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ABSTRACT

Faraday tomography of polarimetric observations at low frequency in the radio is a unique tool for studying the structure of the
magneto-ionic diffuse interstellar medium (ISM) based on Faraday depth. LOFAR data below 200 MHz have revealed a plethora of
features in polarization, whose origin remains unknown. Previous studies have highlighted the remarkable association of such features
with tracers of the magnetized-neutral ISM, such as interstellar dust and atomic hydrogen (HI). However, the physical conditions
responsible for the correlation between magneto-ionic and neutral media have not been clarified yet. In this letter we further investigate
the correlation between LOFAR data and the HI spectroscopic observations at 21cm from the Effelsberg-Bonn HI Survey (EBHIS). We
focus on the multiphase properties of the HI gas. We present the first statistical study on the morphological correlation between LOFAR
tomographic data and the cold (CNM), lukewarm (LNM), and warm (WNM) neutral medium HI phases. We use the Regularized
Optimization for Hyper-Spectral Analysis (ROHSA) approach to decompose the HI phases based on a Gaussian decomposition of
the HI spectra. We study four fields of view — Fields 3C196, A, B, and C — and find, in at least the first two, a significant correlation
between the LOFAR and EBHIS data using the histograms of oriented gradients (HOG) feature. The absence of a correlation in Fields
B and C is caused by a low signal-to-noise ratio in polarization. The observed HOG correlation in Fields 3C196 and A is associated
with all HI phases and it is surprisingly dominant in the CNM and LNM phases. We discuss possible mechanisms that would explain
the correlation between CNM, LNM, and WNM with polarized emission at Faraday depths up to 10 rad m~2. Our results show how
the complex structure of the ionic medium seen by the LOFAR tomographic data is tightly related to phase transition in the diffuse
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and magnetized neutral ISM traced by HI spectroscopic data.
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1. Introduction

Magnetic fields are among the most relevant, though relatively
unknown, players of Galactic dynamics. They are key ingredi-
ents in the magnetohydrodynamic (MHD) turbulent cascade in
the multiphase interstellar medium (ISM) that structures mat-
ter from the large kiloparsec scales in the Milky Way (Branden-
burg & Subramanian 2005; Shukurov et al. 2006; Brandenburg
& Lazarian 2013; Beck et al. 2019; Ferriere 2020) down to the
parsec and subparsec scales of molecular clouds, where star for-
mation in the Galaxy takes place (Hennebelle & Inutsuka 2019).

Observations of synchrotron polarized and continuum emis-
sion at radio wavelengths (Haslam et al. 1982; Reich & Reich
1986; Davies et al. 1996), and Faraday rotation represent pow-
erful diagnostics for probing Galactic magnetic fields in the dif-
fuse ISM (Beck 2015). Clouds of thermal electrons in highly
ionized and magnetized interstellar gas along the line of sight
Faraday-rotate the Galactic synchrotron linear polarization. This
highlights the structure of the turbulent magneto-ionic medium
that features a network of "spaghetti-like" structures of polar-
ized intensity and depolarization canals (e.g., Haverkorn et al.
2003a,b,c; Gaensler et al. 2011; Iacobelli et al. 2014).

The full complexity of the magneto-ionic ISM has only been
revealed, however, by Faraday tomography (Burn 1966; Brent-
jens & de Bruyn 2005). This technique takes radio-polarimetric
data and decomposes the observed polarized synchrotron emis-
sion by the amount of Faraday rotation it experiences along the
line of sight. Faraday tomography maps the 3D relative distri-
bution of the intervening magneto-ionic ISM based on Faraday
depth (hereafter, ¢), or the cumulative effect of magnetic fields
and thermal-electron density along the line of sight.

Faraday tomography has been applied at different frequency
ranges in the radio, from a few gigahertz (i.e., Dickey et al. 2019)
down to 400 MHz (Thomson et al. 2019; Wolleben et al. 2019;
Dickey et al. 2019) and below (Jeli¢ et al. 2014, 2015; Lenc et al.
2016; Van Eck et al. 2017, 2019). Because of the frequency de-
pendence of Faraday rotation, the true power of Faraday tomog-
raphy is seen at about 150 MHz with the LOw Frequency ARray
(LOFAR, van Haarlem et al. 2013), which is the instrument most
sensitive to small column densities of magneto-ionic media, no-
tably the warm ionized medium (WIM, completely ionized at
temperatures of ~10* K, Ferriere (2020)).

