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Abstract

Interstellar linear polarization occurs when starlight passes through elongated dust grains aligned by interstellar
magnetic Delds. The observed polarization can come from different dust structures along the line of sight (LOS).
By combining polarization measurements with stellar distances, we can study the plane-of-sky Galactic magnetic
Deld (GMF) between the observer and the star and separate the contributions of clouds with different GMF
properties. We used optical and near-infrared (NIR) polarization data from three regions in the Galactic plane
(|b|< 1° and 19°.8 < l < 25°.5) to perform a polarization decomposition across the Galactic arms. A comparison
between the optical and NIR data showed an optical-to-NIR polarization ratio of two to three along the LOS and a
consistent polarization angle across both wavelengths in all studied regions, within the measurement uncertainties.
We applied the Bayesian Inference of Starlight Polarization in one dimension and the Gaussian mixture model
methods to decompose the polarization in the three regions. The optical and NIR observations complemented each
other, consistently identifying nearby (d ≲ 143 pc), intermediate (0.47 kpc< d < 1.2 kpc), and distant
(1.5 kpc< d < 2.5 kpc) polarizing clouds, in agreement with previous Dndings of the Local Bubble wall, the
Local Arm, and Sagittarius Arm dust structures. The results from both polarization decomposition methods agree
and complement each other. Polarization tomography revealed signiDcant LOS variations in the plane-of-sky
magnetic Deld orientation in two of the three regions. The relative alignment between the magnetic Delds traced
by starlight polarization and Planck’s polarized thermal dust emission at 353 GHz reafDrmed these variations.

Uni ed Astronomy Thesaurus concepts: Starlight polarization (1571); Interstellar medium (847); Interstellar
magnetic Delds (845); Milky Way magnetic Delds (1057); Galaxy structure (622)

1. Introduction

Linear starlight polarization is produced in the interstellar
medium (ISM) when unpolarized light from stars is scattered by
elongated dust grains aligned with the Galactic magnetic Deld
(GMF; J. S. Hall 1949; W. A. Hiltner 1949). The direction of
the linear polarization indicates the magnetic Deld orientation on
the plane of the sky, while the intensity is associated with the
amount of polarizing dust and the magnetic Deld’s inclination
relative to the line of sight (LOS; K. Serkowski 1962).
Therefore, starlight polarization provides insights into the
plane-of-sky magnetic Deld component and dust properties
along the LOS up to the position of the stars.

The magnetized ISM is a dynamic and heterogeneous
environment where the properties of dust and magnetic Deld
vary spatially (e.g., see K. Ferrière 2015; M. Haverkorn 2015,
and references therein). Consequently, the observed starlight
polarization may contain contributions of multiple structures
characterized by distinct magnetic Deld and dust properties
(see, e.g., G. V. Panopoulou et al. 2019). When combined with
accurate stellar distance measurements, starlight polarization

becomes a powerful tool for localizing and characterizing the
different magnetized dust structures found between the
observer and the star.
Starlight polarization has been used alongside stellar distance

measurements to study structures in the ISM and large-scale
GMF (e.g., S. Lloyd & M. O. Harwit 1973; L. A. Fowler &
M. Harwit 1974; R. S. Ellis & D. J. Axon 1978; C. Heiles 1996;
P. Fosalba et al. 2002; A. Berdyugin et al. 2014; M. J. F. Versteeg
et al. 2023). For example, J. L. Leroy (1999) combined interstellar
dust polarization and Hipparcos parallaxes to estimate the
distance to the Local Bubble wall, revealing its irregular shape,
with the nearest boundary around 70 pc and the farthest extending
beyond 150 pc. More recently, the development of accurate stellar
distance catalogs (e.g., C. A. L. Bailer-Jones et al. 2021;
F. Anders et al. 2022) and three-dimensional (3D) dust extinction
maps (e.g., D. Lenz et al. 2017; G. M. Green et al. 2019;
R. H. Leike et al. 2020; R. Lallement et al. 2022; J. L. Vergely
et al. 2022; G. Edenhofer et al. 2024), based on precise parallax
and photometry observations from the Gaia satellite (Gaia
Collaboration et al. 2018, 2021), has led to advancements in
investigating the 3D magnetic Deld structure in the Galaxy. For
instance, G. V. Panopoulou et al. (2019) demonstrated the
feasibility of tomographic reconstruction of the interstellar
magnetic Deld using stellar distance, H I emission spectra, and
R-band starlight polarization.
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Investigating the 3D structure of the GMF at both small and
large scales enables us to understand the dynamics of
important processes in the ISM, such as the formation and
evolution of structures (e.g., see K. Pattle et al. 2023), the
propagation of charged particles (e.g., R. Beck 2003), and the
magnetic Deld’s contributions to turbulence and gas dynamics
(e.g., see A. Beresnyak & A. Lazarian 2019). Models and
observations suggest that the large-scale GMF follows the
shape of the spiral arms, thereby aligning nearly parallel to the
Galactic thin disk (R. Beck 2003; K. Ferrière 2015; M. Have-
rkorn 2015), while our understanding of the GMF in interarm
regions remains limited. Starlight polarization data generally
conDrm this alignment (P. Fosalba et al. 2002; S. Nishiyama
et al. 2009; D. P. Clemens et al. 2020) and can test large-scale
GMF models (M. D. Pavel et al. 2012; M. D. Pavel 2014).
Moreover, starlight polarization orientations probe the local
plane-of-sky direction of the GMF along the Galactic arms
(A. Berdyugin et al. 1995; C. Heiles 1996). On smaller scales,
the GMF properties vary signiDcantly, particularly in regions
of high column density (J. D. Soler et al. 2016; K. Pattle et al.
2023). However, in the nearby diffuse ISM, the small-scale
magnetic Deld appears to align with the structure of the large-
scale GMF (Y. Angarita et al. 2024). Furthermore, polarization
efDciency analyses further reveal that the turbulent, or random,
component of the magnetic Deld may dominate over the
regular, ordered component (H. Hatano et al. 2013).

Many polarization tomography techniques have been
developed, providing insights into the 3D structure of the
GMF at different scales (e.g., M. D. Pavel 2014; I. Medan &
B. G. Andersson 2019; G. V. Panopoulou et al. 2019; V. Pelgrims
et al. 2023, 2024; Y. Doi et al. 2024; M. J. F. Versteeg et al.
2024). For example, Y. Doi et al. (2024) probed multiple
polarizing clouds in the Sagittarius Arm between 1.23 and 2.23
kpc, using R-band polarization. The study revealed different
magnetic Deld orientations deviating notably from the direction
parallel to the Galactic thin disk (i.e., 90°). Furthermore,
B. G. Andersson & S. B. Potter (2005) and M. J. F. Versteeg
et al. (2024) examined the magnetic Deld properties of the
Coalsack region, located about 200 pc away, using optical
polarization. They found that, in addition to the polarization
caused by the Coalsack cloud, the farthest stars revealed a second
polarizing cloud roughly between 1.3 and 1.5 kpc, likely in the
Carina–Sagittarius spiral arm. Finally, N. Uppal et al. (2024)

found signatures of the Local Arm, the Perseus Arm, and the
Outer Arm using optical linear polarization data of open clusters
toward the Galactic anticenter.

In this work, we present a tomographic analysis of the GMF
across the spiral arms, from the Local Bubble wall to the
Sagittarius Arm. To this end, we use optical and near-infrared
(NIR) starlight polarization observations from the Interstellar
Polarization Survey (IPS; A. M. Magalhães et al. 2005) and
the Galactic Plane Infrared Polarization Survey (GPIPS;
D. P. Clemens et al. 2012), respectively. In Section 2, we
present the polarization catalogs and ancillary data, such as
distance and 3D dust maps, used for the analysis. In Section 3,
we introduce the polarization decomposition methods used in
the tomography analysis. We describe our results in Section 4,
starting with a comparison between optical and NIR polariza-
tion observations, followed by the results of the magnetic Deld
tomography. We discuss these results in Section 5, comparing
them with previous Dndings for similar regions, and present
our conclusions and summary in Section 6.

2. Polarization and Ancillary Data

We use three regions, identiDed as C5, C45, and C50, from
IPS observations (A. M. Magalhães et al. 2005 and
A. M. Magalhães et al. 2025, in preparation), which are

located within the Galactic thin disk at ° < < °b1.0 1.3 and
° < < °l20.0 25.5 (Figure 1). These regions, with an area of

° × °0.3 0.3 each, were chosen for their low Galactic latitude,
their proximity in the sky, and the large number of objects with
optical and NIR polarization observations, all of which
facilitate a multiwavelength polarization study of the Galactic
arms. The following sections describe the starlight polarization
observations in the V band and H band used in our study, along
with the ancillary data. Additionally, we outline the quality
Dlters and preprocessing steps employed to prepare our data
sets for analysis.

