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ABSTRACT

Context. We conducted a follow-up study on the analysis of the LOw Frequency ARray (LOFAR) Two-metre Sky Survey (LoTSS)
mosaic in the high-latitude outer Galaxy presented in the first paper of this series. Here, we focus on the search for alignment between
the magnetic field traced by dust, HI filaments, starlight optical linear polarisation, and linear depolarised structures (depolarisation
canals) observed in low-frequency synchrotron polarisation. This alignment was previously found in several smaller fields observed
with LOFAR, offering valuable insights into the nature of the interstellar medium and the 3D spatial distribution of the diffuse ionised
medium.

Aims. We aim to determine whether the alignment of the interstellar medium (ISM) phases observed through multiple tracers is a
common occurrence or an exception. Additionally, in areas where depolarisation canals align with the magnetic field, we use starlight
polarisation to constrain the distance to the structures associated with the observed canals.

Methods. We employed the Rolling Hough Transform (RHT) and projected Rayleigh statistics (PRS) to identify and quantify the
alignment between the different tracers. We used these tools to detect linear features in the data and quantify the significance of the
orientation trends between pairs of tracers.

Results. On the scale of the whole mosaic, we did not find any evidence of a universal alignment among the three tracers. However, in
one particular area, the western region (Dec between 29° and 70° and RA between 7"44™ and 9"20™), we do find a significant alignment
between the magnetic field, depolarisation canals, and HI filaments. Based on this alignment, we used the starlight polarisation of stars
with known parallax distances to estimate that the minimum distance to the structures observed by LOFAR in this region lies within

the range of 200 to 240 pc. We associate these structures with the edge of the Local Bubble.

Key words. magnetic fields — polarization — ISM: general — ISM: magnetic fields — ISM: structure — radio continuum: ISM

1. Introduction

One of the largest projects of the LOw Frequency ARray
(LOFAR, van Haarlem et al. 2013) project is LOFAR Two-metre
Sky Survey (LoTSS, Shimwell et al. 2017, 2019, 2022). Its aim
is to observe the whole northern sky at low radio frequencies,
from 120 to 168 MHz. Its scientific goals include investigating
the formation and evolution of galaxies, black holes, as well
as the large-scale structures of the Universe and our Galaxy.
The properties of the interstellar medium (ISM) and its mag-
netic fields were first studied on LoTSS preliminary data in the
Hobby-Eberly Telescope Dark Energy Experiment (HETDEX,
Hill et al. 2008) spring field by Van Eck et al. (2019). In our pre-
vious work (Erceg et al. 2022, hereafter, E22) we expanded this
research to a 5.5 times larger area using the second release of the
LoTSS data (LoTSS-DR2, Shimwell et al. 2022). There, we used

*Maximum polarised intensity data are available at the CDS
via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5)
or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/
687/A23

the LoTSS-DR2 data to construct a 3100 squared-degree mosaic
of synchrotron polarised emission and study the complexity of
the magneto-ionic medium at low frequencies. In this work,
we delve deeper by performing a multi-tracer analysis to bet-
ter understand the low-frequency synchrotron polarised emission
and its 3D distribution.

Linearly polarised synchrotron radiation emitted at a dis-
tance, d, from the observer is affected by Faraday rotation as it
passes through the magneto-ionic medium. The rotation changes
the polarisation angle by A8, which can be quantified through a
parameter known as Faraday depth ®':

NG 22 D _42081fd ne By dl
[rad] ~ [m?] [radm=2] ~ [m?]" Jy [em~] [uG] [pc]’

ey

Here, A is the wavelength of observations, 7, is the electron
density, By is the component of the magnetic field along the line

I In a special case of a background emitting source and foreground
rotating medium, @ can be called rotation measure (RM, for the correct
sense see Ferriere et al. 2021).
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of sight (LOS), and the integral is taken over a path from the
source to the observer at a distance, d. The Faraday depth has
a positive or a negative sign depending on whether the mag-
netic field is orientated towards or away from the observer, as
per the standard convention used in Faraday studies (e.g. Ferriere
et al. 2021). The degree of Faraday rotation is proportional to the
wavelength’s square, making this phenomenon more prominent
at lower frequencies. This characteristic makes LOFAR excep-
tionally well suited for observing the effect of Faraday rotation.
Using the technique of Faraday tomography, we can separate
the polarised emission based on the amount of Faraday rota-
tion it has experienced along the LOS (Burn 1966; Brentjens
& de Bruyn 2005). The result is a cube composed of polarised
intensity images at different Faraday depths, namely, a Fara-
day cube. A Faraday spectrum at a specific position in the sky
represents polarised intensity as a function of Faraday depth.