LOFAR polarimetric observations are revealing a plethora
of structures whose origins remain unknown. In Field 3C196,
Zaroubi et al. (2015) reported a striking correlation between
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LOFAR tomographic data and the orientation of the plane-of-
the-sky Galactic magnetic field probed by polarized emission
of interstellar dust (i.e., Davis & Greenstein 1951; Hall 1949;
Planck Collaboration IIT 2020). This correlation became a puz-
zle, as dust total emission (Boulanger et al. 1996) and polariza-
tion (Planck Collaboration Int. XXXII 2016; Planck Collabora-
tion Int. XXXV 2016; Planck Collaboration Int. XXXVIII 2016;
Soler et al. 2017) are well known to be associated with cold gas
in the Galaxy, mostly atomic and molecular, rather than with the
WIM. A similar association, based on dust extinction only, was
put forward in Van Eck et al. (2017) based on the analysis of
diffuse Galactic polarization from LOFAR toward the field cen-
tered on the galaxy IC 342.

Spectroscopic emission of atomic hydrogen at 21 cm (HI)
was also visually found correlated with the LOFAR polarized in-
tensity in Field 3C196 (Kalberla & Kerp 2016), as well as with
depolarization canals Jeli¢ et al. (2018). The HI medium is a
mixture of bi-stable gas composed of a warm neutral medium
(WNM), at temperatures of ~8000 K and densities of ~ 0.3
cm™3, and a cold neutral medium (CNM), with corresponding
temperatures and densities of ~50 K and ~ 50 cm™, respec-
tively (Field 1965; Wolfire et al. 2003). This atomic gas, subject
to thermal instability, is also partially made up — by up to 30% —
of an unstable lukewarm neutral medium (LNM) with intermedi-
ate properties between the two stable phases (Saury et al. 2014).
Magnetic fields have been strongly suggested to govern the for-
mation of CNM structures, which are seen elongated as "fibers"
along the magnetic-field orientation traced by dust polarization
(Clark et al. 2015, 2019). The evolution of the multiphase and
magnetized atomic medium toward the formation of CNM gas is
likely at the origin of the observed correlation initially found by
Zaroubi et al. (2015).

In this letter we further investigate the correlation between
LOFAR data and the multiphase HI signal. We present the first
statistical study that explicitly decomposes the latter into its
CNM, LNM, and WNM components, and explores their re-
spective association with the LOFAR polarized emission derived
from Faraday tomography.

2. Description of the data

We analyzed the LOFAR observations of diffuse polarized emis-
sion detected in four fields at mid-to-high Galactic latitudes.
These are Field 3C196 and three additional fields in its envi-
rons. Field 3C196 is centered on the very bright quasar 3C196, in
one of the most diffuse interstellar windows of the northern sky
Jeli¢ et al. (2015). We used Faraday depth data cubes (hereafter,
F(RA,DEC, ¢)) — or hyper-spectral cubes of polarized emission
as a function of sky position and ¢ — of four fields observed
with the LOFAR high band antennas (HBAs, see Table 1). The
F(RA,DEC, ¢) cubes have an angular resolution of ~ 4’ and
a Faraday depth resolution of ~ 1radm™2. The cubes cover
a Faraday depth range between —10 and +10rad m~2, where
most of the diffuse polarized emission is observed, in ¢ steps
of 0.25radm™2. The field of view of each cube is ~ 64 deg?.
The data for Field 3C196 are publicly available (Jeli¢ et al.
2015)!. The data for the other three fields, Fields A, B, and C,
are based on LOFAR data taken under the project code LC5_11
(PIL: V. Jeli¢; Turié et al., in prep.). The data were calibrated in
a direction-independent manner and reduced in a similar way to
what is described in (Jeli€ et al. 2015). The Faraday depth cubes

! http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/583/
A137
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were synthesized from the Stokes Q and U images of 170 fre-
quency sub-bands, with a comparable noise level and frequency
range between 115 MHz and 150 MHz and with a spectral reso-
lution of 183 kHz.

RA DEC
Field 3C196 | 123°.4 | +48°.2 | Jeli¢ et al. (2015)
Field A 111°.7 | +48°.2
Field B 123°.4 | +40°.4 | Turi¢ et al., in prep.
Field C 131°.2 | +33°.9

Table 1. Central celestial coordinates of the LOFAR fields of view stud-
ied in this work. All fields of view spanned an area of ~64 deg?.

