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ABSTRACT

We present a study of the three-dimensional (3D) distribution of interstellar dust derived from stellar extinction observations toward
the Taurus molecular cloud (MC) and its relation with the neutral atomic hydrogen (HI) emission at 21 cm wavelength and the carbon
monoxide 12CO and 13CO emission in the J = 1→ 0 transition. We used the histogram of oriented gradients (HOG) method to match
the morphology in a 3D reconstruction of the dust density (3D dust) and the distribution of the gas tracers’ emission. The result of
the HOG analysis is a map of the relationship between the distances and radial velocities. The HOG comparison between the 3D dust
and the HI emission indicates a morphological match at the distance of Taurus but an anticorrelation between the dust density and
the HI emission, which uncovers a significant amount of cold HI within the Taurus MC. The HOG study between the 3D dust and
12CO reveals a pattern in radial velocities and distances that is consistent with converging motions of the gas in the Taurus MC, with
the near side of the cloud moving at higher velocities and the far side moving at lower velocities. This convergence of flows is likely
triggered by the large-scale gas compression caused by the interaction of the Local Bubble and the Per-Tau shell, with Taurus lying at
the intersection of the two bubble surfaces.
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1. Introduction

Most stars form in a cold, dense, and mostly molecular phase
of the interstellar medium (ISM; see, Ferrière 2001; Klessen
& Glover 2016, for a review). Although there is a significant
amount of diffuse molecular gas in the Milky Way and other
galaxies (see, for example, Roman-Duval et al. 2016; Miville-
Deschênes et al. 2017; Rosolowsky et al. 2021), most of the star
formation appears related to localized dense molecular clouds
(MCs; see, Dobbs et al. 2014; Heyer & Dame 2015; Chevance
et al. 2022, for a review). Thus, insight into the formation and
destruction of MCs is crucial for understanding the star forma-
tion process and the evolution of galaxies. For this paper, we
combined the atomic and molecular gas emission with the dust
three-dimensional (3D) distribution in and around the Taurus
MC in search of clues about its formation and current dynamics.

At a distance of around 140 pc (Zucker et al. 2020), Taurus
is one of the nearest and best-studied star-forming regions (see
Kenyon et al. 2008, for a review). It was first discovered as a
series of dark spots and lanes visible against the bright back-
ground of stars just south of the Milky Way’s plane (Barnard

1919; Lynds 1962) and is one of the MCs where the relation
between dust and gas was first studied (Lilley 1955). This region
does not contain luminous O or B stars but has a rich population
of less-massive pre-main sequence stars, among them T Tauri
variable stars with G, K, or M spectral types (Joy 1945; Kenyon
& Hartmann 1995; Rebull et al. 2010).

The first large-scale and high angular resolution study res-
olution of Taurus in carbon monoxide (CO) emission in the
J = 1→ 0 transition revealed a mass of 2.4× 104 M� in molec-
ular gas, which in combination with the counts of young stars
results in a star formation efficiency between 0.3% and 1.2%
(Goldsmith et al. 2008). Observations of neutral atomic hydro-
gen (HI) emission toward dark clouds in Taurus reveal the pres-
ence of HI narrow self-absorption (HINSA) features that appear
correlated with the hydroxyl radical (OH) and CO emission,
which suggests that a significant fraction of the HI is located
in the cold, well-shielded portions of MCs and is mixed with the
molecular gas (Li & Goldsmith 2003; Goldsmith & Li 2005).

Three-dimensional maps of the local dust distribution in 3D
indicate that the Taurus MC sits in the nearest hemisphere of
a near-spherical shell with a diameter of around 160 pc that is
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also connected to the Perseus MC, thus called the Per-Tau shell
(Leike et al. 2020; Bialy et al. 2021). The connection between
the Taurus and Perseus MCs had been suggested since the first
large-scale mapping of the CO emission toward these regions
(Ungerechts & Thaddeus 1987). Still, it was only confirmed with
the advent of the stellar parallax measurements from ESA’s Gaia
satellite, which along with other observations, enable the map-
ping of dust in 3D (see, for example, Lallement et al. 2018; Green
et al. 2019). The Per-Tau shell is most likely the result of stel-
lar and supernova (SN) feedback that swept up the surrounding
interstellar medium (ISM), leading to the accumulation of matter
that formed the Perseus and Taurus MCs. Using the observations
of the soft X-ray continuum and the 26Al line emission, Bialy
et al. (2021) estimate that the Per-Tau shell’s age is between 6 and
22 Myr.