The Faraday cube of the E22 mosaic revealed that the
observed area is filled with linear, depolarised structures known
as the depolarisation canals (see e.g. Sokoloff et al. 1998;
Haverkorn & Heitsch 2004; Jeli¢ et al. 2015, and references
therein). The depolarisation canals are elongated and narrow
structures (akin to ‘baguettes’) of low or zero polarised inten-
sity, formed by depolarisation at the scales of the telescope’s
resolution and defined with a point spread function (PSF). This
can occur on a border of the two regions, where the polar-
isation angle abruptly changes by 90° (see an illustration in
Fig. 2 of Fletcher & Shukurov 2006). In that case, the border
becomes depolarised and a canal with a width corresponding to
the PSF size is formed. Canals formed in this way are frequency-
dependent. Depolarisation canals can be frequency-independent
when formed in a turbulent medium, where random polarisa-
tion angles cancel out within the scale of the PSF (Shukurov &
Berkhuijsen 2003). While depolarisation canals are commonly
observed in LOFAR observations (Jeli¢ et al. 2015, 2018; Turié
et al. 2021, E22), the exact physical conditions that create them
are not yet fully understood. Nevertheless, they can give us
important clues in reconstructing the picture of the LOS distri-
bution of predominantly ionised medium and the magnetic field
permeating it.

Jeli¢ et al. (2018) found an alignment between depolarisa-
tion canals, the orientation of HI filaments” and the plane-of-sky
magnetic field inferred by dust in a small field (5° x 5°) centred
on the 3C196 quasar. The authors claim that this result suggests
that an ordered plane-of-sky magnetic field is crucial in con-
fining different phases of the ISM, such as diffuse ionised gas
and neutral components — HI gas and dust. Bracco et al. (2020)
searched for alignment between structures observed in polarised
synchrotron emission and different phases of the neutral medium
and found a significant alignment in three additional fields sur-
rounding the 3C196 field. The same three fields were studied
in the work of Turi¢ et al. (2021), where an alignment between
Planck plane-of-sky magnetic field, depolarisation canals, and
starlight polarisation was found. The authors were able to use
this alignment to place initial constraints on the distance to the
Faraday structures observed in one of the fields. This can be done
in areas where the depolarisation canals align with the plane-
of-sky magnetic field traced by linearly polarised dust emission
and with the measurements of starlight polarisation angle. The

2 The term HI filament in this paper refers to slender, linear features of
HI found at the high Galactic latitudes defined as fibers in Clark et al.
(2014).
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key in this alignment is the magnetic field, which aligns the
dust grains; these, in turn, emit partially linearly polarised sub-
millimeter emission and polarise the light of the background
stars in the direction of the magnetic field Davis & Greenstein
(1951); Lazarian & Hoang (2007); Andersson et al. (2015).
While the mechanism by which the depolarisation canals may
become aligned with this magnetic field is not yet understood, an
alignment between these tracers is observed in some sky areas,
which indicates a causal connection. If the magnetic field is
responsible for aligning both depolarisation canals and starlight
polarisation, we can imagine several 3D scenarios that could pro-
duce an alignment in projection to the plane of sky. The magnetic
field could be localised and aligning different tracers at one par-
ticular distance — or it could be uniform across larger volumes
of space, aligning tracers at various distances from us. There
is no way to differentiate between the two configurations using
the aforementioned tracers. Therefore, by searching for align-
ment and using the distances to the background stars, we may
determine only the minimum distance to the Faraday structures
associated with the depolarisation canals.

The distance Turic et al. (2021) found to the structures asso-
ciated with depolarisation canals was around 200 pc, which puts
it in our nearest Galactic neighbourhood. This result aligns with
the idea that LOFAR’s high sensitivity to Faraday rotation makes
it susceptible to signal depolarisation over long distances. It
is therefore expected that LOFAR is mostly probing the local
Galactic medium, such as the nearby radio Loop III (Quigley &
Haslam 1965; Berkhuijsen 1971) observed in E22, or possibly the
wall of the Local Bubble (Cox & Reynolds 1987). Local Bubble
is an irregular cavity in the Galactic ISM that encapsulates the
Solar system. Its edge can be found at distances of several hun-
dreds of parsecs, depending on the direction of the observation
(Lallement et al. 2003). Recent dust extinction maps (Lallement
et al. 2019) have enabled the construction of a 3D model of the
Local Bubble shell by Pelgrims et al. (2020). The modelled dis-
tances to the inner wall of the Local Bubble can be compared
with distance estimates obtained from our analysis.

This paper aims to advance our understanding of the 3D
distribution of the Galactic magneto-ionic medium through
multi-tracer analysis. By analysing the relation between differ-
ent tracers of the ISM — HI filaments, depolarisation canals, and
magnetic field — we aim to understand whether the alignment
between them on the plane of sky is universal across large areas.
Furthermore, we aim to utilise the alignment between depolar-
isation canals, magnetic field and starlight polarisation to infer
the distance to the structures observed in LoT'SS-DR2 mosaic
of E22.

This paper is organised as follows. In Sect. 2, we describe
the datasets used in this paper. In Sect. 3, we introduce the main
statistical tools used in our analyses: the Rolling Hough Trans-
form (RHT) and projected Rayleigh statistics (PRS). We present
the results of analyses of the orientation trends between different
tracers in Sect. 4 and comment on their implications in Sect. 5.
We present our conclusions in Sect. 6.

2. Data

In this section, we describe the datasets used in the paper. All
the datasets are constrained to the sky area of the LoT'SS mosaic
(E22), from 8"00™ to 16"40™ in RA and from 29° to 70° in
Dec. The LoTSS data are described in Sect. 2.1, followed by the
description of the auxiliary data used to examine the alignment
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of different ISM tracers and define the distance of the structures
seen in the LoT'SS mosaic.

