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Abstract

Utilizing Planck polarized dust emission maps at 353 GHz and large-area maps of the neutral hydrogen (HI) cold
neutral medium (CNM) fraction (fcnwm), We investigate the relationship between dust polarization fraction (p3s3)
and fonm in the diffuse high latitude (b| > 30°) sky. We find that the correlation between psssz and fonm is
qualitatively distinct from the p3s3—HI1 column density (Ny;) relationship. At low column densities
(Ni1< 4 x 10* cm™?) where pss3 and Ny, are uncorrelated, there is a strong positive psss—fenm correlation.
We fit the p3s3—fcnm correlation with data-driven models to constrain the degree of magnetic field disorder
between phases along the line of sight. We argue that an increased magnetic field disorder in the warm neutral
medium (WNM) relative to the CNM best explains the positive p3s3—fcnm correlation in diffuse regions. Modeling
the CNM-associated dust column as being maximally polarized, with a polarization fraction pcym ~ 0.2, we find
that the best-fit mean polarization fraction in the WNM-associated dust column is 0.22pcnn- The model further
suggests that a significant fony-correlated fraction of the non-CNM column (an additional 18.4% of the H 1 mass
on average) is also more magnetically ordered, and we speculate that the additional column is associated with the
unstable medium. Our results constitute a new large-area constraint on the average relative disorder of magnetic
fields between the neutral phases of the interstellar medium, and are consistent with the physical picture of a more
magnetically aligned CNM column forming out of a disordered WNM.

Unified Astronomy Thesaurus concepts: Interstellar medium (847); Cold neutral medium (266); Interstellar

magnetic fields (845); Interstellar dust (836)

1. Introduction

Magnetic fields permeate the diffuse interstellar medium
(ISM) and play an important role in astrophysical processes
across our Galaxy, including gas dynamics, cosmic-ray
transport, molecular cloud, and star formation (Letessier-
Selvon & Stanev 2011; Crutcher 2012). However, our current
picture of how the structure of the interstellar magnetic field
varies across the complex, multiphase ISM environment is
poorly constrained. Observational tracers tend to only probe
partial projections of the full 3D magnetic field in specific
phases, and are often limited to sightline-averaged properties
(e.g., Ferriere 2001; Han 2017). A complete understanding of
magnetic fields in the ISM is an important and challenging
problem that requires piecing together different tracers of
magnetic fields and ISM phases.

The ISM can be generally organized into ionized, neutral,
and molecular phases across a wide range of temperatures and
densities. The neutral ISM as traced by H 1 is further composed
of the cold neutral medium (CNM), the warm neutral medium
(WNM), and the thermally unstable medium (UNM; Field et al.
1969; Wolfire et al. 2003; Kalberla & Kerp 2009). One
important tracer of magnetic fields in the neutral medium is
polarized thermal dust emission. Spinning dust grains prefer-
entially align with their major axes perpendicular to the local
magnetic field (Andersson et al. 2015). The measurement of
polarized dust emission traces the component of the magnetic
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field projected onto the plane of the sky (POS) in a weighted
integral over dust density along the line of sight (LOS). The
statistical properties of polarized dust emission maps have been
used extensively to study the structure of the interstellar
magnetic field (e.g., Planck Collaboration et al. 2015a, 2015b;
Fissel et al. 2016; Chen et al. 2019; Planck Collaboration et al.
2020; Sullivan et al. 2021; Hoang et al. 2022).

Recent work has also demonstrated that HI gas in the
diffuse, neutral ISM is organized into linear filamentary
structures that align with the orientation of magnetic fields as
traced by dust polarization (Clark et al. 2015; Kalberla &
Kerp 2016; Clark 2018). Furthermore, these HT filaments have
been shown to be preferentially associated with the CNM
(McClure-Griffiths et al. 2006; Clark et al. 2014; Kalberla &
Haud 2018; Clark et al. 2019; Peek & Clark 2019; Murray et al.
2020). Clark & Hensley (2019) constructed H I-based Stokes 1,
0O, and U maps with a Stokes polarization angle determined
from the orientation of filaments in HI channel maps, and
showed that they are well-correlated with polarized dust
emission. However, the polarized dust emission traces a
weighted integral of the total dust column along the LOS,
while the HI-based polarization is determined by the orienta-
tion of primarily CNM structures. The strong correlation of
polarized dust emission with a quantity constructed from the
orientation of primarily CNM structures implies that the mean
magnetic field orientation in the CNM is similar to the mean
magnetic field orientation in the WNM. A study of the diffuse
field targeted by the BICEP/Keck experiment found that
measured dust polarization properties were consistent between
the total polarized dust emission and the H I-filament-correlated
component of the polarized dust (BICEP/Keck Collaboration
et al. 2022). We are thus motivated to ask whether the
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relationship between dust and H I data can constrain the relative
dispersion of the magnetic field angle in the dust associated
with the WNM as compared to the CNM.

Other analyses have compared dust polarization to gas
column density. Using Planck observations at 353 GHz, Planck
Collaboration et al. (2015a) examined the variation of the dust
polarization fraction p3s3; with total gas column density Ny
for the full sky excluding the inner Galactic plane. They
observed a column-density-dependent behavior for the correla-
tion between p3s3 and Ny. At low column densities (2 X
10%° cm 2 < Ny < 10*' cm™?), there is significant variation in
the values of p;s3 from consistent with zero to the maximum
observed value for the full sky (p,,, ~0.2), and there is no
observed correlation between p;s3 and Ny. At higher column
densities (10*' cm™? < Ny <2 x 10*cm™?), pss3; shows a
clear anticorrelation with Ny, with (ps;) decreasing to below
0.04 at Ny > 10*' cm 2. Planck Collaboration et al. (2015b)
found that the observed anticorrelation at high column densities
can be reproduced in simulations of MHD turbulence assuming
uniform dust properties. This implies that the variation in
polarization fraction on scales probed by Planck data can be
explained by the tangling of magnetic field structures along the
LOS and within the beam up to Ny ~ 10%.

The primary probe of H1is the 21 cm line from the hyperfine
transition of ground-state neutral hydrogen. The HTI spin
temperature can be directly constrained from absorption and
emission data (Heiles & Troland 2003; Murray et al. 2018).
However, absorption measurements are limited by the avail-
ability of background continuum sources, and it is challenging
to separate ISM phases from emission-line data alone.
Significant progress in deriving HI phase properties from H1
emission has been made using statistical approaches such as
Gaussian phase decomposition (Haud & Kalberla 2007;
Kalberla & Haud 2018; Marchal et al. 2019; Riener et al.
2020), wavelet scattering transform (Lei & Clark 2023), and
convolution neural networks (CNNs; Murray et al. 2020). In
this study, we make use of the CNN-predicted CNM mass
fraction (fonym) map from Murray et al. (2020), to extend the
study of p—Ny statistics to phase-decomposed H I properties.

The extent to which the structure of the magnetic field varies
across the boundaries of the ISM phases is largely unknown.
Using state-of-the-art large-area phase-decomposed maps, we
study the relationship between magnetic field tracers and the
gas phase, and derive new limits on the relative disorder of
magnetic fields between ISM phases in the diffuse medium.
Previous work on constraining the variation of magnetic field
structure across phases has mostly been confined to limited
regions of the sky where a direct morphological connection
between tracers can be found. For example, several studies
examining a 64 deg® field centered on the quasar 3C196 have
reported a morphological correlation between LOFAR Faraday
rotation data probing the magnetoionic medium and HI and
dust data probing the neutral medium (Zaroubi et al. 2015; Jelié
et al. 2018; Bracco et al. 2020). Comparing radio polarization
and H I emission data, Campbell et al. (2022) find evidence for
an aligned magnetic field between the warm ionized medium
and the CNM in a small patch of high Galactic latitude sky, but
a lack of widespread association between these tracers in the
full high-latitude Arecibo sky. Modeling dust emission
associated with different HI phases as discrete layers, and
fitting to Planck observations in the polar cap regions, Ghosh
et al. (2017) and Adak et al. (2020) concluded that the magnetic
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field in the CNM is more turbulent than the UNM/WNM
layers. Here, we propose and apply a new method to constrain
the relative disorder of magnetic field structures between the
cold and warm phases of the neutral ISM.

The rest of the paper is organized as follows. In Section 2,
we detail the dust and HT data products used in this study. In
Section 3, we examine the correlation between the dust
polarization fraction p;s3 and the CNM mass fraction fony in
the diffuse ISM. In Section 4, we examine different possible
contributions to a p3s3—fcnm relation, and rule out explanations
other than a phase-dependent degree of magnetic field tangling.
Our model of magnetic field relative disorder between the
WNM and CNM is presented in Section 5, followed by a
discussion and conclusions in Sections 6 and 7. Further
technical discussions can be found in the Appendix.

2. Data
2.1. Polarized Dust Emission

For polarized dust emission, we use the 80’ R3.00 353 GHz
Stokes 1, O, and U maps released by the Planck Collaboration.
A main source of uncertainty in estimating polarization fraction
P3s3 1s the zero-level correction of the Stokes I map. Following
Planck Collaboration et al. (2020), we adopt a CIB monopole
subtraction of 452 uKcyvp at 353 GHz, and add a fiducial
Galactic offset correction of 63 uKcyp (Planck Collaboration
et al. 2020). Planck Collaboration et al. (2020) estimate the
offset uncertainty to be 40 uKcwmp, which affects the shape of
the estimated p;s3 distribution but not the correlation statistics
investigated in this study. Finally, from the 80/, offset-corrected
353 GHz Stokes I, Q, and U maps and their covariances, we
compute the noise-debiased polarization fraction p;s3 using the
modified asymptotic estimator method introduced by Plas-
zczynski et al. (2014). We further apply a signal-to-noise ratio
(S/N) cut of ps53/0,,. > 3 (retaining ~93% of the full sky) to
arrive at the final map used for our analysis. For all the
subsequent data products employed in this work, we smooth
them to 80’ to match the resolution of the polarization fraction
map, and convert them to HEALPix format pixelated with
Niige = 64 (Gorski et al. 2005).

2.2. Neutral Hydrogen Emission

We use HI emission data from Data Release 2 (DR2) of the
Galactic Arecibo L-band Feed Array Survey (GALFA-HT;
Peek et al. 2018). GALFA-HTI is a high angular (4’) and
spectral (0.184 km s~ ') resolution survey that covers ~32% of
the sky from decl. —1°17' to decl. +37°57" across all R.A. For
analysis of total HI column density, we utilize the publicly
available, stray-radiation-corrected column density maps from
DR?2 integrated over |v sg| <90kms ' (Peek et al. 2018).