2.1. EBHIS spectroscopic data at 21cm

We used the publicly available spectroscopic data at 21 cm from
the Effelsberg-Bonn HI Survey” (EBHIS, Winkel et al. 2016) to
trace the atomic medium toward our fields of view. The EBHIS
survey covers the full northern sky (DEC > —5°) at an angu-
lar resolution of 10.8’, a spectral resolution of 1.44 km s~! for
a local-standard-of-rest velocity range of |Viy| < 600 km s7L,
and a brightness temperature noise level of 90 mK. We used the
EBHIS data at their nominal angular resolution. The data come
in the form of position-position-velocity (PPV) cubes, for which
we considered both the brightness temperature (7) as a function
of Vis and the gas column density defined as:

NH 18fTb(Vlsr) dVlsr
—— =182x%x1 .
fem2) -~ 8210 K] [kms ]

This equation for Ny is valid under the assumption of optically
thin HI emission (Dickey & Lockman 1990). In our case, the op-
tically thin assumption is justified by the position of the LOFAR
fields of view, which are among the most diffuse regions of the
northern sky.

ey

2.2. Planck polarization data

We obtained the magnetic-field orientation from dust polariza-
tion using the publicly available Planck PR3 polarization data’
at 353 GHz (Planck Collaboration III 2020). At this frequency
Faraday rotation is negligible. We used the Stokes Qy4 and Uy
maps in the HEALPix* format of dust polarized emission (la-
beled with the subscript "d") smoothed at the angular resolu-
tion of 30’ to increase the signal-to-noise ratio in polarization at
the intermediate Galactic latitudes of the LOFAR fields of view.
The smoothed maps were also rotated from Galactic to celes-
tial coordinates before extracting cutouts of the fields in Table 1.
From the cutout Stokes maps we obtained the polarization an-
gle g = 0.5 tan~! (-Uq, Qq4), where the minus sign is needed to
transform the HEALPix-format maps into the International As-
tronomical Union (IAU) convention for ¢4, measured from the
local direction to the north Galactic pole with increasing posi-
tive values toward the east. We used the version of the inverse
tangent function with two signed arguments to solve the 7 ambi-
guity in the definition of ¢4, as it corresponds to orientations and
not to directions. The magnetic-field orientation, y4, was finally
obtained as yq = ¥q + /2.

2 http://cdsarc.u-strasbg. fr/viz-bin/qcat?J/A+A/585/
A4l

3 http://www.cosmos.esa.int/web/planck/pla

4 http://healpix.sourceforge.net
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Field 3C196 (RA. 123.4° DEC. +48.2)

Field A (RA. 111.7° DEC. +48.2)

Fig. 1. Composite image showing the visual correlation of EBHIS HI 21cm brightness temperature (7, (Vis,), blue) with LOFAR HBA Faraday
tomographic data (F(¢), orange) and Planck magnetic-field orientations, yq, at 353 GHz (drapery pattern). All maps are shown in celestial coordi-
nates. Left panel: Ty, of Field 3C196 at Vj;, = =5 km s~' and F(qﬁ) at¢ = Orad m~2. Right panel: Ty, for Field A at Vi, = +1.4 km s~ and F(q&) at
¢ = —1.25radm™. The gray circle in each panel traces the size of the primary LOFAR beam.

3. Statistical correlation between LOFAR and EBHIS

Here we describe the statistical correlation between the LOFAR
and EBHIS datasets.

3.1. A visual inspection of the data

As an example, in Fig. 1, we show the T} (in blue) of two fields
of view (Field 3C196 and Field A) as well as their polarized
emission from LOFAR tomographic data (in orange). This fig-
ure highlights the visual correspondence of morphological struc-
tures in both datasets that also correlate with the plane-of-the-sky
orientation of the magnetic field encoded in the Planck data. Fig-
ure 1 shows y4 as drapery pattern obtained using the line integral
convolution (LIC, Cabral & Leedom 1993) technique. Within the
primary beam of LOFAR (gray circle in both panels), the asso-
ciation between T,(—5kms™!) and F(Orad m~?) in the case of
Field 3C196, and Ty(+1.4kms™) and F(-1.25rad m™2) in the
case of Field A, is striking. Not only does the structure of T}
follow that of F(RA, DEC, ¢), but both datasets also show a cor-
relation with the mean orientation of y4 and with localized bends
of the magnetic-field lines”.

We recall that the correlation between the magnetic-field
structure and the HI emission seen in a thin (~1 km s!) ve-
locity channel is usually associated with the CNM (Clark et al.
2019; Peek & Clark 2019). Nevertheless, to better understand
the physical conditions that give rise to the observed correlation
(HI, dust polarization, and Faraday tomography), it is necessary
to study in greater detail the multiphase structure of the HI gas
in each field.

5 We note that in Fig. 1 we only show the emission for one velocity
channel in the EBHIS data and for one Faraday depth in the LOFAR
data. In both cases, the emission at a specific channel may not cover
the entire field of view in the same way. Moreover, in the LOFAR case,
the primary beam represented by the gray circle strongly attenuates the
emission at the edges compared to the EBHIS data.