2.1. Optical Polarization Data

The V-band polarization data were extracted from the IPS-
GI catalog (M. J. F. Versteeg et al. 2023). The V-band
photometric and polarimetric parameters were processed using
the SOLVEPOL pipeline (E. A. Ramírez et al. 2017). The
catalog includes relevant parameters such as the 84th, 50th,
and 16th percentiles of the optical extinction posterior
distributions (F. Anders et al. 2022), and the unique Gaia
EDR3 source identiDer (Gaia Collaboration et al. 2021).
We kept optical polarization measurements with a signal-to-

noise ratio (SNR) above three, as we aim to retain nearby low-
polarization values often discarded by higher SNR cuts
(Y. Angarita et al. 2023; M. J. F. Versteeg et al. 2023). At
SNR> 3, the degree of polarization measured may be affected
by Ricean bias (e.g., E. A. Ramírez et al. 2017). Therefore, we
debiased the polarization degree with the generalized modiDed
asymptotic estimator of S. Plaszczynski et al. (2014):
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where pv,d is the debiased polarization, pv is the observed

polarization degree, and p
v

is its uncertainty.
We do not correct for the estimated instrumental polarization

of 0.07% since it is below the median fractional polarization
error measured (see M. J. F. Versteeg et al. 2023, for more
details). Furthermore, following the quality Dlters suggested by
M. J. F. Versteeg et al. (2023), we excluded stars with
> 0.8%pv

to avoid untrustworthy polarization values. Addi-
tionally, we discarded the duplicates generated during the
crossmatch with the Gaia EDR3 catalog (Gaia Collaboration
et al. 2021); see details in M. J. F. Versteeg et al. (2023). The
optical polarization maps of each region are presented in
Figure 1 (the white pseudovectors).

2.2. Near-infrared Polarization Data

We use NIR polarization observations in the H band (1.6 μm)

from GPIPS Data Release 4 presented by D. P. Clemens et al.
(2020). We queried the GPIPS catalog through the table access
protocol VizieR service.7 We selected rectangular regions
centered in the IPS-GI Delds, each with twice the size of the
IPS-GI Deld of view, i.e., ° × °0.6 0.6. GPIPS observations
surveyed Galactic latitudes between −1° and +1°. As a result,

7
https://tapvizier.u-strasbg.fr/adql/?J/ApJS/249/23
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the IPS-GI region C50 is covered only partially by the NIR
polarization catalog.

The H-band polarization degree is already debiased in
D. P. Clemens et al. (2020) following

( )=p p , 2d ph, h

2 2

h

where p
h
is the polarization degree uncertainty. We kept the

NIR polarization SNR above three. Additionally, we Dltered

the GPIPS data set by the magnitude and polarization

uncertainties, retaining bright stars with mh < 12.5 mag and

< 2%ph
, as suggested by D. P. Clemens et al. (2020).

We converted the normalized Stokes parameters
( )/=q Q I

h
eq

h h eq and ( )/=u U Ih
eq

h h eq in the equatorial refer-
ence frame to the International Astronomical Union (IAU)

Galactic reference frame, i.e., q
h
gal and uh

gal, to facilitate the
analysis and comparison with optical polarization. From here
on, we will refer to the fractional Stokes parameters in Galactic
coordinates as qh and uh for simplicity. The NIR polarization
maps of each region are presented in Figure 1 (the black
pseudovectors).

2.3. Parallax and Photogeometric Distance

We crossmatched the IPS-GI and GPIPS data sets separately
with the Gaia EDR3 catalog (Gaia Collaboration et al. 2021) to

obtain the renormalized unit weight error (RUWE; which
indicates the goodness of the astrometric solution), the parallax
(ϖ), and photometry parameters, along with their uncertain-
ties. We employ Gaia’s parameters to deDne quality Dlters
when using parallax measurements. We also crossmatched the
individual polarization data sets with the C. A. L. Bailer-Jones
et al. (2021) distance catalog to obtain the median stellar
photogeometric distance, including the 84th (high) and 16th
(low) posterior percentiles.
The catalogs were crossmatched using the unique Gaia EDR3

source identiDer. In the case of the GPIPS data set, we also used
the precomputed crossmatched catalog available in Gaia’s
archive to relate the source identiDer of Gaia Data Release 2 to
Gaia EDR3. The reliability of the Gaia parameters, including
the photogeometric distance, is assessed with the parallax SNR,
ϖ/σϖ, and the RUWE value associated with each Gaia source.
We adopted ϖ/σϖ > 2 and RUWE< 1.4, as suggested in Gaia
Collaboration et al. (2021), Gaia Collaboration et al. (2023), and
C. A. L. Bailer-Jones et al. (2021).

2.4. Crossmatching Polarization Data Sets

Next, we crossmatched the IPS-GI data sets with the GPIPS
data sets using the unique Gaia EDR3 source identiDer. We
relaxed the NIR polarization SNR Dlter to two for C45 and
C50 due to the limited number of common stars available for

Figure 1. Starlight polarization observations from IPS-GI (in white) and GPIPS (in black) catalogs, after Dltering, in the regions C5, C45, and C50. The colored
background is the column density obtained using the thermal dust optical depth maps at 353 GHz from Planck Collaboration Int. XLVIII et al. (2016). The white
texture in the background represents the plane-of-sky GMF orientation as observed by Planck (Planck Collaboration XII et al. 2020), and it is generated using line
integral convolution (LIC, B. Cabral & L. Leedom 1993).
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analysis. The crossmatched data set ended up with 47, 26, and

12 measurements in the regions of C5, C45, and C50,

respectively, after Dltering. The small number of common

stars in C50 is due to GPIPS only partially covering the IPS-GI

region. Therefore, the statistical results are less robust in this

area than in the other two regions, which have more

measurements.

2.5. Non-interstellar-medium Polarization

Despite the quality Dlters applied (Sections 2.1 and 2.2),

atypical polarization measurements may remain. These

observations may be caused by intrinsically polarized sources.

Additionally, in the case of IPS-GI data, odd polarization

measurements might be due to mismatches or superposition of

the ordinary and extraordinary images created by the Savart

prism in a crowded Deld of view (A. M. Magalhães et al. 2005;

M. J. F. Versteeg et al. 2023).
To remove potential non-ISM polarization, we analyzed the

correlation of the distributions of the normalized Stokes

parameters q and u with distance and performed a sigma

clipping on atypical values. We adopted the method from

V. Pelgrims et al. (2024) as follows. First, we deDned a set of

nearby neighbors for each data point in a 3D spatial reference

frame, typically between 10 and 15, depending on the number

of measurements available for the region. Then, we computed

the mean of the q and u measurements and the covariance

matrix from their uncertainties, respectively, for each group of

neighbors. We did not consider distance uncertainties here.

Subsequently, we evaluated the deviations of each data point

from the neighborhood mean value, weighting by the

uncertainties (Equation (8) from V. Pelgrims et al. 2024).

Finally, we removed values with deviations above a 3σ

threshold.
In the data processing for the decomposition with Bayesian

Inference of Starlight Polarization in one dimension (BISP-1;

Section 3.1), we utilized the inverse parallax in the sigma

clipping, while for the clustering analysis (Section 3.2), we

employed photogeometric distances. Furthermore, we did not

apply sigma clipping to the crossmatched polarization data sets

(Section 2.4) due to the limited number of common stars in

each region.

2.6. Three-dimensional Dust Maps of the Local Galaxy

We use 3D dust maps from J. L. Vergely et al. (2022) to
track and compare the possible origin of the starlight
polarization within large-scale dust structures along the sight
lines. We retrieved the 3D maps through the G-Tomo
platform8 using the central coordinates of the IPS-GI Delds.
Since GPIPS data span a wide range of distances, we use 3D
dust maps with resolutions of 10 pc, 25 pc, and 50 pc,
extending to radii of ∼1.5 kpc, ∼3 kpc, and ∼5 kpc,
respectively. The low-resolution maps often contain signiDcant
uncertainties, especially at large distances. Therefore, the dust
structures interpretation must be done with caution.

3. Starlight Polarization Tomography

The starlight polarization carries information of the plane-of-
sky magnetic Deld component and dust properties of the ISM
between the observer and the star (J. S. Hall 1949; W. A. Hiltner
1949; K. Serkowski 1962). This signal can include contributions
from distinct dust structures with varying magnetic Deld
properties, as illustrated in Figure 2. The variations in magnetic
Deld and dust properties along the LOS are reNected in changes
in the normalized Stokes parameters q = Q/I and u = U/I, as a
function of distance (e.g., see G. V. Panopoulou et al. 2019;
V. Pelgrims et al. 2023; Y. Doi et al. 2024). In the following
section, we present two methods that use stellar polarization and
distance information to localize and characterize the main
polarizing screens along the LOS.

3.1. Bayesian Approach to Find Polarizing Screens

BISP-19 (V. Pelgrims et al. 2023) performs a tomographic
decomposition of the plane-of-sky magnetic Deld properties in
the ISM along the LOS. BISP-1 models dust clouds as thin
polarizing layers that independently contribute to the total
observed polarization of background stars. Thus, it looks for
changes in the Stokes parameters q and u as a function of
distance obtained from the parallax.
This Bayesian method considers all sources of uncertainty in

the data and modeling. It accounts for uncertainties in the
stellar parallax, assessing the probability of stars being in front

Figure 2. Illustration of the observed starlight polarization produced by two clouds with different magnetic Deld properties.

8
https://explore-platform.eu/sdas

9
https://github.com/vpelgrims/BISP_1/
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or behind a polarizing cloud, thereby determining its
polarization properties (V. Pelgrims et al. 2023). To this end,
it uses the Gaussian nature of the parallax errors. Furthermore,
the approach considers the polarization covariance matrix Σi

of the ith measurement as the combination of the intrinsic
scatter, Cint, primarily attributed to ISM turbulence, and the
observational errors, Cobs. If the star is in the foreground of all
the clouds, then the polarization is assumed to be zero, and the
uncertainty is only due to the observational errors.

We tested models with one to Dve polarizing layers for each
data set considered. We used the Akaike information criterion
(AIC; H. Akaike 1998) to identify the model that minimizes
the loss of information. The AIC uses the maximized value of
the likelihood function and the number of parameters to
balance the goodness of the model Dt with the complexity of
the model, penalizing complex models to avoid overDtting.

