dependent striping, which appears as
curved stripes in Galactic coordinates in Figure 2 and other
images, although it is much less pronounced in angle images and
Faraday synthesis products. This arises from crosstalk between
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adjacent feeds (CHIME Collaboration 2022, Figure 18). We
could remove the striping using image processing techniques,
but this cosmetic improvement to the images is unnecessary for
our science. Ultimately, the inclusion of the DRAO 15 m survey
(A. Ordog et al. 2024, in preparation) will allow us to exclude
baselines <5 m from the final CHIME-GMIMS data product; we
expect this to considerably reduce this striping.

5. The Origin of the Tadpole
5.1. Neutral Hydrogen Structure

We turn our investigation to an analysis of the general
structure of neutral hydrogen in the Galaxy’s ISM in the Fan
region. We use DRAO ST+HI4PI H1 observations described
in Section 3.3 and shown in Figure 10 for this purpose. We
searched the ST-+HI4PI data cube at velocities corresponding
to the Local, Perseus, and Outer spiral arms (Reid et al. 2014)
for emission features with a morphological resemblance to the
tadpole but were unable to find any. The tadpole most likely
lies within the Local Arm, corresponding to |V sg| <30kms™'
for HI emission. Under this assumption, its physical scale is
reasonable; at outer-arm distances, the head would be 170 pc in
diameter. As discussed by Haverkorn et al. (2003), this is
implausibly large for a single-star ionized region or any other
Faraday-rotating feature. Moreover, if the tadpole is local, there
will be polarized emission arising at larger distances, which can
be Faraday rotated.

In an attempt to identify the structure of G137+7 in neutral
hydrogen observations in regions of excess, or lack of,
hydrogen, Verschuur (1969) made “relative intensity” profiles
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Figure 9. Results of QU fitting along representative lines of sight in the tadpole
region, compared to Faraday synthesis results. The background images show
the Faraday depth of the brightest peak in the Faraday spectrum (top panel) and
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panel) in 51 directions in and around the tadpole. A mask is applied in the
bottom panel to exclude peaks in the spectra below the CLEAN threshold
(0.2 Jy beam™'; grayed out regions) and QU-fitted components below p = 0.1
(missing points).

of HI at each velocity interval (using data from Heiles 1967).
These relative intensity profiles came from drawing a baseline
through the mean levels at the two highest and two lowest
declinations from the scans. Then, the baselines were
subtracted from the HI data to create profiles to show
abundances or deficiencies inHI. From this, Verschuur
(1969) identified H1 deficiencies at velocities between —16
and —4 km s~ that coincide with the structure G137+7 in
polarization maps.

We attempted to replicate the findings of Verschuur (1969),
now using the STH+HI4PI data. The ST4+HI4PI data has an
angular resolution of I/, an improvement on the 12’ resolution
of Heiles (1967), and both surveys have a spectral resolution of
roughly 1km s '. Searching the entire cube after subtraction,
we note a weak deficit of HI at —11.4kms ' roughly
coincident with the tail, showing a drop in HI of ~50 percent
relative to the immediate surroundings. However, this deficit
does not match the morphology of the tail, and dips in HI
intensity at this scale are very common in the HI4PI data for
this area, as seen in Figure 10. We do not regard this as a
significant feature.

5.2. Ionized Hydrogen Structure

Ha profiles offer a means to probe the distribution of ionized
gas (Haffner et al. 2003). The WHAM survey provides us with

13

Mohammed et al.

Hl at-11.4 km s1

100

15°

10°

Galactic Latitude
Brightness Temperature [K]

145° 140° 135°

Galactic Longitude

130°

Figure 10. H I image from ST+HI4PI at Local Arm velocity of —11.4 kms™".

