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Abstract

We characterize Galactic dust filaments by correlating BICEP/Keck and Planck data with polarization templates
based on neutral hydrogen (H I) observations. Dust polarization is important for both our understanding of
astrophysical processes in the interstellar medium (ISM) and the search for primordial gravitational waves in the
cosmic microwave background (CMB). In the diffuse ISM, H I is strongly correlated with the dust and partly
organized into filaments that are aligned with the local magnetic field. We analyze the deep BICEP/Keck data at
95, 150, and 220 GHz, over the low-column-density region of sky where BICEP/Keck has set the best limits on
primordial gravitational waves. We separate the H I emission into distinct velocity components and detect dust
polarization correlated with the local Galactic H I but not with the H I associated with Magellanic Stream I. We
present a robust, multifrequency detection of polarized dust emission correlated with the filamentary H I
morphology template down to 95 GHz. For assessing its utility for foreground cleaning, we report that the HI
morphology template correlates in B modes at a∼10%–65% level over the multipole range 20< ℓ< 200 with the
BICEP/Keck maps, which contain contributions from dust, CMB, and noise components. We measure the spectral
index of the filamentary dust component spectral energy distribution to be β= 1.54± 0.13. We find no evidence
for decorrelation in this region between the filaments and the rest of the dust field or from the inclusion of dust
associated with the intermediate velocity H I. Finally, we explore the morphological parameter space in the H I-
based filamentary model.
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Unified Astronomy Thesaurus concepts: Interstellar dust (836); Interstellar filaments (842); Neutral hydrogen
clouds (1099); Cosmic microwave background radiation (322); Interstellar magnetic fields (845); Interstellar
medium (847); Interstellar atomic gas (833); Galaxy magnetic fields (604); Milky Way magnetic fields (1057);
Magnetic fields (994); Interstellar phases (850)

1. Introduction

An accurate characterization of polarized dust emission is
important for understanding different astrophysical phenomena
in the interstellar medium (ISM) and studying the polarization
of the cosmic microwave background (CMB). The short axes
of aspherical rotating dust grains are preferentially aligned with
the local magnetic field. This causes their thermal emission to
be linearly polarized (Purcell 1975). Polarized dust emission is
the dominant polarized CMB foreground at frequencies greater
than approximately 70 GHz and at large scales (Planck
Collaboration et al. 2016). Characterizing and removing the
dust contribution to CMB polarization measurements allows us
to look for an excess signal generated by primordial
gravitational waves, parameterized by the tensor-to-scalar ratio
r, in order to constrain primordial gravitational waves
(Kamionkowski et al. 1997; Seljak & Zaldarriaga 1997;
Seljak 1997).

Galactic neutral hydrogen (H I) gas has several advantages
for tracing properties of the dust polarization. H I is strongly
correlated with dust throughout the diffuse ISM (Boulanger
et al. 1996; Lenz et al. 2017). The dust and H I are organized
into filamentary structures (Planck Collaboration et al. 2014a;
Clark et al. 2015). H I filaments are well aligned with the plane-
of-sky magnetic field orientation (Clark et al. 2014, 2015).
Moreover, since the H I measurements are spectroscopic, they
provide 3D (position, position, and velocity) information about
the H I emission, where velocity is inferred from the Doppler-
shifted frequency of the 21 cm line. They are also independent
from the broadband thermal dust millimeter-wave and far-
infrared emission observations, and therefore, do not contain
correlated systematics. Finally, H I measurements are not
contaminated by the cosmic infrared background (Chiang &
Ménard 2019). These advantages allow us to exploit cross
correlations between the data collected by CMB experiments
and H I surveys to better understand and characterize diffuse
dust polarization. Clark & Hensley (2019) developed a
formalism for modeling the linear polarization structure of
Galactic dust emission solely from H I intensity measurements.
They have shown that these H I morphology templates correlate
at the ∼60% (∼50%) level in Emodes (Bmodes) with Planck
data at 353 GHz at multipole ℓ= 50 over the high-Galactic
latitude sky, and the correlation decays roughly monotonically
to zero at around multipole moment ℓ≈ 1000.

The BICEP2 and Keck Array CMB experiments target a
∼400 deg2 patch of high-Galactic latitude sky (BICEP/Keck
Collaboration et al. 2021; hereafter BK18). The instantaneous
field of view of BICEP3 is larger and targets a ∼600 deg2

patch, which encompasses that of BICEP2 and Keck Array
(BICEP/Keck Collaboration et al. 2022). These patches were
chosen to have relatively little dust emission in intensity
(Finkbeiner et al. 1999). In this paper, we use BICEP/Keck
maps using all data taken up to and including the 2018
observing season, the data set known as “BK18.” These
instruments have ∼30% fractional bandwidths and have
achieved great depths at different frequencies. The polarization
maps at 95, 150, and 220 GHz reach depths of 2.8, 2.8, and

8.8 μKCMB arcmin respectively (BICEP/Keck Collaboration
et al. 2021). The signal-to-noise on polarized dust emission of
the 220 GHz maps exceeds that of Planck at 353 GHz in the
BICEP/Keck region (BICEP/Keck Collaboration et al. 2021).
These data thus present an excellent opportunity to study the
structure of the diffuse, magnetic ISM. Furthermore, this well-
characterized region of sky will also be observed by future
CMB experiments like CMB-S4 (CMB-S4 collaboration et al.
2022). In this paper, we make use of cross correlations of BK18
data with H I morphology maps. Because the H I morphology
templates are defined solely from the morphology of linear H I
structures, we refer to the component of the real dust field that
is correlated with these templates as filamentary.
A motivation for using H I to study dust in the BICEP/Keck

region is its promise as a tracer of the 3D structure of the
magnetic ISM (Clark 2018; Clark & Hensley 2019). A
differently oriented magnetic field along the line of sight will
give rise to different dust polarization angles along that line of
sight (Tassis & Pavlidou 2015). If this dust is described by
different spectral energy distributions (SEDs) in different
locations along that sightline, the measured dust polarization
angle will be frequency-dependent. This is referred to as line-
of-sight frequency decorrelation. Frequency decorrelation can
also arise due to spatial variations of the dust SED in the plane
of the sky, producing frequency-dependent variations in the
dust polarization pattern. Decorrelation causes maps of dust
emission at different frequencies to differ by more than just a
multiplicative factor, complicating the ability to use dust maps
at one frequency to constrain the dust emission at another
frequency. The decorrelation parameter, Δd, defined as the
ratio of the cross-spectrum between maps at 217 and 353 GHz
to the geometric mean of the corresponding autospectra, is
currently constrained toΔd> 0.98 (68% C.L.) in the BICEP/
Keck region (BICEP/Keck Collaboration et al. 2021). There-
fore, we currently have no indication of dust decorrelation in
this region. However, there is evidence for frequency
decorrelation in data, either associated with superpositions of
independent line-of-sight emission (Pelgrims et al. 2021) or, at
large scales, with spatial variations in the dust-polarization
SED (Ritacco et al. 2022). Pelgrims et al. (2021) measure
evidence for line-of-sight frequency decorrelation. They make
a statistically significant detection of a stronger frequency-
dependent change of the polarization angle along lines of sight,
which intercept multiple dust clouds with different magnetic
field orientations. Therefore, it is interesting to isolate and
separately characterize the distinct H I velocity components
along the line of sight in the region observed by BICEP2,
BICEP3, and the Keck Array instruments to look for evidence
for this effect. Additionally, we look for evidence of
decorrelation due to any variation in the polarized dust SED
between dust filaments, identified by the H I morphology model
and generally associated with the cold neutral medium (Clark
et al. 2019; Kalberla et al. 2020), and the rest of the dust
column.
In this paper, we perform cross correlations between the

Stokes parameter maps of the H I morphology template and
BICEP/Keck and Planck data and measure the statistical
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significance of the correlation as a function of frequency,
instrument, and H I velocity component in the BICEP/Keck
region. To clarify, the H I-based Stokes parameter maps are
based on H I morphology and not on H I polarization. The cross
correlations allow us to pick out the filamentary dust signal
from the overall dust signal measured by BICEP/Keck and
Planck in that region. We use our formalism to compare the
sensitivities of Planck and BICEP/Keck in that region, to tune
the H I morphology template, and to search for frequency
decorrelation. We also measure the SED of the dust correlated
with H I filaments. Knowledge of the dust SED is essential for
CMB studies (Chluba et al. 2017; Hensley & Bull 2018) and
for providing constraints for physical models of dust composi-
tion (e.g., Hensley et al. 2022).

This paper is organized as follows. We introduce the data
used in this work in Section 2. In Section 3, we introduce the
methodology to estimate the statistical significance of the
detection and to measure the filamentary dust SED. In
Section 4, we present a method for separating the different
velocity components in the BICEP/Keck regions using H I
velocity information. Our results are presented and discussed in
Section 5. We then conclude with a summary and outlook in
Section 6.

2. Data

2.1. Millimeter-wave Polarization

In this paper, we use BICEP3 data at 95 GHz from 2016 to
2018, BICEP2 data at 150 GHz from 2010 to 2012, and Keck
Array data at 150 and 220 GHz from 2012 to 2018 (BICEP/
Keck Collaboration et al. 2021). We also use the Planck NPIPE
processed maps at 143, 217, and 353 GHz (Planck Collabora-
tion et al. 2020). These are a subset of the maps we used
in BK18 to set the most stringent upper limits on the tensor-to-
scalar ratio, r. We do not consider the lower-frequency maps
from CMB experiments, i.e., the 23 and 33 GHz bands of
Wilkinson Microwave Anisotropy Probe (WMAP) and the 30
and 44 GHz bands of Planck, since we expect a negligible
emission contribution from dust in those channels.

In Section 3.2, we use the Planck 70% sky fraction Galactic
plane mask21 (Planck Collaboration et al. 2015) for calculating
a transfer function for the H I morphology template.

2.2. Neutral Hydrogen Emission

The H I4PI spectroscopic survey is the highest-resolution
full-sky H I survey to date (HI4PI Collaboration et al. 2016). It
has an angular resolution of 16 2, a spectral resolution of
1.49 km s−1, and a velocity-bin separation of 1.29 km s−1,
achieved by merging data from the Effelsberg–Bonn H I
Survey (Winkel et al. 2016) and the Parkes Galactic All-Sky
Survey (McClure-Griffiths et al. 2009). We start out with the
velocity channels in the range −120 km s−1< vlsr< 230
km s−1, because the H I4PI maps are noise dominated in the
BICEP/Keck region outside that range. We use these data to
form H I morphology templates as described in Section 3.1.