The solution provided posterior distributions of the distance,
Stokes parameters, and elements of the covariance (Cint) for each
cloud, obtained after 40,000 nested sampling iterations (see
V. Pelgrims et al. 2023, for more details). We calculated the
polarization degree and orientation posteriors from the cumulative
posterior of q(v, h) and u(v, h). From these posteriors and their
spread, we derive the mean and median values, along with
uncertainties, for the distance, polarization degree, and orientation.

BISP-1 is a tool developed primarily for polarization
tomography analysis of high Galactic latitudes, where the
ISM is usually diffuse (e.g., D. Lenz et al. 2017), and the
majority of the polarization is created in the nearby ISM (e.g.,
see A. Berdyugin et al. 2014; M. I. R. Alves et al. 2018).
Therefore, the use of the inverse parallax as a proxy for stellar
distance is justiDed if low-extinction stars have a high parallax
SNR and their measured Gaia parallaxes are positive
(C. A. L. Bailer-Jones et al. 2021; M. Fouesneau et al. 2023).
However, as we move closer to the Galactic thin disk, the
inverse parallax becomes a poor distance estimate, especially
for distant stars with a high column density, whose parallax
SNR is often low (i.e., d ≳ 2 kpc, see Section 5.1).
Consequently, the modeled distances of the clouds, derived
using stellar parallax and polarization observations of the
Galactic thin disk, are often overestimated and should be
interpreted carefully. In Section 5.1, we propose a method to
correct BISP-1’s distance estimates in our samples. The
correction is based on models of the inverse parallax–distance
relation generated using our observations and photogeometric
distance measurements from C. A. L. Bailer-Jones et al. (2021).

Furthermore, we show in Appendix A that faint red stars
(those with G > 18 mag) have spurious parallax values. We
give some possible explanations for this issue that affects only
NIR observations. To avoid these unreliable measurements, we
discard faint red stars with G > 18 mag for the polarization
tomography analysis with BISP-1 using GPIPS data.

3.2. Gaussian Mixture Models

The Gaussian mixture model (GMM; G. J. McLachlan &
K. E. Basford 1988) is a versatile probabilistic method used to
represent a data set as a combination of a Dnite number of
Gaussian distributions. The method estimates the mean,
covariance, and mixing coefDcients that best Dt the data using
the expectation–maximization (EM) algorithm.10 GMMs can

be particularly useful when the underlying data distribution is
not well-deDned or contains overlapping clusters.
We used the GMM method, implemented through the

Scikit-learn Python library (F. Pedregosa et al. 2011), with
optical and NIR starlight polarization, separately. We use the
photogeometric distance and the normalized Stokes parameters
q(v, h) and u(v, h) as the principal clustering features to Dnd
groups of sight lines sharing magnetic Deld properties. The
three variables are normalized with the MinMax scaler tool.11

GMM relies solely on these observables to identify groups,
ignoring the uncertainties. Then, it assigns a label and
membership probability to each element in the data set. The
labels identify group members, allowing us to estimate the
group’s mean polarization properties and roughly determine
the location of the polarizing clouds. This approach has been
successfully applied by M. J. F. Versteeg et al. (2024) toward
the Coalsack region, demonstrating multiple polarizing
components along the LOS.
We tested four types of covariance (i.e., four mixture

models): full, tied, diagonal, and spherical. These options offer
Nexibility in modeling the data. Their differences are described
in Appendix C. The selection of the model and the number of
Gaussian components is eased by the Bayesian information
criterion (BIC; G. Schwarz 1978). The BIC is a statistical
metric used for model selection among a group of potential
models. It balances model Dt and complexity by penalizing
models with a higher component number. The lower BIC score
represents the model that best captures the data patterns while
avoiding overDtting. The number of clusters and the
covariance model that minimizes the BIC in each case are
presented in Table 3 (Appendix C). We ran the Scikit-learn
GMM algorithm12 with the parameters of Appendix C and the
default Kmeans method to initialize the weights, the means,
and the covariance.

4. Results

4.1. A One-to-one Comparison between the Optical and Near-
infrared Polarization Measurements

We present a direct comparison between the optical and
NIR measurements of stars that are common to both the IPS-
GI and GPIPS data sets. To this end, we use the crossmatched
polarization data sets (Section 2.4).

4.1.1. Optical-to-near-infrared Degree of Polarization Ratio

Figure 3 (top rows) shows the debiased optical and NIR
polarization degree compared with the extinction density proDles
as a function of distance from J. L. Vergely et al. (2022). The
median and mean polarization degree per distance bin show
consistent trends between the IPS-GI and GPIPS observations in
the three studied regions. C5 exhibits the longest path lengths,
compared to C45 and C50 (Figure 3). Both the optical and NIR
degrees of polarization steadily increase throughout the entire
LOS in C5 and C50. Contrarily, in C45, the optical and NIR
polarizations remain roughly constant with distance.
The top row of Figure 4 presents the optical-to-NIR

debiased polarization ratio (pv/ph) as a function of distance.
Each bin contains approximately the same number of

10
EM is an iterative method to Dnd (local) maximum likelihood estimates of

parameters in statistical models.

11
https://scikit-learn.org/stable/modules/generated/sklearn.preprocessing.

MinMaxScaler.html
12

https://scikit-learn.org/stable/modules/mixture.html
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measurements, i.e., typically around 10 data points per bin.

The average ratio of 2–3 observed in the three regions falls

within the interstellar polarization expected from the

Serkowski curve (K. Serkowski et al. 1975; see also

M. J. F. Versteeg et al. 2025, in preparation) for typical

values of the max parameter (D. C. B. Whittet et al. 1992).

In general, variations in pv/ph could indicate different

polarizing dust properties of the ISM structures sampled by

both measurements, possibly revealing multiple clouds along

the LOS (F. Patat et al. 2010). Additionally, the pv/ph ratio is

sensitive to changes in dust extinction AV, as shown by

observations (e.g., D. C. B. Whittet et al. 1992, 2001;

Figure 3. Optical (the orange dots) and NIR (the blue dots) debiased polarization degree as a function of the distance for stars common to both surveys in regions C5,
C45, and C50 (from top to bottom, respectively). The dashed orange and blue lines show the median polarization degree, and the solid lines show the weighted mean
per distance bin. The shaded areas represent the 68% conDdence intervals. The polarization (right axis) is compared with optical extinction per parsec (AV pc–1, left
axis) from J. L. Vergely et al. (2022), at 10 pc (the solid gray curve) and 50 pc (the solid light-gray curve) resolution. The extinction density units are 10−3 mag pc−1.
Bottom row: polarization maps for stars common to IPS-GI (orange) and GPIPS (blue) in the same regions. The gray squares mark the approximate limits of the IPS-
GI Deld of view.
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B. G. Andersson & S. B. Potter 2007), and grain alignment
theory (A. Lazarian & T. Hoang 2007). However, the roughly
constant ratios observed in Figure 4 (top row) suggest uniform
polarizing dust properties along our sight lines. A few
measurements with small errors and low pv/ph suggest a
deviation from the expected average value in the ISM, but at
rather low SNR.

4.1.2. Angular Alignment

Figure 3 (bottom row) shows polarization maps of the stars
common to the IPS-GI and GPIPS catalogs. The optical and
NIR polarization orientations are generally consistent within the
errors. However, a few measurements show signiDcant
differences in polarization angles between wavelengths. A
systematic polarization angle rotation with wavelength observed
in individual clouds likely results from probing different depths
(e.g., J. H. Hough et al. 1988), or from changes in grain size
(S. Codina-Landaberry & A. M. Magalhaes 1976).

In general, the consistency in the orientation tells us that
both observations trace similar polarizing properties of the
structures within the regions studied, which is also evidenced
through the optical-to-NIR degree of polarization ratio as a
function of distance in Figure 4 (top row). Nevertheless, we
also analyzed the systematic difference between the NIR and
optical polarization orientations, deDned as Δθ = θh − θv in
the range [−90°, 90°). Figure 4 (bottom row) presents Δθ as a
function of distance in C5, C45, and C50. The right-side panels
show the distribution of the angular difference along with the
weighted circular mean (the dashed blue lines) calculated as

( ) ( ) ( )=

= =
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2
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where wi is the weight of the ith measurement calculated as
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2 , with σΔθ being the error of the angular difference

propagated from the observed errors as ( ) /+
2 2 1 2

H V
. W is

the total sum of the weights.