2.1. LoTSS data

Throughout the paper, we analyse the maximum polarised inten-
sity image created using the LoTSS mosaic Faraday cube®, both
presented in E22. The cube was constructed using low-frequency
LoTSS-DR2 observations covering a frequency range from 120
to 168 MHz, which is now publicly available. The Faraday
tomography was performed using the RM-synthesis algorithm
(Brentjens & de Bruyn 2005), which utilises a modification
of a Fourier transform to convert frequency-dependent spectra
into Faraday depth-dependent spectra of polarised intensity, pre-
sented in a single Faraday cube. The primary advantage of using
RM-synthesis is its capacity to reduce noise by VN, with N rep-
resenting the number of input frequencies. Low-intensity struc-
tures observed by LOFAR are challenging to distinguish from
noise in individual Q and U images and this reduction enables
us to observe them in the final Faraday cube. The mosaicked
Faraday cube has an angular resolution of 5.5 arcmin and cov-
ers the Faraday depth range from —50 to +50 rad m~2, with the
resolution in Faraday depth being 1 rad m~2. The noise level in
the cube is 71 puJy PSF~! RMSF~'. The three-dimensional (3D)
Faraday cube was collapsed into a maximum polarised intensity
map by selecting the peak value in the Faraday spectrum for each
LOS. The resulting image reveals the presence of depolarisation
canals. To identify and quantify the orientation of the canals, we
employed the RHT method, as detailed in Sect. 3.

2.2. Starlight polarisation data

We used starlight polarisation measurements in combination
with distances to the stars to set the minimum limit to the
distance of Faraday structures associated with depolarisation
canals. We searched for catalogues containing measurements of
starlight polarisation angle in the VizieR* database and used
data from the same catalogues as (Turi¢ et al. 2021; Heiles
2000; Berdyugin et al. 2001; Berdyugin & Teerikorpi 2002;
Bailey et al. 2010; Berdyugin et al. 2014), with the addition of
Piirola et al. (2020). We obtained the distances to these stars
by cross-matching the sources from these catalogues with the
Bailer-Jones et al. (2021) catalogue based on the Gaia Early Data
Release 3 (Gaia Collaboration 2021).

Some of the stars had multiple polarisation measurements
available from different catalogues; in such cases, we selected
the measurement with the lowest error in starlight polarisation
angle. Furthermore, we excluded all the stars with starlight polar-
isation angle errors larger than 60 degrees. After applying these
filters, we were left with 709 stars in total.

2.3. Planck magnetic field data

The plane-of-sky magnetic field as traced by dust can be
obtained from Planck maps of Stokes parameters Q and U’
at 353 GHz (Planck Collaboration 1. 2020). The plane-of-sky

3 Faraday cube and derived products described in Erceg et al. (2022)
are publicly available at FULIR database https://data.fulir.irb.
hr/islandora/object/irb:367

4 https://vizier.cds.unistra.fr/viz-bin/VizieR

5 Publicly available at The Planck Legacy Archive: https://pla.
esac.esa.int
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magnetic field orientation is calculated by rotating the dust polar-
isation angle from the maps by 90 degrees. To increase the
signal-to-noise ratio (S/N), we smoothed the data to a resolution
of 1 degree.

2.4. EBHIS data

We used the 21 cm spectroscopic HI data from the Effelsberg-
Bonn HI survey® (EBHIS, Winkel et al. 2016) to search for
alignment between the depolarisation canals and the neutral
phase of the ISM on the large scale of LoT'SS mosaic.

The EBHIS data come in the form of position-position-
velocity (PPV) cubes with an angular resolution of 10.8 arcmin
and a spectral resolution of 1.44 kms~'. The full data
cover the local-standard-of-rest velocity range of [visr| <
600km s~!, however, significant levels of emission in the area
of LoTSS mosaic are found in velocity range from —139.2 to
+108.5 km s™!'. As we expect the distance to the structures anal-
ysed in this paper to be at most at few hundred parsecs from
the Sun, we avoided velocity ranges occupied by intermediate to
high velocity clouds likely coming from cold gas in the distant
halo (farther than 1 kpc, e.g. Marasco et al. 2022, and references
therein). For this reason, we integrated the HI intensity over the
range of | sr| < 30 km s~

3. Methods and statistical tools

For the robust statistical analysis of the alignment between
different tracers, we used the following statistical tools.

3.1. Rolling Hough Transform

The RHT (Clark et al. 2014) is a computer vision and image pro-
cessing algorithm based on the Hough algorithm (Hough 1962),
used to identify straight lines in an image. It can be used in the
analysis of linear features of the ISM, such as HI filaments (Clark
et al. 2014; Clark & Hensley 2019) or depolarisation canals (Jeli¢
et al. 2018; Turi¢ et al. 2021). The algorithm allows us to quan-
tify linear features in an image by assessing the probability that
each pixel is a part of a coherent linear structure oriented in a
specific direction. In this paper, we use it to define and quantify
linear structures in both LOFAR and EBHIS datasets.