3. Methodology

3.1. Convolutional Rolling Hough Transform

Clark & Hensley (2019) used the Rolling Hough Transform
(RHT; Clark et al. 2014, 2020) on the H I4PI data to construct
3D (position, position, and velocity) Stokes parameter maps.
The mapping defined from H I emission to properties of the
dust polarization is based on several observational facts,
including that the H I column density correlates well with dust
in the diffuse ISM (Boulanger et al. 1996; Lenz et al. 2017).
Also, H I gas contains substantial linear structures that are
preferentially aligned with the plane-of-sky component of the
local magnetic field (Clark et al. 2015). Therefore, the dust
polarization angle is taken to be orthogonal to these filaments.
Clark & Hensley (2019) have shown that these maps,
integrated over the velocity dimension (Clark 2018), are highly
correlated with the Planck maps of the polarized dust emission
at 353 GHz.
While recent work over large regions of high-Galactic

latitude sky (not focused on the BICEP/Keck region) has
shown that there may be a small aggregate misalignment
between the filaments and the Planck-measured magnetic field
orientation (Huffenberger et al. 2020; Clark et al. 2021), the
misalignment angle is only∼2°–5°, and incorporating it
increases the correlation by only an additive∼0.1%–0.5%
(Cukierman et al. 2022).
The first step of the RHT algorithm involves subtracting a

smoothed version of the map from the original unsmoothed map.
This is known as an unsharp mask and is used to remove the
diffuse, large-scale H I emission. This introduces a free
parameter that sets the scale of the Gaussian smoothing filter.
We refer to this parameter as the smoothing radius (θFWHM). The
second step is to quantize the pixels into a bit mask, where the
pixels are turned into zeros and ones based on their sign in the
unsharp-masked data. The third step is to apply the Hough
transform (Hough 1962) on a circular window of a given
diameter centered on each pixel. The window diameter (DW) is
the second parameter of this algorithm. The fourth step is to
retain only values above a certain threshold fraction of the
window diameter, where the threshold fraction (Z) is the third
and last parameter. Refer to Clark et al. (2014) for further details.
The RHT quantifies the intensity of linear structures as a

function of orientation (Clark et al. 2014). Following Clark &
Hensley (2019), we use the RHT output to construct StokesQ
and U polarization maps, weighted by the H I intensity.
Together, the RHT parameters (θFWHM, DW, Z) determine what
H I filament morphologies most influence the H I morphology
template. It is thus of interest to explore the RHT parameter
space and cross correlate different H I morphology templates
with the real dust polarization measurements, in order to
determine what H I morphologies are most predictive of the
true polarized dust emission. Exploring the parameter space of
the original RHT implementation was found to be computation-
ally expensive, limited by the application of the Hough
transform to each circular window of data. Other applications
have used a convolutional implementation of the Hough
transform (e.g., Kerbyson & Atherton 1995). By rewriting the
Hough transform step of the RHT as a series of convolutions,
one for each orientation bin, we achieved a ∼35× speedup in
the RHT algorithm runtime. This convolutional implementation
is made public via the RHT GitHub repository (Clark et al.
2020). In this work, we apply the convolutional RHT to the

21 Available for download at http://pla.esac.esa.int (HFI_Mask_GalPlane-
apo0_2048_R2.00.fits).
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H I4PI data in the BICEP/Keck region to construct a 3D H I
morphology template.

3.2. RHT Transfer Function

The H I morphology templates have different mode struc-
tures than the dust maps. As described in Section 3.1, one of
the first steps of the RHT algorithm is an unsharp mask. This
filter emphasizes small-scale features. For instance, the E- and
B-mode autospectra of the templates constructed with the same
RHT parameters as those used in Clark & Hensley (2019)
peak in the multipole range 300< ℓ< 500 and 150< ℓ< 350,
respectively. We denote these spectra by =´Dℓ

HI HI

p+ ´( ) ( )ℓ ℓ C1 2ℓ
HI HI , where ´Cℓ

m m1 2 is the cross spectrum
bandpower between two maps, m1 and m2, in the multipole bin
ℓ. Correlation ratios are insensitive to this mode structure
because the relative weightings of different multipole bins are
normalized out of the calculation. Although the H I morph-
ology template itself shows a suppression of large-scale modes,
the correlation with millimeter-wave polarization is strongest at
large scales. The statistical tests defined in this paper, however,
are based on cross spectra rather than correlation ratios. We
form cross spectra between the data collected by CMB
experiments and the H I morphology template defined in
Section 3.1, and we denote these spectra by ´Dℓ

data HI.
We cannot make a direct comparison between ´Dℓ

data HI

and ´Dℓ
HI HI, because they are not, in general, proportional to

each other. As in Cukierman et al. (2022), we model this effect
as a multipole-dependent transfer function that describes the
representation of the H I morphology template in the measured
dust polarization. We denote the transfer function by tℓ. The
goal in constructing tℓ is for ´Dℓ

data HI to be approximately
proportional to ´t Dℓ ℓ

HI HI. In our statistical tests, we will
compare the former cross spectra to the latter multipole-filtered
autospectra.

The aim in introducing the transfer function tℓ is to boost
large-scale modes relative to small-scale modes in order to
enhance the sensitivity of our statistical tests. The best estimate
of tℓ would come from ´ ´D Dℓ ℓ

data HI HI HI (as in Cukierman et al.
2022), but this would lead to a fitting function ( ´t Dℓ ℓ

HI HI),
which is partly defined by the data itself. To avoid those
complications, we use an ansatz based on the unsharp-mask
filter, which produces most of the multipole distortion we wish
to correct. This multipole correction is an ansatz and not a
model of the true underlying reality. We use it in the same
manner as a matched filter, i.e., to increase the sensitivity of our
signal search by looking for a particular pattern rather than
simply looking for deviations from zero. A discrepancy
between the ansatz and the true reality would simply degrade
our sensitivity.

To calculate this transfer function based on the unsharp-
mask filter, we apply the following steps to the H I emission
maps at each velocity channel:

1. Smooth the original H I intensity map with a Gaussian
filter of a specific FWHM.

2. Subtract the smoothed map from the original map.
3. Quantize into a bit mask, i.e., set pixels with values> 0

to 1 and pixels with values< 0 to 0.
4. Multiply the bit mask by the original map.

These are the subset of the steps in the RHT algorithm that
most substantially restrict the range of spatial scales of the H I

emission that contributes to the measured H I orientation. The
subsequent steps, the Hough transform and thresholding,
introduce further scale-dependent effects that effectively set
the minimum length of a detected linear feature.
We sum the filtered velocity channel maps and call this the

filtered map. We refer to the velocity-integrated H I intensity as
the original map. Because we do not expect this transfer
function to vary dramatically over the sky, we use the Planck
70% sky fraction Galactic plane mask (Planck Collaboration
et al. 2015) as opposed to the BICEP/Keck mask for
calculating the transfer function in order to obtain higher
signal-to-noise and to capture the filtering effect better over the
lower multipole bins. We define the transfer function as

=
´

´
( )t

C

C
. 1ℓ

ℓ

ℓ

original filtered

filtered filtered

We consider the standard 9 bins in the angular multipole range
20< ℓ< 335 that we use in BICEP/Keck analyses. Note that
the only free parameter of the RHT algorithm that is used in
this filtering is the Gaussian smoothing radius θFWHM. In
Figure 1, we plot this transfer function for the list of θFWHM

values we analyze. This is applied to the H I-correlated
component of the simulation in harmonic space. For the rest
of this analysis, we present our results with the use of this
transfer function. Repeating the analysis without the transfer
function produces qualitatively similar results (see
Appendix B).
In the next subsection, we will describe a simulation

construction that contains a component based on the H I
morphology template. We incorporate the multipole correction
in the simulation construction such that ´Dℓ

data HI is approxi-
mately proportional to ´t Dℓ ℓ

HI HI. An explicit prescription is
provided in the next section.

3.3. BICEP/Keck and Planck Simulations Including
Filamentary Dust

We construct a set of mock realizations of the sky as
observed by the BICEP/Keck and Planck instruments in order
to check for biases and estimate uncertainties in the statistical

Figure 1. The RHT algorithm multipole-dependent unitless transfer function
defined in Equation (1) for different Gaussian smoothing FWHM values,
computed on the Planck 70% sky fraction Galactic plane mask.
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tests introduced in subsequent sections. The baseline dust
model in BICEP/Keck analyses is a statistically isotropic
Gaussian-dust (GD) field and is our null-hypothesis dust model
in this analysis. We call this model GD. It is uncorrelated with
the H I morphology template. Simulations of this model are
created as random Gaussian realizations with a power spectrum
defined by its amplitude m=A 3.75 Kd,353 CMB

2 at multipole
moment ℓ= 80 and frequency ν= 353 GHz. The power
spectrum scales spatially as a power law with index
αd=−0.4 in mutipole (BICEP/Keck Collaboration et al.
2021). In addition to the baseline dust model, we introduce a
second component of filamentary dust that is perfectly
correlated with the H I morphology template (HI). This is one
realization based on real H I morphology that is added to 499
realizations of GD.