In addition to GALFA-H I, we also employ data from the
HI4PI survey (HI4PI Collaboration et al. 2016). HI4PI
combines the Effelsberg—Bonn HTI Survey of the northern
sky (Winkel et al. 2016) with the Galactic All Sky Survey
using the Parkes radio telescope in the south (McClure-
Griffiths et al. 2009) to produce a full-sky H1 emission survey
at 16/2 angular and 1.49kms~' spectral resolution. We
similarly employ the total HI column density maps from
HI4PI with stray-radiation correction applied (HI4PI Colla-
boration et al. 2016).
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2.3. CNM Fraction

To trace CNM content in the same footprints as the dust and
HT emission data, we utilize fcnv maps produced using the
CNN model from Murray et al. (2020). The model is trained
and tested on augmented, synthetic HI emission spectra from
3D MHD simulations of the Galactic ISM (Kim et al.
2013, 2014). It is then validated against fony measurements
derived using available H1 absorption observations from 21-
SPONGE (Murray et al. 2018) and the Millennium survey
(Heiles & Troland 2003). The oy, uncertainties on predicted
Jfonwum values are estimated by running multiple iterations of the
model with different random initialization. We make use of the
Jfenm maps produced by applying the model to GALFA-H T and
HI4PI 21 cm emission data, respectively, at high Galactic
latitudes (|b| > 30°). The GALFA-H I-fcny map is presented in
Murray et al. (2020), while the HI4PI version of the map is first
described in Hensley et al. (2022). The two maps are shown to
have excellent agreement in overlapping regions (Hensley et al.
2022).

2.4. HI Velocity Components along the LOS

One potential contribution to the variation of the dust
polarization fraction is depolarization due to the complexity of
the dust distribution along the LOS. Panopoulou & Lenz
(2020) developed a method for quantifying the LOS complex-
ity of HT emission, which can be used as a proxy for the LOS
distribution of the associated dust. By applying Gaussian
decomposition to identify distinct emission components in the
H spectra from the HI4PI survey, the authors created maps of
the number of clouds along the LOS. A wide Gaussian kernel
bandwidth of 5km s~ is selected so that the components are
effectively multiphase clouds and not sensitive to narrower
CNM emission features. The maps cover the area of the high
Galactic latitude sky where the HI column density is linearly
correlated with far-infrared dust emission, i.e., where
Ny <4 x 10*°cm 2 (Lenz et al. 2017). Panopoulou & Lenz
(2020) additionally defined a LOS complexity measure
weighted by the column density of the components

N Netouds NII-II
c= 20 M

i=1 HI »

max

where Njj; is the ith cloud along the sightline, with N7 the
maximum column density of the clouds identified for that
sightline. In the case where one single cloud dominates the total
column density of the sightline, A, will be ~1. Meanwhile,
a sightline with n equal-column-density clouds will have
N, = n. Higher N, is primarily driven by the presence of
intermediate velocity clouds (Panopoulou & Lenz 2020).

In this paper, we employ N, maps to quantify how much the
variation of dust polarization fraction with H1 phase content is
attributable to the complexity of the overall HI distribution
along the LOS.

2.5. HI Polarization Template

The morphology of HI emission intensity structures encodes
measurable information about HI phases and the properties of
the ambient magnetic field. Clark (2018) introduced a
formalism to characterize the LOS tangling of the magnetic
field from the orientation of HI structures at different LOS
velocities. From the linear intensity of HI structures mapped
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using the Rolling Hough Transform (Clark et al. 2014), Clark
& Hensley (2019) constructed 3D (position—position—velocity)
Stokes Iy1, O, and Uy maps based on HI4PI survey data.
After integrating over the velocity dimension, the HI-based
polarization maps are well-correlated with the 353 GHz
polarized dust emission maps (see also BICEP/Keck Colla-
boration et al. 2022; Halal et al. 2023).

In this work, we utilize the velocity-integrated, publicly
available Clark & Hensley (2019) H I-based polarization maps,
and derive a polarization fraction py; and polarization angle
0y from the HI-based Stokes parameters smoothed to the
same resolution as the Planck 353 GHz map. We compare the
Pu —fonm correlation to the p3ss—fonw correlation and explore
the possible implications for the variation of magnetic field
structures across H I phases.

3. Dust Polarization Fraction Is Correlated with CNM
Content

To investigate the hypothesis that magnetic field structure
probed by dust polarization varies with ISM phase distribution,
we test for a correlation between dust polarization fraction and
CNM fraction (fcnm) in excess of any correlation between dust
polarization fraction and HI column density (Ny ). If the dust
polarization has no dependence on the H1 phase distribution,
we expect no correlation between these parameters, except to
the extent that both have some correlation with the total Ny .
Using the 80/, offset-corrected, noise-debiased polarization
fraction map pss3 described in Section 2.1, we compute the
correlation of p3s3 with the fony and Ny maps smoothed to
the same resolution in the high Galactic latitude (|| > 30°) sky.
Motivated by the column-density-dependent p;53—Ny relation
in Planck studies (Planck Collaboration et al. 2015a, 2015b,
2020), we calculate the Spearman correlation of p353—fenw and
P353—Nu 1 in column density bins where each bin contains an
equal number of independent measurements.

3.1. p353-Ngy; Correlation

The left panel of Figure 1 shows the correlation between p3s3
and the GALFA-HI-fcam and Ny maps computed in 10
column density bins. These bins correspond to mean Ny
values ranging from 10?° cm™2 to 10*! cm™2. The error bars on
the correlation coefficients are estimated using a bootstrapping
procedure, resampling the data sets with replacement for
1000 trials. The p353—Ng correlation result is consistent with
prior results showing no correlation at low column densities
and a strong anticorrelation in the highest Ny bin (mean
(Ng1) ~ 10 cm~2) (Planck Collaboration et al. 20153a,
2020). In the top panels of Figure 2, we show the two-
dimensional (2D) histogram distribution of p3s3 versus Ny in
select column density regimes. Consistent with the Planck
studies (Planck Collaboration et al. 2015a, 2020), p3s3 shows
significant scatter in low column density regions and reaches
Dinax ~0.2. In the high column density regime, the range and
mean pss; decrease with increasing Ny 1, with (pys5) ~ 0.04 at
Ny 1> 10*' cm ™2

3.2. p3ss—ftenm Correlation

In contrast with the p;s53—Ny; relationship, we observe
distinctly different behavior for the correlation between p;ss3
and fcnwm- This is evident in the column density bins with
(logo(Nu1 [em™2])) < 20.8. As Figure 1 shows, in these
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Figure 1. The p3s53—fcnm and p3s3—Ny | correlations in the high Galactic latitude (|b| > 30°) GALFA-H I sky. Left: Spearman correlation coefficients computed in bins
of Ny 1, such that each bin covers an approximately equal sky area. The data used to compute these correlations are shown for selected bins in Figure 2. While both
Jfenm and Ny ¢ anticorrelate with pss; at high column density (~10*' cm™?),a strong, consistent correlation between fonm and polarization fraction is observed at lower
column density regimes where p3s3—Ny ; is compatible with no correlation. Right: map of correlation between pss; and fonm, created by dividing the sky into 20 Ny ¢
bins with approximately equal area, colored by the p3s;—fcnm correlation coefficient value in each bin. The maps are shown in an orthographic projection centered on
(I, b) = (0, 90) (left) and (/, b) = (0, —90) (right). The positively and negatively correlated regions tend to be fairly spatially coherent.
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Figure 2. 2D histograms of p3s3 vs. Ny (top row) and p3s3 vs. fonm (bottom row) in low, intermediate, and high column density regions. At low column density
« loglo(NHI[cm’z])) < 20.09), ~99% of sightlines have feam < 0.03 and fonm S/N < 2. The limited fonm dynamic range and low fonm S/N make the correlation
result in this regime less reliable. In the intermediate column density regime, there is a clear positive p3s3—fcnm correlation, while no trend is observed between p3s3
and Ny . Finally, both fonm and Ny ¢ anticorrelate with polarization fraction in the high column density regime.

regions where no pss3—Ny; relation is observed, there is a
strong positive p3s3—fconm correlation, with Spearman correla-
tion coefficients up to ~0.6. At higher column density regimes
however, the degree of correlation decreases, and becomes
consistent with the strong p;s3—Ny; anticorrelation at the
highest column density bin with (Ny1) ~ 10! cm~2. To more
clearly demonstrate this positive-to-negative correlation trans-
ition with increasing Ny, we show a map of the pzsz—fonm
correlation in the high Galactic latitude (|b] > 30°) GALFA-H 1

footprint in the right-hand panel of Figure 1. To create the map,
we divide the sky into 20 equal-area regions binned by column
density, and color each region by its p3s3—fcnm correlation.
Most regions in this portion of the high Galactic latitude sky
show a strong positive correlation, except for a small, lower
Galactic latitude (—45° < b < —30°) region of strong antic-
orrelation in the southern hemisphere. The adjacent regions
show intermediate correlation values between that of the
strongly correlated low column density regions and the
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Figure 3. 2D histograms of p3s53—Ny 1 (left), p3s3—fonm (middle), and Nenm = fonmVu 1 (right) in column density regime log;o(Vu 1 [em~2]) > 20.40. The black curve
overlaid on the histograms is the moving average of p3s; computed using a sliding window of size 100 sightlines. The average ps3 shows little variation at low Ny i,
but increases with increasing fonm or Nonm. All figures show a decreasing trend at high Ny 1, fonm, and Nenw values.

anticorrelated high column density regions. Overall, the
P3ss—fcnm correlation map shows consistent behavior across
large portions of the sky. The fact that the left and right panels
of Figure 1 show similar p3s3—fcnm relations despite dividing
the sky into different numbers of equal-area regions further
demonstrates that the correlation results are robust with respect
to the particular choice of Ny bins.

In Figure 2 we examine the 2D histograms of p3s3 versus
Jfonwm and pss3 versus Ny | for select low, intermediate, and high
column density regions selected from the bins in Figure 1. At
high column density with (Ng1) ~ 102! cm~2, the fonm values
range from 0.10 ~ 0.40, while p;53 decreases from a maximum
value of ~(.2 to less than 0.04 at peak fcnn. This is similar to
the trend observed with increasing Ny; In the bin with
intermediate column density values <logloNH1[cm*2]> ~ 20.6,
there is a striking linear correlation relation between ps3s3 and
Jonwms With pss3 ranging from ~0 to the maximum observed
value of 0.2, while fonm ranges from approximately 0 to 0.17.
No such correlation is observed between pzs3 and Ny . The
behaviors of the selected intermediate and high column density
bins are representative of the full regions that show strong
positive versus negative ps3s3—Ny correlations in Figure 1.