Superimposed is a contour from the CHIME polarization angle representing the
tadpole region. The “Xx” markers are as in Figure 2. In parts of the image where
ST data are not available (mostly at b > +12°), we use HI4PI data instead.
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Figure 11. Ho image from the WHAM survey at the Local Arm velocity of
—10.2km s~ ". The contour is as in Figure 10; the “x” markers are as in
Figure 2.

a kinematically resolved map of the Ho emission in the
Galaxy, within approximately 100 kms~" of our LSR. Areas
rich in ionized gas signify an enhanced population of free
electrons, which play a crucial role in the Faraday rotation
mechanism.

Local Arm Ha data from the WHAM survey is shown in
Figure 11, where the tadpole feature does not coincide with any
region of bright Ho emission. We searched the rest of the
channels in the data cube and found no correspondences. The
regions bright in Ho emission that are seen in Figure 11 are
from documented features, namely, the three HII regions W3,
W4, and W5 near 134° </ < 142° and b~ +1°.

We consider the possibility that the tail is primarily due to
residual ionization from a past ionization source, such as a
passing hot star. If the WIM is 8000 K, the recombination
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coefficient to energy levels n>2 is @ ~3.04 x 1072 em®s™!

(Haffner et al. 2003; Draine 2011). The recombination time is
t, &~ (@n,)~!. If we assume an electron density 7, = 0.1 cm >
(Hill et al. 2008), this gives a recombination time of ~1 Myr.
Under the assumption that the ionizing source has traveled along
the path laid out tail-to-head, then ~1 Myr ago, the star was in
the middle of the current location of the tail (£~ 132°). The
angular separation of the center of the head and halfway along
the tail is about 5°, meaning the ionizing source would have a
proper motion of ~20masyr ' in this model. The thinning of
the tail with increasing distance from the head is consistent with
this recombination scenario.

5.3. Proper Motions of Candidate Stars

Previous studies of feature G137+47 considered the circular
region to be a result of a Stromgren sphere of the B2(e) star
HD 20336, or alternatively, a relic Stromgren sphere from the
white dwarf WD 0314+64, both of which lay within the head
of the tadpole (Verschuur 1968; Iacobelli et al. 2013).

We hypothesize that the tail of the tadpole is a trail of
ionized gas behind a suitable star, and should indicate motion
related to the feature, potentially in the fashion suggested by
Haverkorn et al. (2003) with an elongated Stromgren sphere.
The tail may be similar to tails associated with planetary
nebulae (Ransom et al. 2010, 2015), yielding estimates of the
timescales for the interactions of planetary nebulae and the
ISM. For a star to be considered a strong candidate for the
tadpole, the characteristics we observe require it to be a hot star
(Type O or B) with a proper motion comparable to our
calculations based on the recombination time (see Section 5.2)
and direction aligned with the orientation of the tail.

We check to see whether the motion of HD 20336 meets these
criteria. We overlay the inferred positions over the past 3 Myr of
HD 20336 given the sky-projected space velocity calculated from
Gaia proper motion values (Gaia Collaboration et al. 2023),
corrected for the LSR (e.g., Soderblom et al. 1989; Ransom et al.
2015) given by Huang (2015) atop Figure 2. The orientation of
the tadpole is just outside the error cone of the trajectory we
determined for HD 20336, suggesting that an association is
possible but not definitive. The error in the path of HD 20336 is
largely from the uncertainty in the LSR. The orientation of the tail
parallel to the Galactic plane also suggests motion in the plane, as
might be expected for a star. Similar corrected space velocity
values were calculated for WD 0314464, finding a proper
motion path that agreed less well with the tail. The angular
velocities of the B2(e) star and white dwarf are 9.98 + 0.02 and
159.4 + 0.1 mas yr " respectively. The high angular velocity of
the white dwarf rules it out based on the timescale estimates we
find for the tail in Section 5.2 (unless 1, ~ 1 cm >, which is much
higher than typical in the WIM); however, the B2(e) star’s
angular velocity is of the same order of magnitude as our
estimates—a result consistent with the star causing the feature.
Using the Gaia database, we searched®® for any other candidate
stars that could cause the Faraday rotation feature (Anderson
et al. 2024). We identified no new candidates from this query.