We modify the H I-correlated component in harmonic space
according to the transfer function defined in Section 3.2 and
inverse transform back to map space. We denote the multipole-
filtered version of the H I morphology template with a tilde
(H̃I). It is important to note that the transfer function introduced
in Section 3.2 is a phenomenological ansatz rather than a model
for the true multipole dependence of the H I-correlated
component of dust polarization. We use this ansatz as a fitting
function in Section 3.6 in order to improve the sensitivity of
our search for H I-correlated dust polarization, but the ansatz is
likely only a rough approximation to the underlying reality.
Indeed, we find moderate discrepancies between the measured
H I-dust cross-spectra and the fitting-function ansatz (see
Figure 7). Furthermore, there is no guarantee that the H I
morphology template should appear in the dust field with a
correction that depends only on multipole. If this assumption is
made, however, a better estimate of the transfer function can be
achieved by appealing to the H I-dust cross-spectra themselves,
which is how a similar transfer function is constructed in
Cukierman et al. (2022). As mentioned in Section 3.2,
however, we wish for our fitting function to be independent
of the data to which we are fitting, so we prefer, for the
purposes of statistical tests, the ansatz based on the unsharp-
mask filtering. For the purposes of constructing mock-sky
realizations, it may be superior to use the data-based transfer
function in order to keep the mean cross-spectrum bandpowers
identical to those of the real data. For computational simplicity,
however, we use only the transfer function of Section 3.2 for all
of the results in this paper. When our mock-sky realizations are
used with a nonzero H I-correlated component, we will only be
interested in the variance of our fitting parameters. In the limit
of relatively small perturbations, the variance in the fitting
parameters is independent of the mean, so we expect our
variance estimates to be reliable in spite of the discrepancy
between the measured bandpowers and the mean of the
simulated bandpowers.

The full dust field at frequency ν is modeled as

b b

b

º

+
n n

n

( ˆ ) · ( ) · ( ˆ)
· ( ) · ( ˆ) ( )˜

n n

n

m a k a f m

k f m

, , ,

, 2

d
HI GD

GD

HI
HI

where ( ˆ)nm represents a Stokes Q or U map, and a, k, and βHI
are free parameters. The amplitude a is unitless, and k acts as
both an amplitude and a unit conversion factor with units
μKCMB/K km s−1 because ( ˆ)nmGD has units μKCMB, and

( ˆ)˜ nmHI has units K km s−1. We use a modified blackbody
scaling law fν with a fixed temperature, T= 19.6 K, and

variable frequency spectral index β (e.g., Planck Collaboration
et al. 2014b). The exact choice of dust temperature is of little
consequence for our measurements, because we are measuring
at frequencies far below the thermal peak. We fix βGD= 1.6 in
our fiducial model, which is close to the value inferred from
data. The exact value does not affect the results because the
observables we use in the statistical tests in Section 3.6 are
cross correlations with the H I morphology template, and the
GD and H I components are uncorrelated. In the baseline
tensor-to-scalar ratio analysis of BICEP/Keck, we model the
dust on the level of cross-frequency B-mode power spectra. In
this context, the full dust model of this paper would manifest
itself as

⎛
⎝

⎞
⎠

b b

b b

=

+

n n
n n

a

n n

´

´

( ) ( )

( ) ( ) ( )˜ ˜
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ℓ
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ℓ
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We recover the standard dust model used in BICEP/Keck
analyses (the null hypothesis) by setting a= 1, and k= 0. This
hybrid model of GD and H̃I is continuously related to the GD
null hypothesis because the null hypothesis is nested within the
hybrid model. We also consider a variation of this model in
Appendix B, replacing fν with a power-law frequency scaling,
and find that it does not affect the results, as expected in the
Rayleigh–Jeans limit.
In this paper, we limit our analysis to the ∼400 deg2 region

mapped by BICEP2 and Keck Array, centered at R.A. 0h, decl.
−57°.5 (hereafter the BICEP/Keck region). On this small
region, we use a flat-sky approximation.
We convolve the H I morphology template with instrument-

specific beams of different sizes. We also apply the instrument-
specific observation matrices used in the BICEP/Keck
cosmological analyses, Rν, capturing the linear filtering of Q
and U maps, which includes data selection, polynomial
filtering, scan-synchronous signal subtraction, weighting,
binning into map pixels, and deprojection of leaked temper-
ature signal (BICEP2 Collaboration et al. 2016). We define

=n n˜ ( ˆ) ( ( ˆ)) ( )˜ ˜n R nm m , 4HI HI

where n˜ ˜
m HI is the reobserved H I-correlated component of the

simulation.
Following standard procedure in BICEP/Keck analyses, we

add lensed-ΛCDM (ΛCDM) and noise (n) components to the
dust realizations. Refer to BK18 for more details of these
simulations. For Planck, we use the official noise simulations
provided in the NPIPE data release (Planck Collaboration et al.
2020).
The model for our total, observed map at frequency ν then

becomes

b

b

b

= +

+

+

n n n

n n

n n

L˜ ( ˆ ) ˜ ( ˆ) ˜ ( ˆ)
· ( ) · ˜ ( ˆ)

· ( ) · ˜ ( ˆ) ( )˜

n n n

n

n

m a k m m

a f m

k f m

, , ,

. 5

HI
CDM n

GD
GD

HI
HI

We also purify the maps at each observing frequency with
a matrix operation such that the resulting Bmodes are
cleaned of leakage from the much brighter Emodes (BICEP2
Collaboration et al. 2016). We then apodize the maps with an
inverse noise variance weighting, Fourier transform them, and
rotate them from aQ/U to an E/B basis.
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We refer to the real BICEP/Keck and Planck maps described
in Section 2.1 as n˜ ( ˆ)nm real .

3.4. Cross Spectra

The statistical tests defined in this paper are based on power
spectra calculated using the standard power spectrum estimator
of BICEP/Keck analyses as we described in BK18. We
consider 9 bins in the angular multipole range 20< ℓ< 335 and
compute both EE and BB autospectra. We then exploit the
linearity of Equation (5) to decompose the full cross spectrum
with the H I morphology template and calculate the binned
bandpower expectation values as

b

b

b

= +

+

+
n

n

´ L ´ ´

´

´

( )
· ( ) ·

· ( ) · ( )˜

D a k D D

a f D

k f D

, ,

. 6

ℓ ℓ ℓ

ℓ

ℓ

data HI
HI

CDM HI n HI

GD
GD HI

HI
HI HI

We concatenate the 9 bandpowers of Equation (6) for a
selection of frequencies over EE only, BB only, or EE and BB
into D(a, k, βHI). The vector D(a, k, βHI) contains the
observables from which we construct the covariance matrix in
Section 3.5 and our statistical tests in Section 3.6. We similarly
define the vector of cross spectra of the real data with the H I
morphology template for a selection of frequencies over EE
only, BB only, or EE and BB asDreal.

3.5. Covariance Matrices

To construct covariance matrices, we start with 499
realizations of Equation (6) of the fiducial model, which
coincides with the null-hypothesis model used in the standard
BICEP/Keck analyses, i.e., a= 1, and k= 0. In the covariance
matrix construction, we neglect variances of the H I-correlated
dust component because we expect any uncertainty from the
H I data itself to be subdominant.

There are nonnegligible covariances between neighboring
multipole bins and, because the lensed-ΛCDM and dust fields
are in the broadband, between frequency channels. Therefore,
we construct a covariance matrix of the form,

º
-

á -

Ä - ñ

( ( ) ( ))

( ( ) ( )) ( )

M D D

D D

N

N 1
1, 0, 0 1, 0, 0

1, 0, 0 1, 0, 0 , 7rlz

where D is the mean of the vector of spectra over realizations,
N is the number of realizations, ⊗ is an outer product, and 〈〉rlz
is a mean over realizations.

For the statistical test discussed in the next subsection, we
use different combinations of the 95, 150, and 220 GHz
channels of BICEP/Keck and the 143, 217, and 353 GHz
channels of Planck. We use 9 bandpowers per spectrum and
separately consider only Bmodes, only Emodes, and E and
Bmodes simultaneously. We condition the covariance matrix
by forcing some entries to zero (e.g., Beck et al. 2022). We
allow covariances between neighboring multipole bins and
between any two frequencies (not just neighboring frequen-
cies), and neglect the correlations between E and Bmodes in
our covariance matrix construction.

3.6. Statistical Tests

In this subsection, we define the statistical tests that are used
in Section 5 of this paper.

3.6.1. χ2 Likelihood

We approximate the cross spectra defined in Section 3.4
between the simulations for our total, observed maps, and the
H I morphology templates as Gaussian distributed, so the
natural choice for a test statistic to fit our model is

c b b
b

º -
--

( ) ( ( ))
( ( )) ( )

D D

M D D

a k a k

a k

, , , ,

, , , 8

2
HI

real
HI

T

1 real
HI

where, again, D is the mean of the vector of spectra over 499
realizations.
To calibrate this test statistic through simulations, we input

an ensemble of realizations from Equation (6) with a= 1,
and k= 0 in place of Dreal. We fit the model by minimizing
Equation (8) with respect to the three model parameters a, k,
and βHI. We form the test statistic

c c bºˆ ( ˆ ˆ ˆ ) ( )a k, , , 92 2
HI

where â, k̂ , and b̂HI are the model parameters that minimize
Equation (8) (e.g., Section 5.3).
Because our observables are cross-spectra between the H I

morphology template and the dust polarization, we expect little
sensitivity to the GD amplitude a. We retain a as a fitting
parameter, however, so that our null hypothesis (a= 1, k= 0)
is nested within the full fitting function. This will allow us to
form the more sensitive Δχ2 test statistic in Section 3.6.2.
Another approach to this analysis could have been to fit for k
and β only and to report the statistical significance in terms of
the number of standard deviations of k̂ from 0. However, we
rely on the χ2 distribution to estimate statistical significance.
When the data are drawn from the null-hypothesis model, the

minimized test statistic ĉ2 is expected to be χ2 distributed
with n− 3 degrees of freedom, where n is the number of
observables used. For the cases where we only use one
frequency band to estimate each band’s contribution to the
statistical significance of the detection, k and βHI are
degenerate. We therefore fit bn

ˆ ( ˆ )kf HI as one value. In those
cases, there are only 2 effective parameters, a and kfν(βHI), and
ĉ2 is χ2 distributed with n− 2 degrees of freedom.

We also use a Markov Chain Monte Carlo (MCMC) method
to fully explore this parameter space and provide insight into
the correlations and degeneracies between these parameters.
We use noninformative uniform distributions for the priors,
[−50, 50], [0, 5], and [0.8, 2.4], on a, k, βHI, respectively. The
range is large for a because the GD cross spectra with the H I
morphology template have no constraining power for a. Using
the χ2 likelihood defined in Equation (8), we sample the
posterior distributions using the Metropolis–Hastings algorithm
implemented in the COBAYA MCMC Python package (Torrado
& Lewis 2019, 2021).