3.2. Measuring the correlation in the multiphase HI

We investigated the radiative condensation of the diffuse WNM
in thermally unstable LNM and stable CNM based on HI
emission from EBHIS PPV cubes. In order to disentangle the
multiphase-HI-blended signal along the line of sight, we re-
lied on the Gaussian approximation of spectroscopic lines (e.g.,
Matthews 1957; Dieter 1965; Takakubo & van Woerden 1966;
Mebold 1972; Haud & Kalberla 2007; Kalberla & Haud 2018),
differing from warm to cold HI phases according to their ob-
served standard deviations, o gauss. We made use of one recent
approach, described in Marchal et al. (2019), called Regularized
Optimization for Hyper-Spectral Analysis (ROHSA)®. ROHSA per-
forms a regression analysis using a regularized nonlinear least-
square criterion. The novelty of ROHSA is the search for spatial
coherence in the determination of the parameters of the Gaus-
sian spectral decomposition (see Appendix B for more details
on ROHSA and on its validation with respect to this work).

As shown in Fig. B.3, we were able to build consistent three-
HI-phase models for our fields of view with an accuracy of a
few percent. We used thresholds on oGy of 3 km s™! and 6
km s7! to discriminate between CNM and LNM and between
LNM and WNM, respectively. Results did not change for 1 km
s~! variations of these thresholds. ROHSA provided us with four
PPV cubes per field of view (full, CNM, LNM, and WNM) that
we could statistically compare with the corresponding cubes of
F(RA,DEC, ¢).

The statistical analysis of the correlation between HI emis-
sion and Faraday tomographic cubes was made using the his-
togram of oriented gradients (HOG)’, a tool presented in Soler
et al. (2019) as a new metric for systematic characterizations of
PPV hyper-spectral cubes of atomic and molecular gas. The ba-
sic principle of HOG is that it estimates the spatial correlation
(morphological alignment) between two images — or maps — as-

6 https://github.com/antoinemarchal/ROHSA
7 http://github.com/solerjuan/astrohog
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Fig. 2. Projected Rayleigh statistics V using HOG between LOFAR and EBHIS data for Field 3C196 (top) and Field A (bottom). From left to
right, we consider the full EBHIS dataset and the individual CNM, LNM, and WNM components obtained with ROHSA. The dynamic range of V

shown by the color bar is the same for all eight panels.

suming that the local appearance and shape of an image can be
fully characterized by the distribution of its local intensity gra-
dients or edge directions (see Appendix C).

We applied HOG to the EBHIS and LOFAR data at the
EBHIS angular and pixel resolution. We computed the rela-
tive orientation between the directions of the local gradients of
Ty(Viyr) and F(¢) at each velocity channel and Faraday depth.
As suggested by Soler et al. (2019), to evaluate the correla-
tion we used the HOG output parameter defined as the projected
Rayleigh statistics (V, see Eq. C.1), which represents the likeli-
hood that the gradients of two emission maps (7, (Vis) and F (®)
in our case) are mostly parallel. Like Soler et al. (2019), we also
noticed that it is not possible to draw conclusions from the val-
ues of V alone, but its statistical significance can be assessed by
comparing a given V value to others obtained in maps with sim-
ilar statistical properties. Using HOG, we were able to build V
maps as a function of the ranges of Vi, and ¢ that were detected
by EBHIS and LOFAR, respectively.

In Fig. 2, we show V maps of Field 3C196 (top row) and
of Field A (bottom row) as a function of Vi, between —30 and
+30 km s~! and of ¢ between —10 and +10 rad m~2, that is to
say, the intervals of velocity and Faraday depth at which most of
the emission is observed. The V maps are presented for the full
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HI EBHIS PPV cube and separately for the CNM, LNM, and
WNM PPV cubes. In both fields of view, a clear morphological
correlation between LOFAR and EBHIS data is found based on
the HOG results.

Two distinct bright spots in both rows can be identified in
the full PPV cube diagram on the left at Vi, = 15 and -5 km
s~!. These two bright V-spots cover a broad range of |¢|, from a
few up to 10 rad m~2; the range is mostly at positive ¢ for Field
3C196, while it is more symmetric around 0 rad m~2 in the case
of Field A.

