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ABSTRACT

Context. The LOFAR observations of diffuse interstellar polarization at meter wavelengths reveal intricate polarized-intensity
structures with an unexpected correlation with neutral H1 filaments that cannot be reproduced in simulations with a low cold-neutral-
medium (CNM) abundance.

Aims. We aim to investigate whether magneto-hydrodynamic simulations of a thermally bi-stable neutral interstellar medium, with a
range of CNM mass fraction, can reproduce the properties of the 3C196 field, which is the high-Galactic-latitude test observational
field.

Methods. Using 50 pc simulations with varying levels of turbulence and compressibility, we generated synthetic 21 cm and syn-
chrotron observations, including instrumental noise and beam effects, for different line-of-sight orientations relative to the magnetic
field. To this end, we developed the code Mock Observation Of Synchrotron Emission (MOOSE) used to generate synthetic synchrotron
polarization and Faraday tomography. We also developed a metric, 77, based on the histogram of oriented gradients (HOG) algorithm,
to quantify the relative contribution of cold and warm neutral medium structures to the Faraday tomographic data.

Results. The synthetic observations show levels of polarization intensity and rotation measure values comparable to those of the 3C196
field, indicating that thermal electrons associated with the neutral HI phase can account for a significant fraction of the synchrotron
polarized emission at 100-200 MHz. The simulations consistently reveal a correlation between CNM and Faraday tomographic struc-
tures that depends on turbulence level, magnetic-field orientation, and observational noise, but only weakly on CNM mass fraction. We
found slightly weaker correlation level between the CNM and polarized-synchrotron emission than that observed in the 3C196 field.
Many elements could contribute to this result: the n, prescription, contribution of the warm ionized medium (not modeled), the longer
line of sight (LOS) in the data compared to the simulations, and the Fourier driving producing CNM structures that are less aligned
with B.

Conclusions. These results, although based on comparison with the 3C196 field alone, suggest that low-frequency polarimetric obser-
vations provide a valuable probe of magnetic-field morphology in the multiphase interstellar medium of the solar-neighborhood, while
simultaneously underscoring the need for improved modeling of the turbulent, multiphase, and partially ionized interstellar medium.
A broader comparative analysis will be essential to more fully clarifying how our findings inform the connection between low-frequency

polarization data and the structure of partially ionized gas.
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1. Introduction

The transition from the warm neutral medium (WNM) to the
cold neutral medium (CNM) is a critical step in the inter-
stellar medium (ISM) cycle, and pivotal for the formation of
molecular clouds and stars. This transition, largely governed by
the thermal instability (e.g., Field 1965; Wolfire et al. 2003;
Audit & Hennebelle 2005; Saury et al. 2014; Godard et al.
2024), marks a key stage in the condensation of diffuse gas into
denser, star-forming regions. Despite extensive theoretical and
numerical investigations, the precise mechanisms regulating this
phase change remain incompletely understood. Among the fac-
tors influencing this transition, magnetic fields have emerged as
a possible player.

* Corresponding author: marc-antoine.miville-deschenes@cnrs. fr

The polarization of thermal dust emission, which is exten-
sively mapped by the Planck satellite (Planck Collaboration
Int. XXXII 2016), has offered high-resolution insights into
the magnetic-field morphology, particularly in relation to fila-
mentary structures in the diffuse ISM. These studies revealed
statistical alignments between magnetic fields and HT filaments,
suggesting a strong coupling between magnetic-field orienta-
tions and the physical processes governing the ISM. Magnetic
fields in the ISM have been increasingly recognized as a key fac-
tor in shaping its structure and dynamics, particularly through
their interaction with neutral gas phases. Recent work by Clark
et al. (2015) and Clark & Hensley (2019) used H1 observations
and Planck dust-polarization data to reveal alignment between

A245, page 1 of 23

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://www.aanda.org
https://doi.org/10.1051/0004-6361/202557351
https://orcid.org/0009-0003-6383-6614
https://orcid.org/0000-0002-7351-6062
https://orcid.org/0000-0003-0932-3140
https://orcid.org/0000-0002-0472-7202
https://orcid.org/0009-0004-9436-6798
mailto:marc-antoine.miville-deschenes@cnrs.fr
https://www.edpsciences.org/en/
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Berat, J., et al.: A&A, 708, A245 (2026)

the morphology of H1 filaments and the orientation of mag-
netic fields. These studies provided evidence that filamentary
structures in the CNM may trace the structure of the local
magnetic field.

While starlight and dust-polarization studies have advanced
our understanding of the magnetic field’s large-scale morphol-
ogy, another proxy of the magnetic field has been less studied
for the local ISM. Synchrotron emission, arising from rela-
tivistic electrons spiraling along magnetic-field lines, provides
a complementary perspective. Synchrotron radiation traces the
component of the magnetic-field perpendicular to the line of
sight (LOS), offering insights into its strength and orientation
(Rybicki & Lightman 1979; Longair 2011; Padovani et al. 2021).
Observations at low radio frequencies are particularly valuable,
as they capture Faraday rotation effects, wherein the plane of
polarized light rotates as it propagates through a magnetized,
ionized medium (Burn 1966; Sokoloff et al. 1998; Ferriere et al.
2021). This effect depends on the thermal electron density and
the magnetic-field component along the LOS, making it a pow-
erful tool for probing the magneto-ionic medium. The degree
of rotation experienced by a polarized wave is quantified by
the Faraday depth, which depends on the thermal electron den-
sity, n,, the magnetic-field component along the LOS, By, and s,
which is the path length.

The technique of Faraday tomography (Brentjens & de
Bruyn 2005) exploits these low-frequency radio observations to
decompose polarized synchrotron emission by Faraday depth,
enabling a non-spatial 3D reconstruction of the magneto-ionic
structure of the ISM (Haverkorn & Heitsch 2004; Van Eck 2018;
Erceg et al. 2022; Erceg et al. 2024). Recent advancements in
radio facilities, such as the Low-Frequency Array (LOFAR; e.g.
van Haarlem et al. 2013) have significantly improved the sensi-
tivity and resolution of low-frequency synchrotron-polarization
observations, bringing new questions concerning the interplay
between magnetic fields and the thermal instability.

A growing body of research seeks to connect these radio
observables with neutral gas structures (e.g., Van Eck et al.
2017). Observationally, Bracco et al. (2020) demonstrated that
CNM structures, extracted via phase decomposition of 21 cm
data with the Regularized Optimization for Hyper-Spectral Anal-
ysis (ROHSA) code (Marchal et al. 2019), exhibit stronger spa-
tial correlations with Faraday tomography data compared to
WNM structures. However, numerical simulations by Bracco
et al. (2022) reported an inverse trend, with WNM showing
greater correlation with synchrotron data. This discrepancy was
attributed to the low CNM mass fraction (1 %) in the simulated
environment and the absence of instrumental effects in the anal-
ysis, highlighting the need for a more systematic investigation.
Besides this, depolarization canals, which are narrow regions of
reduced polarized intensity observed in LOFAR data (e.g., Jeli¢
et al. 2015; Erceg et al. 2022), have been shown to align with
filamentary HT1 structures in the CNM (Jeli¢ et al. 2018; Clark
& Hensley 2019), further supporting a close link between small-
scale magnetized structures in the neutral ISM and features seen
in polarization observations (e.g., Haverkorn & Heitsch 2004;
Jeli¢ et al. 2015). In particular, this behavior was observed in the
3C196 field, which was used in this study for comparison. How-
ever, it only represents a single LOS through the Galaxy and
therefore cannot fully capture the morphological and physical
diversity of the diffuse ISM.

The study presented here revisits these questions using a
suite of magneto-hydrodynamic (MHD) simulations (Rashidi
et al. 2024) that span a range of CNM mass fractions
(10 %—50 %), providing a more representative depiction of the
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diffuse ISM. In addition, we incorporated a simplified instru-
ment model to simulate telescope beam effects and instrumental
noise, ensuring a more realistic comparison between simulations
and observations.

To achieve this, we developed a Julia-based (Bezanson
et al. 2017) code, Mock Observation Of Synchrotron Emis-
sion (MOOSE), to produce synthetic observations of polarized
synchrotron emission from MHD simulations, perform Fara-
day tomography, and compute spatial correlations between H1
phases and Faraday observables. This approach is intended to
test whether low-frequency synchrotron emission can provide
new insights into magnetic-field-driven effects in ISM phase
transitions, bridging the gap between theoretical predictions and
observational constraints.

The paper is organized as follows. Sect. 2 features a review
of the physical properties of the 3C196 field, which was used
throughout the analysis for comparison with numerical simula-
tions. In Sect. 3, we present the methods used to analyze the
correlation between Faraday tomography observables and neu-
tral gas structures. This includes the histogram of oriented gradi-
ents (HOG) method (Soler et al. 2019), the process of generating
synthetic synchrotron polarization maps using the MOOSE code,
and the impact of instrumental effects such as noise filtering and
beam convolution. In Sect. 4, we present our findings, focus-
ing on the dependence of the H1-Faraday correlation on CNM
fraction, turbulence, and magnetic-field topology. We compare
the results of different simulation setups and contrast them with
the LOFAR Two-metre Sky Survey (LoTSS) observations of
the 3C196 field (Erceg et al. 2022). In Sect. 5, we examine
the limitations of our simulations and explore possible physi-
cal processes — such as electron-density prescription, cosmic-ray
transport, and supernova-driven turbulence — that may influence
Faraday tomography observables and their correlation with H1
data. Finally, in Sect. 6, we summarize the key findings.