In the high Galactic latitude sky region we are considering, a
significant majority of sightlines have low CNM content, with
Jonm < 0.2 (Murray et al. 2018, 2020). In fact, 90% of the
|b] >30° GALFA-HTI footprint has fonm < 0.17. Thus, the
ranges of the pss3 and fonm values in the regime where we
observe a strong positive correlation are representative of the
full map considered. This is not the case for the lowest column
density bin with (log;, Ny 1[cm~2]) ~ 20.1, shown in the lower
left plot of Figure 2. In this regime, the CNM content is
extremely low and has a low S/N, with over 99% of the
sightlines having fonm < 0.03 and fony /07, < 2. We suspect
that the loss of p3s3—fcnm correlation here is driven by this loss
of dynamic range in fonnv: When most of the sightlines have
Jenm ~ 0, the fonm-driven variation in pss3 is likely negligible
compared to the general scatter in pss3, diluting any trend of
P3s3—fonm correlation we might otherwise observe over this
lowest column density region of the sky.

3.3. Column Density Range of Interest

We restrict our subsequent analysis to the range
log; (N1 [em~2]) > 20.40, where the ranges of fonv and

D353 are representative of the full high Galactic latitude sky
considered and the mean fony S/N is high (>3). Figure 3
shows the overall 2D histogram distribution and running mean
of the p3s3=Nui, psssfonm and  pass-Nenm  (Where
Nenm =fonmNu 1) distributions  after applying  this column
density cut. p3s3—Ny; shows the expected behavior of nearly
constant (p;s;) at low Ny and decreasing (p;s5) at high Ny 1. In
contrast, the moving mean (ps;) varies with foxn and Neny in
a consistent way, increasing up to feam~0.1 and
Nenm ~ 3 % 10" em ™2, before transitioning to an approxi-
mately monotonic decrease at higher CNM fraction and CNM
column densities.

At higher column densities, more of the hydrogen is in the
molecular phase, making Ny a less reliable tracer of dust
(Burstein & Heiles 1978; Lenz et al. 2017; Nguyen et al. 2018).
Restricting to a lower column density range allows us to
examine the observed positive pss3—fcnwm correlation in a
regime where dust and HI1 are largely tracing the same
volumes. Using HI4PI data, Lenz et al. (2017) found that at
Nui1<4 x 10% cmfz, the correlation between the HI and dust
column is well represented by a linear fit with variations of less
than 10%. Thus, we adopt logo(4 x 10%° cm~2) ~ 20.60 as
the upper limit.

In Figure 4, we show the psiss—fonm and p3s3—Ny
correlations in the selected column density range
20.40 < log;o(Nu1 [em~2]) < 20.60. p3s3~fonm shows a con-
sistent positive correlation in this range, with an overall
Spearman correlation coefficient of 0.50. The right panel of
Figure 4 shows the 2D histogram distribution of p3s3 versus
Jfonm- The limit of p3s; ranges from O to observed pp,. for the
full map at ~0.2, while fonv ranges from 0 to 0.18,
approximately the 90th percentile of the full map fonm
distribution. Thus the dynamic ranges of ps3s3 and fon in this
region are representative of the full high Galactic latitude sky.
While 20.40 < log,,(Nu1 [cm~?]) < 20.60 covers only a
limited range of the full Ny, distribution, it accounts for
~27% of the high Galactic latitude GALFA-H I sky for a total
of 1850 degz. As Figure 1 shows, the positive p3ss—fonm
correlation extends beyond the column density range we select
here, and it would be interesting to examine the transition from
correlation to anticorrelation at higher column densities in
future work.
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Figure 4. Left: comparing psss—fcnm VS. Pas3—Np 1 correlations in column density bins over the range 20.40 < log;((Ny1 [em~2]) < 20.6. Right: 2D histogram of
D353 VS. fonm in the same regime. The lower and upper column density limits are motivated by the fony dynamic range and dust emission—Ny ; linear correspondence,
respectively, as discussed in Section 3.2. A consistent positive p3s3—fenw correlation is observed across this regime, with an overall Spearman correlation coefficient

of 0.50.

In the Appendix, we repeat the same analysis with HI4PI
column density and fony data, and find the same qualitative
result that there is a statistically significant p;s3—fonm
correlation in the regimes where no p3s3—Ny; relation is
observed. However, the degree of correlation over the HI4PI
sky is smaller compared to that in the GALFA-HT footprint.
We argue that a significant factor in that difference is the more
limited fonm dynamic range and a higher proportion of low
fonm S/N sightlines. The arguments are presented in more
detail in the Appendix. Here, we focus our analysis on the
GALFA-HT1 sky data, which is a general footprint spanning
~40% of the high-latitude (|b|>30°) sky across different
environments.

In short, exploring the high-latitude diffuse ISM using
GALFA-HI and Planck dust maps, we found a strong
correlation between polarization fraction p;s3; and CNM mass
fraction fony. The positive correlation is present in column
density regimes where there is no p3s3—Ny; correlation.

4. Interpreting the Dust Polarization—CNM Fraction
Correlation

In this section, before testing the hypothesis of relative
disorder of magnetic fields between phases, we first examine
other possible contributions to dust polarization fraction
variation, and show that they cannot account for the observed
positive p3s3—fcnm correlation. Following the formalism for
thermal dust emission presented in Fiege & Pudritz (2000; see
also Pelkonen et al. 2007), for emission at submillimeter
wavelengths assuming uniform grain properties, the Stokes Q
and U can be parameterized as the following integral along the
LOS:

0= faep cos 21) cos? v ds, )

U= faep sin 21) cos?y ds, 3)

where 1 is the POS magnetic field angle, and ~ is the
inclination angle of the magnetic field relative to the POS. p is
the gas density. € is the dust emissivity. « is a grain property
coefficient parameterizing grain alignment and polarizing

efficiency. In practice, we determine « from the maximum
intrinsic polarization fraction p,,.:

_*
1 —a/6

The polarization fraction is computed from the Stokes

parameters as
P [QZ + U2

“)

pmax =

== 5
P=7 7 &)
where the intensity / can be further expressed as
1 ) 2
I:ffpd575fafp cos'yfg ds. 6)

There are two main factors affecting the observed dust
polarization fraction along a given sightline: grain alignment
efficiency parameterized by «, and magnetic field structures
characterized by the magnetic field angles ¢ and ~. We
examine how each factor might contribute to a positive
P3s3—fenu correlation.

4.1. Correlation Inconsistent with Variable Grain Alignment

Variation in grain alignment efficiency can affect dust
polarization fraction. For example, in dense molecular regions,
dust grains are shielded from the UV and optical radiation that
is responsible for initiating the dust spinning and alignment
process. This results in less efficient alignment with the local
magnetic field and consequently lower polarization fraction
(Draine & Weingartner 1996; Hoang & Lazarian 2008;
Andersson et al. 2015). While loss of alignment could play a
role in dense molecular cloud regions, in the diffuse region
away from the Galactic plane selected in our study
(20.40 < log;((Nu1 [cm™?]) < 20.60), the column density
and molecular content never get high enough for the shielding
of dust grains to become a factor. Furthermore, CNM is the
colder, denser phase of HI. Even if there were some degree of
alignment loss with increasing CNM content, it would result in
an anticorrelation between p;s3 and fcawm, the opposite of the
observed positive pzs3—fcnm relation. Variation in  grain
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Figure 5. 2D histograms of p3s3 vs. S (left) and pss3 vs. N, (right) in the high Galactic latitude (|b] > 30°) GALFA-H I sky. Regions of high polarization angle
dispersion generally correspond to lower polarization fraction, while regions of high LOS complexity correspond to a decrease in the range and the mean value of p3ss.

alignment efficiency can potentially account for some disper-
sion in the polarization fraction distribution. Medan &
Andersson (2018) found that a model of varying grain
alignment due to the nonuniform distribution of the nearby
OB associations fits well the spatial variation of starlight
polarization data along Local Bubble wall regions. However,
we do not expect such radiation field variations to correlate
with CNM content and drive the p—fcnm relation. Similarly,
variation of other grain properties such as size, porosity, and
composition might affect the general dispersion of p (Draine &
Hensley 2021), but should not directly contribute to a
P3ss—fcnm relation over a large region of the diffuse sky.
Thus, we can rule out grain alignment efficiency as a
contributor to the p3s3—fonm correlation.

4.2. Correlation Not Driven by POS Dispersion

One aspect of magnetic field structure that affects
polarization fraction is the variation of the inclination angle
v. As specified in Equations (2)—(5), p is maximum when the
magnetic field is entirely in the POS. In the general case
where ~ is nonzero, the p will be lower than its theoretical
maximum, and is zero when the magnetic field is perfectly
parallel to the LOS. The inclination angle is also related to
the magnetic field angle dispersion in the POS. When the
mean magnetic field is nearly parallel to the LOS, small
perturbations to the 3D orientation of the magnetic field will
result in large changes to its POS projection, resulting in
depolarization due to disordered magnetic field orientations
along the LOS and within the beam. However, in this study
we do not expect these effects to translate into a significant
contribution to the p3s3—fcnm correlation since we do not
expect v to correlate with fonm across large regions of the
diffuse sky that are not physically connected. We test that
expectation by examining the variation of p3s3—fonm
correlation in regions of different degrees of POS polariza-
tion angle dispersion.

Magnetic field dispersion in the POS can be characterized by
the polarization angle dispersion function:

N
S(r, 6) = \/%ZW)(F +0) — )P, )
i=1

where i sums over N pixels within an annulus of inner radius
6/2 and outer radius 36/2. We estimate the dispersion function
from the Stokes Q and U parameters at 80’ resolution with a lag
6=40" (Planck Collaboration et al. 2020). S quantifies the
local variance of the polarization angle on the POS. In the left
panel of Figure 5, we show the distribution of p3s3 versus S in
the high-latitude GALFA-HT footprint. Consistent with the
results from Planck Collaboration et al. (2020), regions of high
polarization angle dispersion correspond to lower polarization
fraction.