As shown by the V maps derived from each HI phase, most
of the total correlation can be retrieved in the CNM component,
although the contributions from the LNM or WNM are not negli-
gible. The V-bright spot at negative velocities is apparent in the
LNM component of Field 3C196 as well. The WNM shows a
dimmer but more extended correlation, probably due to the large
widths of the spectral lines, which does not resemble noise. The
effect of noise in the correlation can be seen in the granularity
of the top part of the LNM diagram. In the case of Field A, the
LNM component shows a bright spot in V at ~7 km s~!, while
the WNM component has brighter and more diffuse V values at
negative velocities, which are also observed in the case of the
full PPV cube on the left.
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Fig. 3. Same as in Fig. 2 for two additional fields of view, Field B (left)
and Field C (right).

The correlation based on the V parameter is shared among
all three HI phases. The CNM component is the dominant one
in determining the link between the LOFAR and EBHIS data. In
some cases, however, the association of the LOFAR data with all
three phases at specific velocities (see, for instance, the bright V
spot at negative velocities for Field 3C196 in Fig. 2) may suggest
a real physical mixture of the different HI phases, possibly a sign
of phase transition at play.

Regarding Fields B and C, we find no morphological cor-
relation (or almost none) between the LOFAR and EBHIS data
using HOG as, illustrated in Fig. 3. We also explored a larger
range of ¢, between —20 and +20 rad m~2. Field B suggests a
weak enhancement of V at the same location shown by Field
3C196 and Field A (at Vi = —5 km s7!). In the case of Field
C, all values of V are consistent with noise. As will be discussed
in more detail by Turi¢ et al. (in prep.), the polarized emission
in Field C is significantly different from the other fields of view.
It is generally weaker and with a patchier morphology. We can-
not conclude that Fields B and C intrinsically lack correlation.
As we discuss in Appendix C.2, a possible explanation for the
observed difference among the four fields of view is likely the
combination of the low signal-to-noise ratio in LOFAR polariza-
tion with the low efficiency of HOG in detecting alignment in
sparse, patchy images.

4. On the correlation between LOFAR and HI data

Focusing on Fields 3C196 and A, the correlation between all HI
phases, notably the CNM, with the Faraday rotation detected by
LOFAR in the magneto-ionic ISM is a puzzling result. Faraday
rotation is expected to be effective in highly ionized interstellar
gas (WIM) rather than in the atomic medium.

The observed correlation may be related either to the struc-
ture of the intervening ISM that produces Faraday rotation or
to the synchrotron-emitting regions along the sight line — or
to a mixture of the two processes. Regarding the first case, we
show in Fig. 4 the expected values of rotation measure (RM, see
Eq. A.2) analytically derived for a single CNM cloud along the
line of sight as a function of its line-of-sight thickness (A os) and
magnetic-field strength (B)), given a standard thermal electron
density for the CNM of ~0.02 cm™ (Ferriere 2020). As indi-
cated by the white shades and lines in the figure, standard phys-
ical sizes of CNM clouds (~10 pc) and magnetic-field strengths
(6 £ 2 uG) measured with Zeeman splitting at 21cm (Heiles &
Troland 2005) are not capable of producing RM values larger
than a few rad m~2. Therefore, the values observed in this study
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Fig. 4. Expected values of RM for a CNM cloud given a typical elec-
tron density for the CNM of n, = 0.02 cm™ (Ferriere 2020). RM is
shown as a function of the strength of magnetic-field component paral-
lel to the line of sight, By, and of the line-of-sight thickness of the cloud,
A1 os. Orange contours show RM values of 1, 2.5, 5, 10, and 20 rad m2.
Vertical white lines and shades correspond to the median and standard
deviation of By found in the CNM (Heiles & Troland 2005). The hori-
zontal white line indicates the standard size of a CNM cloud (Ferriére
2020). Two red stars mark the values of RM found in Thomson et al.
(2019) and associated with CNM clouds.

(up to 10 rad m~2) appear significantly unlikely for the diffuse
HI gas unless one considers either a large line-of-sight thickness
(~60 pc) or a large magnetic-field strength up to ~25 uG. Thom-
son et al. (2019) also interpreted their tomographic data with the
Parkes telescope in terms of Faraday-rotating CNM structures
along the line of sight. They claimed to have measured the Fara-
day signature of two CNM clouds at roughly ¢ ~ —7 and 14 rad
m~2, which correspond to magnetic-field strengths of 15 and 30
UG (see red stars in Fig. 4). Such magnetic-field strengths are
also unusually strong for the CNM. These high values may be
explained by extreme nonstandard physical conditions that may
trigger phase transition in the multiphase ISM. Large-scale com-
pressions caused by interstellar shocks, which are identified in
theory as key mechanisms for CNM formation (e.g., Inutsuka
et al. 2015; Inoue & Inutsuka 2016), could possibly account for
the large magnetic-field strengths caused by supersonic gas mo-
tions in frozen-in interstellar magnetic fields.