5.4. Faraday Depth and Electron Column

We can make sense of the absence of the tadpole in both
the ST+HI4PI H1 and WHAM surveys by considering that

26 We used the capabilities of a natural language model to construct ADQL
search queries of the Gaia archive (OpenAl 2023).

14

Mohammed et al.

the strongest observed Faraday rotation in the head is
¢~ —8radm . This requires free electrons that would
have been ionized from neutral hydrogen in the ISM. Here,
we assume that a change in the electron density, not a change
in the magnetic field, is the dominant factor in the change
in ¢. This would leave a deficit in the neutral hydrogen
column density, N(HI), but as demonstrated above, we do
not observe this. The magnitude of change in the H1 density
needed to produce the observed Faraday depth can be estimated
using (from Equation (2)) ¢=0.81-nBjL. Using the
Faraday depth from the head of the tadpole and the
canonical total magnetic field strength in the Solar neighborhood
of 6 uG (Haverkorn 2015), the change needed in the column
density of free electrons is 1L ~ 1.5 x 10"8Bg ' ecm=2 ~
1.4B; ' pccm ™3, or an emission measure of EM = f nlds =
(n.L)?/L ~ 2(L/1pcy'Bg? pc cm . Here, we define By =
B /6 uG;Bs = 1/ J3 if a 6 4G field is randomly distributed
among three orthogonal components.

If the free electrons arose from the ionization of existing
neutral hydrogen, this would result in a decrease in N(HI) of
~1.5 x 10'8B, ' cm~2. This is small compared to the typical
NMHTI) 21020 cm 2 near the plane (less than 3% in the case of
Bg = 1/+/3) and thus would be impossible to see as a deficit in
HI maps. An emission measure of ~2pccm ® would be
detectable in Ha emission (Haffner et al. 2003); if the path
length of ionized gas were L =3 pc, the emission measure
would be less than the 3¢ sensitivity of the WHAM survey
(EM ~ 0.3 pc cm®). Therefore, Faraday rotation would be
sensitive to a change in electron column density that could not
be detected in other tracers even if there were no change in the
magnetic field. Because we would not expect to detect a change
in n.L in other tracers, we cannot readily distinguish between a
change in the electron column and a change in B). The motion
of ionized gas may distort the magnetic field lines, changing
their orientation with respect to the line of sight, which can also
lead to a gradient in Faraday depth, a so-called magnetic wake
(Ransom et al. 2010).

6. Summary and Future Prospects

In this paper, we have presented the first polarization maps
from CHIME in what will be a component of the GMIMS low-
band north all-sky survey. The wide bandwidth at relatively
low frequencies (400-729 MHz) gives us a Faraday depth
resolution, which is roughly half the largest scale we are
sensitive to, enabling investigation of Faraday complexity. We
analyzed a relatively small region of the sky where the
emission is bright and instrumental properties are best under-
stood; in future work, we will expand the use of CHIME data to
analyze the large-scale structure of the Galactic magnetic field.

The polarized structure that we refer to as the tadpole is
composed of a circular head centered on £=137°, b=+7°
roughly 2° in diameter, with a tail extending about 10° to
¢ =127°. The entire feature has an observed polarization angle
rotated significantly compared to the surrounding sky due to
Faraday rotation. The largest Faraday depth \qﬂ is in the head of
the tadpole, with values as large as —8 rad m™ ~. The tail appears
as a second Faraday depth component at ~ —12radm ~. The
tail has been hinted at previously but is very clear both in single-
channel polarization angle images and in Faraday depth images
with CHIME. Similarly, what we identify as the head has been
seen primarily as a DP feature in the past. With the angular and
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Faraday depth resolution of CHIME, we clearly identify it as a
Faraday rotation feature, recovering most of the power that is
depolarized with poorer angular or Faraday depth resolution.