We also make use of another quantity related to polarization
angle dispersion discussed in Clark & Hensley (2019). When
comparing the HI-based and dust 353 GHz polarization maps,
the authors also computed the angular difference between HI
and dust polarization angles:

50 — % arctan [ sin 20y 1 cos 0353 — cos 20y 1 sin H3s3 ]’ )

c0s 20y cos 0353 + sin 26y | sin 0353

where 0y, and 6553 are the HI orientation and dust 353 GHz
polarization angles respectively. They further define from 66 a
measure of the mean degree of alignment:

& = (cos240), )

so that £ =1 corresponds to perfect alignment, and £ = —1
corresponds to antialignment where 0y, and 6553 are perpend-
icular to each other. Examining the degree of alignment £ as a
function of HI-based dispersion function S, they found a
strong anticorrelation, suggesting that regions of low dispersion
where the mean magnetic field is more likely to be in the POS,
are also where the measured H1I and dust polarization angles
are preferentially aligned.

To empirically test whether these effects drive the observed
P3s3—fonu relation, we examine if there is a loss of correlation
in regions of increasingly narrow S and £ ranges. The results
are shown in the top and middle panels of Figure 6. The
specific limits of S and ¢ are determined so that the panels from
left to right account for approximately 100%—60%—-20% of the
data, respectively. The degree of p3s3—fcnm correlation is
consistent even at low S and high ¢ limits, suggesting that the
correlation trend persists when the magnetic field mostly lies on
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left to right, the limits are set to represent approximately 100%—60%—20% of the data. The strong p3s3—fcnm correlation persists across different S, & and N, value

limits.

the POS, and POS dispersion does not drive the pzsz—fonm
correlation.

There are regions in the high-latitude sky where a phase-
related ~ variation might be expected. Skalidis & Pelgrims
(2019) showed that in Galactic Polar Cap (|b| > 60°) regions,
the Planck 353 GHz polarized emission is dominated by close-
by magnetized structures that coincide with the Local Bubble
wall. Modeling magnetic field structure in the same region,
Pelgrims et al. (2020) found that the mean magnetic field in
each polar cap is closely aligned with the POS. If the CNM at
high Galactic latitude is dominated by closer-by structures

associated with the Local Bubble while the WNM extends
much farther out, then there could be a phase-dependent
variation in those regions. However, most of the sightlines
(~87%) in our region of interest lie at lower Galactic latitudes
than the polar cap regions examined in these works. For ~
variation to drive the p3s3—fcnm correlation, there must be a
clear offset in the mean y angle between the CNM and WNM.
While some WNM structures might extend much farther out in
distance, there is no evidence for a clear separation in physical
location between the CNM structures and the bulk of the WNM
column. Moreover, analyzing the polarization fraction from the
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same Planck 353 GHz data set as our study in the high-latitude
regions, Halal et al. (2024) find that there is no clear association
between p3s; and the tangent plane of the Local Bubble wall.
Instead, those authors found that p;s3 variation is more
correlated with the complexity of dust structures along the
LOS. This implies that the measured dust polarization is in
general sensitive to extended structures both within and beyond
the Local Bubble wall. Thus, we do not expect a significant
phase-dependent + variation due to association with the Local
Bubble to drive the observed p3s3—fcnm relation.

4.3. Correlation Not Driven by LOS H I Components

The presence of multiple dust clouds—traced by multiple H I
components—along the LOS can also contribute to the
polarization fraction variation. The basic picture is that
sightlines dominated by a single HI cloud are more likely to
represent a single dust cloud with a coherent ambient mean
magnetic field than sightlines with multiple HI clouds, which
may in general be separated in distance along the LOS
(Pelgrims et al. 2021). Here, we examine whether this effect
can account for the observed ps;ss—fcnm relation without
explicit assumptions about how the magnetic field structure
varies across phases. We use the column-density-weighted
LOS complexity measure N, discussed in Section 2.4 and
defined in Equation (1). We show the 2D histogram of N.—p3s3
in the right panel of Figure 5. We observe a decrease in the
range and mean pss3 values with increasing LOS complexity
N,, consistent with what Panopoulou & Lenz (2020) found.

To test if the p353—N. relation might drive the observed
P3s3—fenm correlation, we examine whether there is a loss of
DP3s3—fenm correlation when we restrict to narrower ranges of
N,. As the bottom panels of Figure 6 show, similar to the S and
& results in Section 4.2, we find that the strong positive
DP3s3—fcnm correlation persists even when limited to a narrow
range of N, values, and at low N, ~ 1 where the HI emission is
dominated by a single HT cloud.

In conclusion, we argued that grain property variation does
not play a significant role in the high-latitude diffuse sky, and
showed that the relationships between ps3s3 and magnetic field
properties like inclination angle -y, POS dispersion S, and LOS
complexity N, are not sufficient to produce the observed
positive p3ss—fonm correlation. Thus, the correct explanation
most likely requires an explicit assumption on the relative
disorder of the magnetic field between interstellar volumes
occupied by different HI phases. We examine this hypothesis
in the next section.

5. Modeling the Dust Polarization—H I Phase Connection

Having ruled out other factors discussed in Section 4 as
drivers of the observed ps3s;—fcnm relation, here we argue that
the correlation is best reproduced by explicitly modeling LOS
magnetic field disorder as dependent on HI phase. This
disorder is characterized by the variation of the POS angle ¢ in
Equations (2) and (3), where a more uniform magnetic field
adds constructively when integrated along the LOS, resulting in
higher observed p. Thus, if there is a difference in the magnetic
field disorder between different phases of the ISM, a relation-
ship between p and phase content, like p3s3—fcnm naturally
follows. Specifically, the positive ps;s3—fonm correlation
discussed here could point to a more magnetically ordered
CNM compared to more tangled magnetic field structures in the
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WNM. Because the CNM occupies a much smaller volume
than the WNM, a relatively ordered magnetic field structure on
CNM Iength scales is a reasonable starting assumption. In other
words, any region of WNM will occupy a much larger path
length than a region of equivalent-column-density CNM, and
thus will in general experience more variation in the magnetic
field orientation. Here, we quantitatively constrain the
additional LOS depolarization that is attributable to the
WNM-associated dust. First, we present a series of cartoon
models that parameterize the separate contributions to the
integrated dust polarization signal from the dust associated with
the WNM gas and that associated with the CNM gas. For
simplicity we will refer to the magnetic fields in these regions
as the “CNM magnetic field” and “WNM magnetic field” from
now on. Since the fony data we utilize here measures the CNM
component as a fraction of the total HI column, here we use
WNM to denote anything not captured by the fony measure-
ment, which in general also includes a contribution from the
thermally UNM. The total dust column in principle also
includes any dust associated with the warm ionized medium or
undetected molecular gas, although we expect these contribu-
tions to be small.

5.1. Phase-dependent Cartoon Models

To explicitly model the dependence of the polarization
fraction on the variation of the POS component of magnetic
fields along the LOS across HI phases, we follow the
formalism presented in Equations (2)—(6). Based on the result
of Section 4.2 that ~y variation does not contribute meaningfully
to the p3s3—fonm correlation, we assume without loss of
generality that ¥ = 0. To model varying magnetic field disorder
across HI phases, we rewrite Equations (2) and (3) into
contributions from separate WNM and CNM components. For
simplicity, we further assume uniform volume densities in each
phase (pcnms Pwnm) to rewrite the equations in terms of CNM
and WNM column densities. We denote all model quantities in
this setup “modell” to distinguish it from an updated model we
will introduce later:

phase LOS

Omodell =, Y aeN;cos21;(s), (10)
phase LOS

Unodett =,y cve N;sin 2¢;(s), (1)

where i = CNM or WNM, and Nenmvownmy = fenmevnvyVu 1 =
prNM(WNM) ds is the CNM (WNM) column density. « is a
constant related to p,,. as specified by Equation (4). € is the dust
emissivity. In the diffuse, low-density (Ny;<4 X 10*° cm?)
region considered in this study we do not expect significant
emissivity variation (Lenz et al. 2017). We will discuss the effect
of e variability further when discussing the interpretation of the
best-fit parameters. Here, for simplicity, we assume uniform e,
which cancels out when computing the model polarization
fraction pogerr from Quoderrs Umodenn, and the total column
density Ny ¢

phase

Pmodel1 = \/QI%lodell + Urflodell/z ]Vz (12)

The magnetic field disorder of a given phase is encoded by the
variation of ;(s) along the LOS. However, regardless of how
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1i(s) is distributed along the LOS, what is directly constrained
by the relationship between pss3 and fonw is the depolarization
in the CNM column versus the WNM column. Thus,
we can reduce the LOS summation over ,(s) in each phase
to two geometric depolarization factors xKcny and Kwam- A
sightline with fonv=0 will have polarization fraction
DwNM = KWNMPmax»> While a  fonm=1 sightline has
PcNM = KCNMPmax- The polarization fraction of a general
sightline will then be determined by pcan and pwnv weighted
by the respective phase fractions fony and (1—fonm), as well as
the angle between the mean CNM and WNM polarization
angle orientations.

We make a further simplification for our cartoon model by
assuming that the mean polarization angles in the CNM and
WNM columns are aligned. This is motivated by the strong
correlation between dust polarization and HI1 polarization
templates constructed from the orientation of primarily CNM
H filaments (Clark & Hensley 2019, see Section 5.3). Because
the HI templates overweight the contribution of the CNM
column to the polarized emission, the agreement between dust
polarization and the HI filament orientation constrains how
much the mean magnetic field orientation in the WNM column
can differ from that in the CNM column, especially in diffuse
regions where the filamentary CNM structures account for a
minority of the column density (Kalberla et al. 2016). The
median degree of alignment £ between 6353 and the H I-based
angle 0y as defined by Equations (8) and (9), is ~0.92 in our
region of interest, where £ =1 indicates perfect alignment.
Assuming 6y, traces the CNM orientation while 6553 is a
weighted vector sum of both the CNM and WNM orientation,
we can derive the maximum difference between the CNM and
WNM mean angles that could still lead to a &y (353 ~ 0.92° of
alignment. For each sightline in our data set, we assign a
random orientation Ocny to the CNM component. The WNM
orientation is then given by fwnm = Ocnm + A0, where A6 is
the mean angle offset between the WNM and the CNM.
Assuming 6y 1 = 0cnm, and 6353 is the weighted vector sum of
Ocnm and Oywnn, We can compute a mean & across sightlines
and constrain the maximum A#f,,,. We assign a weight of
CNcnwu to the CNM angles and Nwnw to the WNM angles. The
column density weightings are derived from the fonnm and Ny g
data for each sightline, while C accounts for any additional
weighting due to factors such as a higher emissivity or lower
degree of internal depolarization in the CNM column. When
C =1, we find that a median alignment of £ = 0.92 limits Af to
be at maximum ~11°. Even a significantly higher CNM
weighting at C =10 only changes the result by less than 5°.
Thus it is reasonable to assume in our region of interest that the
mean CNM and WNM magnetic field orientations are aligned
and reduce the vector sum to a scalar sum. The equation for
Pmodel1 €an then be rewritten as