The output of the RHT, R(6, x, y), represents the probability
that a pixel located at (x,y) in the image is part of a coherent
straight line with a direction angle 6. The angle 6 is defined
in the range of [0°, 180°], where 0° points to the north of the
image. There are three input parameters of RHT that can be
tuned to enhance specific linear features in the image. The prob-
ability threshold (Z) defines the lowest probability R(6, x, y) that
is considered acceptable. The smoothing kernel diameter (Dg)
specifies the size of a two-dimensional kernel used to smooth
and unsharp mask the data, resulting in sharpened lines and
reduced large scale features. The window diameter (Dy) defines
the diameter of a circular window within which the algorithm
searches for coherent linear features; therefore, it defines the
shortest line RHT can detect. Jeli¢ et al. (2018) demonstrated
that detection of depolarisation canals using RHT is robust to
changes in the parameters. Modifying the parameters of the
RHT only impacts the level of noise in the data, with the mean
directions of detected features remaining unchanged.

6 http://cdsarc.u-strasbg.fr/viz-bin/qcat?]/A+A/585/
A4l
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To produce a distribution of the orientation of structures in a
specific area, we integrated the RHT distributions R(6, x, y) over
that area, as follows:

R©®) = f f R(8, x, y) dxdy, )

per the definition in Clark et al. (2014). From this distribution,
we can calculate the mean, (6), and the spread of the distribution,
00, following Jeli¢ et al. (2018). By projecting angle 6 to a full
circle and defining every point as a vector of length R*(6)d#, they
defined a vector of S as:
" R (0)e*"dg
/2 R?(6)do

The direction and length of S can be used to measure () and 69:

Im(S)
Re(S)’

0) = %arctanZ @

86 = % vIn(1/ISP). )

The output of RHT can be visualised by creating a backpro-
jection, namely, by integrating R(6, x, ) over all the angles 6. In
this case, the intensity of pixels reflects the probability that they
belong to a coherent linear structure.

3.2. Projected Rayleigh statistics

An optimal statistics that can be used to quantify the alignment
between two reference orientations of 0° or 90° is the PRS (, Jow
et al. 2018). We used it to test the hypothesis that the distribution
of angle differences between two tracers peaks around zero, thus
indicating that the two tracers are aligned.

We followed the procedure from Panopoulou et al. (2021)
to calculate the PRS, estimate its uncertainty, and test whether
the alignment is statistically significant. Panopoulou et al. (2021)
defines PRS as:

N
1
PRS= —— Z w; cos 2AY;. (©6)

2
N w;
i 7

Here we define the angle difference Ay between two angles 6,
and 0, as:

(sin 26, cos 20, — cos 26, sin 26, )

1
Ay = — arctan
v cos 26, cos 20, + sin 26, sin 26,

7
5 )
to account for m-ambiguity (Planck Collaboration Int. XXXII
2016). We define the weights, w;,

wy = ——, ®)

2
g Ay
where o, accounts for uncertainties in both angle measure-

ments, o, and o,. Since the uncertainties in RHT and starlight
polarisation angle are not necessarily Gaussian, we use a Monte
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Carlo (MC) method to estimate o ay. Positive PRS values indi-
cate the two orientations are parallel, while negative PRS values
indicate perpendicular relative orientation.

The statistical significance of our results is determined by
running a MC simulation for a set of angles coming from normal
distributions whose mean values are uniformly distributed in the
range [-90°,90°]. At the same time, standard deviations are the
fundamental observed uncertainties. The simulated data repre-
sent a set of angle differences between random angles measured
with the same precision as our dataset. Supposing the PRS of the
observed distribution is greater than the 99.9th percentile of the
PRS distribution coming from MC simulations, it is statistically
unlikely (at a level of 30~ or more) that the observed distribution
is random; thus, we would deem the alignment as statistically
significant. We call this value the significance threshold. To
estimate the PRS uncertainties, we again used an MC method,
drawing a sample of angles from normal distributions with mean
values equal to Ay values and standard deviations equal to val-
ues of oay. We calculated the PRS distribution for 10000 sets
of angle samples. The standard deviation of the obtained PRS
distribution corresponds to the PRS uncertainty.

4. Analysis and results

In the following subsections, we apply the statistical tools out-
lined in Sect. 3 to assess the alighment between depolarisation
canals and three other observational tracers: starlight polarisa-
tion, magnetic field, and HI filaments. We study the alignment
between the tracers only in projection, which does not nec-
essarily imply existence of alignment in 3D space, where the
morphology may be more complex. A complete 3D analysis calls
for realistic large scale simulations of the multi-phased ISM,
which are beyond the scope of this paper.

We use RHT to find and quantify linear features in LoTSS
and HI data images and PRS to examine whether a pair of trac-
ers shows alignment. First, we present the results of the RHT
algorithm performed on the LoT'SS mosaic.

4.1. Depolarisation canals

By inverting the image of maximum polarised intensity through
calculation of the reciprocal, the depolarisation canals are
enhanced while the surrounding emission is suppressed. We
applied RHT to the inverted images of maximum polarised
intensity using the following RHT parameters: (Dg, Dy, Z) =
(10, 61, 0.8), which corresponds to (Dg, Dw, Z) = (8 arcmin,
50 arcmin, 0.8) at LoTSS resolution. Choice of the parameters
is the same as in Jeli¢ et al. (2018) and Turi¢ et al. (2021). The
RHT backprojection is presented in Fig. 1, superimposed on the
image of maximum polarised intensity.