3.6.2. Δχ2 Detection Significance Metric

We form a Δχ2 statistic for measuring the statistical
significance of detecting the H I morphology template. We
compare ĉ2 from Equation (9) to a model in which a, the
amplitude of GD, is allowed to vary but for which k= 0. This
comparison isolates the influence of the H I-related degrees of
freedom.
We form the test statistic

c cº( ) ( ) ( )a a, 0, 0 ; 10GD
2 2
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and we minimize with respect to a to obtain

c cºˆ ( ˆ ) ( )a , 11GD
2

GD
2 GD

where âGD is the best-fit value for the model with GD only. The
test statistic ĉGD

2 is expected to be χ2 distributed with n− 1
degrees of freedom when the data are drawn from the null-
hypothesis distribution.

We test for the added benefit of the H I-correlated component
with the test statistic

c c cD = -ˆ ˆ ( ), 122
GD
2 2

which is expected to be χ2 distributed with 2 degrees of
freedom when the data are drawn from the null-hypothesis
distribution. If only a single frequency band is used, then Δχ2

is expected to be χ2 distributed with only 1 degree of freedom.
The statistical significance of the correlation between the

data and the H I morphology template can be estimated
fromΔχ2. The ensemble of Δχ2 measurements from the
null-hypothesis simulations matches a χ2 distribution with the
given number of degrees of freedom. This allows us to
calculate a p-value or a probability to exceed (PTE) as
PTE= 1 - CDF, where CDF is the cumulative distribution
function of the ensemble up to the Δχ2 value we get from the
data. We convert the PTE to an equivalent Gaussian deviate to
present the significance as a number of standard deviations
from the mean. The reported significances, however, are less
reliable �3σ, where there are no Δχ2 measurements from the
null-hypothesis simulations.

3.7. Parameter Estimation

We perform a coverage test of our Bayesian model by
computing the maximum-likelihood values of a simulation set
of 499 realizations with fixed a, k, and βHI values and compare
their distributions to the posteriors obtained from real data. We
use the best-fit results for k and βHI from the real data. We fit a,
such that the autospectrum of the total dust field is equivalent to
the GD autospectrum used in BICEP/Keck analyses, and the
cross spectrum of the total dust field with the H I morphology
template is equivalent to the best-fit autospectrum of the H I
morphology template. We call this best-fit â to distinguish it
from the best-fit â we get from Section 3.6.1. We refer the
reader to Appendix A for a detailed description of this fit.

We then repeat the statistical test defined in Section 3.6.1,
replacing Dreal with each of the cross spectra of these 499
realizations with the H I morphology template, and get a
distribution of 499 best-fit values for each parameter. Example
distributions of the best-fit values from these realizations are
shown in Figure 2. The distributions shown here are from
fitting E and Bmodes simultaneously using the 95, 150, and
220 GHz bands of BICEP/Keck and the 143, 217, and
353 GHz bands of Planck, conditioning the covariance matrix,
and using a transfer function for the H I morphology template
with RHT parameters

q= ¢ = ¢ = ( )D Z135 , 4 , and 0.75. 13W FWHM

This RHT parameter selection is motivated in Section 5.1 and
is the fiducial set we use in the results of this paper unless
otherwise mentioned. For these choices, the fixed input values
used for constructing the simulation set are 0.9, 0.7, and 1.52
for a, k, and βHI, respectively. We find that our parameter
estimation method is unbiased. The sample mean of a is

notably close to the input value relative to the standard error,
but we checked the p-value and found it to be 4.1%, which we
deem to be small but acceptable. We conclude that our fits are
unbiased, and we use the spread of the distributions for the 499
realizations to obtain an estimate of the parameter uncertainties.
These are consistent with the uncertainties inferred from the
marginalized posterior distributions in Section 5.3, which are
6.7, 0.050, and 0.13 for a, k, and βHI, respectively. The
standard deviation for a is relatively large because the GD cross
spectra with the H I morphology template have no constraining
power for a, and this parameter is marginalized over in our
analysis.

4. Velocity Decomposition

At the high-Galactic latitudes considered here, there is no
simple one-to-one mapping between the Galactic H I emis-
sion’s velocity along the line of sight and the distance to the H I
gas. However, the bulk velocity of clouds at various distances
will often differ, resulting in distinct kinematic components in
the H I spectra. Utilizing the velocity dimension of the 3D H I
morphology Stokes parameter maps in the BICEP/Keck
region, we can separate the different velocity components
contributing the most to the polarization of the H I morphology
template along the line of sight.
We integrate the H I morphology Stokes parameter maps in

the BICEP/Keck region across the velocity dimension over the
range −120 km s−1< vlsr< 230 km s−1 (see Section 2.2) to
form the maps Qint and Uint. This is analogous to the line-of-
sight integration inherent in thermal dust emission measure-
ments. We then correlate this integrated map with the maps for
each velocity channel, H Ivel, using the correlation ratio defined
as

r =
´

´
´

´ ´
( )

D

D D
, 14ℓ

X X ℓ
X X

ℓ
X X

ℓ
X X

int vel
int vel

int int vel vel

where X denotes either the E or Bmodes of the H I morphology
templates, and Dℓ is the cross spectra over multipole moment ℓ.
This metric quantifies the contribution of each velocity channel
map to the polarization signal of the line-of-sight integrated
template. We use the RHT parameters in Equation (13) for this
plot; though the results are qualitatively similar when varying
those parameters.
We plot r ´

ℓ
X Xint vel in Figure 3, where each column represents

the correlation of each velocity channel map with the integrated
map, and each row represents a multipole moment bin. We
expect neighboring velocity channels to be correlated on
physical grounds. Therefore, the consistent horizontal bands at
each multipole bin in the 2D plots are due to the similarity
between adjacent velocity channels.
We also calculate a broadband correlation coefficient that is

binned into one multipole bin that spans the entire range
(37 < ℓ< 579) and plot it above the 2D plots in Figure 3. We
clearly see distinct peaks in three different velocity ranges,
which we refer to as V1, V2, and V3. These peaks are in
roughly the same locations as the peaks we see when plotting
the H I intensity as a function of velocity but have different
relative amplitudes, with the second peak having a much lower
amplitude in intensity than the third peak. We plot vertical lines
to define roughly where the boundaries between those
components are. As we will show in Section 5 and Table 2,
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the exact boundaries do not affect the results, which are
dominated by the velocity channels at the peaks.

The H I line emission at high-Galactic latitudes is con-
ventionally divided into low-velocity clouds (LVCs), inter-
mediate-velocity clouds (IVCs), and high-velocity clouds
(HVCs) based on its radial velocity with respect to the local
standard of rest (vlsr) or the Galactic standard of rest (vgsr), or on
its deviation from a simple model of Galactic rotation (see, e.g.,
Putman et al. 2012 for more details). The boundaries between
these classes vary by tens of kilometers per second in the
literature. For instance, Magnani & Smith (2010), Wakker
(1991), and Wakker (2001) define the boundary between LVCs
and IVCs at |vlsr|= 20, 30, and 40 km s−1, respectively.
Panopoulou & Lenz (2020) propose −12 km s−1< vlsr< 10
km s−1 as the range for LVCs based on the first and 99th
percentiles of the distribution of cloud velocities that pass a
certain threshold in the H I column density in the Northern and
Southern Galactic Polar regions.

The boundary between IVCs and HVCs is usually taken to
be at |vlsr|= 70 km s−1 (Wakker & Boulanger 1986) or
90 km s−1 (Richter & De Boer 2005). The boundaries for V1
defined here encompass the range of LVCs adopted by
Panopoulou & Lenz (2020) as shown in Figure 3. We limit
the higher end of the IVC range to |vlsr|= 50 km s−1 in the
BICEP/Keck region such that V2, which is primarily
associated with the Magellanic System (Westmeier 2018), is
excluded. As already mentioned, the results are dominated by
the velocity channels at the peaks, and the exact boundaries do
not affect the results.

Our interpretation of the peaks in Figure 3 is that each
corresponds to a substantial contribution of that velocity
component to the integrated map. As a sanity check, however,
we test whether the V2 and V3 peaks in the correlation with the
integrated map are due to spurious correlations with each other
or with V1 by calculating r ´X Xi jV V , where i and j ä {1, 2, 3|
i≠ j}. We report those values in Figure 3 and find that the
correlation is less than approximately 1%.

We integrate the velocity channel maps in each range and
plot the resulting H I intensity maps in Figure 4 on a log color
scale. V1 is dominated by H I emission from the Galaxy,
whereas V2 and V3 are dominated by H I emission from
Magellanic Stream I, a stream of high-velocity gas associated
with the Magellanic System (Westmeier 2018). The outlines of
the BICEP3 and the BICEP2 and Keck Array observing fields
are included in the figure to distinguish the H I structure that
lies inside and outside each of the observing fields. For
consistency in our statistical tests defined in Section 3.6, we
analyze the smaller field as mentioned in Section 3.3. The
bright emission in V2 and V3 directly below the BICEP3
observing field in decl. is from the Small Magellanic
Cloud (SMC).

5. Results and Discussion

In this section, we tune the RHT parameters to increase the
correlation between BICEP/Keck and Planck data with the H I
morphology template (Section 5.1). Using the tuned para-
meters, we quantify the detection of filamentary dust polariza-
tion in the Galactic component of H I (Section 5.2). We look
for evidence of frequency decorrelation in the BICEP/Keck
region from the inclusion of the IVC component in the line-of-
sight sum and between the filamentary dust component and the
total dust component (Section 5.3). We also quantify the
contribution of each of the data sets used in this measurement
(Section 5.4). Finally, we look for a detection of filamentary
dust polarization in the higher-velocity HI components
associated with Magellanic Stream I (Section 5.5).