Prmodett = Jonm - Ponm + (I — fonm) * Pwim

= Pmax (onmionm + (1 = fonm) £wnm)

= Pmax (FCNM — AWNM)Jonm T Prnax Bwnme: - (13)
This is a linear relation between pyoder1 and fonm With slope
Pmax (KM — <wnm) and intercept p,.. <wnM that we can fit to
the observed pss3—fonm  correlation. We further define
K = Kwnm/Kenm to encode the relative depolarization in the
WNM versus CNM columns. The (slope, intercept) pair then
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Figure 7. Cartoon illustration of relative disorder of magnetic fields between
CNM and WNM as observed along a given LOS described by modell. If the
WNM magnetic field is more disordered than that of the CNM as illustrated in
the figure, then sightlines with higher CNM fraction will suffer from less LOS
depolarization, resulting in a positive p3s3—fcnm correlation. In this cartoon, the
relative fraction of the column occupied by each phase (bottom rectangle) is
representative of the real sky, but the relative fraction of the ISM volume
(cartoon clouds) is not.

becomes (p,,,, Kenm(l — K)), Duax Konm ). Written this way,
Kcenw is entirely degenerate with p . in a linear fit. So without
loss of generality, we simplify our parameterization by setting
kenm = 1. The linear relation between pyogerr and fonwm
simplifies to

Pmodell = pmax(l - ’%)fCNM + Prax b+ (14)
Thus, fitting this model to the observed ps3ss—fcnm data is
equivalent to deriving a best-fit linear relation, where the slope

is parameterized by p, .. (1 — k), and the intercept by p,.. &.
We illustrate the setup of this simple cartoon model in Figure 7.

5.2. Phase-dependent Magnetic Field Interpretation

We examine the result of fitting modell to the observed pss3
and fonm data by applying Bayesian hierarchical linear
regression. We model the likelihood of the data as

L= P(p353’fCNM|ﬁ353’fCNM)P(ﬁ353’fCNM|0)
x P(p3531P353) P (fenmlfonm) P (P3s3l fonm » €),

where p,s; and fryy, are the true, unobserved values of the
polarization fraction and CNM fraction, respectively, and
0 = (k, pmax,af,) are the parameters of our model. We assume
standard normal distributions for the likelihood terms:

15)

P(P3sslfoxm> 8) ~ N (model(fexn» 0), 07), (16)
P(p;s31P353) ~ N(ﬁ353a 0%353), (17)
P(fonmlfonm) ~ N (enm» sz;NM)’ (18)

where model(foyy > 0) is given by Equation (14).

We assume a uniform prior distribution for p,,. and Kwnm
over [0, 1]. For o, we follow the convention of using a half-
Cauchy distribution as the uninformative prior for global
variance parameters in Bayesian models (Polson & Scott 2011).
Physically, o, models the additional variance in p3s3 that is
uncorrelated with fony and thus not captured by modell, e.g.,
POS dispersion due to inclination angle variation. In Section 4,
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Figure 8. Posterior distribution of maximum intrinsic polarization fraction p,,,.
and WNM order parameter kwny, after fitting the cartoon polarization model
described in Figure 7 to p3s3—fcnm data. The results show that explaining the
observed strong ps;s3—fonm correlation with a simple model of phase
depolarization due to a single disordered WNM component relative to an
ordered CNM component requires the intrinsic dust polarization to be
unphysically large.

we argued that polarization fraction variation is affected by
different factors of grain properties and magnetic field
geometry, but the observed pssz—fcnm relation cannot be
explained without an explicit phase-dependent assumption.
Here, we use modell to capture the phase-dependent p
variation due to relative magnetic field disorder across phases,
and encapsulate other sources of ps;s3 variance into a global
variance parameter o,,.

Performing the Bayesian regression fit with PyMC, we apply
Markov Chain Monte Carlo to sample the posterior distribution
and show the results for modell parameters in Figure 8. The 1o
best-fit values are (p,,,= 0.85 £ 0.04, Kwnm =0.06 £0.01,
0, =0.036 = 0.001). This corresponds to a best-fit slope of
0.80 and an intercept of 0.05 for the linear model specified in
Equation (14). The relatively small o, value and rwyy < 1 are
consistent with the discussions in Section 4 that the observed
P3ss—fcnm relation cannot be explained without explicit
assumption on phase-dependent magnetic field structure
variations. kwnm = 0.058 corresponds to pwnv =35.8% of
Dmax and therefore highly depolarizing WNM magnetic fields
relative to the CNM magnetic fields. However, the best-fit p,,,
value is significantly higher than the observed max p3s3 ~ 0.22
and far exceeds the maximum intrinsic polarization fractions
derived from typical dust grain models (Kirchschlager et al.
2019; Draine & Hensley 2021). This means that the current
model cannot fully explain the observed p3s3—fcnm correlation.
Specifically, the model cannot consistently account for both the
high slope in the p3s3—fcnm relation and the maximum
observed pss; value without an unphysically high p_...
According to Equation (14), the p—fcnm slope is
Dax (1 — ). The steep observed psss—fcnm slope is such that
Pmax D€€ds to be large, and x and thus pwnm/pPonv must be
close to zero. Small x means the WNM column is almost
entirely depolarizing. Thus, for the LOS-averaged pioder tO
match the range of maximum observed p;s3 ~ 0.22 despite the
significant depolarization in the WNM fraction, the small CNM
fraction must be highly polarized to make up the difference,
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leading to the unphysically large p,..= Pcxm = 0.85 £ 0.04
fit result in modell. On the other hand, if we force p, ,, = 0.22
with other parameters being the same as the modell best-fit
values, then the resulting py0qe1 Will only have a 90th percentile
value of 0.08, half of the observed 90th percentile p3s; value of
0.16. If we instead fit modell but fix p,,, = 0.22, we get best-
fit parameters kwnm = 0.39 =0.01, 0, =0.043 - 0.001). The
higher o, value means that more of the p3s3 scatter is attributed
to factors uncorrelated with fonw, and the resulting proger—fonm
relation has a Spearman coefficient of 0.11, much less than 0.50
for the observed ps3ss—fcnwm correlation. Thus, the observed
P3ss—fonm slope and maximum pss3 are such that modell
cannot fit the data without an unphysically high p,,. value.
Thus, there must be some additional contribution to the
observed ps3s3—fcnw relationship that is not explained by this
simple model of WNM magnetic field tangling relative to an
ordered CNM.

One possible contribution is increased dust emissivity in the
CNM. So far, we have implicitly assumed that the dust
emissivity is the same between CNM-associated dust and
WNM-associated dust. While phase-dependent dust emissivity
does not by itself result in a p3s3—fcnm relation, if the dust
associated with the CNM has a higher emissivity, it will have a
higher weight in the LOS average. If the CNM-associated dust
also experiences a more ordered magnetic field, this will result
in a larger polarization fraction when averaged over the whole
column than a simple model where the CNM and WNM
components are weighted only by their respective column
densities. The result is higher p at the same degree of fonm
compared to when CNM and WNM emissivity are weighted
equally, leading to a higher p3s3—fcnm slope and alleviating the
tension discussed with modell. Past work has found a
consistent increase of the far-infrared emission over HI column
density ratio lgs;/Ny; toward sightlines with more CNM
(Clark et al. 2019; Murray et al. 2020; Lei & Clark 2023).
However, since in this study we are restricting to diffuse
regions where the variation in the dust to HI emission ratio is
less than 10% (Lenz et al. 2017), we do not expect a significant
contribution from this effect. For the column density regime
(N1 < 4 % 10*° cm~?) and scale (80’) considered in this study,
we find that there is only a small Igs;/Ny ratio variation with
increasing fcnwm, consistent with a 10% scatter. Instead, we
reexamine our magnetic field disorder assumptions.

In the cartoon model illustrated in Figure 7, we assumed that
along each sightline there is a single parameter rwnm
characterizing the tangling of the WNM (i.e., the non-CNM)
magnetic field relative to that of the CNM. In general, in the
canonical picture of a thermally bistable HI gas, the CNM
condenses out of the diffuse WNM driven by turbulence and
thermal instability (Wolfire et al. 2003; Saury et al. 2014). If
the WNM magnetic field is more disordered to begin with, and
a more ordered CNM magnetic field forms out of the
compression and condensation process, then we might
naturally expect the gas that neighbors the sites of CNM
formation and the thermally UNM to have intermediate degrees
of magnetic field disorder as well. We could further
hypothesize that the fraction of this “ordered WNM” region
associated with CNM formation would correlate with fonm.
This would enhance the effect of a more ordered CNM
magnetic field adding constructively to higher observed p,
resulting in a stronger pss;—fcnwm correlation. This scenario is
illustrated in the updated cartoon model shown in Figure 9. We
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Figure 9. Cartoon illustration of the relative disorder of magnetic fields
between CNM and WNM as observed along a given LOS described by
model2. Compared to Figure 7, we allow for a factor that parameterizes a
fraction of the CNM-neighboring WNM region that also has more ordered
magnetic field orientations.

denote the updated model “model2” in contrast to modell
presented in Figure 7.

Here, in the spirit of the cartoon model, instead of trying to
model the exact distribution of this variation, we define f,;qereq
to parameterize the total fraction of magnetically ordered
regions including both the CNM and the fraction of the WNM
column we assume to be ordered. To encode that the additional
ordered component should correlate with fcnny, we define
Rordered as a ratio Offordered and fCNM:

Rordered = forderea fonm - (19)

We emphasize that the fact that f, gereq 1S proportional to fonm
means that this model is not degenerate with simply raising  in
modell. Instead, R,gereq S€TVes as an additional weighting
factor to the slope of the ps3z—fonwm relation. We introduce
Rordered s @ new parameter in model2. Furthermore, instead of
fitting p,,, as a free variable, we fix it to a physically motivated
value. As a result, model2 is a reparameterization of the linear
model of the ps33—fenm relation from (p,,,, Kwnm) in modell
to (Rordereds Kwnm)> and Equation (14) becomes

Pmodel2 = ﬁ)rdered * Pmax +(1 - f(‘)rdered) " PwNMm
= Pmax Rfonm + (1 — Rfenm) %)

= Pmax R(1 — H)fCNM + Pmax v (20)
We fix p,. according to the maximum observed
PisaX = 22737% as determined by Planck all-sky observations

at 353 GHz and 80’ resolution (Planck Collaboration et al.
2020). The state-of-the-art model of interstellar dust grains
known as Astrodust (Hensley & Draine 2022) gives a similar
constraint at p, ., ~19.2% at 353 GHz. The uncertainty on p,s3*
is dominated by uncertainty on the total intensity zero level.
Here, we present the result for setting p,53* = 22%, assuming
the fiducial Galactic emission offset of 40 uKcyp Planck
Collaboration et al. (2020). We also repeat the same analysis
using the upper and lower limits for this offset.