This interpretation would be supported by the location of
our four LOFAR fields of view in the environs (in projection)
of known loop-like structures that have been interpreted as be-
ing the result of interstellar shocks caused by either supernova
remnants (SNRs) or rain-falling high-velocity atomic clouds in
the Galactic plane. Some of these structures can be identified as
the radio Loop III (Quigley & Haslam 1965), the North Celes-
tial Loop (Meyerdierks et al. 1991), and the Ursa Major Circle
(Bracco et al. 2020). Establishing whether the LOFAR fields are
associated with these specific loops or to other shell-like struc-
tures seen in HI emission toward the same region (e.g., Heiles
1979; Ehlerova & Palous 2013) is beyond the scope of this work.
An upcoming paper will possibly clarify this interpretation as it
will focus on the analysis of the LOFAR Two-meter Sky Survey

Article number, page 5 of 9



A&A proofs: manuscript no. aanda

(LoTSS, Shimwell et al. 2017, 2019) tomographic data of the
entire Loop III region (Erceg et al., in prep.).

Interstellar shocks at the origin of the correlation between the
Faraday rotation observed with LOFAR and the neutral struc-
tures along the sight line observed with interstellar dust extinc-
tion were also proposed by Van Eck et al. (2017). In the absence
of known SNRs that may have generated the shock waves, the
authors suggested other valuable scenarios that could also apply
to our case. In particular, Van Eck et al. (2017) noted that the cor-
relation might be caused by complete depolarization in the WIM
at LOFAR frequencies, leaving only a visible polarized signal
coming from the neutral clouds. If this were true, the observed
correlation would be associated with synchrotron emission from
neutral clouds rather than with Faraday rotation. Even though
the ionized medium would not produce Faraday depth peaks, it
would Faraday-rotate any background signal, possibly shifting
the intrinsic ¢ of a neutral cloud by a few rad m~? to the ¢ values
observed in this letter. More work is needed to resolve the ambi-
guity between Faraday rotation and synchrotron emission from
neutral clouds in order to provide the most likely interpretation
of our results, and in particular the dominant role of the CNM
over the other HI phases.

5. Conclusions

In this letter, we presented the first statistical analysis of the cor-
relation between the magneto-ionic medium, probed by the LO-
FAR telescope through Faraday tomography, and the diffuse and
multiphase neutral ISM traced by the HI spectroscopic data from
EBHIS. We analyzed four distinct fields of view and found that
the correlation between the two datasets can be striking. Two
fields of view, out of the four, show an unquestionable corre-
lation between the LOFAR and EBHIS data, in particular be-
tween Faraday tomographic data and the CNM gas. The corre-
lation with the LNM and WNM phases is not negligible. We
discussed possible mechanisms that may have generated the ob-
served correlation, from the Faraday rotation of compressed neu-
tral regions to the synchrotron emission of CNM clouds. How-
ever, future work is needed to pinpoint the most likely scenario.
In any case, our results showed how the complex structure of
the ionized medium seen by LOFAR tomographic data is tightly
related to the multiphase and magnetized neutral ISM.
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Appendix A: Formalism of Faraday rotation

Faraday rotation is a wavelength-dependent (1) process that em-
pirically affects the measure of the plane-of-the-sky orientation
of the magnetic field, y, inferred from synchrotron polarization
as:

d
RM = _X,

da?
where RM is defined as the rotation measure in units of rad m=.
This amount of rotation is physically expected to depend on two
main parameters, namely the free-electron density, n,, and the
magnetic-field strength along the line of sight as

0
=0.81 f
source

where n, is in units of cm™, | By is in units of uG, and the dis-
tance to the synchrotron emitting source is measured in parsecs.
The value of RM can be positive or negative depending on the
direction of B, toward the observer or away from the observer,
respectively. In Sect. 4, we analytically estimate RM for a CNM
cloud as ~ 0.81 n,BjALos, where Ajpg represents the line-of-
sight thickness of the CNM cloud.

Faraday tomography introduces a novel independent vari-
able, namely Faraday depth, ¢, which has the same units as RM.
However, it represents the specific amount of Faraday rotation
that the synchrotron polarization experiences within any distinct
parcel of ionized gas along the line of sight. Similarly to RM, ¢
is defined as

Lo
Ll) =0.81 f

[rad/m?] Lo+AL

(A.1)

RM

_ . B-dl,
[rad/m?] .