2. The 3C196 field of view
2.1. Observations

The 3C196 field is one of the primary fields of view of the
LOFAR epoch-of-reionization key science project. It is located
in a diffuse region at high Galactic latitude (I = 171°, b = +33°)
centered on the extragalactic source 3C196 (Jeli¢ et al. 2015;
Jeli¢ et al. 2018). The angular size of the field is 64 deg?. Obser-
vations were carried out between 115 and 189 MHz with 3.2 kHz
spectral resolution. It is at the core of the analysis of Bracco et al.
(2020), which revealed morphological correlations between low
frequencies radio polarization and HT data from the Effelsberg—
Bonn H1 survey (EBHIS; Kerp et al. 2011; Winkel et al. 2016).
In their study, Bracco et al. (2020) used an early single-pointing
version of the 3C196 field LOFAR observations, which shows a
sharp increase in noise at the edges of the field of view. Later
on, Erceg et al. (2022) presented a complete Faraday tomo-
graphic mosaic of the LoTSS survey conducted with the LOFAR
telescope, which includes the 3C196 field. Observations were
conducted between 120 and 168 MHz with a resolution of 97.6
kHz. The mosaicking strategy, involving overlapping fields of
view, results in a more uniform noise level across the observed
area.

In this work, we reproduced the data-analysis methodology
of Bracco et al. (2020). To do so, we used the LOFAR data
product of Erceg et al. (2022) and, as Bracco et al. (2020), the
21 cm data from EBHIS. The data products have a respective
angular resolution of 4 for LOFAR and 10’8 for EBHIS. To
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compare the two datasets, the LOFAR polarimetric data cubes
were convolved at the EBHIS resolution and then projected onto
the EBHIS grid.

2.2. Physical properties of the 3C196 field

In this section, we describe the general physical properties of
the 3C196 field, which we compared to the simulations. We are
mostly interested in the multiscale properties of the H 1 data and
the intensity of the magnetic field.

Based on EBHIS 21 cm data (Winkel et al. 2016), the average
H1 column density in the 3C196 field is Ny, = 4.2 X 102 cm™2.
The H1 phase decomposition done in Bracco et al. (2020) using
ROHSA (Marchal et al. 2019) indicates a WNM column density
of Nwam = 2.4 x 1029 cm™2. The fraction of the H1 in the CNM
phase, defined as fonm = Nenm /N, 18 38%.

The ROHSA decomposition also allows us to estimate the HT
velocity dispersion along the LOS. Here, we took the WNM as
the reference as it is volume-filling. The WNM velocity dis-
persion o, in the 3C196 field is 16.3 kms~'. This velocity
dispersion results from the combination of thermal and turbu-
lent contributions and can be expressed as 02 = 0%, + 05 .
Assuming a reference temperature of 7000 K for the WNM, the
thermal velocity dispersion is o perm = 7.6 km s leading to a
turbulent velocity dispersion of oy, ~ 14.4 km s~'. Following
Kolmogorov (1941), the turbulent velocity dispersion is related

to scale [ as
L
) , (1)

Tturb = Oy, lpc (1_I)C
where oy pc is the 1D turbulent velocity dispersion along the
LOS at a scale of 1 pc.

According to the 3D-dust map of Edenhofer et al. (2024),
the Galactic interstellar matter observed in the 3C196 field is
distributed over a depth of ~350 pc and located approximately
200 pc from the Sun, corresponding to the wall of the Local Bub-
ble. Assuming the WNM is filling the whole depth of 350 pc,
we obtain oy 1 pc = 2.0 km s71. At the 50 pc scale (the simula-
tion scale), the extrapolated 1D velocity dispersion is oy 50 pc =
7.4 kms™', yielding a 3D turbulent velocity dispersion of o3p =
128 kms™".

Moments 0, 1, and 2 of the Faraday spectra of the 3C196
field are displayed in Fig. 1. Previous analyses of this region
(Jeli¢ et al. 2015; Turi¢ et al. 2021; Erceg et al. 2022) indicate
that the magnetic field is largely dominated by its plane-of-the-
sky component, with only a modest contribution along the LOS.
Therefore, the observed Faraday depths do not necessarily imply
locally enhanced LOS magnetic-field strengths, but rather result
from the interplay of electron density and path length along
this particular LOS. According to Heiles & Troland (2005), the
magnetic-field strength at high Galactic latitude is estimated as
6 + 2 uG based on 21 cm Zeeman-splitting measurements.

3. Methods
3.1. Description of numerical simulations

In this study, we used ideal-MHD simulations designed with the
RAMSES code (Teyssier 2002; Fromang et al. 2006), which uses
adaptive mesh refinement (AMR) up to 1024, We used a version
of these simulations computed on a Cartesian grid of 256° pixels.
The box’s physical size is L = 50 pc aside, leading to a resolution
of Ax ~ 0.20 pc.
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Fig. 1. Moment O (integrated polarized intensity) de-biased for noise
(top), Moment 1 (middle) and Moment 2 (bottom) of the 3C196 field
from LOFAR LoTSS DR2 Faraday tomographic data (Erceg et al.
2022).
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Fig. 2. Slice through the simulation cube showing the logarithmic gas density overlaid with magnetic-field orientation using the line integral
convolution (LIC) technique. Left: projection along the mean magnetic-field direction. Right: projection perpendicular to the mean field.

Table 1. Description of simulations used in this study.

N x Atrms Brvs  urms  fonm  fuonm Guipe
uG  km/s % % km/s
1 0.0 18000 2.1 7.7 17 1.9 1.2
2 02 9000 1.0 52 23 2.3 0.8
3 02 18000 1.8 7.4 19 2.0 1.2
4 0.2 36000 3.4 9.9 18 1.9 1.6
5 02 72000 5.8 14.5 20 3.0 2.3
6 0.5 9000 09 4.8 31 3.6 0.8
7 0.5 18000 1.9 6.9 29 3.3 1.1
8 0.5 36000 3.1 9.9 26 2.7 1.6
9 0.5 72000 4.6 13.0 26 4.2 2.0
10 0.8 9000 0.8 4.3 39 4.4 0.7
11 0.8 18000 1.5 6.1 35 4.1 0.9
12 0.8 36000 2.5 8.3 42 53 1.3
13 0.8 72000 4.2 12.0 40 6.3 1.8
14 1.0 18000 1.7 6.8 46 5.1 1.0

Notes. For all simulations, the box is 50pc aside, the mean density
is (ny) = 1 ecm™, corresponding to an average column density of
(Nur) = 1.55 x 10%° cm™2. The mean B-field intensity is 7.64 uG. The
input parameters of the simulations are y, the ratio between the com-
pressible and solenoidal turbulent modes; and A¢rums, the initial forcing
amplitude. The measured quantities after a steady state was reached are
Bruis, the RMS value of the B-field; urys, the RMS value of the veloc-
ity field; fcnm, the mass fraction of CNM; fyo cnm the volume fraction
of CNM; and 1., the velocity dispersion at 1 pc.

The physical conditions we want to reproduce are the ones
of atomic gas clouds or those transitioning to molecular gas as
expected on the walls of the Local Bubble (Inoue & Inutsuka
2016). In this diffuse medium (0.1 to 100 cm™3, Ferriere (2001)),
the self-gravity energy density is significantly lower (two-to-
three orders of magnitude) than turbulent and magnetic energy
densities; hence, self-gravity is excluded from the simulations.
The cooling function is based on Audit & Hennebelle (2005) and
closely follows Wolfire et al. (2003). It includes photo-electric
heating of dust grains and cooling by electron recombination
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onto dust grains, as well as collisional excitation of Ly e, C11,
and O 1 emissions.

To maintain turbulence in the simulation, a Fourier space
forcing was modeled using an Ornstein—Ulhenbeck stochastic
process (Eswaran & Pope 1988; Saury et al. 2014). A turbu-
lent velocity field was added on a large scale (1 < k < 3),
peaking at £k = 2 (half the box size, L). The forcing was
parametrized by its amplitude, Afrms, and the compressive-to-
solenoidal mode decomposition parameter, y, where y = 0 only
contains solenoidal modes and y = 1 only compressible modes.

In this study, we used the set of 14 simulations described in
Table 1. The mean B-field intensity of all simulations is 7.64 uG.
The ratio of compressible to solenoidal modes of the forcing was
varied from y = 0 to y = 1, and its amplitude, Afrms, Was varied
between 9000 and 72 000, producing 3D velocity dispersions
from 4.3 to 14.5 kms™!.

Each simulation began with WNM conditions in place, a
density of ny = 1 cm™, and a temperature of 7 = 8000 K. The
magnetic field was initiated uniformly along the x-axis, which
gives a prevailing direction for the B field in the simulation box;
V - B = 0 was guaranteed by the use of the constrained transport
method. Due to the nature of the periodic box, the coherence of
the magnetic field along the x-axis was maintained at each time
step.