Performing the Bayesian regression fit process described by
Equations (15)-(16) for model2, replacing the Equation (14)
parameterization of the linear relation with Equation (20), we
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Figure 10. Posterior distribution of WNM order parameter xwnw, and ratio of
ordered component fraction to CNM fraction Rorgered = fordered/fonm, after
fitting model2 to ps3s;—fcnm data. The 1o best-fit parameter values are
(Rowder = 4.68703), iwnm = 0.2275().

show the resulting posterior distributions of model2 parameters
in Figure 10. Since we are still performing the same linear
model fit just with the slope and intercept reparametrized, the
(slope, intercept, o,,) has the same best-fit values of (0.80, 0.05,
0.036) as in modell. The 1o best-fit values of the model2
parameters are (Rypger = 4.681’8‘%, KWNM = 0.22f8_‘8%). In the
diffuse regions we are considering, the CNM accounts for ~5%
of the total HI mass (Murray et al. 2020). Thus, Rdered = 4.68
would imply that the magnetically ordered fraction of the
WNM column accounts for an additional ~18.4% of the HI
mass. Using the best-fit (Rordereda =4.68, Kwnm =0.22,
0, =0.036) parameters with p_ = 0.22, we make a random
realization of pyoder2 Using Equations (16) and 20 and show its
correlation relations with observed data in Figure 11. Rygered
and kwnm determine the best-fit mean pyoge2 line shown in
red, while the scatter in ppoqer is due entirely to o,. We verify
that the degree of pogqe>—fonm correlation is consistent with
the observed pss3—fcnm behavior, while ppogen—Nu:1 18
compatible with no correlation. These results show that the
cartoon model of magnetic field structure variation across
phases illustrated in Figure 9 is compatible with the observed
P3s3—fonm correlation.

We repeat the modeling fitting procedure while adopting the
high versus low Galactic offset limit to explore the effect of total
intensity zero-level uncertainty on the fitting results. Following
Planck Collaboration et al. (2020), we apply a low offset of
23 pKemp With pyi*=25.5%, and a high offset of 103 iKcmp

with p.23¥=20.6%. The best-fit values are (Rower = 4.137037,

rwm = 0.22700%) and (Rower = 4.747013, kwnm = 0.217093) for
the low and high offset, respectively, consistent with the fit with
fiducial offset values to within ~12%. Note that best-fit Ryger
increases more significantly with decreased fixed p,,, value
while kwnv barely changes. Thus, in this model, a lower
polarization fraction in the CNM, which may be more easily
explained by physical dust models, requires a larger
Jenm-correlated dust column to be polarized at the same level.
Finally, we also explored the potential spatial variation of the
parameters by refitting the model to subsets of our data. Fitting
the model to two halves of the data set randomly drawn from our
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Figure 11. Left: column-density-binned correlation of fony and Ny ; with model polarization fraction ppoger computed with best-fit parameters (Rordered = 4-68,
rwnm = 0.22, g, = 0.036). Middle: 2D histogram of poeder—~fonms With the solid red line indicating the best-fit mean poder> and the dashed red lines the o, scatter in
Equation (16). Right: the same best-fit linear relation overlaid on the observed p3ss—fonm 2D histogram. The positive pogerz—fonm correlation is consistent with the

observed p3ss—fcnm correlation, while piogez—Ny 1 IS consistent with no correlation.

fenm < 0.02 0.02 < fcym < 0.06
0.35 p =040 35 p =0.47
0.30 0.30
0.25 0.25
| |
_ [ |
T0.20 0.20
Iy H u
0.15 " 0.15
u
0.10 u 0.10
0.0 s - 0.05
u
0.05 010 015 020 025 030 0.35 005 010 015 0.20 0.25 030 0.35

P3s53

P3s3

0.35

0.30

0.25

0.15

0.10

0.05

0.06 < fCNM <0.12
p = 0.56

fonm >0.12

p=05
- 10!

- i
L0

0.05 010 015 020 025 030 0.35
P3s3

0.35
0.30

0.25

0.15
0.10

0.05

005 010 015 020 025 030 0.35
P3s3

Figure 12. 2D histograms of p3s3 and py ; in bins of fonm. The p3s3—py 1 correlation increases with increasing fonwm, suggesting that the H 1 polarization template traces

the dust polarization fraction better at higher CNM fraction.

region of interest, we find that the best-fit x and Ryereq agree
between data sets within uncertainties. We also repeated the
modeling fitting to the fraction of HI4PI data set that has a
similar fi,cnm dynamic range as the GALFA-HI region of
interest analyzed in this section, and find the best-fit model
parameters to be (Rorger = 3.207939, kwnm = 0.2370:0)), quali-
tatively consistent with the phase-dependent magnetic field
geometry picture presented here. Further discussion of spatial
variation can be found in the Appendix.

5.3. Consistency with H I Polarization Template

As described in Section 2.5, using the orientation of
filamentary structures that trace local magnetic fields, Clark
& Hensley (2019) constructed 3D (position—position—
velocity) Stokes polarization parameter maps from HI
intensity data. The HI-based Q and U maps integrated over
LOS velocity are found to be well-correlated with the
353 GHz dust Q and U maps. However, since the H I-based
polarization templates are constructed from preferentially
CNM structures (Kalberla & Haud 2018; Clark et al. 2019;
Peek & Clark 2019; Murray et al. 2020), we expect them to
overweight the contribution of the CNM to the total
polarized emission. We examine the variation of the
correlation between the HI-based and 353 GHz dust map
in regions binned by fcnm Values, to test the consistency of
the phase-dependent magnetic field variation interpretation
discussed in the previous section.
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Clark & Hensley (2019) find that the H I-based polarization
fraction py is well-correlated with p3s3 (see also Clark 2018).
However, if the HI polarization template overweights CNM
structures, and if there is a difference in CNM and WNM
magnetic field disorder, we should expect the pyrpss3
correlation to be stronger in regions with higher CNM content.
In Figure 12, we plot the distribution of py; versus pss3 in
regions of increasing fcnm, and find a modest but consistent
trend of stronger correlation with increasing CNM fraction. The
Spearman correlation coefficient improved from p=0.40 at
Jonm <0.02 to p=0.59 at fonm >0.12. The qualitative
behavior of this correlation trend is insensitive to the choices of
Jonm range. Furthermore, if the WNM magnetic field
orientation is more disordered relative to that of the CNM as
proposed in the previous section, by overweighting a more
ordered CNM, py; should in general overestimate p3s; in low
fonm regions relative to high fonwv regions. This should
translate to a positive correlation between the pss3/py ratio
and fonv. In Figure 13, we compute the pss3/pai—fonum
correlation in the same equal-area column density bins used for
the p3s3—fcnm correlation in Figure 4. We observe a consistent
positive correlation as expected for the physical picture we put
forward in model2 over most of the column density range,
except in the two lowest column density bins. Therefore, the
results in Figures 12 and 13 together are consistent with a
phase-dependent magnetic field variation interpretation where
the magnetic field in the WNM is disordered relative to that of
the CNM, resulting in a positive correlation of polarization
fraction with CNM content.
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6. Discussion

6.1. Interpretations of Phase-dependent Magnetic Field
Properties

The results presented in Sections 4 and 5 show that a
difference in magnetic field tangling between the WNM and the
CNM is the most likely explanation for the observed positive
P3ss—fcnm  correlation.  Thus, the results presented here
constitute a new constraint on the relationship between
multiphase ISM structure and the magnetic field. Our work
complements investigations of magnetic field alignment
between ionized and neutral phases, which have mostly
focused on small patches of the sky where a direct
morphological connection between different tracers is found
(Zaroubi et al. 2015; Jeli¢ et al. 2018; Bracco et al. 2020;
Campbell et al. 2022). Here, we present a new study
constraining the relative disorder of the magnetic field between
neutral phases of the ISM over large regions of the sky, using
statistics of the dust polarization fraction and phase-decom-
posed maps of H I emission. With the development of evermore
sophisticated phase decomposition techniques (Marchal et al.
2019; Murray et al. 2020; Riener et al. 2020), alongside the
increasing availability of HI absorption sightlines from future
and ongoing surveys (Dickey et al. 2013; McClure-Griffiths
et al. 2015), there are growing opportunities to further test this
picture to examine the important question of magnetic field
alignment between phases in different environments across
different scales.

The data-driven cartoon dust emission model presented in
Section 5.2 allows us to quantitatively constrain the properties
of the CNM and the WNM magnetic field. The model
parameter posterior distributions in Figure 10 suggest that a
CNM with more aligned magnetic fields forms out of the
WNM with generally disordered fields. In particular, the best-
fit value rwnm~ 0.22 describes the degree of fractional
depolarization due to magnetic field tangling in the WNM
column relative to the CNM column. How should we interpret
this different degree of geometrical depolarization in terms of
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the 3D magnetic field structure in each phase? The difference in
magnetic field disorder in the WNM and CNM could arise from
two main physical pictures. On the one hand, a single statistical
distribution of magnetic field structure could exist independent
of HI phase, but the magnetic field in the CNM column could
be more ordered because the CNM is confined to a much
smaller path length and thus samples the distribution only at
that smaller scale. The typical CNM path length is approxi-
mately parsec scale, while the WNM is more volume filling
with a typical path length of 100pc or more (Heiles &
Troland 2003; Kalberla & Kerp 2009). The fonm—P3s3
correlation could then be driven by the higher density of the
CNM gas. In this case, our measurement of the difference in
CNM and WNM magnetic field disorder constrains the overall
LOS magnetic field tangling over the WNM scale versus the
CNM scale, and could be used to constrain the scale
dependence of the 3D magnetic field structure in the neutral
medium.