The presence of a tail suggests motion along its direction
through the ISM. The proper motion of HD 20336 is
marginally consistent with the orientation of the tail. The
tadpole is not seen in maps of neutral or ionized hydrogen
column density, although our estimates suggest that the amount
of gas necessary to undergo ionization, resulting in the
observed Faraday rotation magnitude, falls below the sensitiv-
ity threshold of Ha and HTI surveys, especially given the
intensity of surrounding emission. We find the recombination
time for the ionized electrons to be ~1 Myr, and with this
estimate, we derive a proper motion of the (unknown) ionizing
source of ~20 mas yr ', which is on the order of magnitude of
the B2(e) star’s velocity. Although this is suggestive evidence,
we cannot be certain that the B2(e) star is linked to the tadpole.

The CHIME Stokes Q and U cubes covering the 400
—729 MHz range comprise the primary data set used in this
study. This frequency coverage yields a Faraday depth
resolution of 9.7 rad mfz, resolving the maximum ¢ scale of
~19rad m 2 Given the asymmetries present in the main lobes
of some of the spectra we observe on or near the tadpole
feature, exploring this region with improved ¢ resolution
combined with sensitivity to extended features will be valuable.

In the longer term, we will be able to combine ¢ resolution
and improved spatial resolution with the advent of the
upgraded DRAO ST, which will cover 400-1800 MHz at 1’
resolution (compared to the single-frequency channel available
from the current ST). The single-channel 1’-resolution x map
from the DRAO ST+EMLS in Figure 5 already reveals an
abundance of structures on scales much smaller than the size of
the tadpole, and investigating these in ¢ space with high
resolution may provide further insights into the nature of the
overall structure. Other future studies may also include
exploring potential correlations between the tadpole Faraday
structure and thermal dust emission features in three-dimen-
sional dust maps.

There are three factors in this study that CHIME makes
possible. First, for the purpose of this study, CHIME is
effectively a large single antenna, with sensitivity to large
structures, coupled with better angular resolution than the single
antennas that have been used for polarimetry in this frequency
range. Second, the wide bandwidth and many frequency
channels enable Faraday synthesis with @, e = 200,
comfortably resolving the maximum scale. Third, the polarized
sky is Nyquist sampled. This powerful combination has revealed
an extended and Faraday complex structure in G1374-7, a region
that has been a curiosity for six decades.
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Data Availability

FITS files containing the CHIME data products, Stokes /, O,
U, and V as a function of frequency and Faraday depth for the
regions shown in this paper, are available through the Canadian
Astronomical Data Centre (CHIME & GMIMS collaborations
2024): doi:10.11570/24.0001.

Facilities: CHIME, DRAO:Synthesis Telescope, Effelsberg.

Software: Astropy (Astropy Collaboration et al. 2022);
ch pipeline; Matplotlib (Hunter 2007); NumPy; RM-
Tools (Purcell et al. 2020).

Appendix A
Resolved and Unresolved Faraday Components in Faraday
Synthesis

In this appendix, we model the impact of resolved and
unresolved Faraday depth components on Faraday synthesis
spectra, similar to the analysis of Sun et al. (2015), but covering
the much broader A\* range corresponding to the CHIME
frequency coverage. We create a model with Faraday depth
components ¢, with polarization fractions pg, emitted at
polarization angles X The observed complex polarization is
then given by Equation (8). We performed a series of
simulations with the inputs listed in Table Al. We set
oy=0radm 2 in all cases; making o, nonzero produces
results that are similar to reducing pg  for each component. We
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Figure A1l. Output of models from Table Al. Vertical dotted lines show the input Faraday depths ¢; and ¢,. We show dirty (dotted—dashed lines) and clean (solid
lines) spectra for a few cases but clean spectra only in most cases to reduce clutter. (a) Our control model with one component at —5 rad m~2. (b) Models 1-3 with two
components separated by 4, 10, and 20 rad m 2. (c) Models 1, 4, and 5, with two components separated by 4 rad m™~2, which is not resolved by the RMSE. We show
the same model but with y, ranging from 0 (model 1, as in panel (b) to 90° (model 5). (d) Models 6-8, with two components separated by 4 rad m 2, which is not
resolved by the RMSF. The second component has reduced pl. As in models 1, 3, and 4, we show the same model but with X, ranging from 0 (model 5) to 90°
(model 7).