As the simulations evolve, shear flows and shock waves
emerge in the volume, causing local pressure variations in the
WNM leading to the formation of CNM structures. We let sim-
ulations proceed until a steady state was achieved when velocity
dispersion, gas-phase mass fractions, density, and temperature
PDFs reached a stationary state, within at least three dynamical
timescales, tqyn = L/0,3p, Wwhere o, 3p is the velocity dispersion
in 3D. An illustration of one simulation is given in Fig. 2, where
two slices of the density field are shown, one along and one per-
pendicular to the mean magnetic field, represented here using
the line integral convolution (LIC) technique (Cabral & Leedom
1993).

For each simulation, we decomposed the gas in the three
main HT components: CNM, lukewarm neutral medium (LNM),
and WNM. As in Saury et al. (2014), we notice that CNM struc-
tures form preferentially in over-pressured and less turbulent
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Fig. 3. CNM mass fraction, fcny, of the different simulations used in
this study. The dashed circles highlight the simulations with the same
turbulent mode ratio, y. Colors show the initial input for the forcing
amplitude.
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Fig. 4. M, distributions as a function of fcnyv for the set of simula-
tions. These distributions are measured along two orthogonal directions:
parallel (lighter color) and perpendicular (darker color) to the mean
magnetic field. Filled circles indicate the corresponding mean values
(M,), outlined in black. The case-study simulation is highlighted in
red, while the remaining simulations are shown in violet. Two simu-
lations have fonm = 26%, leading to an overplotting of their respective
distributions. The 3C196 field is displayed in blue with its associated
distribution and mean value.

WNM regions. The overall CNM mass fraction in our set of sim-
ulations tends to increase with the rate of compressible modes,
and even more so for less turbulent ones. This is illustrated in
Fig. 3, where the CNM mass fraction is plotted for the last time
step of each simulation. Table 1 also provides the CNM mass
and volume fractions for the last time step of each simulation,
together with the root-mean-squared (RMS) values for Brys,
urms, and the velocity dispersion, o ipc, of the gas at 1 pc.

In this paper, we regularly refer to simulation 7, which we
used as our case study throughout our analysis. This simula-
tion has a CNM fraction of 29% and o, 1pc = 1.1 kms™!, both
of which are slightly lower than the values of the 3C196 field,
but still representative of the diffuse ISM. Moreover, the Fara-
day depth distributions of the simulations and of the 3C196 field,
shown in Fig. 4, exhibit comparable orders of magnitude, namely
a few rad m™2.

3.2. Synthetic observations

In order to reproduce the analysis of Bracco et al. (2020), which
compared polarized synchrotron and 21 cm emission data of the
3C196 field, we had to create corresponding synthetic obser-
vations for each numerical simulation. This section describes
how these were created, including the effects of Faraday rotation
andthe LOFAR beam on the polarized synchrotron emission.

3.2.1. Synchrotron emission

In order to produce synthetic observations of synchrotron emis-
sion and its polarization, which is the basis of the Faraday
tomography, we used Eqs. (1)-(9) of Padovani et al. (2021)
derived from Ginzburg & Syrovatskii (1965). As cosmic-ray
electrons (CRe) travel through the ISM, they lose energy
due to interactions with matter, magnetic fields, and radiation
(Longair 2011). These interactions modify the cosmic-ray energy
spectrum, j,(E), where E represents the CRe energy.

For the CRe energy spectrum, j.(E), we used the same
power-law definition as in Padovani & Galli (2018) and Orlando
(2018):

a

Je(E) = jom,

(2)
where jo = 2.1 x 10'® eV-ls~lem™2sr™!, Ey = 710 MeV, a =
—1.3, and b = 1.9. In our case, j.(E) was considered spatially
constant in the simulated box.

Noting m, as the electron mass, e the electron charge, and
¢ the speed of light, the synchrotron-specific emissivity at a
position, s, can be divided into two linearly polarized compo-
nents: one parallel and one perpendicular to the magnetic-field
component orthogonal to the LOS, B :

+00

V3 [ jo(E)
Il — ¢ _
<9V(S)—2mec2 f Ue(E)BL(S)(F(x) G(x))dE, (3)
and
V3e [ j(E)
L _
&)= 35— f (5 BLOF ) + GE, “

where x = * and v, is defined as the frequency at which the
synchrotron intensity of CRe at energy, E, is the greatest:

E ) 5)

m,c?

3e

drm,c

ve(B(r), E) = BL(r)(

Synchrotron emission is thus

L

M@:fﬂm+¢@mn (6)

0

3.2.2. Faraday rotation

In this paper, we address the scenario where Faraday rotation
is completely intertwined with synchrotron emission, leading
to differential Faraday rotation (e.g., Sokoloff et al. 1998) as
in Bracco et al. (2022). Each layer within the simulated cubes
contributes to both synchrotron emission and Faraday rotation.
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Stokes Q, and U, for synchrotron emission are given by the
following equations:

L
U, = f (£l(s) — &5 (5)) sin (2(Pioc(s) + AP, (5))) ds (7
0
and
L
0, = f (£l(s) - £1(5)) c0s (2(Pioc(5) + A¥,(5))) ds, ®)
0

where W) is the polarization angle at the position s defined as
the orientation of B, rotated by 90°. AY¥, describes the Fara-
day rotation, which is the integral along the LOS between the
observer and s. The Faraday rotation depends on the square of
the observation wavelength, A; the electron density, 7,.; and the
magnetic field along the LOS. It is also expressed as

AW, (5) = ¢(s)A%, ©)

where 4 = < and ¢ is the Faraday depth, a quantity independent
of wavelength that describes the physical quantities respon-
sible for the angle rotation from the emitting source toward
the observer, corresponding to the cumulative Faraday rotation
experienced by the polarized emission along the LOS:

—¢(s) _Oglf Ne Lﬁ
[radm™2] X [em=3] [uG] [pc]’

10)

where ds = Ax in the discrete case of our numerical simulations.
From Equations (7) and (8), we define the polarized intensity, P,
as

P=0Q,+iU,. (11)

P is commonly computed as an analog of the Fourier transform
into the Faraday spectrum:

2
max

f P(A%)e 297 g(22). (12)

2

min

1
F(¢)=7—r

For the limit case, where the integration is made all along the
LOS,i.e., s =0and s + ds = L, ¢ becomes the rotation measure
(RM).

The Faraday spectrum is represented as a polarized bright-
ness temperature by taking the modulus of F(¢), making it a
non-negative quantity. Hereafter, we use F(¢) as representative
of the modulus of Eq. (12).

3.2.3. Electron density

In order to produce synthetic synchrotron observations including
Faraday rotation, we needed to estimate the density of thermal
electrons, n,, at each position in the cube. The numerical simu-
lations were thus post-processed to estimate r, in units of cm™
following Eq. (6) of Bracco et al. (2022), which derives the fol-
lowing from Wolfire et al. (2003) and Bellomi et al. (2020):

0.5

G
n, ~ 2.4 x 10‘3§?§T§-25¢T2 +ngXc+, (13)
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Fig. 5. Simulation 7. RM histograms for cubes produced with the LOS
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lines: mean values of the rotation measure maps. The mean val-
ues are (RM;) = 5.5 rad m™%, (RM,) = 0.0 rad m™, and (RMys.) =
3.9 rad m™.

where ¢ represents the total ionization rate per hydrogen atom
due to energetic photons (including extreme UV and soft X-rays)
and CRs expressed in units of 1071 s~ T, is the temperature of
the gas expressed in units of 100 K, ¢pay denotes the recombi-
nation rate of electrons onto small dust grains such as polycyclic
aromatic hydrocarbons (PAHs). Furthermore, X¢- is the relative
abundance of ionized carbon compared to the number of hydro-
gen atoms (ny). Following Bracco et al. (2022), we used X¢+ =
1.4 x 107 and ¢payg = 0.5, Geg = 1, and ¢ = 2.5 x 10716 57!
(Padovani et al. 2022) as representative values for the diffuse
ISM. The impacts of these choices on our results are discussed
in Sect. 5.

3.2.4. Rotation measure

Before computing mock LOFAR observations, it is useful to
evaluate the range of Faraday depth that we expect from our sim-
ulations. For example, Fig. 5 shows the distributions of RM for
simulation 7 (computed using Eq. (10) and integrated over the
full LOS) for cubes produced with the perpendicular, parallel, or
45° LOS with the mean direction of B. For each orientation, the
range of RM values is centered on specific values, illustrating
the fact that the strength of By is different in each case. When
the LOS is perpendicular to B, the RM values are very close to
zero, as expected. For the case where the mean magnetic field is
aligned with the LOS, (RM) = 5.5 rad m2. In the intermediate
case, where the simulation cubes are produced with a LOS at 45°
with the mean direction of B, the RM distribution is intermedi-
ate, with a mean RM of 4.8 rad m™2. In the three projections,
the dispersion of RM is only about 1-2rad m~2. These RM val-
ues fall within the range observed with LOFAR in the 3C196
field (Jeli¢ et al. 2018; Bracco et al. 2020; Erceg et al. 2022).
They are also similar to what was reported by Hutschenreuter
et al. (2022) in the 3C196 field, with most RM values rang-
ing from —5 to 10rad m~2. This is interesting as the RM values
from Faraday measurements on extragalactic point sources of
Hutschenreuter et al. (2022) are probing greater physical depth,
as they estimated.
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Fig. 6. Mock observations for simulation 7 in the case where the LOS is parallel to the mean B field. Left panel: map of Faraday spectrum F(¢) at

¢ = 1.75 rad m~2. Right panel: map of 21 cm brightness temperature T(«) for v = 0.9 km s7".