On the other hand, the difference in magnetic field disorder
between the CNM and the WNM could point to distinct
magnetic field distributions between the phases. Specifically,
the CNM magnetic field is more ordered over CNM path
lengths than the WNM magnetic field over the WNM path
length. We argue that the observational constraints presented in
this study favor this interpretation over a picture in which the
magnetic field geometry is completely independent of the gas
phase structure, such that the CNM column simply samples the
same magnetic field distribution over different scales than the
WNM column. First, the correlation between dust polarization
angle and HI CNM filaments implies that in the diffuse ISM,
the mean magnetic field orientation in the CNM is well aligned
with the mean magnetic field orientation in the WNM. The
correlation between pzs3 and fonw then constrains the relative
dispersion of the WNM magnetic field from the mean
orientation. As the middle panels of Figure 6 show, a strong
degree of p3s3—fcnm correlation persists in regions with almost
perfect 6y 0353 alignment (£>0.95) on the 80" scales
considered in this work. If we argued that the scale dependence
alone was responsible for the different magnetic field
dispersion attributed to the CNM and the WNM, we would
need to consider the plausibility of a magnetic field geometry
that has the WNM-measured dispersion over ~100 pc scales,
but which on any given approximate parsec-scale region would
appear both ordered and aligned with the WNM mean magnetic
field orientation. Future work should further explore the
different interpretations through a detailed study of the
magnetic field distribution in CNM formation simulations
(Inoue & Inutsuka 2016; Kim & Ostriker 2017; Gazol &
Villagran 2021; Moseley et al. 2021; Fielding et al. 2023).

A further constraint is the large best-fit value of
Rorderea ~ 4.68, indicating that a significant portion of the
non-CNM column also has a relatively ordered magnetic field.
If the additional ordered column spans a significant path length,
then the tension between the mean field constraint and the
relative dispersion constraint described above becomes even
more severe. Thus, the combination of the CNM and this
additional ordered component of the column is likely to have a
statistically more ordered 3D magnetic field distribution than
the disordered WNM column. For the diffuse region considered
in this study, Rorgereq ~ 4.68 translates to an average HI mass
fraction of ~18.4% for the additional ordered non-CNM
column. A natural physical origin for this additional column
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could be the UNM. Utilizing absorption measurements from
the 21-SPONGE survey, (Murray et al. 2018) found the UNM
mass fraction to be generally consistent with ~20% of total HIT
mass (Murray et al. 2018), with the caveat that the region
surveyed was not necessarily representative of the diffuse sky
we are considering. Ongoing and future HT absorption surveys
will add to available data at high latitudes and better constrain
properties of the UNM in these regions (McClure-Griffiths
et al. 2015; Dickey et al. 2013, 2022). If the additional
magnetically ordered column is UNM, assuming the UNM has
a density between the fiducial WNM and CNM densities
[penm = 0.6 cm ™, pwam = 30 cm ] (Draine 2011), then the
ordered column on average spans a path length between [1 pc,
40 pc], further adding to the tension between the mean field
constraint and the relative dispersion constraint that any model
without an explicitly phase-dependent magnetic field structure
needs to explain.

An alternative to interpreting Rogereq @S the additional
magnetically ordered column is the possible role of dust
emissivity variation. Higher emissivity in the magnetically
ordered regions would lead to higher weighting for the ordered
components in the LOS average. Since we modeled R gered a8
a 1atio fyrdered/fonMs Rordered effectively serves as an additional
weighting term to the CNM contribution in Equations (10) and
(11), degenerate with the effect of a higher dust emissivity
weighting. Hence, assuming CNM emissivity ecny = WNM
emissivity ewny, We should consider fiqereq ~ 4.68fcnm as an
upper limit on the fraction of magnetically ordered WNM
column. However, we do not consider emissivity variation a
significant effect in this study because of the small variation
(~10%) of the dust emission to H I column ratio in the diffuse
sky (Lenz et al. 2017). A significant source of the scatter in that
relationship in these regions is the photometric uncertainties.
However, even if the scatter is caused entirely by higher
emissivity in the CNM, in the range of fonm~ (0, 0.2)
considered in our study, a 10% scatter in the dust emission to
HT column ratio would only correspond to an emissivity ratio
R = ecnm/ewnm ~ 1.5 relative to the WNM, outside the 20
best-fit range we found for R gereq-

In summary, the observational constraints presented in this
study are most consistent with a higher degree of magnetic field
orientation dispersion in the WNM than in the CNM.
Numerical simulation studies of CNM formation have mostly
focused on the physical and morphological properties of the
CNM magnetic field, such as the alignment of magnetic field
orientation with cold filaments (Inoue & Inutsuka 2016; Gazol
& Villagran 2021). Our results on the relative disorder of the
magnetic field between the CNM and the WNM columns place
a new constraint on CNM formation models that can be directly
compared against MHD simulations.

6.2. Comparison with Other Work

Other work has investigated the magnetic field structures
between different neutral ISM phases. In particular, Ghosh
et al. (2017, hereafter G17) and Adak et al. (2020,
hereafter A20) proposed a dust model that incorporates the
CNM, UNM, and WNM-associated emission as three discrete
layers. Fitting to one- and two-point dust polarization statistics
derived from Planck observations, the authors conclude that the
magnetic field in the CNM is more turbulent than in the UNM/
WNM component.
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Our work differs from the previous papers in two major
ways. First, G17 and A20 fit the strength of the turbulent
magnetic field relative to an ordered mean field in the POS over
the scale of the Northern and Southern Galactic Cap regions.
Along the LOS, the three phases CNM, UNM, and WNM are
modeled as three discrete layers with no internal LOS magnetic
field variations. In this work, we study the relative depolariza-
tion in the CNM versus WNM column, which corresponds
physically to depolarization over the typical CNM and WNM
path lengths along the LOS. Fitting to the p3s53—fcnm correlation
does not directly constrain the coherence of the POS magnetic
field over a scale larger than the 80’ beam size of our data.
Thus, our inference of a more ordered CNM magnetic field
along the LOS does not necessarily conflict with the POS
dispersion in the CNM layer found in the G17 and A20 works.

Furthermore, while we utilize a phase-decomposed CNM
mass fraction map directly, G17 and A20 treat phase
decomposition as part of their model fit. The resulting column
density maps for the three phases in Figure 1 of G17 show that
their inferred CNM column density is often significantly higher
than the combined UNM and WNM column densities even
in very high Galactic latitude areas, indicating a CNM
fraction > 0.4 across most regions. However, Murray et al.
(2018) absorption measurements show that the CNM fraction
over the high-latitude (|b] > 30°) region is significantly lower,
with only five out of the 58 sightlines in that work having
Jfonm > 0.4, The data-derived CNN-based feny map used in
this work agrees well with the measured data at the absorption
sightlines, and shows a mean fcnyv~ 0.1 over the whole
GALFA-HT high-latitude region and minimal CNM content at
|b| > 60° (Murray et al. 2020). The discrepancy between the
columns attributed to the CNM component makes it difficult to
compare the conclusions in these works quantitatively. Future
studies incorporating phase-decomposed H 1 maps into a dust
model fit to one- and two-point polarized dust emission
statistics could enable a more direct comparison with these
works.

6.3. Column-density-dependent Correlation Behavior

In this study, we focus on exploring interpretations for the
positive p3s3—fcnm correlation in the most diffuse regions of the
sky. As Figures 1 and 2 show, the full p3ss—fcnm relation
transitions from positive correlation to anticorrelation at higher
column densities (Ng~ 10%! cm_z). The explanation for this
transition, and whether the phase-dependent magnetic field
variation interpretation is consistent with the anticorrelation at
high Ny, are important questions that should be explored in
future work. Factors ruled out in the most diffuse regions might
play a more important role in dust depolarization at higher
column densities, such as the loss of grain alignment efficiency
and multiple LOS HI components. For LOS complexity, at
higher column densities and higher fcny values, it is more
likely that the CNM structures are distributed across separate
HI clouds, and the resulting dispersion across multiple
components would lead to strong depolarization from within
the CNM-associated dust column. To test that hypothesis in
future studies, we would need to measure the number of CNM
components per sightline and their associated column densities.
On the simulation side, past work has explored magnetic field
dispersion of cold gases mainly in the high column density
regimes where we observe p3s;—fcnm anticorrelation. Modeling
the formation of cold dense clouds in the column density
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regime of Ny~ 10?2 ecm 2, Kritsuk et al. (2017) found a
higher Alfvénic Mach number in the cold gas compared to the
warm gas. This would imply a higher depolarization in the
CNM than the WNM due to dispersion and naturally leads to a
P—fcnm anticorrelation consistent with what we observe in this
column density regime. The implication of our work that we
should observe a qualitatively different behavior at lower
column density regimes should be explored further in future
studies using CNM formation simulations (Inoue & Inutsuka
2016; Kim & Ostriker 2017; Gazol & Villagran 2021; Moseley
et al. 2021; Fielding et al. 2023).

6.4. Implications for Dust Grain Models

The level of maximum observed polarization fraction
D355 ~20% found by Planck observations (Planck Collabora-
tion et al. 2015a, 2020) are challenging to reproduce for dust
models (Draine & Fraisse 2009; Guillet et al. 2018; Hensley &
Draine 2021). Characterizing optical starlight polarization in
regions of maximally polarized dust emission, Panopoulou
et al. (2019) find that the high polarization fractions are
unlikely to result from dust properties such as enhanced grain
alignment. Instead, they argue that a favorable magnetic field
geometry is the most likely explanation, where in the regions of
maximum polarization, the magnetic field is mostly in the POS
and uniform along the LOS. Here, we argue that our results
regarding magnetic field disorder between neutral phases,
added to the favorable magnetic field geometry argument,
potentially make it easier to reconcile the high maximum
polarization observation with dust models.

Any sightline will suffer from some degree of geometric
depolarization both along the LOS and within the beam. This is
certainly the case at the resolution of the Planck dust maps of
80’ beam size over typical WNM path lengths of over ~100 pc.
But if the CNM column is more magnetically ordered than the
WNM column, and high polarization fraction regions are
associated more with high CNM content, which contributes
much more significantly to the LOS-averaged p-value than the
WNM column, then the relevant scale for the favorable
magnetic field geometry argument will be the much smaller
CNM path length scale ~1 pc. It is more reasonable to expect
minimal geometric depolarization over the small and more
magnetically ordered CNM columns, strengthening the expla-
nation that favorable magnetic field geometry brings the
observed maximum polarization fraction closer to the theor-
etical maximum.