At declinations below ~45°, which roughly correspond to
higher Galactic latitudes, the emission is fainter, patchy, or noise-
dominated. In these regions, depolarisation canals are sparse or
absent and the short and randomly oriented lines detected by the
RHT algorithm represent features created by the noise. Noise
features have a low probability of being a part of a linear struc-
ture, which is reflected in their low RHT intensity; this, in turn,
minimises their impact on the results of our analysis.

We have identified well-defined depolarisation canals in two
regions of interest. The first region is associated with emission
connected to Loop III. It is approximated by a union of three rect-
angles, as shown in a cutout of the LoT'SS mosaic in Fig. 2. The
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Fig. 1. RHT backprojection depicting depolarisation canals (red lines) overplotted on the maximum polarised intensity image of the whole LoTSS
mosaic. The blue bars on top of the two represent the sample of starlight polarisation measurements. They are coloured according to their distance,
as indicated by the lower colour bar. The orientation of the lines represents the orientation of the starlight polarisation angle in the same projection
as the LoTSS data.
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Fig. 2. Zoom on the maximum polarised intensity image in the Loop III region. Cyan and magenta lines represent the depolarisation canals
perpendicular and parallel to the loop, respectively. Blue bars represent the orientation of starlight polarisation angles, while the distance to the
stars is indicated by the lower colour bar.
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Fig. 3. Zoom on the maximum polarised intensity image in the western region. Cyan and magenta lines represent the depolarisation canals in the
east—west and north—south direction, respectively. Blue bars represent the orientation of starlight polarisation angles, while the distance to the stars

is indicated by the colour bar on the right.

first rectangle spans the Dec range from 55° to 70° and RA range
from 11"20™ to 14"00™, the second one spans over Dec range
from 52° to 62° and RA range from 10"20™ to 12230™, while the
third one spans the range from 48° to 50° in Dec and from 8"10™
to 10"50™ in RA. This definition of the Loop III region is more
restricted compared to the one in E22, as we aimed to include
only the areas with high intensity of diffuse emission and well-
defined depolarisation canals. The second region of interest is
the area of ordered depolarisation canals in the west, covering
Dec between 29° and 70°, and RA between 7"44™ and 9"20™, as
depicted in Fig. 3. This region includes the 3C196B field anal-
ysed in Bracco et al. (2020) and Turi¢ et al. (2021), centred at
RA, Dec = 8M3™, +40°24’.

The distribution of the orientation of depolarisation canals
in the two regions is shown in Fig. 4. Similarly to the canals
observed in the 3C196B field, the depolarisation canals in both
regions are distributed in two main orientations. The work of
Turic et al. (2021) suggest that the structures associated with each
group of these depolarisation canals may be located at different
distances along the LOS. Therefore, we want to search for align-
ment between either of the depolarisation canals groups and the
other tracers.

In each of the studied regions, the depolarisation canals often
intersect with each other, which is why it was necessary to bin
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Fig. 4. Distribution of the orientation of depolarisation canals in the
western region, shown in the upper panel. Angles highlighted in cyan
and magenta represent the east-west and the north-south orientation,
respectively. The distribution of the orientation of depolarisation canals
in the Loop III region is shown in the lower panel. Angles highlighted
in cyan and magenta represent the depolarisation canals perpendicular
and parallel to the loop, respectively.

them by their orientation and perform the analysis separately
for each group. In the Loop III region, we categorise depolar-
isation canals into two groups: those that follow the shape of
the loop itself and those that are perpendicular to the loop (as
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Fig. 5. Magnetic field orientation from Planck at 353 GHz, overplotted on the image of maximum polarised intensity of the LoTSS mosaic.

indicated by cyan and magenta lines in Fig. 2). The ones follow-
ing the loop have inclinations relative to the north of the image
ranging from 60° to 120°, while the ones perpendicular to the
loop have inclinations ranging from 120° to 60°. In the western
region, we distinguish between depolarisation canals oriented
east to west (ranging from 77° to 150°) and those oriented north
to south (ranging from 150° to 77°, see cyan and magenta lines in
Fig. 3). The former ones are mostly found at declinations above
50°, while most of the latter ones fill the declination range from
~35° to 70°. Our selection of bins is depicted in Fig. 4. Slight
changes in the binning do not change the results significantly,
since each depolarisation canal is weighted by its RHT intensity
(probability) throughout the analysis.

The width of the depolarisation canals in LoT'SS mosaic
matches the size of the PSF, while the average length is
approximately on the order of 1°. The longest depolarisation
canals stretch over up to 20° and are found in the westernmost
and easternmost areas of the mosaic. Precise statistics of the
depolarisation canals lengths requires a more accurate definition
of the borders of a single depolarisation canal. This aspect is
beyond the scope of this paper, but will be addressed in future
work.

4.2. Planck magnetic field

We utilised Planck data to reconstruct the plane-of-sky magnetic
field in the area of the mosaic, and present the results in Fig. 5.
We calculated the PRS for the same two regions of interest as in
the previous section. To create a sample of angles for PRS, we
divide each region into square patches with sides of 1.5 degrees.
In each patch, we calculated the circular mean of the magnetic
field orientation, 6., and the circular mean of the depolarisa-
tion canals orientation Opc. The difference between these two
orientations gives us the Ay of the PRS statistics (see Eq. (7)).
We report the PRS values, their errors, and the significance
thresholds in Table 1. Negative PRS values in the table, indi-
cate that the chosen bin of depolarisation canals is perpendicular
to the magnetic field. This means that the Planck magnetic field
is not dominated by dust emission that occupies the same vol-
ume of space as the structures associated with the depolarisation

Table 1. Results of the PRS analysis for the alignment between
the direction of the plane-of-sky magnetic field from Planck and the
depolarisation canals.