5.1. Tuning and Improving the RHT Model

Due to computational expense, the RHT parameter space has
not been explored before in the context of building dust
polarization templates. However, limiting the sky area to the
BICEP/Keck region and speeding up the algorithm by ∼35× ,
as described in Section 3.1, have allowed us to search the

Figure 2. Distributions of the best-fit values using E and B modes for 499 realizations of lensed-ΛCDM, noise, and Gaussian dust, added to the H I morphology
template with fixed input values a = 0.9, k = 0.7, and βHI = 1.52 that match the fit from the real data. The parameters a and βHI are unitless, and k has units μKCMB

/ K km s−1. These known input values are plotted as dashed black vertical lines. The means of the distributions of the best-fit values are plotted as solid red vertical
lines. The mean and standard deviation of each of the distributions are quoted above.
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parameter space more efficiently. We evaluate the Δχ2 metric
from Section 3.6.2 in parallel on a grid of values spanning a
reasonable range of interest in each of the RHT parameters. We
consider DW= 37′, 55′, 75′, 95′, 115′, 135′, and 149′;
θFWHM= 2′, 4′, 6′, 8′, 10′, 12′, 15′, 30′, and 60′; and Z= 0.5,
0.7, 0.75, 0.8, 0.85, 0.9, and 0.95.

We find that the RHT parameters that maximize the
statistical significance of the detection among the ones we
tried are = ¢D 135W , q = ¢4FWHM , and Z= 0.75. These
parameters maximize the statistical significance when fitting
the metric using Bmodes only, Emodes only, and E and
Bmodes simultaneously. We compare the results we get using
these parameters to the results we get using the RHT
parameters used in Clark & Hensley (2019; = ¢D 75W ,
q = ¢30FWHM , and Z= 0.7) in Table 1. Our results improve
by ∼2σ in BB and in EE and by ∼3σ when EE and BB are
combined.

We look for trends in the detection significance with
BICEP/Keck and Planck data when varying each of the
RHT parameters monotonically, but do not find any. Instead,
we find that the correlation is robust for a wide range of
parameter choices. The exceptions are at the extremes of the
parameter space. We show examples of polarized intensity
maps of the H I morphology templates made with parameters
that correlate well or poorly with the dust in BB in Figure 5.

The polarized intensity is defined as

= + ( )P Q U , 152 2

where Q and U are the Stokes parameters of the H I

morphology template. We quote the statistical significance of
the detection in BB in the title of each panel. All of the
variations we tried correlate well (>5σ) in EE, including the
ones shown in Figure 5 with their detection significances stated
in the caption. Note that the examples that are weakly
correlated with the dust in BB either have a high Z
(Z 0.95) and DW? θFWHM or have a low Z (Z 0.5). While
the significance is larger than 5σ in EE for the examples on the
right, it is still fairly low by E-mode standards compared to the
examples on the left with a lower correlation ratio.
The cases with a high Z limit the RHT-detected linear

structure to longer, more connected filaments, while lower Z
decomposes the H I intensity into numerous shorter filaments.
The choppiness of the filaments affects the predicted B-mode
power more than it does the E-mode power because the B-
mode structure of this template is affected by the finite extent of
the filaments. Real-space maps of the E- and B-mode
amplitudes support this intuition (Huffenberger et al. 2020).
The net signal arising from choppy, colinear filaments produces
a constructive interference for Emodes but a destructive

Figure 3. EE (top) and BB (bottom) correlation ratio of the integrated H I morphology template with individual H I morphology templates for the H I4PI velocity
channels across multipoles 37 < ℓ < 579. The 1D plots on top show the broadband correlation ratio calculated over one mutipole bin spanning the entire multipole
range. It is separated into 3 velocity regions, V1, V2, and V3. The LVC boundaries as defined in Panopoulou & Lenz (2020) are indicated with dashed vertical lines.
The broadband correlation ratio between the different pair combinations of the 3 velocity components is printed on the left of each histogram.

9

The Astrophysical Journal, 945:72 (21pp), 2023 March 1 Ade et al.



interference for Bmodes. Also, because θFWHM affects the
largest spatial scales of the H I emission and the product of the
DW and the Z parameters defines an effective lower limit on the
length of the filaments, the combination of high Z with
DW? θFWHM, such as the middle right panel of Figure 5,

discards most of the structure in the map and is only sensitive
to the most prominent filaments. The B-mode-correlated H I
structure is related to the overall distribution of filaments, such
that annihilating all but a few substantially weakens the
correlation with the dust Bmodes.
We defer a more comprehensive interpretation of the RHT

parameters and their implications to a future study. For now,
we propose the parameters in Equation (13) as the recom-
mended ones when using the RHT in future analyses on H I4PI
data for making dust polarization or magnetic field templates in
the diffuse, high-Galactic latitude ISM. However, these
parameters might be sensitive to the BICEP/Keck filtering or
to the specific sky region. These effects will be explored in
future work.

5.2. Filamentary Polarization in the Local ISM

Using the Δχ2 statistical test defined in Section 3.6.2, we
find a significant correlation between the H I morphology
templates and the first velocity component, V1, as shown in

Figure 4. Integrated H I intensity maps over the 3 different velocity components defined in Figure 3 in the BICEP/Keck region. The velocity boundaries for each
component are printed on the bottom right of each map. The emission in V1 is dominated by the Milky Way, whereas the emission in V2 and V3 is dominated by
Magellanic Stream I (Westmeier 2018). The outlines of the BICEP3 and the BICEP2 and Keck Array observing fields are also plotted. The Small Magellanic Cloud is
indicated.

Table 1
Statistical Significance of the Detection of V1 in Units of Equivalent Gaussian

Standard Deviations as Defined in Section 3.6.2 Using the 95, 150, and
220 GHz Bands of BICEP/Keck and the 353 GHz Band of Planck

Default Best

BB 4.7 6.7

EE 12.3 14.6

BB + EE 12.9 16.1

Note. The column labeled “best” uses the parameters = ¢D 135W , q = ¢4FWHM ,
and Z = 0.75, and the row labeled “default” uses the parameters = ¢D 75W ,
q = ¢30FWHM , and Z = 0.7, which are used in Clark & Hensley (2019).
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Table 1. These results are insensitive to covariance matrix
conditioning, frequency scaling law, or use of a transfer
function for the H I morphology template as shown in Table 5.

Above a certain threshold in the column density of H I,
Panopoulou & Lenz (2020) find an agreement between the
Northern and Southern Galactic Polar regions in the first and
99th percentiles of the H I cloud velocity distributions. They
therefore use those percentiles to adopt the boundaries
−12 km s−1< vlsr< 10 km s−1 between LVCs and IVCs. We
use this range to visualize the first moment map of the velocity
distribution of the H I structure in the BICEP/Keck region in
Figure 6. That is, we plot the intensity-weighted mean velocity,

å

å
á ñ =

· ( )

( )
( )v

v I v

I v
, 16v

v

to highlight the regions in the map where the emission is
dominated by different velocities. This is the velocity range that
exhibits the most substantial contribution to the dust-correlated
template as we show in Section 5.3. We perform a line integral

convolution (Cabral & Leedom 1993) on the H I morphology Q
and U maps in that velocity range, smoothed to the RHT
window diameter scale, to visualize the magnetic field
orientation inferred by the H I filaments and overplot it as the
texture in Figure 6.

5.3. Frequency Decorrelation and the Polarized Dust SED

Dust components along the same line of sight with different
polarization angles and SEDs give rise to a phenomenon called
line-of-sight frequency decorrelation. We test for evidence of
this phenomenon in the BICEP/Keck region between the LVC
and IVC components and between the filamentary and total
dust components.
LVCs and IVCs are known to contain dust (Boulanger et al.

1996; Reach et al. 1998; Planck Collaboration et al. 2011). The
velocity range of V1 spans both LVCs and IVCs using the
velocity boundaries defined in Panopoulou & Lenz (2020).
These are the same boundaries that Pelgrims et al. (2021) use in
their analysis of line-of-sight frequency decorrelation in Planck
data. Panopoulou & Lenz (2020) use a Gaussian decomposition

Figure 5. Polarized intensity maps of V1 in the BICEP/Keck region using RHT parameters that correlate >5σ (left) and <5σ (right) in B modes with BICEP/Keck
and Planck data. Only the statistical significance in B modes is quoted in the title of each of the maps, because all of the RHT parameters we tried correlate well (>5σ)
in E modes. From top to bottom, the maps on the left have 15.2σEE, 12.6σEE, and 14.9σEE detection significances, and the maps on the right have 6.3σEE, 8.6σEE,
and 8.2σEE detection significances.
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of the H I emission profiles to estimate the number of distinct
clouds along each sightline. While they show that most
sightlines in the BICEP/Keck region are dominated by one
LVC cloud on average, they do detect more than one cloud
along some sightlines. Pelgrims et al. (2021) detect line-of-
sight frequency decorrelation in the sightlines that contain
LVCs and IVCs with different polarization angles predicted by
H I morphology. While we know from Panopoulou & Lenz
(2020) that IVCs are not an important fraction of the H I
column in the BICEP/Keck region, we check whether that is
also true in polarization, i.e., whether the polarization inferred
from the H I morphology templates in the IVC velocity range
contributes significantly to the correlation with dust polariza-
tion. We find that the IVC emission integrated over the BICEP/
Keck region is ∼25% of the V1 column in intensity and ∼10%
of the V1 column in polarized intensity. Table 2 shows that the
detection significance is not strongly changed by the inclusion
of IVC-associated H I morphology template in the line-of-sight
sum, as expected on account of the amplitude ratios. The shifts
in detection significance are 0.3σ in all cases.

Therefore, we do not have good reason to expect strong
decorrelation from the IVC population in the BICEP/Keck
region. However, there could be frequency decorrelation
arising from different dusty regions along the line of sight
that are all associated with gas within the LVC range. The
kinematic substructure of the LVC H I could in principle be
used to further explore the 3D distribution and phase structure
of the gas in this region, and its possible association with
different contributions to the total dust SED.

Since the H I morphology template is filamentary, the E and
B modes of this template are sourced by the same filaments
(Huffenberger et al. 2020), although variations in the 3D dust
properties could still give rise to SED differences between E
and B modes (Vacher et al. 2022). Minimizing the χ2 test
statistic defined in Equation (8), we fit β using
both E and Bmodes simultaneously.

For the most sensitive measurement of βHI in V1, we use
both E and Bmodes, the best-fit RHT parameters from
Equation (13), the 95, 150, and 220 GHz bands of BICEP/
Keck, and the 143, 217, and 353 GHz bands of Planck. We
condition the covariance matrix and use a transfer function for
the H I morphology template; though those choices do not
substantially affect the result as shown in Appendix B.