(A.2)

ne B - dl, (A.3)
where the line-of-sight integration now involves a confined re-
gion of magneto-ionic ISM, namely AL at the distance Lj. In
other words, ¢ is equivalent to RM in the limit of one single mag-
netized cloud of free electrons Faraday-rotating a background
synchrotron emission. As radio-polarimetric observations of lin-
ear polarization consist of measuring the Stokes parameters Q
and U as a function of 4, it is possible to define the complex
polarization vector, P(1%) = Q(A%) + iU(A%), and decompose it
into its distinct components in Faraday space. Similarly to the
decomposition of a signal in Fourier space, one can introduce

F(¢) = lf OOP(/lZ)e—2i¢/12 d/12’

TJ-

(A4)

where F(¢) now represents the Fourier conjugate function to
P(2%), and its modulus is F(¢) = O(#)? + U(¢)? in units of
polarized intensity. More details about the discretization of the
A%-space in the actual computation of F(¢) are available in Bren-
tjens & de Bruyn (2005).

Appendix B: HI decomposition with ROHSA

ROHSA performs a regression analysis on the whole PPV cube
simultaneously to decompose the signal into a sum of Ng spa-
tially coherent Gaussians parametrized by three 2D fields: ampli-
tude, mean velocity and velocity dispersion (a,, i, 0,). This is
achieved by adding regularization terms (i.e., a Laplacian filter-
ing) in the cost function that penalizes the small spatial frequen-
cies of each parameter maps. In addition, ROHSA minimizes the
variance of o, to enable the multiphase separation. The mag-
nitude of these four energy terms is controlled by the hyper-
parameters Aq, Ay, Ao, and A;.. Finally, the initialization of the

102

10!

2 2 6 8 10 12 14 16
Ng

Fig. B.1. Reduced chi-square y? of ROHSA solutions as a function of the
number of Gaussian Ng used to decompose EBHIS data centered on
Field 3C196.
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Fig. B.2. Example of a ROHSA decomposition of the HI spectrum of
EBHIS toward the central coordinates of Field A. Top panel: EBHIS HI
spectrum shown in purple, Gaussian components in black, and the re-
constructed modeled spectrum from ROHSA in gray. Bottom panel: Same
line of sight as shown in the top panel, with the addition of cumulative
contributions of CNM (blue), LNM (yellow), and WNM (red).

Gaussian parameters is done in ROHSA via a multi-resolution pro-
cess from a coarse to a fine grid. Further details are available in
Sect. 2.4 of Marchal et al. (2019).
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CNM 1e20 WNM 1e20 [%]

LNM 1e20
2

Field 3C196
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10

Fig. B.3. Maps of the HI column density, Ny, in units of cm~2, of
the PPV cubes from all fields of view. From top to bottom, we show
Fields 3C196, A, B, and C. The Ny is computed between —20 <
Vie/[kms™] < +420. From left to right, Ny is shown for the full
EBHIS dataset and for the CNM, LNM, and WNM components. The
last column on the right shows the residual map between Ny(full) and
Ny(CNM+LNM+WNM).

We decomposed EBHIS PPV cubes centered on the four LO-
FAR fields analyzed here using ROHSA user-parameters Ng = 12
and 1, = A, = As = A, = 400. The four hyper-parameters
were empirically chosen to ensure that each Gaussian has spa-
tially coherent parameter maps and can be classified as CNM
({o,) <3kms™),LNM 3 kms~! < (0,) < 6 kms™') or WNM
({(o,) = 6 kms™!) based on their mean velocity dispersion. The
number of Gaussians was chosen to converge toward a noise-
dominated residual. To achieve this, and to assess the quality of
the decomposition, we fixed the four hyper-parameters and var-
ied Ng from two to 16. Figure B.1 shows the reduced chi-square
x? as a function of Ng for Field 3C196. The y? converges toward
~ 2.5 for Ng > 10, showing that at least 12 Gaussians are needed
to encode the signal. Building on this, we kept the decomposi-
tion parametrized with Ng = 12. The impact of varying Ng from
12 to 16 on the final results presented in the letter (i.e., the LO-
FAR EBHIS spatial and spectral correlation) will be discussed
in Appendix C.1.

Figure B.2 shows an example of the three-phase model ob-
tained with ROHSA, parametrized with Ng = 12, toward the cen-
tral coordinates of Field A. Data are shown in purple in the top
panel, individual Gaussians are shown in black, and the recon-
structed modeled HI spectrum is shown in gray. In the bottom
panel of the same figure, we show the modeled spectrum as de-
composed in each HI phase.