We found a negative offset in of °7.1, °7.4, and °18.1

in C5, C45, and C50, respectively. We used the reduced χ2 to
test the signiDcance of the offset compared to a regression
equal to zero in the angle difference. We used the relation

( )=

=
N

1

1
, 4

i

N
i

i
red

2

1 ,

2

where N is the number of measurements and is the average

value (Equation (3)) or regression evaluated. First, we

calculated the
red

2 of our best Dts, obtaining values of

approximately Dve, four, and three in C5, C45, and C50,

respectively. Second, we calculated the
red

2 using = 0,

that is, assuming that the difference in angle is zero, resulting

in six, Dve, and eight for the three regions respectively. In C5

and C45, the two results are comparable and different from

one. Therefore, we cannot conclude that there is a nonzero

polarization orientation offset between optical and NIR

observations. In C50, the
red

2 deviates more, with = 0

yielding the poorest regression Dt, indicating a possible

nonzero angle offset. However, in C50, the few common stars

between the catalogs are more scattered, and the uncertainties

are large. In conclusion, the
red

2 test indicates that the angular

difference observed in the three regions does not deviate

signiDcantly from zero.
We divided the crossmatched data into distance bins to

determine whether there are alignment variations at speciDc
locations along the sight lines. The distance bins are deDned as
in the top row of Figure 4. Then, we calculated the weighted
mean per bin with Equation (3), as shown by the solid dark-
orange line in Figure 4, bottom row. The error bars are the
weighted standard deviation of each bin. The weighted mean

Figure 4. Top row: ratio of the degree of polarization in the optical to NIR as a function of distance of stars in common between the IPS-GI and GPIPS observations
in each region. Bottom row: systematic difference between the NIR and optical polarization angles as a function of the distance in each region. The horizontal blue
dashed line is the mean value of the distribution shown in the right-side panels. The solid dark-orange lines represent the mean and standard deviation per distance
bin. The weighted circular mean and standard deviation were used in the case of the angular difference.
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of the systematic difference per distance bin does not show
signiDcant deviations from the total mean, represented by the
horizontal dashed line in Figure 4 (bottom row), in any of the
regions studied. Therefore, there is no signiDcant correlation
between the angle difference and the distance to the stars.
Nevertheless, we emphasize that the big errors in the
observations and the limited number of stars common between
the catalogs prevent a more precise analysis.

4.2. Magnetic Field Tomography with BISP-1

Figure 5 presents the results of the polarization tomography
using BISP-1 (Section 3.1) with high-quality optical and NIR
data. The Drst and third rows show the polarization observa-
tions and the optical extinction density as a function of
distance, along with BISP-1’s results. The three-cloud and
four-cloud models best Dt the optical observations, while the
two-cloud model is the best solution for the NIR observations.

The second and fourth rows of Figure 5 show posterior
distributions of the estimated cloud distances. In all cases, the
nearest cloud distributions are broad due to the lack of zero-
polarization measurements, leading to poorly constrained and
prior-dominated solutions. Additionally, BISP-1’s minimum
requirement of Dve stars between clouds (V. Pelgrims et al.
2023) contributes to poor constraints on second-nearest clouds
in optical polarization, shifting distance posteriors toward
lower values. The priors implemented in the modeling are
detailed in Appendix B.

Table 1 summarizes the median LOS-integrated polarization
degree, the circular mean magnetic Deld orientation on the
plane of sky, and the median cloud distances (calculated as
1/ϖ from the median parallax posterior distribution) for each
group of stars behind the clouds and each observed region. The
reported uncertainties are derived from the spread in the
posterior distributions and thus reNect model-based errors; see
the notes in Table 1 for more details. Low-polarization
components with large uncertainties have a biased median
estimate due to p/σp ratios (where σp is the standard deviation
of p) often falling below Dve. However, since we do not
perform any further calculations using the LOS-integrated
polarization degree, debiasing is unnecessary in this study. In
the following sections, we analyze the tomography results for
each region in detail.

4.2.1. C5

The best optical polarization model obtained for C5 using
BISP-1 includes three polarizing layers at +

116 10

20 pc,
+

477 10

10 pc, and +

2.7

0.1

0.1 kpc (Figure 5, left). The NIR
polarization decomposition model showed two polarizing
screens at +

144 30

70 pc and +

2.88

0.09

0.1 kpc, which are consistent
within the uncertainties with the optical model. The median
optical polarization degree increases gradually from +

1.0%

0.3%

0.3%

behind the nearest cloud to +

1.7%

0.05%

0.05% and +

2.5%

0.1%

0.1% behind
the intermediate and farthest clouds, respectively (Table 1).
Meanwhile, the NIR polarization shows a smaller increase
from +

0.9%

0.04%

0.04% to +

1.1%

0.04%

0.04%.
The mean LOS-integrated optical polarization orientation

(Figure 6, top) shifts signiDcantly from 118° ± 10° behind the

Drst cloud to ° ± °77.0 0.6 behind the intermediate cloud and
remains stable at 77°–79° beyond the distant layer, within a
circular standard deviation of at most 1°. NIR polarization

follows a similar trend, increasing from ° ± °67.0 1.2 to

° ± °76.8 1.2 (Figure 7, top). While both orientations match
beyond the distant cloud, they differ signiDcantly after the
nearby cloud due to the limited NIR measurements, which
likely average the properties of the two clouds instead of just
the nearest one.

4.2.2. C45

In C45, the optical polarization decomposition using BISP-1
identiDed four polarizing screens at +

105 4

4 pc, +

476 30

40 pc,
+

731 40

20 pc, and +

1.64

0.07

0.2 kpc (Figure 5, middle), while NIR

polarization decomposition revealed two clouds at +

139 30

40 pc

and +

2.2

0.1

0.1 kpc. The nearby NIR cloud roughly agrees with the
optical results, but, as with C5, signiDcant uncertainties arise
due to the limited number of nearby stars.
Beyond the near and Drst intermediate clouds, the LOS-

integrated optical polarization remains around 0.9%–1.1%,
with uncertainties up to 0.4% (Table 1). It then increases to

+

2.0%

0.2%

0.2% past the second intermediate cloud and decreases to
+

1.0%

0.2%

0.2% after the farthest cloud. This trend likely reNects
drastic changes in the magnetic Deld orientation along the LOS
and across the observed Deld of view; for example, see the
curved pattern present in each group of stars in Figure 6. The
NIR polarization stays nearly constant at 0.7%–0.8%, with an
error of 0.1%, with no conDrmation of the intermediate cloud.
The optical LOS-integrated polarization angle shifts sig-

niDcantly from 175° ± 10° behind the near cloud (Figure 6,
middle) to 49° ± 17° behind the Drst intermediate layer, then
to 33° ± 3° and 7° ± 10° beyond the second intermediate and
distant clouds. The NIR polarization follows a different trend,
changing from 33° ± 5° nearby to 139° ± 3° farther away
(Figure 7, middle). Observations show a polarization angle
distribution that broadens with distance behind virtually every
cloud (Figures 6 and 7). The curved patterns, described by
background stars, suggest complex, large-scale magnetic Deld
structures that a single bivariate normal distribution with a
simple mean orientation cannot fully represent. This complex-
ity also limits the effectiveness of BISP-1 as it accounts only
for polarization variations along the LOS.

4.2.3. C50

The four-cloud model is the best result for C50 using BISP-
1 with optical polarization (Figure 5, right), identifying
polarizing screens at +

144 30

60 pc, +

478 20

40 pc, +

1.21

0.06

0.08 kpc, and
+

2.31

0.04

0.04 kpc. The NIR polarization decomposition showed

two clouds at +

141 30

50 pc and +

1.8

0.1

0.1 kpc, with the near-cloud
estimates aligning well with the optical results, but a 600 pc
discrepancy in the distant cloud. This difference may be due to
the limited NIR data coverage, as the GPIPS observations do
not cover the entire C50 Deld of view (Figure 1), causing the
optical and NIR to probe different ISM regions.
The q(v, h) and u(v, h) distributions as a function of distance

show a signiDcant change in polarization properties of the stars
behind the distant layer, which are better deDned in optical
polarization. The median LOS-integrated optical polarization
degree is higher in C50 than in the other regions, increasing
gradually from +

1.7%

0.2%

0.2% to +

3.5%

0.1%

0.1% with distance (Table 1).
In contrast, the NIR polarization is lower, ranging from

+

0.7%

0.08%

0.1% to +

1.0%

0.05%

0.05%.
The LOS-integrated polarization orientation changes sig-

niDcantly from one group of stars to another in the optical and
NIR, except between intermediate clouds in the optical data,
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Figure 5. Best solutions of the polarization decomposition using BISP-1 with optical (Drst two rows) and NIR (last two rows) polarization observations in the
regions of C5 (left), C45 (middle), and C50 (right). The Drst and third rows show the Stokes parameters q(v, h) and u(v, h) as a function of the distance modulus
calculated using the inverse parallax. The red vertical lines and shaded areas represent the cloud median distances and their 1σ and 2σ conDdence intervals. Similarly,
the horizontal solid lines and shaded areas represent the LOS-integrated median q(v, h) (green) and u(v, h) (purple) and their 1σ and 2σ uncertainties for each group of
stars behind the polarizing layers. The bottom panels show the extinction per distance unit (10−3 mag pc−1) proDles from J. L. Vergely et al. (2022) at 10 pc (gray)

and 50 pc (light-gray) resolution; the distance of the proDles is on a logarithmic scale. The second and fourth rows show the posterior distributions of the inverse
parallax for each cloud modeled. The vertical dashed lines show the median values.

9

The Astronomical Journal, 170:57 (21pp), 2025 July Angarita et al.



where the main difference is in the polarization degree (see the
bottom rows of Figures 6 and 7, respectively). The optical
polarization angles change from 124° ± 4° behind the near

cloud to ° ± °137.3 1.2 and ° ± °133.2 0.6 behind the intermediate
clouds, and then to ° ± °108.2 1.5 behind the distant cloud. The
NIR polarization follows a different trend, shifting from
110° ± 6° in the nearby ISM to 99° ± 2° farther away. The
differences between the optical and NIR polarization may result
from NIR Deld-of-view limitations and the potential averaging
of multiple polarizing screens in the NIR near-cloud component.