From the χ2 minimization described in Section 3.6.1, we
get χ2/d.o.f. = 1.4, where d.o.f. is the number of degrees of
freedom. We find b = ˆ 1.52 0.11HI and plot the best-fit BB
observables for the 4 most sensitive bands used in this
measurement in Figure 7. The error bars are the square root of
the diagonal elements of the covariance matrix used in the χ2

fit. Since the H I morphology template does not correlate with
the lensed-ΛCDM, noise, and GD components, the mean of
these cross spectra plotted in light green is statistically
consistent with zero. Any visible deviations are due to the
sample variance in the finite simulation ensemble. The
55< ℓ< 90 bandpower of the cross spectrum between the real
data and the H I morphology template fluctuates low relative to
the cross spectrum between the H I morphology template and
the H I-correlated component of the simulation, which is
modified by the transfer function defined in Section 3.2. This is
consistent across frequencies because each multipole bin
bandpower is well correlated with the bandpower of the same
multipole bin at the different frequencies. The modified H I-
correlated component of the simulation is not guaranteed to
match the real data, because we do not have a data-driven
model for the multipole-dependent representation of the H I
morphology template in the real dust field (Section 3.2). Note
that the cross correlations with the real data highly exceed the
spurious correlations across all frequencies.
Taking a Bayesian approach, we use COBAYA (Torrado &

Lewis 2019, 2021) to run MCMC and compute the posteriors
on a, k, and βHI as described in Section 3.6.1. We marginalize
over a because the GD cross spectra with the H I morphology

Figure 6. Map of the first moment of the velocity distribution of the H I structure in the BICEP/Keck region for −12 km s−1 < vlsr < 10 km s−1, the velocity range
most correlated with the polarized dust emission. The texture is a line integral convolution of the magnetic field orientation as inferred by the H I filaments.

Table 2
Comparison of the Statistical Significance of a Detection of the Cross
Correlation with the Dust Polarization in Units of Equivalent Gaussian

Standard Deviations When Including the Channels in the IVC Velocity Range
in the Line-of-sight Sum

Range for LVCs + IVCs Range for LVCs

BB 6.7 6.8

EE 14.6 14.3

BB + EE 16.1 16.1

Note. The RHT parameters from Equation (13) are used here for the H I

morphology template with the 95, 150, and 220 GHz bands of BICEP/Keck
and the 353 GHz band of Planck.
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template have no constraining power for a, and show the
contour plots for the more interesting k and βHI in Figure 8 for
Emodes only, Bmodes only, and E and Bmodes simulta-
neously. The value for k folds in the normalization of the H I
morphology template. However, the more standard deviations
away from zero it is, the stronger the detection of an H I-
correlated component there is in the cross spectra of the real
data with the H I morphology template. The posterior of
βHI= 1.54± 0.13 when using E and Bmodes simultaneously is
consistent with the best-fit value and standard deviation we get
using the frequentist maximum-likelihood approach.

We find consistency between the spectral index of the
filamentary dust SED, βHI, and the total dust SED, βd, as
obtained in BK18 by fitting BICEP/Keck, WMAP, and Planck
B-mode autospectra and cross spectra to a GD model. That
work used a multicomponent parametric model with the
Hamimeche and Lewis likelihood that includes autospectra
and cross spectra across frequencies. The posteriors are shown
in Figure 9 with repeated posteriors from Figure 8 for
comparison. The posteriors plotted are measuring a related

but different quantity, because we are correlating with a
filament-based template in this paper. The results obtained
in BK18 are based on a dust model that assumes a constant
ratio between the dust EE and BB power spectra. In this paper,
we modify this model to allow the dust EE and BB power
spectra to have independent power-law spectral behavior. We
find a slight shift to higher values when Emodes are included
in the fit. The best-fit values and 1σ deviations for the
filamentary and total dust components, respectively, are
1.42± 0.19 and 1.49± 0.13 for BB and 1.54± 0.13 and
1.70± 0.10 for EE+ BB. We do not find significant tension
between the filamentary and total dust SEDs. However, it
would be interesting to check whether the differences become
statistically significant with tighter uncertainties, which would
have important implications for B-mode cosmology.
Since the H I morphology model is identifying only

filamentary contributions to the dust polarization, the similarity
in the best-fit values and posteriors for β between the two
methods indicates that there is no evidence of decorrelation
between the filamentary structures that are preferentially

Figure 7. The best-fit BB observables used in the Δχ2 statistic defined in Section 3.6.2 for the 95, 150, and 220 GHz bands of BICEP/Keck and the 353 GHz band of
Planck. A modified blackbody frequency scaling, covariance matrix conditioning, and a transfer function for the H I morphology template with the RHT parameters
from Equation (13) are used for the fit here. The cross spectrum between the real data and the HI morphology template (light blue), the best-fit cross spectrum between
the HI morphology template and the modified HI-correlated component of the simulation (dark blue), and the mean of the cross spectra between the HI morphology
template and the lensed-ΛCDM, noise, and Gaussian-dust components of the simulation (light green) are plotted.
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associated with the cold neutral medium (Clark et al. 2019;
Kalberla et al. 2020) and the rest of the dust column in the
BICEP/Keck region. If the H I morphology method yielded a
different SED, the combination of H I and GD would produce
different polarization angles at different frequencies due to the
changing relative weighting between the two components. We
also find that the results for βHI are consistent for different RHT
parameters.

The fact that we find a similar SED fit for the filamentary
component and for the total dust in the BICEP/Keck region
does not have to be the case in other regions of the sky. The
dust associated with the warmer, more diffuse H I component
may scale differently in frequency in other regions. Because the
H I morphology templates use the orientation of filamentary
structures, a data-driven model for the dust polarization
associated with the diffuse, nonfilamentary dust is currently
lacking.

5.4. Individual Frequency Band Contribution

We study the contribution of each band and instrument used
in the results of Sections 5.2 and 5.3 and measure the statistical
significance of the detection of filamentary dust polarization as
a function of frequency.

We measure a significant detection of dust down to 95 GHz
as shown in Table 3. These results are insensitive to the
covariance matrix conditioning, frequency scaling law, or use
of a transfer function for the H I morphology template as shown
in Table 7. We find that, in the BICEP/Keck region, the
BICEP3 95 GHz band is more sensitive to dust polarization
than any of the Planck bands below 353 GHz when using both
E and Bmodes and is more sensitive than any Planck band
when using Bmodes only. When using both E and Bmodes,
the Planck 353 GHz band is the only Planck band that exceeds

5σ, while the 150 and 220 GHz bands of BICEP/Keck both
exceed 5σ, and the 95GHz band is correlated with the H I
morphology template at ∼5σ. This shows the power of the
BICEP/Keck bands for characterizing the dust in this field, and
especially, for measuring its SED. The detection at 95 GHz is
also interesting because it provides a low-frequency lever arm for
the dust SED, and it is the band where the Λ CDM component
starts to dominate over the dust component in polarized emission
at smaller scales (BICEP/Keck Collaboration et al. 2021). These

Figure 8. Posteriors of k and βHI fit using the Metropolis–Hastings algorithm
on uniform priors and the χ2 likelihood of the cross spectra of the real data with
the H I morphology template. The parameter a is marginalized over. The
E modes only (purple), B modes only (pink), and simultaneous E and B modes
(navy) posteriors are shown. The units for k are μKCMB/K km s−1, and βHI is
unitless.

Figure 9. Comparison of the posteriors for βHI through a χ2 likelihood using
cross correlations with the H I morphology template (solid) to the ones of βd
using the Hamimeche and Lewis likelihood with a multicomponent model and
no H I morphology template (dashed). We show the posteriors using B modes
only (pink), and B and E modes (blue). The solid posteriors are the same as in
Figure 8 plotted with the same colors. The B-mode-only total dust component
posterior is identical to the posterior shown in black in Figure 4 of BK18.

Table 3
Comparison of the Statistical Significance of a Detection of the Cross

Correlation between H I Morphology Template and the Dust Polarization at
Different Frequencies in Units of Equivalent Gaussian Standard Deviations as

Defined in Section 3.6

BB EE BB + EE

BICEP3 95 GHz 4.53 1.22 4.72

Planck 143 GHz 0.05 0.72 0.12

BICEP2/Keck 150 GHz 5.31 2.43 5.98

Planck 217 GHz 3.50 2.37 4.02

Keck 220 GHz 5.82 7.13 9.26

Planck 353 GHz 3.18 7.99 8.59
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results are consistent with our expectations from the map
depths we have shown in BK18 and with the number of
standard deviations away from zero the peak of the posterior
for k is for each case.

At frequencies lower than 220 GHz, almost all of the
detection significance is coming from Bmodes. That is, the
statistical significance of the detection is equivalent at lower
frequencies when including Emodes. This is because at lower
frequencies, in Emodes, we are limited by the sample variance
of the CMB, i.e., the statistical significance of the detection will
not improve unless we remove the CMB component or increase
the observed sky area. The Emodes at those frequencies
produce a negligible change in the overall significance
estimates because they are downweighted by our statistical
metrics.

Moreover, we can measure whether the SED changes when
we omit the low- or high-frequency channels from our analysis.
We show the βHI posteriors, using both E and Bmodes in the
fits, in Figure 10. For the BICEP/Keck-only case, we
find b = -

+1.36HI 0.17
0.14. For the Planck-only case, we find b =HI

-
+2.26 0.54

0.32. Using similar frequencies to the Planck-only case but
replacing Planckʼs 143 and 217 GHz bands with the 150 and
220 GHz bands of BICEP/Keck, we find βHI= 1.69± 0.15.
Finally, we also plot the posterior using all the frequency
bands, for which βHI= 1.54± 0.13, with the same color as in
Figures 8 and 9 for comparison.

Note that, although two of the cases cover approximately the
same frequency range, the Planck-only case has a wider
posterior that is shifted slightly toward higher values of βHI.
This is because Planckʼs 143 and 217 GHz bands are not very
sensitive to filamentary dust polarization when restricted to the
BICEP/Keck region as compared to BICEP/Keckʼs 150 and
220 GHz bands. That said, the four posteriors are statistically
consistent with each other to within 2σ. The results are
qualitatively similar when fitting Emodes and Bmodes
separately.