3.2.5. Mock LOFAR observation

In order to compute synchrotron Stokes parameters, we devel-
oped a Julia package called MOOSE', which is described in
Appendix A. For each of the 14 simulations, we used the B-field
and n, cubes to compute /,, 0,, and U, based on Equations (3)—
(9). MOOSE is able to treat any frequency range, but in this
work we focused on LoI'SS frequencies used for the study of
the 3C196-field (Erceg et al. 2022); i.e., v is in the range of
[120, 167] MHz, with a frequency resolution of 6v = 98 kHz. As
LOFAR interferometric observations are subject to large-scale
filtering, we wanted to simulate this effect. To do this, we used
a Gaussian kernel, Gy, of standard deviation o s. We applied a
convolution on a given image, A; ;, as follows:

Aij=Aij— Aij®Grer(oLs), (14)

where 4; ; is the image with the large scales are removed.

With Q, and U, calculated, we computed F(¢) using a
Julia version of the rotation-measure synthesis (RM-Synthesis)
(Brentjens & de Bruyn 2005) implemented in MOOSE. Due to the
frequency range, which we chose as that of the LoTSS survey
(Erceg et al. 2022), the Faraday resolution is 1.14 rad m~2 (see
Eq. (61) in Brentjens & de Bruyn 2005). We computed F'(¢) from
¢ = —10 rad m~2 to 10 rad m~? with steps of 0.25 rad m~ to
include the range of values of RM found in our simulations (see
Fig. 5).

Figure 6 (left) shows an example of polarized intensity at a
specific Faraday depth, F(¢), for simulation 7 in the case where
the mean B field is along the LOS. For all our simulations, F(¢)
displays complex structures that reflect the interplay between the
electron density and magnetic-field morphologies.

3.2.6. Mock 21 cm line observation

To simulate 21 cm line observations of neutral hydrogen, we
computed the brightness temperature, T5(u), as a function of

! https://github.com/J-Berat/MOOSE/tree/main

-1

velocity, u, along each LOS using the following radiative transfer
equation:

Ta(u) = Z T(k) (1 - e®0) - exp [— Z G, u)) .
k

i<k

15)

Here, the ! index runs over the cells along the LOS, 7(/, u) is
the 21 cm optical depth at position / and velocity u, and T'(/)
is the gas temperature (taken as a proxy for the spin tempera-
ture). In this formulation, the term 7'({) (1 - e‘T(l*”)) represents
the emission from cell / and velocity u, while the exponential fac-
tor exp (— X;; 7(i, u)) describes the attenuation of this emission
by the gas located between position k and the observer.
We assumed that the opacity 7(/, u) is

D)

T(l,u) = cT.()

(16)

where C = 1.82243 x 108 cm™2 K~ ! (km/s)™! and Ny(k,u) is
the column density in cell / expressed as a Gaussian with ther-
mal broadening centered on the local velocity, u = v(/); and
normalized by the local density, ny(I):

_ ng() (u = v(D)?
Ny(l,u) = \/EA X exp (—W) dl, (17)
with
Al = ,/@. (18)
um

In theory, A should also include the turbulent velocity dispersion
at scales smaller than the cell scale. We made this simplifi-
cation as the typical turbulent velocity dispersion at the scale
of a cell (0.2pc) is ~0.6kms™!, assuming a typical value of
0uipe = 1kms™ and using Eq. (1). This would become sig-
nificant only for gas at 7 < 45K, which is very rare in the
simulations used here.
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We produced synthetic 21 cm observations for each simula-
tion using this formalism. An example of a 21 cm channel map
is shown in Fig. 6, right. As for F(¢), the 21 cm channel maps
show a complex multiscale structure with several narrow and
twisty filaments. On the other hand, contrary to F(¢), where the
structure is very different depending on the orientation of B with
respect to the LOS, the structure in Tg(x) is morphologically
very similar in all directions.

3.2.7. H1 phases cubes

Bracco et al. (2020) used ROHSA to decompose the EBHIS 21 cm
observation of the 3C196 field into phases of the neutral hydro-
gen. They defined the CNM as Gaussian components with o <
3 kms~!, and the WNM with components with o > 6 km s7L,
The LNM is everything in between. To avoid having to run
ROHSA on every 21 cm synthetic observation of our simulation
set, we chose to segment the HI phases based on the 3D tem-
perature field directly. Assuming a Mach number of 1 and 2 for
the WNM and CNM, respectively (Marchal et al. 2024; Heiles &
Troland 2003), these o, thresholds correspond to the following
temperature ranges: Tenm < 500 K, 500 < Tpnm < 3500 K, and
Twnm = 3500 K.

In practice, for a given phase (CNM, LNM, WNM) we iden-
tified the voxels in 3D corresponding to its temperature range;
then, we produced 21 cm synthetic observations using only those
voxels. Therefore, for each simulation setup we produced four
21 cm cubes for the total, H1, CNM, LNM, and WNM.

4. Results
4.1. Global properties of Tg(u) and F(¢)

The HT and Faraday structures of simulation 7 are illustrated
in Figures 7 and 8 with views parallel and perpendicular to
the mean B field. On the left, these figures show the column-
density maps of the HI components (total, CNM, and WNM)
highlighting the striking filaments of the CNM as well as the
diffuse structure of the more volume filling WNM. On the right,
we show the moments (M, M, and M>) of the Faraday cube; see
Appendix B. These can be directly compared to the moments of
the 3C196-field LoTSS observations (Fig. 1).

The Faraday moments of the simulations (Figures 7 and 8)
are strongly influenced by the orientation of the magnetic field.
In the case perpendicular to the mean field, the values of M,
remain close to zero due to the weak field component along the
LOS. On the other hand, when the magnetic field is parallel to
the LOS we observe values of M that are consistently positive
and fall within the positive range observed in the M; map of
Erceg et al. (2022).

Regarding the spread of the Faraday spectra estimated using
M,, the values are very small in the case where B is perpendicu-
lar to the LOS, very close to theoretical RMSF of LoTSS, which
is 1.03 ~ rad m™2 estimated for the theoretical RMSF of LoTSS.
On the other hand, the case where B is parallel to the LOS shows
M, values comparable to the ones estimated in the LoTSS 3C196
field.

The histograms of the first-order moment M; are shown
in Fig. 9 (top panel). For the 3C196 field, M, has a mean
value of approximately 0.2 rad m~2 and a standard deviation of
0.9 rad m~2. Among the simulations, the perpendicular case pro-
vides the closest match in terms of mean value, which reaches
(M) = —0.2 rad m™2, while the parallel and 45° cases have
(M) =24radm? and (M) = 1.7 rad m2, respectively.
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The Faraday spread M, (de-biased from noise) measured in
the 3C196 field has a median value of approximately 1.7 rad m™>
(see right panel of Fig. 9). Observed values, even after de-biasing
from noise, are generally slightly higher than what was recovered
in the synthetic observations constructed without noise. The best
agreement was found when the emission was integrated along
the direction rotated by 45° to the mean magnetic field, yield-
ing a mean of (M,) = 1.5 rad m~2. This is close to the the case
where B is parallel to the LOS ((M,) = 1.4 rad m~?), but with
a narrower distribution. The perpendicular configuration shows
lower values, as expected because the B component along this
direction is very low, with (M,) = 1.0 rad m~2.

One striking feature of the LoTSS polarization data shown
in Erceg et al. (2022) is the presence of long and thin depo-
larization canals; i.e., filamentary regions with the maximum
F(¢), Pmax, close to zero (for more details, see Sokoloff et al.
1998; Haverkorn & Heitsch 2004). Maps of Pyax (LOS perpen-
dicular and parallel to B) are shown in Fig. 10. Structures with
almost zero intensity are seen in the simulations, especially in
the case where the mean B field is aligned with the LOS. How-
ever, the long, straight canals detected in the LoT'SS survey are
not reproduced.

4.2. Correlation between LoTSS and EBHIS data

Following the same methodology of Bracco et al. (2022), we
compared cubes of H1 brightness temperature with Faraday
cubes using the HOG method (Soler et al. 2019). The core princi-
ple of HOG is to measure the morphological alignment between
two images, A; ; and B; j, where i and j denote the image coor-
dinates. It relies on the assumption that the local appearance and
shape of an image can be fully characterized by the distribu-
tion of its local intensity gradients or edge directions. From this
assumption, the gradients of the two images can be computed
using Gaussian derivatives, yielding VA; ; and VB, ;. Following
the definition in Soler et al. (2019), the angle between the two
gradient vectors, @, can then be determined as follows:

(VA,"j X VB,I) : 2)

19

;= arctan(

where Z is the unit vector perpendicular to the plane of sky. HOG
tests whether the distribution of angle, «, is uniformly distributed
or has a preferential alignment at @ = 0, using the projected
Rayleigh statistics defined as

Z Wy, j COS (Z(Yi,j)
Y
V= Z(w%j/z)l/z ’ (20)
o

where w; ; is the statistical weight corresponding to each ¢; ;. The
Rayleigh statistics parameter, V, is thus the estimate of how well
the two images are morphologically correlated. For more details
about this technique, see Soler et al. (2019).