4.3. Magnetic Field Tomography Using Gaussian Mixture
Modeling

Figures 8, 9, and 10 present the clustering results with
optical and NIR polarization in C5, C45, and C50, respec-
tively. The solutions showed clear separation between
Gaussian components in q−u space, with most measurements
having membership probabilities above ∼80% and well-
deDned by distance (see Appendix C). We identiDed at least
two components in each region, except for optical polarization
in C50 and NIR polarization in C45, where we found three
groups that best describe the different polarization properties

along the LOS and across the Deld of view. In the following
sections, we present the GMM clustering results for each
observed region. The average polarization properties are
displayed in Table 1.

4.3.1. C5

We identiDed two main groups in the optical and NIR
observations separately, using the GMM method (Figure 8).
The approximate threshold of the farthest group agrees with
the distant cloud obtained with BISP-1 using the optical and
NIR observations (the vertical blue line). We increased the
SNR cutoff limit to eight in the optical data and Dve in the
NIR, sacriDcing information from low-polarization measure-
ments. This reduces the scatter and improves the clustering.
The mean optical polarization orientation of each group is

consistent, within the dispersion, with the counterpart comp-
onent in the NIR (Figure 8). Furthermore, although the nearest
component of the clustering is expected to represent the
combined contribution of the near and intermediate clouds
found with BISP-1, the average polarization properties align
more closely with those of the intermediate cloud alone
(Table 1).

Table 1
Line-of-sight-integrated Polarization Properties as Derived From BISP-1 and Gaussian Mixture Model Modeling

Region Cloud
BISP-1 GMM

p θ 1/ϖ dphg p

(%) (°) (kpc) (kpc) (%) (°)

(1) (2) (3) (4) (5) (6) (7) (8)

Optical Polarization

Near +

1.0

0.3

0.3 118 ± 10 +

0.116

0.01

0.02 0.115
2.0 ± 0.5 78 ± 9

C5 Intermediate +

1.7

0.05

0.05 77.0 ± 0.6 +

0.477

0.01

0.01 0.470

Distant +

2.5

0.1

0.1 79.0 ± 1.0 +

2.7

0.1

0.1 2.4 3.3 ± 0.8 74 ± 10

Near +

1.1

0.3

0.4 175 ± 10 +

0.105

0.004

0.004 0.104

36 ± 24C45 Intermediate 1 +

0.9

0.3

0.4 49 ± 17 +

0.476

0.03

0.04 0.469
2.4 ± 0.9

Intermediate 2 +

2.0

0.2

0.2 33 ± 3 +

0.731

0.04

0.02 0.714

Distant +

1.0

0.2

0.2 7 ± 10 +

1.64

0.07

0.2 1.55 2.2 ± 1.0 164 ± 20

Near +

1.7

0.2

0.2 124 ± 4 +

0.144

0.03

0.06 0.143
2.1 ± 0.6 136 ± 11

C50 Intermediate 1 +

2.0

0.07

0.08 137.3 ± 1.2 +

0.478

0.02

0.04 0.471

Intermediate 2 +

2.3

0.05

0.05 133.2 ± 0.6 +

1.21

0.06

0.08 1.16 2.4 ± 0.6 134 ± 8

Distant +

3.5

0.1

0.1 108.2 ± 1.5 +

2.31

0.04

0.04 2.10 3.7 ± 1.0 109 ± 11

NIR Polarization

C5 Near +

0.9

0.04

0.04 67.0 ± 1.2 +

0.144

0.03

0.07 0.143 1.2 ± 0.3 67 ± 10

Distant +

1.1

0.04

0.04 76.8 ± 1.2 +

2.88

0.09

0.1 2.55 1.6 ± 0.5 83 ± 18

Near +

0.7

0.09

0.1 33 ± 5 +

0.139

0.03

0.04 0.138 1.0 ± 0.4 22 ± 24

C45 Distant +

0.8

0.1

0.09 139 ± 3 +

2.2

0.1

0.1 2.0 1.3 ± 0.4 138 ± 17

⋯ ⋯ ⋯ ⋯ ⋯ 2.2 ± 1.0 77 ± 18

Near +

0.7

0.08

0.1 110 ± 6 +

0.141

0.03

0.05 0.140 ⋯ ⋯

C50 Distant +

1.0

0.05

0.05 99 ± 2 +

1.8

0.1

0.1

1.7 1.2 ± 0.5 102 ± 18

1.7 ± 0.6 81 ± 11

Note. Columns: (1) designation of the region; (2) polarizing cloud; (3) median polarization degree; (4) circular mean and standard deviation of the polarization angle;

(5) median inverse parallax; (6) corrected photogeometric distance deduced from the models Dtted to the observations (Section 5.1); (7) mean and standard deviation

of the polarization degree; and (8) circular mean and standard deviation of the polarization angle. The parameters from columns (3) to (5) were calculated using the

posterior distributions of q(v, h) and u(v, h), and ϖ obtained from BISP-1 decomposition (Section 3.1). The uncertainties of columns (3) and (5) are estimated from the

84th and 16th percentiles of the posterior distributions. The parameters of columns (7) and (8) were calculated for each component identiDed in the GMM clustering

analysis (Section 3.2). The open brackets indicate correspondence with more than one component of the other method.
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4.3.2. C45

The clustering of optical polarization in C45 yielded two
components (Figure 9), which are consistent with the
intermediate and distant components of the BISP-1 solution
(Figure 5, middle). However, due to the low number of
measurements in the nearby ISM, the clustering algorithm
could not differentiate between the near and intermediate
components identiDed by the BISP-1 decomposition, thus
treating them as a single group.

On the other hand, the clustering with NIR polarization
showed three groups in C45 (Figure 9, right). Two of these
groups are closely related to variations of the polarization
properties with distance and align with both optical polariza-
tion clustering (Figure 9, left) and the BISP-1 decomposition
results (Figure 5, middle). The third group has different
polarization properties across the Deld of view rather than
along the sight line (Figure 9). Most measurements from this
group are outside the IPS-GI Deld of view and observed
distance range. Additionally, these measurements come from
the faint red stars removed for the NIR polarization
decomposition with BISP-1 (Appendix B).

4.3.3. C50

In C50, the optical polarization clustering resulted in three

components (Figure 10, left). All three groups closely align

with the two intermediate and the distant components obtained

with BISP-1 (Figure 5, right). However, as in C45, the nearest

component includes contributions from two different clouds,

the near and intermediate clouds from the BISP-1 results. In

the case of NIR polarization (Figure 10, right), there are very

few nearby measurements. The majority of the NIR observa-

tions are beyond the known threshold of the distant cloud, 1.8

kpc (Table 1). As a result, the clustering does not recognize the

nearest measurements as a separate group. Moreover, it seems

to Dnd a component even farther away than what optical

polarization can detect. However, this additional polarization

layer is not found with BISP-1 using the same observations.

We attribute this discrepancy to either GMM failing to

separate the components along the LOS due to the lack of

nearby stars or to the presence of distant faint red stars,

removed for the BISP-1 decomposition (Appendix A), which

provide additional information at large distances in C50.

Figure 6. Polarization maps of star groups located behind each BISP-1 layer in C5 (top), C45 (middle), and C50 (bottom). The insets in the top right show the
distribution of the polarization angle observed along with the median value (the red line) and the average magnetic Deld orientation from Planck (the blue line, also
shown as a pseudovector in the center of the map). The median polarization properties of the components obtained with BISP-1 are shown in the top left of the panels

(also see Table 1). The red ruler shows the actual spatial scale measured for an angular scale of °0.1 at the distance of the clouds.
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5. Discussion

5.1. The Inverse Parallax–Distance Relation

The BISP-1 Bayesian algorithm relies on the Gaussian
nature of the errors in the parallax to evaluate the probability
of a star being in front of or behind a polarizing screen
(V. Pelgrims et al. 2023). However, it is known that the inverse
parallax is only a good approximation to the true stellar
distance if the parallax SNR is high (C. A. L. Bailer-Jones
et al. 2021; M. Fouesneau et al. 2023). Furthermore, the least
squares astrometric solution obtained from Gaia data proces-
sing can result in zero and negative observed parallaxes in the
presence of measurement noise (X. Luri et al. 2018). Since the
inverse parallax is constrained to be positive, negative
parallaxes are an issue and should be discarded. These
conditions are easily fulDlled in high-latitude regions, as
V. Pelgrims et al. (2024) demonstrated. However, our regions
are in the Galactic plane and have high column densities of the
order of 1022 cm−2 (Figure 1). Additionally, several stars lie at
large distances, resulting in low parallax SNR (Appendix A).
Consequently, the inverse parallax is not a reliable estimate of
the true stellar distance.

This is conDrmed when comparing the photogeometric
distances with the respective inverse parallaxes within each
data set (Figure 11). The stellar photogeometric distances from

C. A. L. Bailer-Jones et al. (2021) are calculated using all Gaia
photometry information alongside the parallaxes, thereby
considering factors such as interstellar extinction. The
validation of their solutions against independent distance
estimates demonstrated that photogeometric distances are
reliable up to several kiloparsecs (C. A. L. Bailer-Jones
et al. 2021).
The gray solid line in Figure 11 indicates the linear inverse

parallax–distance relation, from which the stars at d ≳ 2 kpc
deviate signiDcantly. A two-degree polynomial Dt to the data
weighted by the uncertainties describes the systematic
deviation from the linear relation. We used the orthogonal
distance regression method, which allowed us to include the
uncertainties of both variables in the Dtting. We used standard
error propagation to calculate the inverse parallax errors as
σϖ/ϖ

2. We performed 10,000 realizations with subsamples
drawn without replacement from the measured data. The size
of the subsamples was deDned as k = M − 200, whereM is the
total number of measurements (∼1800), including all objects
observed in the optical and NIR across the three regions. The
reduced χ2 of the average best Dt is presented in Figure 11.
The average model allows us to relate the distance obtained
from the tomography analysis with BISP-1 (i.e., 1/ϖ) with the
photogeometric distance. The corrected photogeometric dis-
tance values of each cloud are presented in Table 1.