Finally, we also calculate the correlation ratio as a function
of multipole ℓ between BICEP/Keck or Planck data and V1
with RHT parameters from Equation (13). The correlation ratio
is defined as

r =
´

´
´

´ ´
( )D

D D
. 17ℓ

ℓ

ℓ ℓ

data HI
data HI

data data HI HI

The autospectra in the denominator contain noise biases. It
would be possible to debias, but this would change the
interpretation of the resulting correlation ratio. With noise
debiasing, the correlation ratio would reflect the fraction of the
sky signal that is accounted for by the H I morphology
template. Without noise debiasing, as in Equation (17), the
correlation ratio reflects the fraction of the data (including
noise) that is accounted for by the H I morphology template.
For the purposes of forecasting sensitivity to r, we wish to
retain the diluting effects of noise.

We plot the results in Figure 11. The error bars show the 1σ
deviation of the correlation of 499 realizations of lensed-
ΛCDM, GD, and noise with V1. Comparing BICEP/Keck data
points with Planck bands of similar frequencies, we note that
the BICEP/Keck bands correlate better in B modes with the H I
morphology template in this region. Also, the BICEP/Keck
220 GHz data is only slightly less correlated with V1 in EE but
much more correlated in BB than the Planck 353 GHz data.

This is consistent with the dust sensitivity estimates from BK18
that show that the BICEP/Keck 220 GHz data is more sensitive
to dust than the Planck 353 GHz data (Figure 6 of BK18). The
correlation ratio is larger in B modes than that in E modes for
BICEP/Keck bands due to the CMB sample variance at lower
frequencies. For a direct comparison of the error bars between
BICEP/Keck and Planck bands of similar frequencies, we plot
the numerator of the correlation ratio ρℓ, i.e., the cross spectra
Dℓ in Figure 12. The error bars are clearly smaller for the
BICEP/Keck bands, especially in B modes.

5.5. Polarized Dust in Magellanic Stream I

Passing through the BICEP/Keck region is a stream of high-
velocity gas, known as Magellanic Stream I (Westmeier 2018).
The metallicity and abundance measurements of the Magella-
nic Stream are consistent with an origin in the SMC, created by
a gravitational tug from the Large Magellanic Cloud (Fox et al.
2018). The Magellanic Stream and Clouds are part of the
Magellanic System, along with the Magellanic Bridge and the
Leading Arm (see, e.g., D’Onghia & Fox 2016, for a review).
The nature of dust in the Magellanic Stream is not well
constrained by observations. Measurements of the gas-to-dust
ratio in the Magellanic Clouds indicate a much lower dust
content than that in the Milky Way (Fong et al. 1987;
Richter 2000; Tumlinson et al. 2002).
However, there is good reason to believe that the Stream

may contain some dust since the same processes that inject

Figure 10. Comparison of the posteriors for βHI we get through a χ2 likelihood
using E- and B-mode cross correlations with the H I morphology template for
different selections of frequency bands and for BICEP/Keck-only and Planck-
only variations. The thick navy posterior labeled “All” is the same as the navy
posterior in Figures 8 and 9.
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metals, such as Mg II and Fe II, into clouds should also inject
dust (Wakker 2001; Benjamin 2005). Constraints on the dust
content of the Magellanic Stream can thus have important
implications for dust survival and destruction in the Stream
environment. Although efforts to detect dust emission from the
Magellanic Stream have not yielded positive results yet in
intensity or reddening (Wakker & Boulanger 1986; Lenz et al.
2017), we test whether we can detect it in polarization,
assuming the dust there is polarized due to a coherent magnetic
field. While not yet directly detected in the Magellanic Stream,
a coherent magnetic field is plausible given the detections in
other tidal features and in the Magellanic Bridge using Faraday
rotation measurements (Kaczmarek et al. 2017).

Using the Δχ2 statistical test defined in Section 3.6.2, we
find no statistically significant correlation with the second and
third velocity components, V2 and V3. The correlation metric
does not exceed ∼2.5σ for any of the choices in Table 4,

including the addition of V2 and V3. This is also true for all the
different variations of RHT parameters we tried.
We also try looking for a correlation in total intensity (TT)

between BICEP/Keck or Planck T and V2 or V3 T (the H I
intensity integrated over the V2 and V3 velocity ranges) and
find no correlation. Since the standard BICEP/Keck simula-
tions constrain T to the well-measured Planck T map, we only
use that one realization for computational simplicity and only
look for a visual correlation rather than making statistical
inferences. Furthermore, adding V2, V3, or both to V1
decreases the TT correlation with BICEP/Keck and Planck.
We therefore do not detect evidence for dust in Magellanic

Stream I. The Magellanic Stream’s distance may limit our
sensitivity to resolving the local magnetic field orientations
there because structures on the plane of the sky of the same
angular scale as the Galactic gas correspond to much larger
structures at the distance of the Magellanic Stream. The

Figure 11. EE (cross) and BB (circle) unitless correlation ratios as a function of multipole moment. The correlation ratios between V1 and Planck data with 1σ
variations are shown in red and brown to compare them to the correlation ratios between V1 and BICEP/Keck data, which are shown in teal and turquoise. The errors
are derived from spurious correlations between V1 and lensed-ΛCDM, Gaussian dust, and noise. Data points for similar frequencies between BICEP/Keck and Planck
are plotted on the same panels for comparison.
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Stream’s distance is fairly uncertain. Lucchini et al. (2021)
recently estimated it to be ∼20 kpc away from the Sun at its
closest point through the use of simulations. For comparison, at
these high-Galactic latitudes, the dust associated with V1 is
likely at a distance of order 100 pc (e.g., Guo et al. 2021;
Vergely et al. 2022). Furthermore, our analysis is restricted to

only the section of the Stream that intersects the BICEP/Keck
region. Extending the sky area to include the entire Stream,
running the RHT on forthcoming H I emission data from the
Galactic Australian Square Kilometre Array Pathfinder Survey
(Dickey et al. 2013) with 30″ angular resolution, and using
higher angular resolution dust polarization data (Hensley et al.
2022; CMB-S4 collaboration et al. 2022; CCAT-Prime
collaboration et al. 2023) are all possible extensions of this
work that can improve the sensitivity of this method for
detecting or setting limits on dust polarization from the Stream.

6. Summary and Outlook

We characterize the filamentary dust polarization in the
BICEP/Keck observing region through correlations with
template maps based on measurements of H I. A detection of
primordial gravitational wave Bmodes depends on reliable
component separation because the polarized dust emission is
the dominant foreground at frequencies�70 GHz (Dunkley
et al. 2009; Planck Collaboration et al. 2016) and has a higher
amplitude than that of the polarization associated with

Figure 12. EE (cross) and BB (circle) cross spectra as a function of multipole moment. The cross spectra between V1 and Planck data with 1σ variations are shown in
red and brown to compare them to the cross spectra between V1 and BICEP/Keck data, which are shown in teal and turquoise. The errors are derived from spurious
correlations between V1 and lensed-ΛCDM, Gaussian dust, and noise. Data points for similar frequencies between BICEP/Keck and Planck are plotted on the same
panels for comparison.

Table 4
Comparison of the Statistical Significance of a Detection of the Cross

Correlation between H I Morphology Templates and the Dust Polarization in
Units of Equivalent Gaussian Standard Deviations for V1, V2, and V3

V1 V2 V3 V2 + V3

BB 6.7 1.3 0.6 0.9

EE 14.6 2.4 1.4 2.5

BB + EE 16.1 1.6 1.2 0.3

Note. We also add a column for V2 + V3, both of which are associated with
Magellanic Stream I. The 95, 150, and 220 GHz bands of BICEP/Keck and the
353 GHz band of Planck are used here.
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primordial gravitational waves (Flauger et al. 2014; BICEP2/
Keck Collaboration et al. 2015; Errard et al. 2016). Therefore,
polarized dust emission must be characterized to great accuracy
and precision. We concentrate on the BICEP/Keck region as a
test case for the diffuse high-Galactic latitude sky with deep
data across several frequencies.

We summarize the conclusions of this work below.

1. We separate the H I emission in the BICEP/Keck region
into three distinct velocity components that together
account for the bulk of the polarized intensity in the H I
morphology template. One is associated with the Milky
Way, while the other two are associated with Magellanic
Stream I.

2. We explore the RHT parameter space to increase the
correlation with BICEP/Keck and Planck by ∼2σ in BB
and ∼3σ in EE and EE+BB with respect to the
parameters used in Clark et al. (2019). The parameters
we recommend using on H I4PI data in the BICEP/Keck
region for producing H I morphology templates are

= ¢D 135W , q = ¢4FWHM , and Z= 0.75.
3. Using polarization data from BICEP/Keck and Planck,

we find a statistically significant detection of filamentary
dust polarization in the Galactic component of H I at ∼7σ
in BB, ∼15σ in EE, and ∼16σ in EE+BB.

4. We show that the overwhelming majority of the
contribution comes from the LVC velocity range,
−12 km s−1< vlsr< 10 km s−1, and find no evidence of
frequency decorrelation in the BICEP/Keck region as
defined in Pelgrims et al. (2021). The inclusion of the
IVC component to the line-of-sight sum affects the
correlation by 0.1σ in BB, 0.3σ in EE, and 0.2σ in
EE+ BB. We note that the dust structure associated with
H I kinematic substructure within the LVC range could
still produce frequency decorrelation.

5. We fit an SED with b = ˆ 1.54 0.13HI in the BICEP/
Keck region for the filamentary dust polarization
component associated with the Galactic component. This
is consistent with the SED fit in BK18 for the total dust
component in the BICEP/Keck region. The similarity
between the SED of the filamentary contributions to the
dust polarization and the SED of the rest of the dust field
indicates that there is no evidence for decorrelation
between the filamentary dust and the rest of the dust
column in the BICEP/Keck region.

6. We present the first multifrequency detection of filamen-
tary dust polarization in cross correlation with H I
filaments down to 95 GHz. We show that the 95 GHz
band of BICEP3 is more sensitive than any Planck band
to the B-mode correlation in the BICEP/Keck region,
providing a low-frequency lever arm for the dust SED.
We also find that, at low frequencies, the brightness of the
CMB in Emodes limits our sensitivity but that the
correlation could improve in Bmodes with more data. As
a consistency check, we also omit certain frequency
bands in the multifrequency correlations to compare the
contribution of the different bands to our measurements.