The observational maps do not have the same dimensions as
those from the simulations. To address this, we introduced a nor-
malization factor, V., defined as the maximum value of V. The
maximum of V is attained when the gradients of the two maps
are perfectly aligned (i.e., @;; = 0) and supposing the weights
are all the same (i.e., w;; = w) (also detailed in Mininni et al.
2025). From Eq. (20), this yields Vi = Q2N)'2,

Specifically, let F; ;4 represent the Faraday cube and T, the
21 cm brightness temperature cube, where i, j are pixel indices
on the plane of the sky. For each pair (¢, u), we applied HOG
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Fig. 7. Column density (left panels) and Faraday moment maps (right panels) for case-study simulation, with integration along the mean magnetic
field. Top to bottom: logarithmic column-density maps of total H1, CNM, and WNM; moments 0, 1, and 2 of the Faraday spectrum.

using a local kernel around F;; and T, . This allowed us to
construct maps parameterized by (¢, u), illustrating the spatial
correlation between specific F(¢) and corresponding T (u).

The correlation in the 3C196 field reported in Bracco et al.
(2020) has since been updated using LoTSS data and the same
phase decomposition of the EBHIS data done with ROHSA. In
Fig. 11, the ratio V = V/ Vi 18 represented on a map with axes ¢
and v gr. In the HT 21 cm data, two distinct velocity regions can
be identified: one around vy sg = O km s~ and another around
vLsr = 20 km s~!, similar to the findings of Bracco et al. (2020).
Along the ¢-axis, a broad structure is observed, spanning approx-
imately 5 rad m~2, with a central peak around ¢ = 0 rad m~2.

This structure appears bright across all velocities in HI and
WNM. For the CNM, velocities extend from vy sg = —10 km s7!
to vysg = 20 km s™', with a strong correlation at 20 km s! In
contrast, for the LNM phase, this structure spans a more limited
velocity range, from vy sg = —20 km s to vsr = 0 km s7!

The highest value is V ~ 0.06, but as the maximum is sensi-
tive to outliers, we show the 98" percentile of V, V3% for each
¢ in the lower panels of Fig. 11. Based on this HOG metric, the
strongest correlation between Tp(u) and F(¢) is found for the
CNM (also seen in the total H1) compared with the WNM and
LNM components. This is compatible with the results of Bracco
et al. (2020).
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Fig. 8. Same as Fig. 7, but for the case where the LOS is perpendicular to the mean magnetic field. Due to the weak LOS magnetic component, M,
values remain close to zero and M, is narrower across the field. While the density structures of CNM and WNM are similar to the parallel case,
the Faraday moments show significantly reduced signal, consistent with expectations for a transverse magnetic-field configuration.

In order to further quantify the level of correlation of the
CNM and WNM phases, we used the maximum of V?8% for each
phase and computed the following ratio:

max (V384 )

= 98%
max(VCNM)

21

This value reflects the strength of the dominant correlation
among the two: 1 < 1 is indicative of a stronger correlation of
the Faraday data with the CNM, while 1 > 1 shows a stronger
correlation with the WNM. In the 3C196 field of view, we find
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n = 0.73, which supports the visual observation in Fig. 11 that
the CNM exhibits the strongest correlation with the Faraday data.

4.3. Correlation between Faraday tomography and H |
emission with numerical simulations

We applied the same HOG methodology to the synthetic obser-
vations of our simulation set. Figures 12 and 13 present the
HOG results for the correlation of the HI phases with the Fara-
day cube for simulation 7 for two orientations (mean B parallel
and perpendicular to the LOS). For both orientations the WNM
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Fig. 9. Probability density functions of Faraday spectral moments for the 3C196 field (gray) and for the case-study simulation with three magnetic
field orientations: parallel (yellow), perpendicular (blue), and rotated 45° (green). Left: first-order moment, M;, showing higher values in the
parallel case and near-zero mean in the perpendicular case. Right: second-order moment, M,, of the Faraday spectrum.
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Fig. 10. Maximum polarized-intensity maps (Py.x) from the case-study simulation, illustrating the presence and morphology of depolarization
canals. Left: integration along the LOS parallel to the mean magnetic field. Right: integration perpendicular to the mean field. Linear, canal-like
features are prominent in the parallel case, while more circular structures dominate in the perpendicular configuration.

and LNM exhibit higher correlation with Faraday structures
than the CNM, in contrast with the results for the 3C196 field
of view.

For the case where the mean B field is aligned with the LOS
(Fig. 12), the WNM and LNM have V values peaking at 0.12.
The CNM, although less correlated, reaches values V ~ 0.07)
very close to the maximum V observed in the 3C196 field. The
curve of V?8%(¢) confirms this trend, with the WNM displaying
the broadest and strongest peak, followed by the LNM and CNM.
The strongest correlation is observed around ¢ ~ 3 rad m~2,
which is consistent with the expected Faraday depth range for
a magnetic field aligned with the LOS.

For the case where the magnetic field lies in the plane of
the sky (Fig. 13), the values of V are similar, but the struc-
ture in the map of V is much narrower in ¢ space compared
to the case B parallel to the LOS. The WNM and LNM still
exhibit the highest correlation, but here the CNM correlation is
even lower. In this configuration, the correlation is concentrated
near ¢ ~ 0 rad m™2, which is expected since a predominantly
perpendicular field results in minimal Faraday rotation.

Overall, the case-study simulation produces V?8% values of
total H1, WNM, and LNM that are approximately twice as high
as those observed in the 3C196 field. The CNM phase has V val-
ues lower than the other phases, but they reach levels consistent
with observational values (V ~ 0.06).

Interestingly, for the case where B is perpendicular to the
LOS (Fig. 13), the total HI displays a V**%(u) curve with
a distinctive double-peaked, U-shaped profile. As shown in
Fig. 2, right, in this orientation some dense structures associ-
ated with the CNM appear misaligned or even orthogonal to the
projected B field. This morphological decoupling reduces the
coherence between cold H1 structures and the Faraday tomo-
graphic data. The result is a decrease of V in velocity channels
dominated by CNM emission, inducing this U-shaped form
in V3%(u).

4.4. Noise effects on HOG results

To assess the impact of noise on the correlation between the
H1 phases and the Faraday structures, we added white noise
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Fig. 11. HOG V for 3C196-field LoTSS observation. Upper panels: map of V illustrating the spatial correlation between each pairs of channel maps
(T(u), F(¢)) for all values of u and ¢. Bottom panels: V*3%, the 98" percentile value of V along the ¢ axis.
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Fig. 12. HOG V for simulation 7 orientated along the mean magnetic field. Top panels: map of V illustrating the spatial correlation between each
pair of channel maps (T(u), F(¢)) for all values of u and ¢. We considered the cases ~whelre T(u) is computed with theL full HT or using subset of
pixels representing the CNM, LNM, and WNM gas (see Sect. 3.2.7). Bottom panels: V°%%, the 98" percentile value of V along the ¢ axis.
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Fig. 13. HOG V for simulation 7 orientated perpendicular to the mean magnetic field. See Fig. 12 for details.
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Fig. 14. Effect of increasing noise in HT data on the HOG correlation with Faraday tomography structures for the case-study simulation along the
mean field. Each panel displays the 98th percentile of the normalized Rayleigh statistic V**% as a function of Faraday depth, ¢, for the CNM and
WNM phases. The different lines correspond to different levels of added Gaussian noise in the HI cubes, ranging from oggus/S to 10 X ogpuis.
While increasing noise decreases the overall correlation strength, the WNM remains more affected than the CNM, particularly at high velocities.

to the mock HT and Faraday data. For H1, noise was added
to each velocity channel at various levels with respect to the
O EBHIS = 90 mK noise (Winkel et al. 20]6)1 O'EBHIS/S, O'EBHIS/Zy
OEBHIS, 2 X 0ggHIS, and 10 X ogppys. For Faraday, the noise was
added to Q, and U,, with a noise amplitude tuned to reproduce
specific S/Ns in Faraday depth space, including the S/N of the
observational data — which is five — as well as both lower and
higher S/N regimes.

As shown in Fig. 14, the addition of noise to the H1 data
predominantly affects the WNM structures. Specifically, when
increasing the noise level from ogpyis/S to 10 X ogpyis, the
maximum correlation value for the CNM decreases by a factor
of approximately 1.5, whereas for the WNM, the corresponding
decrease reaches a factor of 2.5.