5.2. A Comparison between Polarization Decomposition
Methods

The GMM method clusters stars with similar polarization–
distance properties but does not account for uncertainties. The
polarization properties of each group are LOS integrated, and
while distance information is used, separation by distance is
not enforced. In contrast, BISP-1 decomposes the observed
polarization to determine the intrinsic properties of individual
clouds—only along the LOS—while considering ISM scatter
and observational uncertainties. Additionally, BISP-1 provides
LOS-integrated polarization properties for stars behind each
cloud. In this paper, we directly compare BISP-1’s LOS-
integrated component properties with the GMMmethod results
with other ISM observations.
GMM performs well when the polarization data have a clear

change with distance, as in C50, where polarization can be
approximated as a bivariate distribution. However, GMM is
less effective when the transition between components is very
smooth or when the data scatter is large, as seen in C5. For
instance, increasing the SNR threshold in optical and NIR
polarization allowed the identiDcation of at least two
components along the LOS in C5, but low measurement
density in some components can prevent proper group
assignment, as in the nearby components. Furthermore,
although clustering offers a way to separate the data set into
groups with similar properties and assign a membership
probability to each measurement, it cannot determine the
distances of the polarizing clouds.
Nonetheless, GMM provides insights into magnetic Deld

variations along the LOS and also seems to detect spatial
variations across the Deld of view, tackling one limitation of
BISP-1, e.g., the third group detected in C45 with NIR
polarization (Figure 9). As seen in Figure 6 (bottom), some
polarization pseudovectors in the second intermediate cloud
have a similar orientation to those of the distant cloud, whereas
in Figure 10 (bottom), the components are clearly separated.

Figure 7. Same as in Figure 6 but using the NIR polarization observations.
The black rectangle indicates the approximate location of the IPS-GI Deld
of view.
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Figure 8. GMM results with optical (left) and NIR (right) polarization in C5. Top row: Stokes parameters q(v, h) and u(v, h) as a function of distance. The different
colors and symbols represent the groups identiDed by the GMM. The extinction density with units of 10−3 mag pc−1 from J. L. Vergely et al. (2022), at 10 pc (dark
gray) and 50 pc (light-gray) resolution, is included in the bottom panel for comparison. The blue vertical lines show the location of the polarizing clouds identiDed
with BISP-1; the red dashed vertical lines are the corresponding corrected distance (see Section 5.1). Bottom row: polarization orientation of stars in each cluster.
The insets show the polarization angle distributions and the mean values (the red line). The black rectangle in the right panels indicates the approximate location of
the IPS-GI Deld of view. The dark-blue pseudovectors represent the average orientation of the magnetic Deld within the region as observed by Planck.

Figure 9. Same description as in Figure 8, but for C45.
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This discrepancy arises from the sharp cutoff deDned by the
cloud’s distance in the BISP-1 decomposition and possibly

from an inefDciency in detecting variations in the magnetic
Deld properties across the Deld of view.

Furthermore, unlike BISP-1, we can use the photogeometric

distances instead of the inverse parallaxes with GMM, which
allows us to include the faint red stars in the NIR observations
(Appendix A). Despite the difDculties of using clustering

algorithms and their lack of uncertainty handling, their
solutions complement the Bayesian inference tomography
results. With BISP-1, we can model the number of polarizing
clouds and obtain their distances and average polarization
properties alongside their uncertainties. Meanwhile, the GMM
provides a method to separate the measurements into well-
deDned groups with different magnetic Deld properties along
the sight line and possibly across the Deld of view as well.
Together, these methods provide a robust picture of the plane-
of-sky magnetic Deld properties.

5.3. Complex Magnetic Field Structure in C45

The curved pattern of the plane-of-sky magnetic Deld
orientation is observed in all of C45’s components along the
LOS, more clearly in the BISP-1 decomposition (e.g., see
Figures 6 and 7) and perhaps also in Planck’s polarized
emission (Figure 1). Low polarization with a random
orientation is observed toward the northeast of the C45 Deld
of view, suggesting a change in the magnetic Deld orientation,
likely perpendicular to the plane of the sky. These patterns
remain along the entire LOS, as observed by the optical and
NIR polarization (e.g., see Figures 6, 7, and 9). The difference
from one group of stars to another is the shift of the location of
the low random polarization from the northeast to the
southwestern part of the Deld of view.
This means that variations in magnetic Deld orientations

happen primarily across the Deld of view, in addition to the
LOS variations, explaining the depolarization observed.
However, BISP-1 cannot accommodate this type of variation
and, as a result, is unlikely to accurately determine the
polarization properties of the intricate structures in the C45
region. On the other hand, GMM clustering seems to deal
better with variations across the sky, as explained in
Section 5.2. However, the intricate nature of the GMF in
C45, showing large-scale variations in the plane-of-sky

Figure 10. Same description as in Figure 8, but for C50.

Figure 11. Photogeometric distances from C. A. L. Bailer-Jones et al. (2021)

as a function of the inverse parallax of the stars observed by IPS-GI and
GPIPS in the regions of C5, C45, and C50. The solid gray line indicates the
expected inverse parallax–distance relation. The shaded pink area represents
the best Dts of subsamples drawn without replacement from the measured data.
The solid red line is the average best Dt of the subsamples. The gray shaded
area is the 2σ conDdence intervals.
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orientation, could also challenge the performance of the GMM
method, as it does not account for observed uncertainties.

Furthermore, a group of long sight lines observed within the
C45 Deld of view in NIR exhibit a distinct plane-of-sky
magnetic Deld orientation compared to the dominant patterns
(Figure 9, right). These spatially localized measurements were
detectable through the clustering method, which performs well
when there are signiDcant changes in polarization properties,
not just along the LOS but also across the Deld, a feature that
BISP-1 lacks. Moreover, most of these measurements originate
from faint red stars, excluded in the BISP-1 analysis but
retained during the clustering analysis. It is unclear what might
lead to distinct magnetic Deld orientations in these particular
sight lines. We speculate that it could be an elongated dust
structure, such as a Dlament, within a distance not farther than
2 kpc (Figure 9, right).

5.4. Magnetic Field Properties across the Galactic Arms

5.4.1. Nearby Interstellar Medium or Local Arm

We found nearby polarizing clouds with both the optical and
NIR observations. The optical observations better constrain the
properties of the nearest clouds around 104 and 143 pc
(Figure 5 and Table 1). This distance range agrees with the
approximate location of the Local Bubble wall (R. Lallement
et al. 2003; W. Liu et al. 2017; V. Pelgrims et al. 2020). High-
resolution 3D dust maps have shown the presence of nearby
dense and diffuse dust structures beyond and within the Local
Bubble wall in a similar range of distances (R. H. Leike et al.
2020; J. L. Vergely et al. 2022; G. Edenhofer et al. 2024). The
works of, for example, R. Skalidis & V. Pelgrims (2019) and
V. Pelgrims et al. (2024) of high Galactic latitudes, Y. Anga-
rita et al. (2024) of intermediate latitudes, B. G. Andersson &
S. B. Potter (2005) and M. J. F. Versteeg et al. (2024) of the
Coalsack region, and I. Medan & B. G. Andersson (2019) of
the Local Bubble wall (at high latitudes) demonstrated that a
large percentage of starlight polarization is produced in these
nearby dust structures.

The intermediate polarizing screens observed with optical
polarization are located between 470 and 714 pc. Figure 12
(bottom) shows the LOS-integrated G-band extinction as a
function of distance, indicating that these intermediate clouds
correspond to signiDcant changes in stellar dust extinction.
According to the high-resolution 3D dust maps (Figure 12,
top), this distance range falls within the Local Arm. More
speciDcally, the intermediate clouds may be linked to the
southern structure of the Aquila Rift.

In NIR polarization, the intermediate clouds (in the Local
Arm) are not detected in either method. This is likely because
of the very low number of stars at distances at or in front of the
Local Arm, which makes the distance determination of (nearby
or intermediate) clouds very uncertain. NIR polarization from
nearby stars (i.e., those crossing Local Bubble wall structures
only) could be very low, causing fewer detections with
low SNR.