Region Orientation bin PRS oprs  Significance
threshold
Loop III 60° — 120° 4.0 02 2.7
120° - 60° 1.4 04 2.8
Western 77° — 150° -59 02 2.8
region 150° - 77° 8.8 0.5 3.0

Notes. Results indicating significant alignment are written in boldface.

canals, which prevents us from using starlight polarisation to
determine the location of these structures.

The magnetic field in the western region is ordered and ori-
ented in the north-south direction, aligning with the north-south
depolarisation canals. We found this alignment to be statistically
significant (see Table 1). As a consequence, a negative PRS value
is obtained for comparison with the depolarisation canals in the
east-west direction.

In the Loop III region, the magnetic field does not exhibit
morphological correlation with the shape of the loop, which
indicates that Loop III is not the dominant source of dust along
these LOS. The amount of dust in the loop seems insufficient to
induce significant stellar polarisation that would accurately trace
the plane-of-sky magnetic field of the loop. Therefore we can-
not differentiate between stars in front and behind the loop and
determine the distance to the loop.

In Fig. 6, we present a map of alignment ratio between the
orientation of the Planck plane-of-sky magnetic field and the
depolarisation canals. We used the same patches as in the PRS
analysis. For each patch, we calculated the mean magnetic field
and counted all the depolarisation canals whose orientation falls
within 10 degrees of that mean value. The alignment ratio rep-
resents the number of pixels containing depolarisation canals
that are aligned with the magnetic field, divided by the total
number of pixels containing a depolarisation canal. The highest
alignment ratio is found in the western region.
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Fig. 6. Ratio of depolarisation canals that align with the Planck plane-
of-sky magnetic field.

4.3. Depolarisation canals and starlight polarisation

The significant alignment between the depolarisation canals and
the magnetic field orientation in the western region of the mosaic
indicates that the two are physically connected. We assume that
they are located at the same distance from the Sun. Thus, we
proceeded with the search for alignment between depolarisation
canals and the starlight polarisation in that region.

We can estimate the distance to the structures associated with
depolarisation canals by finding the distance at which starlight
polarisation angles begin to align with the depolarisation canals.
To do so, we divided a subset of stars in the western region
(159) into distance bins. The number of measurements in each
bin varies, due to differences in stellar measurement density. If
a bin has fewer than five measurements, we excluded it from the
analysis. To mitigate the effect of choosing the first bin location
on the distance estimate, we shifted the bin locations by a step
size smaller than the bin size, following the approach used in
Panopoulou et al. (2021). For example, with a bin size of 100 pc
and a step size of 10 pc, the first three bins would be: [0, 100] pc,
[10, 110] pc, and [20, 120] pc. This procedure effectively dupli-
cates the data that we have and makes the final plot useful only
in the context of determining the lower and the upper limits for
the distance to the structure.

The local orientation of depolarisation canals is determined
by calculating the mean and the standard deviation of RHT
within a circular region centred on each star, with a radius of
75 pixels (~1°). At a distance of 200 pc, this corresponds to a
radius of roughly 7 pc. The angle Ay (Eq. (7)) is calculated using
the orientation of depolarisation canals (6p¢) as 8, and the ori-
entation of starlight polarisation (6,) as 8,. We created a sample
of Ay angles for each distance bin and use it to calculate PRS,
its associated error and the significance threshold.

We used a distance bin size of 50 pc and a step of 10 pc,
resulting in an average sample size of 18 stars per bin. This is
the smallest bin size we could use, to keep the average sam-
ple size reasonable. Larger bin sizes reduce the sensitivity of
this method but generally give the same result. Figure 7 reveals
a significant alignment between starlight polarisation and the
north-south depolarisation canals in the distance range from
240 pc to 400 pc and from 450 pc to 490 pc. To determine
the lower and the upper limits for the minimum distance to the
Faraday structures, we searched for bins that satisfy conditions
outlined in Panopoulou et al. (2021). To qualify as an upper limit,
a bin has to have Ay < 20° and a PRS value above the signifi-
cance threshold. Both conditions must be met consistently across
multiple bins. To establish the lower limit, we searched for bins
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Fig. 7. PRS values (purple triangles), their errors and the significance
threshold (short, horizontal bars) calculated for angles Ay, between
starlight polarisation and depolarisation canals in the western region.
Additionally, the Ay (orange circles) and the associated error are shown.
The result for each bin is represented by a data point located at its
lower border. The two panels represent two distinct sets of orientations
of depolarisation canals, as noted in the top left corner of each panel.
Lighter shaded area represents all bins in which we find alignment,
while the darker shaded area marks the estimated minimum distance
range.

where Ay changes abruptly from a higher value to <20°. These
conditions set the lower limit to the minimum distance at 200 pc
and the upper limit at 240 pc. Both limits have an error of 50 pc,
as defined by the bin size. The result for the alignment in the
north-south direction agrees with the Turi¢ et al. (2021) result
for the 3C196B field. However, we did not reproduce the align-
ment they found for the east-west depolarisation canals and stars
closer than 200 pc in this, much larger field.