Two effects are at play here. First, the WNM has a broad
emission line due to its larger thermal broadening. There-
fore, a given column density of WNM is more spread out in

velocity with lower values of Tg() than the same column den-
sity of CNM that will be narrow and brighter. Second, the WNM
has an intrinsic diffuseness and lower spatial contrast compared
to the CNM, which forms narrow, high-contrast filaments. As a
result, the WNM large-scale structures with smoother gradients
are more easily suppressed by noise, particularly at high spa-
tial frequencies where gradient-based methods such as HOG are
most sensitive.

Contrary to Tp(u), adding noise to Q, and U, affects both
the WNM and CNM in a similar manner. As shown in Fig. 15,
increasing the S/N in the Faraday space (S /N,) from two to six
leads to an increase in the maximum correlation value by a factor
of approximately 1.5 for both phases. In the case where the signal
amplitude equals that of the noise (i.e., /N, = 1), the resulting
correlation between the Faraday cube and the HT data is effec-
tively random (V8% ~ 0), as expected. The case perpendicular
to the mean field gives similar results.
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In conclusion, noise in Tp(u) tends to decrease n (i.e., the
noise decreases the correlation of WNM compared to CNM),
while noise in F(¢) does not affect 7 as it reduces the absolute
value of V for all phases.

4.5. Kernel size effect on HOG results

An important parameter of the HOG method is the derivative
kernel size, opgog, that dictates the scale over which the spa-
tial gradient is calculated. This parameter might have a different
effect on V for the WNM and CNM as they are not structured
at the same scale; CNM structures exhibit a more small-scale
filamentary morphology, whereas the WNM is present across a
broad range of scales with limited small-scale contrast. In this
section, we detail how we evaluated the effect of oo on . We
did so for different values of the noise level on Tg(u) as it has an
effect on 7 (see Sect. 4.4). Figure 16 shows the variation of 7 as
a function of oo (in pixels) for different H 1 noise levels added
to simulation 7, for B parallel (left) and perpendicular (right) to
the LOS. The observational reference field 3C196 is also shown
in this figure for comparison. The values of 5 for the 3C196 field
remain consistently below unity across all kernel sizes, ogog,
indicating that the CNM is systematically more correlated with
the Faraday structures than the WNM.
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field is shown for comparison (dashed line).

The results on the mock data of simulation 7 show a signif-
icant variation of 7 as a function of oyog, H1 noise level, and
orientation of B with respect to the LOS. For case B parallel to
the LOS, the value of 5 is almost independent of opog, while
n increases significantly with oyog in the case where B is per-
pendicular to the LOS. Strong noise in the HT data produces an
increase of 1 with oyog as the effect of the noise affecting the
WNM is gradually reduced. These variations for a single simula-
tion show that observational results on 57 can depend significantly
on the observational conditions (noise level, physical resolution
of the observations), but also on the mean orientation of B with
respect to the LOS. That said, our analysis shows that the only
way to reproduce the values of 1 seen in the 3C196 field with
simulation 7 is to add a high noise level in the HI mock data in
order to lower the WNM correlation to the benefit of the CNM.
This is discussed further in Sect. 5.

4.6. Variation with physical parameters
4.6.1. Turbulence strength

The HOG analysis described in the previous sections and illus-
trated in simulation 7 was also performed on our full simulation
set. First, in order to understand the nature of the signature
observed in Figures 12 and 13, we show the V8% (u) curves for
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all simulations in Figures C.1 and C.2. We chose not to apply any
instrument model (LOFAR beam, noise on Faraday and H1) to
estimate the effect of turbulence level alone.

We observed that simulations with lower turbulence strength
have higher V values than simulations with stronger turbulent
driving; see Fig. 17. This suggests that lower turbulence, and
therefore weaker magnetic fluctuations, enhances the correlation
between magneto-ionized observables and the H 1 phases. How-
ever, we also note that ;7 is always higher than what is seen in
observational data whatever the turbulence level (i.e., the WNM
remains more correlated to F(¢) than the CNM). We recall that
this experiment was done without any noise in the mock data
and, as shown in Fig. 16, noise in the H T data tend to lower 7.

4.6.2. CNM fraction

Finally, one goal of the current study was to evaluate if the frac-
tion of the H I in the CNM phase has an impact on the measured
correlation between Tz(1) and F(¢). To do so, we examined how
n varies as a function of fonm. The aim is to determine whether
a higher proportion of CNM in the simulated HI data system-
atically enhances the correlation with Faraday structures and
whether this trend depends on the orientation of the magnetic
field with respect to the LOS.

Figure 18 displays n as a function of foenm and upms. A
horizontal dashed line at n = 1 indicates the threshold sepa-
rating WNM-dominated (7 > 1) from CNM-dominated (7 < 1)
regimes. The value observed in the 3C196 field, n.,s = 0.72,
is also shown. In the perpendicular configuration, n reaches
high values, particularly for simulations with low CNM frac-
tions — exceeding 17 = 7 in some cases — which indicates a strong
WNM-Faraday alignment. As fonwm increases, i decreases but
generally remains above one, confirming the persistent domi-
nance of the WNM. In contrast, the parallel configuration shows
n values consistently close to or below one across the entire range
of CNM fractions with a flat trend. Only at high CNM fractions
(fenm = 35%) does the correlation approach the observational
regime where CNM dominates.

To further disentangle the contributions from each phase, the
two bottom panels show the respective alignments of WNM and
CNM structures with the Faraday map. These panels confirm that

Uy [kms ™'

LOS are shown. In each panel, the data points
show the values of V°%% for the CNM (blue) and
WNM (yellow).

10 12 14

the WNM largely dominates the correlation in the perpendicu-
lar case, while the CNM only begins to compete in the parallel
configuration at high CNM fractions. This suggests that while
the presence of CNM is a necessary ingredient for achieving a
CNM-dominated regime, it is not the primary driver of the corre-
lation, which depends more critically on the relative orientation
of the magnetic field.

In the configuration where the LOS is aligned with the mean
magnetic field, the maximum values of V3% for the CNM and
WNM phases follow remarkably similar trends. This suggests
that the morphological structures of CNM and WNM are compa-
rable in this case and may both trace the same Faraday structures.
In contrast, the perpendicular configuration reveals a clear diver-
gence between the CNM and WNM 7 values, indicating that
their structures differ significantly. As also supported by Fig. 8,
this behavior suggests that the WNM structures are more closely
aligned with the Faraday morphology, whereas the CNM struc-
tures deviate more substantially. This asymmetry highlights the
dominant role of the WNM in shaping the observed Faraday fea-
tures, particularly when the magnetic field lies in the plane of the
sky.

5. Discussion
5.1. Well-reproduced observation features

The numerical experiment presented here, representing the mul-
tiphase H T post-processed using a classical prescription to esti-
mate the local ionization fraction, is able to reproduce several
features seen in observations of the diffuse ISM at high Galactic
latitudes. These features are listed below.

— The velocity dispersion (o pe = 0.7-2.3km s~!) and CNM
fractions (fonm = 17-46%) are representative of what is
measured at 21 cm in the diffuse ISM of the solar neigh-
borhood (Marchal & Miville-Deschénes 2021; Marchal et al.
2024).

— The range of F(¢) values is comparable to the ones measured
with LOFAR in the 3C196 field with an average Faraday
depth of -2 < M; < 3radm™2 and spread of the Faraday
spectra of M; ~ 1-2.5rad m~2.

— The simulations of our experiment produce a range of
peak polarization intensity between 0 and 12 K (Figures 10

A245, page 15 of 23



Berat, J., et al.: A&A, 708, A245 (2026)

L mean field
* || mean field
6 - =1
= Mg = 0.72
=4
2,
0
15 20 25 30 35 10 15 50
./;'\'\l [%]
8
61 Fig. 18. Compilation for all simulations of the
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and D.1). The highest values might not be representative as

they were obtained when B is exactly perpendicular to the

LOS, but our experiment indicates that such relatively low

H1 column density ((Ny) = 1.55 x 102’ cm™2) can easily

produce P values of a few kelvin, similarly to what is

observed in the 3C196 field (P < 7 K Jeli€ et al. 2015).

— The synthetic Faraday cubes produced, including the effect
of a proxy of the LoI'SS uv minimum, show elongated
structures with no polarization, reminiscent of the observed
depolarization canals (e.g., Erceg et al. 2022).

— The HOG analysis used to evaluate the correlation between
H1 and Faraday structures shows a significant correlation of
the CNM features with F(¢), as revealed in the 3C196 field
(Bracco et al. 2020).

Our results are indicative that the physics implemented in
such numerical experiment is capturing fundamental aspects of
the physics of the diffuse ISM. Even though these experiments
were designed to reproduce the diffuse neutral gas (H1), this
study indicates that a simple prescription for computing the ion-
ization fraction (and therefore n,) reproduces several properties
of the LOFAR data, including a correlation between CNM struc-
tures and the morphology of F(¢) maps. We recall that before the
results of Van Eck et al. (2017), Jeli¢ et al. (2018), and Bracco
et al. (2020), the RM values and Faraday structures observed
in low-frequency radio data were thought to originate mostly
from thermal electrons located in the warm ionized medium
(WIM). Our numerical study indicates that even with its low ion-
ization fraction (~1072 in the WNM and ~10~* in the CNM),
the HT gas contributes significantly to the Faraday rotation sig-
nal, at levels strong enough to capture a correlation between
F(¢) and the CNM 21 cm emission. This is compatible with the
results of Boulanger et al. (2024) which, through a totally differ-
ent approach based on UV-absorption data, also concluded that
electrons in the WNM are a major contributor to the Faraday
depth.