5.4.2. Distant Interstellar Medium or Sagittarius Arm

The second intermediate cloud found at 1.16 kpc (Table 1)

in C50 (Figure 5, right) is expected to be beyond the Local
Arm, probably representing the transition between the interarm
region and the Sagittarius Arm according to the 3D dust maps
(Figure 12, top, and Figure 3, third row). Furthermore, the

distances to the farthest clouds are consistently traced by the
optical and NIR polarization between 1.5 and 2.5 kpc, far
beyond the Local Arm and within the Sagittarius Arm. These
distance ranges align with the magnetic Deld tomography
analysis by Y. Doi et al. (2024) of a region close to C50
(Figure 12, top).
The location of the second intermediate cloud in C50

matches that identiDed by Y. Doi et al. (2024) as their second
component at 1.23 kpc in the Sagittarius Arm. Moreover, the

mean magnetic Deld orientation of °134.5 in their foreground
component, likely including contributions from various
structures, aligns with the average orientation of 130° between
the clouds of the Local Arm in C50 (Table 1).
The distance between the intermediate and distant clouds is

larger in C5 than in the other regions. This could indicate that
C5 has longer path lengths in the interarm region. This is in
agreement with the extinction density proDles of Figure 3 and

Figure 12. Top: LOSs of C5 (in yellow), C45 (in green), and C50 (in red)

drawn over the extinction density XY plane from J. L. Vergely et al. (2022) at
10 pc (d < 1.5 kpc) and 25 pc (d > 1.5 kpc) resolutions. The markers indicate
the adjusted positions of optical polarization clouds. Y. Doi et al. (2024)’s
results for the Sagittarius Arm are displayed in blue for comparison. Bottom
panels: G-band extinction from Gaia Collaboration et al. (2023) as a function
of the photogeometric distance for all Gaia stars within C5 (top), C45
(middle), and C50 (bottom). The solid blue line is the median AG per distance
bin. The vertical lines show the polarizing screens identiDed with BISP-1
using the optical (black) and NIR (orange) observations, corrected for the bias
in the inverse parallax–distance relation (Section 5.1).
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the stellar G-band extinction of Figure 12 (bottom) as a
function of distance. The G-band extinction also aligns well
with the distant clouds, although sampling issues in the NIR
observations toward C50 seem to affect the accuracy of the
distant cloud’s inferred location.

5.5. Magnetic Field Orientation Comparison between Starlight
Polarization and Polarized Thermal Dust Emission

Planck’s 353 GHz polarized thermal dust emission may be
depolarized beyond a certain distance because the larger beam
averages over large-scale magnetic Deld variations (Planck
Collaboration XII et al. 2020). This phenomenon, known as
polarization horizon (B. Uyaniker et al. 2003), limits the
observed path length to less than the full Galactic disk.
Comparing Planck data with optical–NIR stellar polarization
helps locate this horizon.

Figure 1 shows the plane-of-sky GMF orientation from
starlight polarization (white and black pseudovectors,
Section 2) and polarized thermal dust emission at 353 GHz
from Planck (white texture), rotated by 90°. Overall, the

magnetic Deld orientations from the optical, NIR, and thermal
dust observations partially align in the three regions, although
some discrepancies exist between the optical–NIR and Planck
data. Notably, Planck’s average magnetic Deld orientation (see
blue pseudovectors of Figures 6 and 7) aligns better with the
longest starlight polarization sight lines, which is expected
given that Planck captures longer path lengths in the Galaxy.
For a quantitative comparison, we interpolated Planck’s

values at each star’s position and computed the difference
between the magnetic Deld orientations inferred from the
starlight polarization and polarized thermal dust emission
(θv, h − χdust, Figure 13). We calculated χdust using Planck’s
High-Frequency Instrument processed maps at 353 GHz from
Planck Collaboration III et al. (2020) as

( ) ( )= + °U Q
1

2
arctan2 , 90 , 5dust 353 353

where Q353 and U353 are the Stokes parameters in HEALPix’s

COSMO convention (Planck Collaboration III et al. 2020).

The negative sign converts χdust to the IAU (north-to-east)

Figure 13.Magnetic Deld orientation difference between the starlight polarization and polarized thermal dust emission from Planck Collaboration XII et al. (2020) as
a function of distance in C5 (top left), C45 (top right), and C50 (bottom). Due to the π ambiguity, the angular difference range in C45 was shifted by 50° for
visualization. For each region, the bottom panels show the weighted circular mean difference per distance bin using the NIR (the solid light-orange) and optical (the
solid black) observations. The error bars are the weighted circular standard deviation on each distance bin. The vertical red dashed lines show the corrected distance
of the polarizing clouds found with BISP-1. The right-side panels show the angular difference distributions with the circular means (the horizontal dashed lines). The
two top panels show the projected Rayleigh statistic (PRS; Equation (6)) per distance bin along with the weighted error. The gray and orange shaded areas represent
the values between the maximum and minimum PRS per distance bin (see explanation in Section 5.5).
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convention. Uncertainties,
dust
, are calculated following

Equation (B.5) of Planck Collaboration Int. XIX et al.

(2015). We used bilinear interpolation13 on the HEALPix

Stokes parameters and covariance maps to obtain the values at

each star’s location.
In regions C45 and C50, the plane-of-sky GMF orientations

differ signiDcantly at near and intermediate distances (vertical

lines in Figure 13 mark the polarizing clouds identiDed with

BISP-1). However, the angular difference decreases to nearly
zero beyond the distant clouds, as the orientations become

increasingly aligned in the farthest stars, which are primarily

those observed in the NIR (the orange triangles in Figure 13).
Conversely, in C5, the angular difference is about −20° at all

distances. This could be caused by dust at distances greater

than what the starlight polarization can probe.
We tested the signiDcance of the relative alignment using

the PRS (D. Durand & J. A. Greenwood 1958), a metric often

used to measure the alignment between linear polarization
observations (e.g., D. L. Jow et al. 2018; G. V. Panopoulou

et al. 2021, and references therein). The PRS statistic can

discern between parallel (PRS > 0) or perpendicular
(PRS < 0) alignments. We calculated the PRS and its

weighted variance as in D. L. Jow et al. (2018):

( ) ( )

/
=

w

wPRS
1

2

cos 2 , 6

i

N

i
i

N

i
2

i

whereΔθi = θ(v, h),i − χdust,i is the angular difference of the ith

value deDned in the range [−90°, 90°) and wi is the weight

deDned as /1 2

i
, with

( )
= +

2 2
i

iv,h ,i dust,
. The PRS

depends on the number of measurements, N, in each distance

bin. Therefore, we binned the data evenly and took care of the

π ambiguity.
The two top panels of Figure 13 show the PRS values as a

function of distance for each region and wavelength observed.

The maximum and minimum values from Equation (6)

correspond to the perfect parallel (i.e., |Δθ| = 0�) and

perpendicular (i.e., |Δθ| = 90�) alignments, respectively,
based solely on the measurement errors. The shaded areas

represent possible value ranges due to the measurement errors.

In C5, the PRS remains positive and fairly constant with
distance but is not signiDcantly higher than zero due to the

large uncertainties, suggesting weak parallel alignment of the

plane-of-sky magnetic Deld orientations. In C45 and C50, the
PRS is negative in the near and intermediate polarizing clouds,

mainly traced by optical polarization, indicating a misalign-

ment in the structures of the Local Bubble wall and the Local

Arm. Beyond 2 kpc, toward the Sagittarius Arm, parallel
alignment becomes more signiDcant, especially in C50, where

the values are maximum and the error bars are very small.
In summary, the NIR observations in at least two regions are

close to the maximum parallel alignment with Planck’s

magnetic Deld orientation, while the optical data often show
little alignment, especially in C45 and C50. This indicates that

the plane-of-sky magnetic Deld direction changes signiDcantly

along the LOS, at least in the Local Bubble wall and the

Local Arm.

6. Summary

We presented a tomography analysis of the LOS-integrated
plane-of-sky magnetic Deld component throughout the Galac-
tic spiral arms based on optical and NIR starlight polarization
observations of the Galactic plane in the regions named C5,
C45, and C50. These LOSs probe the ISM structures in
directions close to the Aquila Rift and the Sagittarius Arm. The
high-quality optical and NIR observations consistently exhibit
similar polarizing properties of the interstellar structures
common to both observations, regardless of the number of
these structures and their location along the LOS. Furthermore,
the optical and NIR polarization data proved to be comple-
mentary, with the optical polarization better tracing the nearby
ISM, while the NIR polarization primarily captures the
distant ISM.
We determined the LOS-integrated polarization properties

of the stars behind different magnetized dust clouds using two
methods: the polarization decomposition tool BISP-1 and the
GMM clustering tool. Both methods produced consistent
results, particularly in the distant ISM (i.e., the Sagittarius
Arm). Moreover, the information from each method is
complementary: BISP-1 accurately locates the polarizing
clouds and accounts for ISM scatter, while GMM clustering
identiDes large-scale magnetic Deld variations across the sky in
addition to LOS variations and more effectively separates the
star groups behind each cloud.
The polarization decomposition revealed three to four

polarizing clouds along the LOS with optical observations
and at least two with NIR data. The lack of NIR measurements
with high SNR in the nearby ISM prevented us from Dnding
the intermediate clouds observed with the optical polarization.
Nevertheless, the distant stars observed in the NIR provided
insights into the properties of the GMF and the ISM at greater
distances than with the optical polarization. The near clouds
between 104 and 143 pc are consistent with dust structures
within the Local Bubble wall. The intermediate clouds around
469 and 714 pc are within the Local Arm. The second
intermediate cloud in C50 at 1.16 kpc is beyond the Local
Arm, as demonstrated by 3D dust maps from J. L. Vergely
et al. (2022), and it is probably in the interarm region or the
near edge of the Sagittarius Arm. Finally, the distant clouds
between 1.5 and 2.5 kpc in the Sagittarius Arm are consistent
with the results from Y. Doi et al. (2024). We emphasize that
these values were obtained using solely starlight polarization
and stellar distance information.
The starlight polarization tomography demonstrated large

variations along the LOS of the plane-of-sky magnetic Deld
properties in C45 and C50, from the Local Bubble wall to the
Sagittarius Arm. This was also conDrmed by comparing the
starlight polarization with polarized thermal dust emission
from Planck. The small difference in alignment observed in C5
along the entire LOS may be due to more dust observed by
Planck farther away. Additionally, the magnetic Deld in C45 is
complex and difDcult to understand fully from the tomography
analysis alone. Both methods consistently identiDed clouds
along the LOS, but the curved magnetic Deld orientation and
signs of depolarization between clouds suggest a complicated
GMF structure across the Galactic arms, which both methods
likely struggle to describe accurately. In conclusion, the above
results show, Drst, the potential of using multiwavelength
starlight polarization observations for Galactic tomography
and, second, the need for complementary tomography tools or13

https://astropy-healpix.readthedocs.io/en/latest/interpolation.html
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the development of a new method that accounts for the
intricate properties of the interstellar magnetic Delds.
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Appendix A
Parallax of Faint Red Stars