When performing a tomography based on starlight polarisa-
tion measurements, we can derotate the observed polarisation of
background stars for the observed polarisation of the foreground
stars. In a large area, such as the western region, the foreground
stars are not necessarily all tracing the same ISM and derotation
has to be done on a a smaller scale. Unfortunately, the den-
sity of stars closer than 200 pc is insufficient to derotate all the
background stars. The derotation was performed in the 3C196B
field (Turi¢ et al. 2021), where it did not significantly affect the
results.

Additionally, we examined the starlight polarisation frac-
tion by calculating the mean polarisation fraction in the same
patches, as in Sect. 4.2 (presented in Fig. 8). Higher values for
the polarisation fraction are produced by a magnetic field that
is coherent along the LOS and mainly in the plane-of-sky. Stars
with the highest polarisation fraction are found in the western
region and in the south-eastern area of the mosaic. Although the
starlight polarisation in the south-eastern region seems to have
a preferred orientation (see Fig. 1) and a high polarisation frac-
tion, the synchrotron emission in the same area is depolarised
and there are no well defined depolarisation canals, so we cannot
compare the two.

4.4. Depolarisation canals and HI filaments

The map of HI brightness temperature integrated over local
velocities is shown in Fig. 9. The HI emission is most prominent
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Fig. 8. Starlight polarisation fraction. Each patch has a side of 1.5° and
its value represents the average polarisation fraction of all stars found in
the patch.

in the western region, where it is organised in filaments aligned
in the north-south direction, consistent with the other three trac-
ers. We quantified the orientation of HI filaments by performing
RHT on the integrated map of HI intensity using parameters
(Dg, Dw, Z) = (10, 55, 0.7). To assess the alignment between
depolarisation canals and HI filaments in the western region, we
used the patch method with a patch size of 1.5 degrees (same
as in Sect. 4.2). This approach allows us to focus on alignment
on larger scales, while minimising the influence of small-scale
structures. The calculation confirmed the visual alignment, with
a PRS value of 12.7 + 0.2, well over the significance threshold
of 3.1. Most alignment comes from the emission in a range from
—16 to 7 km s~!, which is parallel to the Galactic disk and, at a
larger scale, connected to the emission from the disk.

Clark (2018) and Clark & Hensley (2019) proposed that
coherency of the orientation of HI filaments over a large velocity
range indicates low degree of magnetic field tangling along the
LOS. We used their synthetic HI Stokes parameter maps inte-
grated over velocities to compute the synthetic HI polarisation
fraction (pyr) in the western region. To estimate the uncertainty
in pyy, we propagate empirical uncertainties given in Clark &
Hensley (2019). We find a result of (py;) = 11.3 = 0.1 %, while
the full sky average reported by the authors is 9.2 %. The degree
of order in the plane-of-sky magnetic field in this area can be
estimated using the map of polarisation angle dispersion func-
tion, S g (Clark & Hensley 2019). We find the field to be ordered,
with polarisation angle dispersion of 5°. These results are in line
with those reported for the 3C196 field (Clark & Hensley 2019)
and for the 3C196 B field (Turi¢ et al. 2021). High py; points to
a coherent magnetic field along the LOS, which agrees well with
the conclusions we drew from the starlight polarisation fraction.

Additionally, we conducted a visual inspection of the entire
HI cube and the Faraday cube. Still, we did not find other obvious
morphological correlation between HI filaments and depolari-
sation canals or diffuse emission for any velocity channel-and-
Faraday depth combination.

5. Discussion

In the previous section, we established distance constraints for
the structures observed in the western region. In this section, we
explore the potential origins of these structures.

One possible source of the structures associated with
observed depolarisation canals is the wall of the Local Bubble.
Pelgrims et al. (2020) modelled the geometry of the Local Bub-
ble, using dust extinction maps from Lallement et al. (2019) to

reconstruct the shape of the Local Bubble wall. We used the full-
sky map of distances to the Local Bubble (Pelgrims et al. 2020),
which was constructed by expanding the Local Bubble shell into
spherical harmonic expansion up to multipoles /,x of 10. The
median distance and the interquartile range of the distribution of
distances to the Local Bubble inner wall in the western region
are 254 pc and 24 pc, respectively. These values agree well with
the estimated minimum distance towards the structures associ-
ated with depolarisation canals. The Pelgrims et al. (2020) model
can also be used to determine whether the surface of the Local
Bubble in a specific direction is on the plane of sky or along
the LOS. Suppose we assume that the magnetic field is tangen-
tial to the surface of the Local Bubble. In that case, we can tie
the surface orientation to the orientation of the magnetic field
within the Local Bubble wall. Our calculation indicates that in
the western region, the Local Bubble’s wall is primarily on the
plane of the sky. A plane-of-sky magnetic field (supported by
the results in Sects. 4.3 and 4.4) could produce the observed
alignment between the HI, starlight polarisation, and depolari-
sation canals. Therefore, we conclude that the magnetic field on
the surface of the Local Bubble is a good candidate for the ori-
gin of Faraday structures and associated depolarisation canals in
the western region and for the alignment they exhibit with other
tracers.