7. We do not find evidence for dust polarization in the
higher-velocity H I components associated with Magel-
lanic Stream I. This confirmation is important for future
CMB observations whose field-of-view intercepts the
Magellanic Stream.

In addition to facilitating foreground removal for B-mode
cosmology, this type of H I-based characterization of the dust
polarization can also be a method for removing the Milky Way
foreground contribution for studies of the Magellanic Clouds in
dust polarization. Such a study is planned with CCAT-prime
(CCAT-Prime collaboration et al. 2023).
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Appendix A
Uncertainty Calculation

To measure the uncertainty on the best-fit a, k, and βHI
values, we construct a simulation set of 499 filtered dust
realization Stokes Q/U maps as

a a b bº +n n n n n˜ ( ˆ ) · ( ) · ˜ ( ˆ) ˆ · ( ˆ ) · ˜ ( ˆ)
( )

˜n n nm f m k f m, ,

A1

dust
GD

GD
HI

HI

where fν is a modified blackbody scaling law with a fixed
temperature, T= 19.6 K, as in Section 3.3, k̂ and b̂HI are the

best-fit results from the real data, and n˜ ˜
m HI is the result of

applying the transfer function defined in Section 3.2 in
harmonic space to nm̃ HI and then inverse transforming back to
map space. The free parameter α is chosen such that

a b= n
´ ´( ) ( ) ( )D Df , A2dust dust 2

GD
GD GD

22 http://healpix.sourceforge.net/
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where D is the mean over realizations of the vector of
autospectra over EE, BB, and multipole bins. One frequency,
353 GHz, is sufficient for the fit here.

Therefore, we fit for α using a Gaussian likelihood
approximation, i.e., a χ2-minimization

a a- = - --( ˆ ( ) ) ( ˆ ( ) ) ( ) S S Z S S2 log , A3T 1

where, from Equation (A2);

a a b

b

a b b

- = -

+

+

´

´

´

( )

ˆ ( ) ( ( ) ) ·
ˆ · ( ˆ ) ·

· · ˆ · ( ˆ ) · ( ) ·

˜ ˜

˜

A4

S S D

D

D

f

k f
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2
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2
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2

HI
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353 GHz HI 353 GHz GD
GD HI

and Z is the covariance matrix due to variations in the GD.
After fitting α, we define

a= + +n n n n
L˜ ( ˆ) ˜ ( ˆ) ˜ ( ˆ ˆ ) ( )n n nd m m m , , A5nCDM dust

where â is the best-fit value, and repeat the process in
Section 3.6.1, replacing Dreal with the cross spectra of dν with
the H I morphology template.
Expecting the fits for α, k, and βHI to yield the inputs â, k̂ ,

and b̂HI, we use the spread of the best-fit distributions for the
499 realizations to calculate the uncertainty on our fitting
method for a, k, and βHI, respectively. An example of this is
shown in Figure 2 and described in Section 3.7.

Appendix B
Analysis Variations

For the main results presented in Tables 1, 2, 3, and 4, we
condition the covariance matrix and use a transfer function and
a modified blackbody scaling for the H I morphology template.
In this appendix, we present those same results for different
variations of those choices in Tables 5, 6, 7, 8, respectively.
The main results are shown in the bolded columns of these
tables. Note that the results are not qualitatively affected by
these variations.

Table 5
Statistical Significance of the Detection of V1 in Units of Equivalent Gaussian Standard Deviations as Defined in Section 3.6.2 Using the 95, 150, and 220 GHz Bands

of BICEP/Keck and the 353 GHz Band of Planck

Covariance Matrix Not Conditioned Conditioned

Frequency Scaling Power Law Modified Blackbody Power Law Modified Blackbody

Transfer Function Used Not Used Used Not Used Used Not Used Used Not Used
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

BB best 7.0 6.3 6.8 6.2 6.9 6.2 6.7 6.2
default 4.8 3.9 4.7 3.9 4.7 4.0 4.7 4.0

EE best 15.2 14.9 15.2 14.9 14.6 14.2 14.6 14.2
default 12.2 10.7 12.2 10.7 12.3 10.8 12.3 10.8

BB + EE best 17.2 16.6 17.1 16.5 16.2 15.7 16.1 15.6
default 13.8 12.3 13.8 12.3 12.9 11.6 12.9 11.6

Note. The rows labeled “best” use the parameters = ¢D 135W , q = ¢4FWHM , and Z = 0.75, and the rows labeled “default” use the parameters = ¢D 75W , q = ¢30FWHM ,
and Z = 0.7, which are used in Clark & Hensley (2019). The bolded column (9) shows the main results. The other columns show the results for different variations of
our model.

Table 6
Comparison of the Statistical Significance of a Detection of the Cross Correlation with the Dust Polarization in Units of Equivalent Gaussian Standard Deviations

When Including the Channels in the IVC Velocity Range in the Line-of-sight Sum

Covariance Matrix Not Conditioned Conditioned

Frequency Scaling Power Law Modified Blackbody Power Law Modified Blackbody

Transfer Function Used Not Used Used Not Used Used Not Used Used Not Used
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

BB range for LVCs + IVCs 7.0 6.3 6.8 6.2 6.9 6.2 6.7 6.2
range for LVCs 7.1 6.4 7.0 6.3 7.0 6.2 6.8 6.2

EE range for LVCs + IVCs 15.2 14.9 15.2 14.9 14.6 14.2 14.6 14.2
range for LVCs 14.9 14.8 14.9 14.7 14.4 14.2 14.3 14.2

BB + EE range for LVCs + IVCs 17.2 16.6 17.1 16.5 16.2 15.7 16.1 15.6
range for LVCs 16.9 16.4 16.9 16.3 16.2 15.7 16.1 15.6

Note. The RHT parameters from Equation (13) are used here for the H I morphology template with the 95, 150, and 220 GHz bands of BICEP/Keck and the 353 GHz
band of Planck. The bolded column (9) shows the main results. The other columns show the results for different variations of our model.
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Table 7
Comparison of the Statistical Significance of a Detection of the Cross Correlation between H I Morphology Templates and the Dust Polarization at Different

Frequencies in Units of Equivalent Gaussian Standard Deviations as Defined in Section 3.6

Covariance Matrix Not Conditioned Conditioned

Frequency Scaling Power Law Modified Blackbody Power Law Modified Blackbody

Transfer Function Used Not Used Used Not Used Used Not Used Used Not Used
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

BICEP3 95 GHz 4.44 3.84 4.44 3.84 4.53 3.98 4.53 3.98
Planck 143 GHz 0.16 0.36 0.16 0.36 0.05 0.40 0.05 0.40

BB BICEP2/Keck 150 GHz 5.13 4.76 5.13 4.76 5.31 4.97 5.31 4.97
Planck 217 GHz 3.50 3.31 3.50 3.31 3.50 3.14 3.50 3.14
Keck 220 GHz 5.90 5.65 5.90 5.65 5.82 5.60 5.82 5.60
Planck 353 GHz 3.18 2.53 3.18 2.53 3.18 2.60 3.18 2.60

BICEP3 95 GHz 1.21 1.18 1.21 1.18 1.22 1.25 1.22 1.25
Planck 143 GHz 0.76 0.20 0.76 0.20 0.72 0.20 0.72 0.20

EE BICEP2/Keck 150 GHz 2.42 2.00 2.42 2.00 2.43 2.01 2.43 2.01
Planck 217 GHz 2.28 1.52 2.28 1.52 2.37 1.62 2.37 1.62
Keck 220 GHz 7.35 6.79 7.35 6.79 7.13 6.61 7.13 6.61
Planck 353 GHz 7.92 8.13 7.92 8.13 7.99 8.12 7.99 8.12

BICEP3 95 GHz 4.61 3.93 4.61 3.93 4.72 4.05 4.72 4.05
Planck 143 GHz 0.13 1.32 0.13 1.32 0.12 1.55 0.12 1.55

BB + EE BICEP2/Keck 150 GHz 5.83 5.32 5.83 5.32 5.98 5.49 5.98 5.49
Planck 217 GHz 3.72 2.80 3.72 2.80 4.02 3.05 4.02 3.05
Keck 220 GHz 9.02 8.46 9.02 8.46 9.26 8.76 9.26 8.76
Planck 353 GHz 8.65 8.59 8.65 8.59 8.59 8.57 8.59 8.57

Note. The bolded column (9) shows the main results. The other columns show the results for different variations of our model.

Table 8
Comparison of the Statistical Significance of a Detection of the Cross Correlation between H I Morphology Templates and the Dust Polarization in Units of Equivalent

Gaussian Standard Deviations for V1, V2, and V3

Covariance Matrix Not Conditioned Conditioned

Frequency Scaling Power Law Modified Blackbody Power Law Modified Blackbody

Transfer Function Used Not Used Used Not Used Used Not Used Used Not Used
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

V1 7.0 6.3 6.8 6.2 6.9 6.2 6.7 6.2
BB V2 1.0 1.0 1.1 1.1 1.1 1.3 1.3 1.4

V3 0.8 0.2 0.8 0.2 0.7 0.1 0.6 0.1
V2 + V3 0.7 0.5 0.8 0.5 0.9 0.7 0.9 0.7

V1 15.2 14.9 15.2 14.9 14.6 14.2 14.6 14.2
EE V2 2.4 2.3 2.4 2.4 2.3 2.3 2.4 2.3

V3 1.4 1.1 1.4 0.8 1.5 0.8 1.4 1.1
V2 + V3 1.6 0.5 1.6 0.2 2.5 2.3 2.5 2.3

V1 17.2 16.6 17.1 16.5 16.2 15.7 16.1 15.6
BB + EE V2 2.0 2.2 2.1 2.3 1.5 2.1 1.6 2.1

V3 1.1 1.1 1.2 1.1 1.2 1.1 1.2 1.1
V2 + V3 0.7 0.2 0.7 0.2 0.4 0.2 0.3 0.1

Note.We also add a column for V2 + V3, both of which are associated with Magellanic Stream I. The 95, 150, and 220 GHz bands of BICEP/Keck and the 353 GHz
band of Planck are used here. The bolded column (9) shows the main results. The other columns show the results for different variations of our model.
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