5.2. CNM-Faraday tomographic data correlation

Even though the numerical experiment presented here reveals
a significant correlation between CNM and Faraday structures,
when we looked closely we could not find a single example in
our simulation set that would perfectly reproduce the relative
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observed value in the 3C196 field is 1755 = 0.72.

correlation of CNM and WNM with the Faraday tomographic
data (i.e., n).

The Faraday depth values observed in the 3C196 field are
almost centered on zero (see M) in Fig. 9, left). As mentioned
in Jeli¢ et al. (2018), this implies that the magnetic field is likely
close to perpendicular to the LOS in this area of the sky. Indeed,
we reproduced this feature ((M,) ~ 0) via synthetic observation
with B perpendicular to the LOS, but the distribution of M; and
the range of Faraday spread (M, ~ 1-2.5 rad m~2) for this config-
uration are narrower than what is observed, even after de-biasing
for noise.

Another important limitation concerns the physical size of
the simulation box. The comparison between the simulated and
observed Faraday depth distributions implicitly assumes that
all polarized emission and rotation detected by LOFAR orig-
inate within a volume comparable to that of the simulation
(50 pc on one side). In reality, the observed emission in the
3C196 field likely arises from a more extended region along
the LOS, possibly spanning several hundred parsecs through
the local magneto-ionic medium. This difference in physical
depth may partly account for the narrower range of simulated
Faraday depths and could also influence other derived quanti-
ties such as rotation-measure dispersion and the H 1-polarization
correlations. Nevertheless, achieving realistic CNM structures
requires sub-parsec resolution, which cannot be maintained in
simulations spanning Galactic-scale path lengths.

Regarding the H 1-Faraday correlation, the B L LOS case
is the one for which the values of 1 depart the most from the
observations. As shown in Figures 13 and 16, the CNM shows
significantly smaller values of V than the WNM (i.e., higher val-
ues of 1) than in the case where B is parallel to the LOS. The
only way to obtain 7 values close to the ones of the 3C196 field
is by adding unrealistically large noise in the 21 cm synthetic data
—1i.e., ten times the one present in the real EBHIS data — in order
to significantly affect the 21 cm WNM signal, but not as much
the CNM. The case with B || LOS produces values of ; that are
closer to the observed ones, but this configuration shows values
of M, that are significantly larger than the observations. A larger
CNM-F(¢) correlation (i.e., lower values of 1) could be pro-
duced by an increase of n, in the dense H1, producing a stronger
Faraday signature associated with CNM structures. This could
be adjusted by modifying the post-processing prescription used
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to estimate n, locally. Another way would be a stronger morpho-
logical correlation between the CNM filamentary structures and
the orientation of B. We noticed in our simulations that many
CNM clouds seem to have a random orientation with respect to
B (see Fig. 2). This might require another forcing scheme for the
simulations, perhaps using stellar feedback (e.g. supernovae) that
might introduce coherent high pressure fronts over larger scales.

Finally, another way to lower 1 would be to have a lower cor-
relation between the WNM and the Faraday structure. This could
be caused by the WIM itself, which we did not model in our
setup. The WIM is likely to have a diffuse structure, similar to
the WNM, with more large-scale fluctuations. If the WIM is not
spatially correlated to the WNM, its contribution to the Faraday
depth is likely to affect the WNM-Faraday correlation more than
the CNM one. The same is true if one considers the fact that the
LOS in the 3C196 field is likely to be about four times larger than
what is modeled here. Adding up WNM signal along the LOS
could lower the morphological correlation between the WNM
and Faraday. As the CNM occupies smaller volumes along the
LOS, itis less affected by the projection effect of long LOSs. All
these effects are beyond the scope of this work, but they could
be tested with dedicated numerical setups. Finally, our compari-
son relied entirely on a single LOFAR field, and thus it sampled
a limited volume of the local ISM. The magnetic and thermo-
dynamic conditions along this LOS may not be representative
of other regions of the sky. Consequently, any correspondence
between simulations and observations should be interpreted as
illustrative rather than universally representative of the Galactic
ISM that could be tested with the whole LoT'SS mosaic (e.g.,
Erceg et al. 2022; Erceg et al. 2024).

5.3. Depolarization canals

A second aspect that is not well reproduced by our numeri-
cal setup is that of depolarization canals. We observe them in
our simulations, and some seem to be caused by beam depo-
larization. On the other hand, the morphology of the synthetic
depolarization canals do not match the observations. Depolar-
ization canals observed in the 3C196 field and over large areas
at high Galactic latitude (Erceg et al. 2022) are often very elon-
gated, with axis ratios from ten to 100. The depolarization canals
produced in our instrumental experiment are more twisty and
relatively short.

This calls for another numerical study with the properties
of the magnetic field (we used a single value for the initial B)
and those of the mechanism injecting kinetic energy in the sys-
tem varied more. One might want to explore supernova feedback
or, alternatively, Fourier driving with different timescales and/or
with a more consistent orientation. In general, turbulence-in-a-
box simulations have a hard time producing very elongated CNM
features, even in cases where they are found to be aligned with B
(Inoue & Inutsuka 2016).

6. Conclusion

The main goal of this study was to evaluate if current state-of-
the-art MHD numerical experiments used to model the thermally
bistable HT are able to reproduce properties of the Faraday sky
and, in particular, the H1-Faraday correlation observed in the
LOFAR data (e.g., Bracco et al. 2020). Our parametric study
is based on 50 pc simulation boxes (MHD + cooling) with a
range of turbulent-velocity forcing with different amplitudes and
levels of compressibility. The forcing led to realistic ranges of

velocity dispersion, CNM fraction, and magnetic-field fluctu-
ations, reproducing values observed in the diffuse ISM. From
this set, we produced synthetic 21 cm and synchrotron observa-
tions, including the effect of noise and the LoT'SS uv minimum,
exploring a range of orientations of the LOS from parallel to
perpendicular to the mean B field.

Our study reveals that thermal electrons associated with
the HI phase could contribute a significant fraction of the
low-frequency (100-200 MHz) synchrotron polarized emission
observed at high Galactic latitudes. Indeed, our synthetic Fara-
day observations reproduce levels of polarization intensity and
RM values that are commensurate with what was observed with
LOFAR in the 3C196 field, our test region.

To study the contribution of CNM structures to the Faraday
tomographic structures in more detail, we developed a metric, 7,
based on the HOG algorithm (Soler et al. 2019) that measures the
ratio of WNM to CNM spatial correlation between 21 cm veloc-
ity channels and polarized intensity at specific Faraday depths.
We show that this metric is quite robust with respect to the ker-
nel size of the HOG algorithm. Our analysis reveals a significant
correlation of the CNM with Faraday structures, similar to what
is observed in the 3C196 field (Bracco et al. 2020). The level of
CNM-F(¢) correlation specifically depends on several factors,
which we list below:

— Simulations with low turbulent motions tend to have a
stronger H 1-Faraday correlation in general, and also smaller

;5

— The CNM-F(¢) correlation level depends on the B — LOS
orientation; B perpendicular (parallel) to the LOS shows the
lowest (highest) CNM-F(¢) correlation;

— A larger CNM-F(¢) correlation can be measured in faint
and noisy 21 cm data as higher 21 cm noise tends to affect
the broad and low-brightness WNM more compared to the
sharper and brighter CNM components;

— Noise in Faraday data reduces the level of correlation of all
H1 phases equivalently, while not affecting 7;

— Finally, the level of CNM-F(¢) correlation does not depend
strongly on fcnm. We observe a very mild increase in CNM-
F(¢) correlation with fonw, and only for fonm < 20% and in
the case where the LOS is perpendicular to the mean B field.
Within the space we explored, the CNM is always correlated

with the Faraday tomographic structures, but we were not able
to precisely reproduce values of 1 as low as those found in the
3C196 field (7 = 0.72). This indicates that CNM structures are
more correlated to Faraday structures in the observations than
what we were able to reproduce with our numerical experiment.
This is specifically true if we consider simulations with phys-
ical conditions similar to the 3C196 field (B L LOS, o ipc =
2.0kms™!, and fenm = 38%). In these conditions, we find 7 ~
1.5, which indicates that WNM contributes more to Faraday
structures than the CNM. Several elements could contribute to
this result: the choice of the n, prescription, the contribution of
the WIM to the Faraday depths (not modeled), the longer length
of the LOS in the data compared to the simulations, and the
Fourier driving that tends to produce CNM structures not aligned
with B.