The alignment of depolarisation canals, HI filaments, and the
magnetic field in the western region is almost parallel to the
Galactic plane, which prompts us to examine two other local
structures in the outer Galaxy: the Radcliffe wave (Alves et al.
2020) and the Local Arm (Reid et al. 2016). Although they are
parallel to the Galactic plane, at the Galactic longitudes of the
western region (150° to 190°), both the Radcliffe wave and the
Local Arm lie below the Galactic plane, making it unlikely for
the structures to be connected with depolarisation canals we
observe.

In the remaining areas of the mosaic, we observed no align-
ment of depolarisation canals with either the magnetic field or
HI filaments. To better understand the difference between the
area showing a strong alignment and the rest of the mosaic, we
used the dust extinction maps of Vergely et al. (2022). These
maps are an upgrade to the Lallement et al. (2019, 2022) maps
because they are created through successful cross-calibration
of photometric and spectrophotometric information. This makes
the maps more detailed and better at mapping faint high-latitude
clouds, making them better suited to our purposes. We used the
dust extinction data cube with a resolution of 10 pc, covering
an area of 3000 pc x 3000 pc x 800 pc to plot six dust maps
in Fig. 10. The plots are presented in Galactic coordinates, with
the centre of each plot located at the Sun. The radial lines rep-
resent LOSs at different Galactic longitudes, while the Galactic
latitude b is constant for each panel. As the latitude increases,
LOS becomes shorter due to the shape of the dust extinction data
cube. However, the specific areas of interest remain visible in all
plots.

The LoTSS mosaic covers the Galactic latitude range from
~30° to ~75° and the Galactic longitude range from roughly 50°
to 195°. Boundaries of the mosaic in longitude are indicated with
two red lines in all the plots of Fig. 10. The western region, sit-
uated between Galactic longitudes 140° and 195° and Galactic
latitudes 30° and 45°, is visible in the first two plots, where it
is shaded in red. In this region, the areas of increased dust den-
sity appear further away with increasing latitude, between 100
and 300 pc, in line with the distance limits we established in
Sect. 4.3. Another area of increased intensity is visible in the
first two panels, at latitudes 30° and 40°, just beyond the western

A23, page 9 of 11



Erceg, A., et al.: A&A, 687, A23 (2024)

Right Ascension (J2000)
2011 1611 ]2]1

60° |

Declination (J2000)

30° |,

Galactic Latitude

0 1 2 3
HI brightness temperature [ K |

Fig. 9. HI brightness temperature in the LoTSS mosaic area. Gray lines represent the linear features of HI detected using RHT.
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Fig. 10. Dust extinction maps created using Vergely et al. (2022) data. The maps are plotted in Galactic coordinates, with the Sun in the centre. The
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Galactic latitude. Red lines represent borders of the LoT'SS mosaic, and red shaded areas mark the location of the western region.
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region at longitudes 140° < / < 110°. When viewed in equato-
rial coordinates (e.g. Fig. 1), this area is located at declinations
above 70° (above Loop III) and falls outside of the coverage of
the LoT'SS mosaic.

Apart from the two areas mentioned above, no other local
regions of high dust extinction exist within the LoT'SS mosaic.
This indicates that it is likely that in the area beyond the west-
ern region, Planck’s plane-of-sky magnetic field is tracing dust
structures located further away than 500 pc. Additionally, the HI
temperature brightness in other parts of the mosaic is lower com-
pared to the western region (see Fig. 9). The lack of a sharp jump
in the density of the neutral medium indicates the presence of a
hole in the wall of the Local Bubble in these directions. Further-
more, LoT'SS emission away from the western region and the
loop is faint and patchy, without any well-defined depolarisation
canals. This can be caused by low intrinsic polarised emission
along the LOS in that direction or depth depolarisation along the
LOS. We conclude that most of the polarised emission observed
by LOFAR in this area can be associated with local structures.

6. Conclusions

In this paper, we build on the work of E22 by conducting a
multi-tracer analysis of the LoT'SS mosaic. We searched for areas
where depolarisation canals align with the magnetic field lines
and starlight polarisation. We found one such location, namely,
the western region, covering an area between Dec of 48° and
70°, and RA of 8"10™ to 14"0™. We followed the method of
Panopoulou et al. (2021) and used PRS to find the distance
at which the starlight polarisation aligns with the depolarisa-
tion canals. By doing so, we have set the lower and the upper
limit to the minimum distance to the structures associated with
depolarisation canals in the western region to 200 and 240 pc,
respectively. The estimated minimum distance corresponds to
the distances at which the Pelgrims et al. (2020) map puts the
inner edge of the Local Bubble wall along these lines of sight.
Additionally, we found an alignment between HI filaments
and depolarisation canals in the same region. While our results
confirm the alignment found by Jeli¢ et al. (2018) and Turi¢ et al.
(2021) on a much larger area, they also demonstrate that this
alignment between the three tracers is not universal, as it is not
present in the larger part of the mosaic. By inspecting the dust
extinction maps from Vergely et al. (2022), we concluded that
the absence of any alignment coincides with low HI brightness
temperature and low levels of dust extinction, suggesting a lack
of a distinct boundary for the Local Bubble wall in those areas.
This finding confirms that LOFAR is mainly sensitive to the local
synchrotron emitting and Faraday rotating structures.
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