Table A1
Model Parameters Shown in Figure Al

Model pol 1 00,1 Xo,1 Dol (023 00,2 Xo0,2
0 1.0 —5radm? 0.0rad m2 0° 0.0

1 1.0 —2radm~? 0.0rad m2 0° 1.0 2rad m™2 0.0 rad m 2 0°
2 1.0 —5radm~? 0.0rad m 2 0° 1.0 5rad m~2 0.0 rad m > 0°
3 1.0 —10 rad m™> 0.0rad m2 0° 1.0 10rad m™2 0.0rad m2 0°
4 1.0 —2radm™? 0.0rad m2 0° 1.0 2 rad m ™2 0.0rad m?2 45°
5 1.0 —2radm? 0.0rad m 0° 1.0 2rad m~2 0.0 rad m > 90°
6 1.0 —2radm~? 0.0rad m2 0° 0.5 2rad m~2 0.0 rad m ™2 0°
7 1.0 —2radm 2 0.0 rad m > 0° 0.5 2rad m > 0.0 rad m > 45°
8 1.0 —2radm? 0.0rad m 2 0° 0.5 2rad m~2 0.0 rad m > 90°

Note. Input parameters used with Equation (8) to create Figure Al.

then performed Faraday synthesis on the resulting P()\?) spectra
and CLEANed the spectra to a threshold of p/=0.2 in the
arbitrary units used in these figures, producing the Faraday
depth spectra shown in Figure Al. We used complete
frequency coverage from 400-729 MHz in running these
simulations, an idealized version of the portion of the CHIME
data used in this paper, with the FWHM of R(¢) being
8¢ =9.7radm 2. Accounting for the gaps in our frequency
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coverage produces additional sidelobes in the dirty spectrum
but does not change the qualitative picture.

First, in Figure Al(a), we show a model with a single
component at ¢ = —5 rad m 2. The dirty spectrum is an exact
replica of the RMSF, shifted to the input Faraday depth.
Cleaning removes the sidelobes effectively.

Next, in Figure A1(b), we show cases in which there are two
components that are separated by 4radm 2, which is
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Figure A2. Output separation of Faraday depth components (calculated using
Faraday synthesis) as a function of the input separation of Faraday depth
components in the simulation. The dashed line shows a 1:1 line, and the dotted
box shows the FWHM of R(¢) (9.7 rad m~2). We ran this experiment for

1< ¢ <20rad m 2in 0.1 rad m > increments; outputs for which there are not
separate peaks in the output Faraday spectrum are blank.

unresolved (model 1); separated by 10rad mfz, which 1is
marginally resolved (model 2), and separated by 20 rad m 2,
more than twice 6¢ (model 3). In the resolved case (model 3),
two peaks appear at their input Faraday depths. Sidelobes are
present but removed precisely by cleaning, leaving two peaks
that closely resemble Gaussians. We performed the same
experiment with a wide range of input angles Y ; there is no
appreciable change in the resulting Faraday spectrum. For the
A¢=10radm * case (model 2), there is a flattened appear-
ance to the blended peaks in the Faraday spectrum. There are
two peaks, but they are separated by ~8 rad m~2, less than the
separation of the input Faraday depths. Lastly, in the
unresolved case (A¢ =4rad m~%; model 1), there are two
distinct peaks but they are separated by ~9 rad m2.