Our results are indicative that low-frequency observations
could serve as a probe of the magnetic-field intensity and mor-
phology in the neutral edges of the Local Bubble. Moreover,
the detailed comparison of simulations and observations in the
21 cm Faraday space revealed subtle discrepancies that call for an
improvement of the way the multiphase, turbulent, magnetized,
and partly ionized ISM is modeled today.
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Finally, we note that our conclusions are drawn from the
comparison with a single observational field. Future work should
extend this analysis to additional LOFAR fields to test the robust-
ness and generality of the trends identified here across different
Galactic environments.
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Appendix A: MOOSE

Mock Observation of Synchrotron Emission (MOOSE) is an
interactive Julia-based tool designed to process numerical sim-
ulations of synchrotron emission and Faraday rotation. It gen-
erates synthetic observations by integrating three-dimensional
cubes of physical parameters, including density, temperature,
and magnetic-field components. The electron density is com-
puted using either empirical prescriptions or direct scaling with
the neutral hydrogen density.

The code reconstructs polarization properties by comput-
ing synchrotron emission and applying Faraday rotation effects
along the LOS. It accounts for observational constraints by filter-
ing large-scale structures to match interferometric data, convolv-
ing signals with telescope beam responses, and incorporating
noise models to replicate real observations.

MOOSE employs 2D interpolation methods to efficiently esti-
mate synchrotron emissivities based on precomputed lookup
tables. The interpolation grid is currently designed to use
LOFAR frequencies but can be adapted to any frequency range
depending on the observational requirements. This technique
allows for accurate integration of synchrotron radiation over a
range of magnetic field strengths and frequencies while main-
taining computational efficiency.

The code first reconstructs the Stokes parameters (1, Q,, U,)
as a function of frequency before applying RM-Synthesis to
derive the Faraday spectrum. This approach enables the decom-
position of polarized emission along different Faraday depths,
making it possible to analyze the magneto-ionic properties of
the ISM.

The tool assumes an optically thin medium, meaning absorp-
tion effects are neglected. While this assumption is generally
valid for high Galactic latitude regions, it may introduce biases
in denser environments.

The synthetic data can be analyzed to extract rotation mea-
sure maps, Faraday spectra, and polarization structures.

0.10

0.00 . .
-10 5 0 5 10

¢ [rad m 7]

Fig. A.1. Example of a Faraday spectrum produced by MOOSE. The
x-axis represents the Faraday depth in rad m™2, while the y-axis cor-
responds to the polarized intensity. The two primary peaks are located
at¢; =2.75rad m~? and ¢, = Srad m2.

Figure A.1 represents an example of the polarized intensity
as a function of the Faraday depth (in rad m?). Peaks in the
spectrum indicate distinct polarized emission components along
the LOS. The two most significant peaks in the spectrum corre-
spond to Faraday depths of approximately ¢; = 2.75 rad m~2 and
¢, = 5 rad m~2, which likely indicate separate emitting regions
along the LOS.

It provides a visual representation of how MOOSE recon-
structs the Faraday spectrum from input simulation data. The
presence of sidelobes in the spectrum is a common feature
resulting from the limited frequency coverage and resolution in
RM-Synthesis. These sidelobes can introduce ambiguities in
identifying true polarized components.

Appendix B: Faraday moments

My is the polarized intensity integrated over the Faraday depth
range. M is the polarized intensity weighted mean of Faraday
depth ¢. M, is the width of the Faraday spectrum. These are
analogous to moments in velocity space and are fully described
in Dickey et al. (2019). These quantities are affected by noise;
moments are often estimated by thresholding the data, for
instance Erceg et al. (2022) used only values six times higher
than the noise level. Here we propose alternatives to estimate the
Faraday moments without rejecting any data.

Because F(¢) is a strictly positive quantity, noise in F(¢) has
a specific effect. Noise fluctuations do not cancel out in calcu-
lating M, but they add up introducing a bias. For a given noise
level opoise (computed here by taking the standard deviation at
the first 30 and the last 30 Faraday depths ¢) the noise bias on
the first moment is equal to N opoise Where N is the number of
Faraday depths. To take this into account we compute the first
moment as

N
My = ) (F(¢i) = Tnoise) do

i=1

(B.1)

where d¢ is the channel width in ¢.

The second-order moment M, is also affected by noise but
it is also very sensitive to the presence of sidelobes in Faraday
spectra (see an example in Fig. A.1). These sidelobes arise from
the limited range of A over which the Fourier transform is com-
puted (see Eq. (12)). The spectral shape of F(¢) also depends
significantly on the spectral shape of Q, and U, that can vary sig-
nificantly due to Faraday rotation (Equations (7) and (8)). This
results in spectral structures in P(A%) that can vary significantly
from one position to the next. These spectral features in P(A%)
are not instrumental as they depend on the physical distribution
of emitting and rotating structures along the LOS (Takahashi
2023). In certain conditions the combination of Q, and U, can
even cancels signal in P(A%). As a consequence, the width of the
Faraday spectrum can, in some cases, be smaller than the width
of the RMSF, making its interpretation difficult.

As an alternative, we estimated the width of the Faraday
spectrum using the effective width defined as

M,

Weﬁ = W

(B.2)

This quantity reduces the influence of sidelobes by emphasizing
the integrated power of the spectrum relative to its peak inten-
sity. We found that W.g provides a more robust and interpretable
characterization of the spectral width in the presence of complex
interference patterns. It is also not biased by noise like a standard
second moment is. We computed W, using My corrected for the
noise bias. Then the second order moment is estimated as

W,
Mz _ eff

V2

which is the exact solution for a Gaussian function.

(B.3)
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Finally, the first moment M| defined as

_ ZLi 4 F@)

M,
My

B4)

is also biased in the presence of noise. As noise increases, the
numerator tends to produce M; — (¢;). If the ¢ vector is cen-
tered on 0, like it is the case in our study, lower S/N F(¢) will
tend to have M| — 0. To circumvent this effect, we are using a
matched filter approach. We leverage on the fact that Wy is a
non biased estimate of the width of the signal, especially if the
complexity of the Faraday spectra is small (i.e., F(¢) is charac-
terized by one dominating component, large or narrow). The first
moment is found by convolving F(¢) by a Gaussian filter with a
width given by Weg. M| is then estimated at the value of ¢ where
this convolution is maximum.

Appendix C: HOG results for the whole set
of simulations

The results of the HOG analysis for the whole 14 simulations set
are presented in Fig. C.1 (B parallel to the LOS) and Fig. C.2 (B
perpendicular to the LOS). Different color backgrounds are used
to illustrate low (vrms < 8 km s™! — gray background) and high
(vrms > 8 km s~! — light blue background) turbulence level.

Appendix D: Rotation of the cubes

To analyze physical quantities along different lines of sight, it is
necessary to rotate the simulation cubes containing both scalar
and vector fields. The rotation is particularly important in the
context of these simulations because the magnetic field has a
preferred orientation with a strong mean component in a specific
direction. In our simulations, the ratio of the mean field strength
to the root-mean-square fluctuation (B/B;ns) is large, meaning
that the field is strongly ordered. As a result, analyzing the sim-
ulations only along the three cartesian orientations provides a
limited perspective on the system.

By rotating the cubes by arbitrary angles, it becomes possible
to explore configurations that are not perfectly aligned with the
dominant field direction. This is crucial for understanding how
turbulence and ordered structures interact under different projec-
tion effects. It also allows for a more comprehensive analysis of
how observables change with different viewing angles.

Rotation of scalar fields

For scalar fields such as electron density (n,.), temperature (T),
and neutral hydrogen density (), the rotation consists of a coor-
dinate transformation from the original frame (x, y, z) to the new
frame (x',y’, 7). Given a rotation matrix R, the new coordinates
are obtained as:

x X
y|=R|y (D.1)
7 Z

The scalar field values remain unchanged at each trans-
formed coordinate. In practice, the rotation is implemented by
interpolating the values of the scalar field onto the rotated grid
using bilinear interpolation.
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Rotation of vector fields

For vector fields such as the magnetic field components
(By, By, B;) and velocity components (V,, V,, V), both the coor-
dinate system and the vector components must be rotated. If the
original vector field is represented as:

U,

U=\|U,|, (D.2)
U

then after rotation, the new components are given by:

U =RU, (D.3)

where R is the same 3 X 3 orthogonal rotation matrix applied to
the coordinate system. However, to correctly rotate a vector field,
it is necessary to first apply the inverse transformation to deter-
mine where in the original coordinate system the vector should
be sampled, and then apply the rotation to the vector itself:

U'(r') = RUR'F). (D.4)
These transformations ensure that the rotated vector compo-
nents remain physically meaningful and aligned with the new
coordinate system.

Figure D.1 shows maps of Py, and column density of the
case-study simulation rotated around the z-axis by a 45°. Fig. D.2
shows the result of HOG in this configuration.
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Fig. C.1. HOG results for all the set of simulations for the orientation of the LOS parallel to mean B. In each panel the curve V% vs u is shown for
all H1 phases. Light blue backgrounds are simulations with higher turbulence (vgvs > 8 km s™") corresponding to higher magnetic field dispersion
(Brms > 2.5 pG). Gray backgrounds are the complement.
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Fig. C.2. Same as Fig. C.1 but for cases where the LOS is perpendicular to mean B.
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Fig. D.1. Maximum polarized intensity (left) and column density (right) of the case-study simulation rotated by 45° around the z-axis.
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Fig. D.2. HOG results for the 45° configuration shown in Fig. D.1. The values of V found in this case are similar to the ones observed in the 3C 196
field but the CNM remains less correlated with Faraday structures than the WNM.
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