The consistent solution for all fields is shown in Fig. B.3,
where we show maps of Ny (see Eq. | integrated in the range
-20 < Vii/[kms™'] < +20) corresponding to each HI phase.
Residual maps between ROHSA outputs and full PPV cubes are
also shown with an accuracy on the order of a few percent in the
right-hand column. We notice that the column density in Field A
is larger as it is the closest field of view to the Galactic plane.

Appendix C: The use of HOG

In our analysis we made use of HOG to quantify the morpho-
logical alignment between the EBHIS HI brightness tempera-
ture (7Tp) at each velocity channel / and the LOFAR polarized
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emission (F) per Faraday depth channel m in the tomographic
cubes. We used the projected Rayleigh statistics (V in Soler et al.
(2019)) as a measure of the alignment between the local gradi-
ents of T}, and F, defined as:

22ij Wijdm €OS 2 im

JE w2

where w;j;, is the statistical weight assigned to the relative ori-
entation angle between the two gradients, «;;;, at the ij position
in the maps. As we were only interested in the alignment, we
considered positive values of V.

Vim = €D

Appendix C.1: The impact of varying Ng on the
LOFAR-EBHIS correlation

Here we evaluate the robustness of our results with respect to
the choice of ROHSA user-parameters and the use of HOG. We
checked that the choice of Ng for x> ~ 2.5 (see Appendix B)
was not a critical parameter.

V CNM V LNM V WNM

2000

1750

1500

1250

[km/s]

1000

Vier [km/s]
Vi [km/s]

Viee

¢ [rad/m?] ¢ [rad/m?] ¢ [rad/m?]

Fig. C.1. Same as in the top row of Fig. 2 but with Ng = 16 instead of
Ng = 12.

As Fig. C.1 shows, we repeated the HOG analysis for Field
3C196 (see also Sect. 3.2) using Ng = 16 instead of Ng = 12
without noticing any significant change in our results (see the
comparison with the top row in Fig. 2). Although the V-patterns
of the warmer phases are slightly different, the strong correlation
between LOFAR and the CNM from EBHIS is preserved, as is
the overall correlation with the LNM and the WNM.

Appendix C.2: HOG efficiency with low signal to noise in
polarization

Fields B and C do not show a correlation between LOFAR and
EBHIS data as shown in Fig. 3. We believe that this is mainly
caused by a low signal-to-noise ratio in polarization in the two
fields. In Fig. C.2, we show the fraction of pixels in each F map
with at least three times the root-mean-square (RMS) value both
in Stokes Q and U (on the order of ~130 ¢ Jy/PSF/RMSF) in the
LOFAR data as a function of ¢. Fields B and C are both charac-
terized by a low fraction of pixels (< 10 %) with high signal to
noise across the full range of ¢.

These pixels are unevenly distributed on the maps, produc-
ing patchy patterns and a sparse signal in the images that HOG
treats to estimate the V parameter. However, due to images that
are sparsely sampled, the HOG algorithm can lose efficiency in
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Fig. C.2. Variation of LOFAR sensitivity per Faraday depth channel.
The fraction of pixels with polarized intensity greater than three times
the RMS value in both Stokes Q and U is shown. The dashed horizontal
line represents a fraction of 10%.

assessing the morphological correlation between two identical
images. In Fig. C.3, we show the result of HOG correlating a
given image with itself (in purple) while masking out a larger
and larger fraction of pixels randomly distributed in the maps.
The masked pixels were drawn from Gaussian random realiza-
tions with a power-law power spectrum of slope -2.4 to assure a
certain spatial correlation among the masked pixels. For compar-
ison, and using the same masked pixels, we also estimated the V
parameter from HOG, correlating the previous given map with
a completely uncorrelated random map (in gray). For both the
purple and gray curves, we computed the mean and standard de-
viation of V from 100 realizations of the Gaussian random field.

HOG efficiency

—&— One-to-One correlation
Random correlation

1750 A

1500 A

1250 A

V from HOG
=
o
o
o
!

0.0 0.2 0.4 0.6 0.8 1.0
Fraction of available pixels in the map

Fig. C.3. HOG efficiency in finding morphological correlations in
sparsely sampled images. The dashed vertical line represents 10% of
the available pixels in a given map.

Figure C.3 highlights the fact that the HOG algorithm is not
able to distinguish between an intrinsic morphological correla-
tion (purple) and a pure chance correlation (gray), for a 10%
fraction of available pixels in the maps. Since in the cases of

Fields B and C the amount of pixels with a high signal-to-noise
ratio in polarization is below 10%, we claim that the lack of cor-
relation between the LOFAR and EBHIS data in these two fields
of view, with a V parameter always compatible with noise, must
be related to the employed statistical measure with data at low
sensitivity.
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