In Figure Al(c), we again show two components with equal
polarized intensity separated by 4radm 2, which is not
resolved by the RMSF. Model 1, with the same yx, in both
components, is as in Figure A1(b). When the two components
are emitted at different angles (45° different in model 3 and 90°
different in model 4), we see only a single component centered
between the two input components. These two peaks are true
features in that they correspond to two distinct but unresolved
input components, but their observed Faraday depths are not
accurate. Instead, the Faraday depths of the observed peaks are
separated by ~6¢. Because these peaks represent true features,
they are not removed by RM-CLEAN, but their position is also
not changed (or perhaps changed very slightly). In contrast, the
sidelobes at +15 and +23radm > are removed by RM-
CLEAN.

In Figure Al(d), we show a similar experiment but the
intensity of one of the input components is reduced by 50%. In
the in-phase model (model 5), the two peaks remain present
and remain pushed out to be separated by =d¢. In the out-of-
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phase models (6 and 7), only one peak is evident, centered at
the intensity-weighted mean of the two input components.

We ran models of types 1, 4, and 5 (equal input polarized
intensities with three different angular separations of the
components), but now for a range of input Faraday depth
separations between the components and then determined the
separation of the peaks in Faraday spectra. We show the results
in Figure A2 (similar to Figure 4 of Sun et al. 2015, but with a
denser sampling of A¢). At A¢ > 12rad m 2, the components
are resolved by Faraday synthesis and the output peaks
correspond well with the input peaks. We do not observe
peaks in the Faraday spectrum, which are appreciably closer
than the FWHM of R(¢), 9.7 rad m 2.

What causes the observed peaks in the Faraday spectrum to
be at separations wider than the input values? This is a DP
effect. Absent DP, we would expect two unresolved compo-
nents to appear in a single, broadened Gaussian-like form.
When the Faraday-rotated emission from the two components
is out of phase, DP occurs. With two Faraday screens of equal
pl, the Faraday spectrum F(¢) is the sum of two copies of the
RMSF with centroids separated by ¢, — ¢;. The imaginary part
of R(¢) is antisymmetric, so for certain separations of ¢, and
¢», the imaginary parts of the copies of R(¢) interfere and
depolarize. From these investigations, we conclude that
Faraday synthesis results should be interpreted with caution
when the spacing of peaks is <d¢ (Equation (3)), in agreement
with the similar results at higher frequencies presented by Sun
et al. (2015). In this case, QU fitting, which is less sensitive to
this type of interaction between Faraday depth components,
should be used to refine the results.

Appendix B
QU-fitting Results

Here, we present a comparison between the Faraday
synthesis and QU-fitting results for the CHIME data in terms
of the Faraday depth spectra, along with a comparison of the
four models tested. For the three lines of sight shown in
Figures 6 and 7, we determine the complex polarized fraction,
P (%), from the best-fit parameters resulting from QU fitting for
the four models we tested: one- and two-component Faraday
screens (1 FD and 2 FD), with and without beam DP. These are
shown in Figure 8 for comparison in the \* domain. In Figure 9
we show the Faraday depths derived from the two-component
model that includes beam DP, 2 FD + DP.

We apply Faraday synthesis to each model 5()\?) determined
from QU fitting. We show the resulting Faraday depth spectra,
compared to the spectra derived from the data p()\) in
Figures B1-B3. For all three lines of sight, the two-component,
beam-depolarized model (2 FD + DP) spectrum agrees well
with the spectrum derived from the data p()\?). Note that small
discrepancies between the data spectra shown in Figure 7 and
the spectra shown here arise because the latter were calculated
from Q/I and U/I (no spectral index) rather than Q and U
(including spectral index) as were used for the main analysis.
The off-tadpole line of sight shown in Figure B3(d) is an
example of the type of scenario described in Appendix A and
depicted in Figure Al(d) (model 8), in which two Faraday
depth components (denoted by the vertical black lines in both
of the two-component models) become slightly shifted with
respect to each other through the Faraday synthesis process.