The inverse parallax–distance relation of all high-quality
Gaia observations in the regions studied revealed that the
parallaxes of faint sources are biased. For example, Figure 14
presents the photogeometric distances (C. A. L. Bailer-Jones
et al. 2021) as a function of the inverse parallax using all high-
quality Gaia observations in the region of C5, colored by the
parallax SNR. The red points show stars with spurious
parallaxes and characterized by magnitudes above 18. Distant,
faint stars are often assigned a large parallax, so they will
erroneously appear as nearby sources (Figure 14, top). These
sources are typically red stars (Figure 14, bottom). This is also

observed with all high-quality Gaia data in the regions C45
and C50.
It is known that Gaia’s uncertainties in parallax, position, and

proper motion increase signiDcantly for faint stars (L. Lindegren
et al. 2021a). Moreover, biased parallax measurements are a
known issue reported for faint distant sources, such as quasars,
and the solution to this issue is nontrivial (L. Lindegren et al.
2021b). Since BISP-1 relies on the parallax to perform the
polarization decomposition along the LOS, spurious parallaxes
from faint red sources represent an issue. To avoid this issue, we
remove the faint stars with G > 18 when performing the
polarization tomography with the GPIPS data set. This issue is
not observed in the IPS-GI data set.

Appendix B
Initial Parameters of the BISP-1 Decomposition

We present the priors used in the polarization decomposition
with BISP-1 in Table 2. We followed the recipe of V. Pelgrims
et al. (2023), primarily keeping the default values for most

Figure 14. Top: comparison between the inverse parallax and the photogeo-
metric distances from C. A. L. Bailer-Jones et al. (2021). Bottom: color–
magnitude diagram from Gaia EDR3 photometry (Gaia Collaboration
et al. 2021). Both panels present all high-quality Gaia measurements (i.e.,
ϖ/σϖ > 2, RUWE < 1.4, and ϖ > 0) in the region C5, colored by the
parallax SNR, which saturates at 10. The red points represent faint stars
with G > 18.
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parameters. Subsequently, we adjusted the distance and the
diagonal elements of the intrinsic-scatter covariance matrix
priors for each region in the sky. The lower limit of the
distance prior for the nearest clouds was set at 100 pc
following the approximate distance to the Local Bubble wall
observed in the extinction density proDles of Figure 3 (see also
R. Lallement et al. 2003; W. Liu et al. 2017; V. Pelgrims et al.
2020). The upper limit of the distance prior in the farthest
clouds is set to the maximum observed distance by default. In
all cases, we veriDed that the Cqu elements of the intrinsic-
scatter covariance matrix fulDll their deDnition in the
range ( C C C C,qq uu qq uu ).

Appendix C
Initial Parameters and Validation of the Gaussian Mixture

Model Clustering

The GMM package14 in the Scikit-learn Python library
(F. Pedregosa et al. 2011) provides four Dtting models based
on the choice of the covariance matrix.

1. The full covariance type assigns a covariance matrix to
each Gaussian component, meaning that each component
can have its own shape and orientation in all dimensions.

2. A tied covariance indicates that all components have the
same covariance, forcing all components to have the
same shape and orientation.

3. The diagonal covariance type means that each Gaussian
component has a diagonal covariance matrix, allowing

components to have different variances (i.e., shapes) and
the same orientation along the coordinate axes.

4. The spherical covariance means that all elements of the
diagonal covariance matrix are the same, assigning a
single variance to each Gaussian component, which
results in identical shapes and orientations along
the axes.

A Gaussian distribution is deDned by its covariance matrix and
mean. The covariance determines the shape and orientation of
the density distributions in all dimensions, while the mean
speciDes their location in space.
We tested each type of covariance model with different

numbers of Gaussian components between one and nine.
Table 3 presents the number of Gaussian components and the

Table 2
Limits of the Uniform Priors Used in the BISP-1 Polarization Decomposition

Region Cloud ϖ 1/ϖ q u Cqq Cuu Cqu

(mas) (pc) (%) (%) (%2
) (%2

) (%2
)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

Optical Polarization

Near [2.00, 10.0] [500.0, 100.0] [−5.4, 5.4] [−5.4, 5.4] [0, 4] [0, 4] (−4, 4)

C5 Intermediate [1.25, 3.33] [800.0, 300.0] [−5.4, 5.4] [−5.4, 5.4] [0, 4] [0, 4] (−4, 4)

Distant [0.161, 1.43] [6219.2, 700.0] [−5.4, 5.4] [−5.4, 5.4] [0, 1] [0, 1] (−1, 1)

Near [3.33, 10.0] [300.0, 100.0] [−4.7, 4.7] [−4.7, 4.7] [0, 2] [0, 2] (−2, 2)

C45 Intermediate 1 [1.67, 3.33] [600.0, 300.0] [−4.7, 4.7] [−4.7, 4.7] [0, 2] [0, 2] (−2, 2)

Intermediate 2 [1.00, 2.50] [1000.0, 400.0] [−4.7, 4.7] [−4.7, 4.7] [0, 2] [0, 2] (−2, 2)

Distant [0.20, 0.83] [4984.4, 1200.0] [−4.7, 4.7] [−4.7, 4.7] [0, 3] [0, 3] (−3, 3)

Near [2.00, 10.0] [500.0, 100.0] [−6.2, 6.2] [−6.2, 6.2] [0, 1] [0, 1] (−1, 1)

C50 Intermediate 1 [1.25, 3.33] [800.0, 300.0] [−6.2, 6.2] [−6.2, 6.2] [0, 1] [0, 1] (−1, 1)

Intermediate 2 [0.667, 1.43] [1500.0, 700.0] [−6.2, 6.2] [−6.2, 6.2] [0, 1] [0, 1] (−1, 1)

Distant [0.222, 1.00] [4495.7, 1000.0] [−6.2, 6.2] [−6.2, 6.2] [0, 2] [0, 2] (−2, 2)

NIR Polarization

C5 Near [2.00, 10.0] [500.0, 100.0] [−4.2, 4.2] [−4.2, 4.2] [0, 1] [0, 1] (−1, 1)

Distant [0.126, 3.33] [7951.6, 300.0] [−4.2, 4.2] [−4.2, 4.2] [0, 1] [0, 1] (−1, 1)

C45 Near [2.00, 10.0] [500.0, 100.0] [−4.7, 4.7] [−4.7, 4.7] [0, 1] [0, 1] (−1, 1)

Distant [0.141, 3.33] [7080.6, 300.0] [−4.7, 4.7] [−4.7, 4.7] [0, 1] [0, 1] (−1, 1)

C50 Near [2.00, 10.0] [500.0, 100.0] [−3.4, 3.4] [−3.4, 3.4] [0, 1] [0, 1] (−1, 1)

Distant [0.167, 3.33] [5988.8, 300.0] [−3.4, 3.4] [−3.4, 3.4] [0, 1] [0, 1] (−1, 1)

Note. Columns: (1) designation of the region; (2) polarizing cloud; (3) prior limits of the parallax; (4) the corresponding inverse parallax of the values in column (3);

(5) and (6) the prior limits of the Stokes parameters q(v, h) and u(v, h), respectively; (7), (8), and (9) the elements of the intrinsic-scatter covariance matrix Cqq, Cuu,

and Cqu, respectively.

Table 3
Parameters that Minimized the Bayesian Information Criterion in the Gaussian

Mixture Model Clustering

Region
Optical NIR

N Cov. Model BIC N Cov. Model BIC

(1) (2) (3) (4) (5) (6) (7)

C5 2 spherical −923.0 2 spherical −274.0

C45 2 spherical −155.6 3 diagonal −566.0a

C50 3 spherical −1316.5 2 spherical −324.5

Notes. Columns: (1) designation of the region; (2) and (5) the number of

components; (3) and (6) the covariance model; (4) and (7) the minimum BIC

number obtained with the parameters of the two columns on the right,

respectively.
a
Second smallest BIC value. The minimum is −570.1.

14
https://scikit-learn.org/stable/modules/mixture.html
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covariance model that minimized the BIC in the GMM method
for each data set. These parameters are subsequently used in
the GMM clustering described in Section 4.3. For NIR
polarization in C45, we chose the second-best option for the
initial parameters (Table 3). This decision was made because
the additional group consisted only of the four farthest
measurements, which are too few to characterize any proper-
ties of the magnetic Deld. The same stars beyond 2.8 kpc were
removed from the analysis with optical observation to improve
the clustering, which can be affected by the contrasting long
distances of these few measurements.

Figure 15 shows the group separation in q−u space and the
membership probability as a function of distance for each
solution. The ellipses illustrate the 2D shapes and orientations
of the individual Gaussian components obtained with the
models in Table 3. We used the diagnostics of Figure 15 to
conDrm that the solutions obtained from the set of initial
parameters minimizing the BIC (Table 3) were well-deDned in
q−u space. Moreover, we ensured that the probabilities were
above 80% in the majority of the measurements within each
component (Figure 15).
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