6.5. Implications for Dust Foreground Modeling for
Cosmology

In Section 5.3, we explored the correlation of the H I-based
polarization template by Clark & Hensley (2019) with Planck
353 GHz maps, and found that the variation is consistent with
magnetic field disorder between the CNM and the WNM. The
variation of the p3s3—py correlation and the p3s3/py | ratio in
regions of differing CNM fraction suggests a path to improve
the template in the future, e.g., by taking into account CNM
fraction weighting using phase-decomposed H I maps.

In general, the complexity of the dust and magnetic field
distributions along the LOS is a major source of uncertainty in dust
foreground modeling for cosmic microwave background (CMB)
polarization experiments (Tassis & Pavlidou 2015; Martinez-
Solaeche et al. 2018; McBride et al. 2023; Vacher et al. 2023).
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Compared to Clark & Hensley (2019), other HI-based CMB
foreground dust polarization models have approached the problem
by assuming discrete layers of LOS dust components, either as a
free parameter (Planck Collaboration et al. 2016), or to represent
phase composition (G17; A20). For the discussion of phase
composition, G17 and A20 model each phase as one discrete layer
without any internal magnetic field structure variation along the
LOS, and fit their model to one- and two-point statistics of the
polarized dust emission without explicitly considering its relation
with phase content. The variation of polarized dust emission with
LOS complexity N, (Panopoulou & Lenz 2020) and CNM mass
fraction fcnm shown here demonstrates that simultaneously fitting
the dust polarization and HI data requires physically motivated
modeling of magnetic field structure variations across LOS,
multiphase HI components.

7. Summary and Conclusions

In this study, we examined the correlation of Planck dust
polarization fraction at 353 GHz p3s3, CNM mass fraction fcnm
(Murray et al. 2020), and H1 column density Ny, in the high-
latitude (|b| >30°) GALFA-HI sky. Our main results are
summarized as follows.

1. A strong positive pzss—fcnm correlation is found in diffuse
regions where there is no ps;s3—Ny; correlation. The
P3s3—cnu correlation behavior is column density dependent,
and transitions from a positive correlation to an antic-
orrelation at higher column densities (N2, 10*! em ™).

2. In the column density range 20.40 < log;,(Ng1 [em~2]) <
20.60, which spans ~1850 deg” of the GALFA-HT sky,
we find a consistent positive p3s3—fcnm correlation with
Spearman correlation coefficient ~0.5. The column
density range studied is motivated by excluding regions
with low fcnm dynamic range and significant molecular
gas. A positive p;3s3—fcnm correlation is found over a
much larger column density range log,(Nu1 [em2]) <
20.80, spanning ~6000 deg” of the GALFA-H I footprint.

3. We define simple models of magnetic field structure
between phases. Fitting the models to data, we find that
the observed positive p3s3—fcnm correlation is consistent
with a higher degree of magnetic alignment in the CNM
than in the WNM. On the other hand, the correlation does
not vary significantly with dispersion in POS polarization
angle S, nor with the number of HI components along
the LOS characterized by N, nor with the degree of
alignment between H 1 structures and the 353 GHz POS
magnetic field orientation.

4. We find that a simple assumption of a disordered WNM-
associated magnetic field relative to a more uniform
CNM field is not sufficient to explain both the steep slope
of the ps3ss—fcnm relation and the observed maximum
P3s3. To explain the discrepancy, we hypothesize that an
additional fraction of the non-CNM-associated dust
column is also magnetically ordered, with the fraction
of the total ordered column proportional to the CNM
fraction. Fixing p,,, and fitting a two-parameter model to
data results in the best-fit values of WNM order
parameter rwnm = 0.22, and ratio of magnetically
ordered regions Rigered = 4.68. In other words, the dust
column associated with the WNM has a mean polariza-
tion fraction that is 22% of the dust column associated
with the CNM, and in addition to the CNM, an additional
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column that corresponds to 18.4% of the HI mass is
maximally polarized.

5. The large best-fit value of R qereq = 4.68 suggests that a
significant fraction of the non-CNM column is also
magnetically ordered relative to a disordered WNM
column. The ratio translates to an average of 18.4% of the
total HI mass having the same relatively low degree of
magnetic field disorder as the CNM column, and we
speculate that this corresponds to the UNM gas.

6. Our results showing p3s3—fcam correlation and the CNM
column being more magnetically ordered also have
potential implications for dust grain models. If the
observed maximally polarized regions are generally
associated with high CNM content, and the CNM column
contributes much more significantly than the WNM
column to the LOS-averaged polarization fraction, then it
is reasonable to expect minimal geometrical depolariza-
tion over the small CNM scale, resulting in high observed

Damax 1D these regions.

Putting it all together, the observational constraints presented
in this study are most consistent with the physical picture of a
magnetically ordered CNM column forming out of a WNM
with more disordered magnetic fields. This is a new, direct
constraint on the mean degree of magnetic field disorder
between neutral phases of the ISM.
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Appendix
GALFA-H T and HI4PI Comparisons

Here, we extend the comparison of p3s3—Ny; versus
P3ss—fonm correlations in different column density regimes to
the full high Galactic latitude (|b| > 30°) sky using HI4PI data.
As described in Section 2.2, HI4PI covers the full sky at 16/2
angular resolution. We utilize HI4PI column density and fonm
maps smoothed to 80’ to match the ps3s; resolution (HI4PI
Collaboration et al. 2016; Hensley et al. 2022). Figure 14 shows
the p353—Ny 1 correlation coefficients in different column density
regimes on the left, and the HI4PI version of the correlation map
produced by dividing the sky into 20 equal number of sightline
regions on the right. The p353—Ny | results in the |b| > 30° HI4PI
sky are consistent with our GALFA-HI results and Planck
Collaboration et al. (2020), showing little correlation at lower
column density, and an anticorrelation at high column densities.
The correlation with fen 1S also consistent with the GALFA-H I
trends, showing a positive correlation in column density regimes
where there is no p3s3—Ny relation, and a transition to
anticorrelation at higher column densities. However, compared
to the GALFA-HT result, the HI4PI p3s3—Ny, correlation is
weaker and does not extend to lower column density bins
log;,(Nu 1 [em~2]) < 20.4. While the qualitative behavior of the
P3s3—fonu relation between data sets is consistent, we explore the
possible explanations for the difference in the degree of
correlation.

Pp3s3 — fcnm Correlation

Correlation

Figure 14. Column-density-binned p3s3—fcnm VS. P3s3—Nu 1 correlation in the full high-latitude (|b| > 30°) sky using HI4PI data. Left: Spearman correlation
coefficients computed in equal sightline bins of Ny ;. Right: map of correlation between p3s3 and fonw, created by dividing the HI4PI sky into 20 equal sightline Ny
bins, colored by the p;353—fcnm correlation coefficient value in each bin. The weaker positive p3s3—fonm correlation compared to the GALFA-H 1 version in Figure 1 is
likely attributable to the difference in fonm dynamic range between these two footprints as discussed in the Appendix.
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Figure 15. Left: column-density-binned p3s3—fcnm VS. P3s3—Ny 1 correlation in the high-latitude (|| > 30°) sky using HI4PI data within the GALFA-H 1 footprint. The
degree of correlation is comparable to the GALFA-H I data version in Figure 1. Right: ratio of sightlines with foxm < 0.03 across the same column density bins in the
HI4PI vs. GALFA-H 1 footprints. The GALFA-H I footprint contains a significantly lower proportion of feawm ~ O sightlines except in the lowest and highest Ny ; bins.

First, since both GALFA-H I and HI4PI are smoothed to 80’
to match the p3s; resolution, the difference in their native
angular resolution should not affect the p3s3—fcnm correlation
results. Furthermore, when comparing the HI4PI and GALFA-
HI versions of focym maps, Hensley et al. (2022) found
excellent agreement in overlapping regions, with a Spearman
correlation coefficient of 0.97 when both maps are smoothed to
the same resolution. To determine whether the differences are
attributable to the data sets or to the sky areas considered, we
analyze HI4PI data on the GALFA-HI footprint. Figure 15
shows the comparison between the correlation using the full
HI4PI data versus the region that overlaps GALFA-HI. The
P3ss—fcnm  correlation at lower column density regimes
log,o(Nu1 [em™2]) < 20.6 is stronger for the GALFA-HI-
overlapped region than the full HI4PI data sky, and is
consistent with the GALFA-HT results in Figure 1. This
implies that a variation in the fcny distribution between
GALFA-H 1 and HI4PI footprints might play a larger role than
any differences between these two data sets.

We already considered the effect of fony distribution when
comparing p3s3—fcnm distribution in different column density
bins in Figure 2. In particular, 80% of low column density
regions with logo(Ny1 [em™2]) < 2040 has fonwm < 0.03.
When the fonv dynamic range is limited, the general scatter in
D353 1s significant compared to the p;s3 variation driven by fenw,
potentially diluting any ps3ss—fcnwm correlation. From the HI4PI
version of the fonyv map, ~57% of the sightlines at high latitude
have fonm < 0.03, while only ~44% of the sightlines in the
GALFA-H1 footprint satisfy this condition. When we adopt a
column density cut of 20.6 < log,(Ny 1 [ecm~2]) < 20.8 on the
HI4PI data set so that it has a similar fony dynamic range as the
GALFA-HT region of interest analyzed in this paper, and fit
model2 to the new region, we find that the best-fit model
parameters are qualitatively consistent with the GALFA-HI
results presented in Section 6.1. The best-fit £y = 0.237501
agrees with the GALFA-HT result to within uncertainty, while
the best-fit Rogerea = 3.27039 is lower than the GALFA-HI
result of 4.687 )3} but still significantly larger than 1, pointing to
the same picture that a significant fraction of the non-CNM is
also magnetically ordered. Thus, while there is likely some
spatial variation of the parameters driving the p3s3—fcnm relation,
the general picture of a more ordered CNM column relative to a
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disordered WNM column still applies, and a major factor in the
difference between the GALFA-H1 and HI4PI data sets is the
more limited fony dynamic range and S/N in the full HI4PI
footprint. Within the GALFA-H I footprint presented in the main
analysis, there is no strong evidence of spatial variation. When
we repeat our analysis on two halves of the data set randomly
drawn from the full set, the best-fit £ and Ry gereq parameters
agree between those samples within uncertainties. Future studies
can more quantitatively examine the spatial variation of the
P3s3—fenu correlation by employing an improved CNM fraction
map with higher S/N at low fen sightlines, and considering a
more complete dust polarization model that explicitly models
other contributions to p3s3 scatter such as grain properties and
inclination angle in regions where fonm ~ 0.
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