In Table Bl, we summarize the best-fit parameters of all
models for these three lines of sight, along with the Bayesian
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Figure B1. Results of QU fitting used as input to Faraday synthesis for a line of sight on the head of the tadpole for the four models described in Section 4.4. Blue lines
represent the magnitudes of the spectra derived from applying Faraday synthesis to the CHIME p()?) data. Orange lines are the magnitudes of the spectra derived
from applying Faraday synthesis to the model j5()\?) determined from QU fitting. Solid (dashed) lines represent clean (dirty) spectra. Vertical, black dotted lines
indicate the locations of the QU-fitted Faraday depth components, and the black dot indicates the polarized fraction corresponding to that component.

Tail £,b=133.9°,6.7°

| model: singlle-component Faraday screen (1 FD) |

model: tw<|3-c0mponeni\: Faraday screen (2 FD)

0'4_; (a) ---- data dirty 047 1(b)
] —— data clean 1
0.37 ---- model dirty 0.37
—— model clean ]
0.2 - 20.2
0.1 - 0.1
0.0- - — ; : : : 0.0-
—-40 -20 0 20 40
¢ [rad m~2] ¢ [rad m~2]
model:lsingle-complonent with b@am depolarisation (1 FIID + DP) modell: two-compolnent with bqam depolarilzation (2 FD‘+ DP)
0.47: © = 0.47: (d)
0.3 - 0.3
20.2 - 20.2
0.1 - 0.1
0.0- 0.0-

Figure B2. Results of QU fitting used as input to Faraday synthesis for a line of sight on the tail of the tadpole. See Figure B1 for a full description.

evidence, Z, and the Bayes odds ratio, AlIn(Z), to quantify
the comparison between the models. We compare all models,
m, to 2 FD 4 DP, which has the highest value of In(Z), such

that
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Aln(Zy) = In(Zy pp + pp) — In(Zy).
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Figure B3. Results of QU fitting used as input to Faraday synthesis for a line of sight in the off-tadpole region. See Figure B1 for a full description.

Table B1
QU-fitting Results for Representative Lines of Sight
Location l, b Model ln(Zg Aln(Z) )41 1 X0,1 [ P2 2 X0,2 02
(x10%) (x10% (rad m™2) (rad m™?) (rad m™?) (rad m™?)

Head 137°, 7° 1 FD —53.4 37.5 0.4 -7.5 220

2 FD —27.0 11.1 0.6 -59 14328 0.4 —4.2 9%6

1 FD + DP 277 11.8 0.5 —7.6 2°4 1.4

2 FD + DP —159 0.0 0.5 -7.5 0°6 1.4 0.1 3.0 65°3 0.02
Tail 134°, 6.5° 1 FD —-57.3 49.2 0.4 —14 16227

2 FD —13.4 53 0.6 —24 1527 0.4 —-4.0 15292

1 FD + DP —16.7 8.6 0.6 —-1.6 16429 1.6

2 FD + DP —8.1 0.0 0.5 —-1.4 16322 1.3 0.2 —12.5 11225 2.0
Off 135°, 9° 1 FD —-14.9 9.8 0.3 -1.9 8°8

2 FD —-5.7 0.6 0.3 —1.6 125 0.1 8.1 9322

1 FD + DP —-14.9 9.8 0.3 -1.9 8°8 0.18

2 FD + DP -5.1 0.0 0.3 —-1.3 17525 0.03 0.1 7.4 10623 1.3
For the selected points in the head and tail of the tadpole, a ORCID iDs

two-component beam-depolarized model (2 FD + DP) is
clearly the best fit, while for the selected off-tadpole point a
two-component model without DP (2 FD) may be sufficient
within the set of models explored here. As noted in Section 4.4,
a full description of the lines of sight toward the tadpole likely
includes more complexity than this basic set of models. The
primary Faraday depth components, ¢, are reasonably
consistent between these models, while in the head and tail
of the tadpole, the secondary component, ¢, is strongly
dependent on whether or not beam DP is included in the model.
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