Recent studies presented in Zucker et al. (2022) reveal that,
in addition to touching the near side of the Per-Tau shell, Taurus
lies at the edge of the Local Bubble. The Local Bubble is the
cavity of the low-density, high-temperature plasma surrounded
by a shell of cold, neutral gas and dust in which the Sun lies
(see, for example, Sanders et al. 1977; Cox & Reynolds 1987;
Snowden et al. 2015; Pelgrims et al. 2020). Its expansion was
most likely powered by 15 to 20 SNe that have exploded over
the past 14 Myr (Zucker et al. 2022). Thus, Taurus’s position,
nestled at the intersection of two shells, suggests that it may have
formed by the material gathered in the collision of these two
bubbles.

In this paper, we focus on the current dynamics of the Taurus
MC using new data and a new method. We used the new 3D
dust maps obtained with a hierarchical Bayesian model based
on stellar parallax and extinction observations from Gaia and
other observatories (Leike & Enßlin 2019; Leike et al. 2020). We
employed the new histogram of oriented gradients (HOG; Soler
et al. 2019) method to identify the correlation in the extended
emission from the different tracers. We applied the HOG method
to connect the distribution of the 3D dust map and the HI and
CO emission toward the Taurus MC. The result is a map of the
relationship between distances and radial velocities that we used
to elucidate the MC dynamics. Radio emission from the ISM and
3D dust have previously been combined to investigate the ISM
in four dimensions (three spatial and one velocity; Tchernyshyov
& Peek 2017), but never at the level of distance precision we use
here, and never before with the HOG.

This manuscript is organized as follows. We present the
HI, CO, and 3D dust observations in Sect. 2. In Sect. 3, we
summarize the main aspects of the astroHOG method and intro-
duce the circular statistical tools used to quantify the correlation
between the observations. Section 4 presents the results of the
comparison between the gas tracers and the 3D dust model.
We present a discussion of our results and their implication
for the understanding of the Taurus region and other MCs in
Sect. 5. Finally, we present our conclusions in Sect. 6. We reserve
complementary analysis to a set of appendices. Appendix A
presents the tests performed to evaluate the significance of
the HOG results. Appendix B shows the results of different
smoothing procedures and masking procedures in the computa-
tion of the HOG. In Appendix C, we present the HOG results
obtained when applying column density masks to study the
morphological correlation within the extinction-based bound-
aries assigned to the Taurus MC. We present the HOG results
obtained when dividing the region into blocks in Appendix D.
Finally, Appendix E presents the results of the HOG correlation
between the gas tracers and the 3D extinction maps presented in
Green et al. (2019).

2. Data

2.1. Carbon monoxide (CO) emission

We used the 100 deg2 survey of the Taurus MC region in
12CO and 13CO emission in the J = 1→ 0 transition presented
in Goldsmith et al. (2008). These data were obtained using
the 32-pixel SEQUOIA focal plane array receiver installed
in the 13.7-m Quabbin millimeter-wave telescope of the Five
College Radio Astronomy Observatory (Erickson et al. 1999).
The full width at half maximum (FWHM) beam sizes of the
telescope are 45′′ and 47′′ for the frequencies of 115.271202
and 110.201353 GHz, which correspond to the emission lines
12CO(1→ 0) and 13CO(1→ 0), respectively. Further details of
the data taking, data reduction, and calibration procedures are
presented in Narayanan et al. (2008).

The final emission cubes of both isotopologues are very close
to the Nyquist sampled and are presented in a uniform grid
of 20′′ spacing, with 2069 pixels in right ascension (RA) and
1529 pixels in declination (DEC). In the spectral axis, the data
covers the radial velocity range between −5 and 14.9 km s−1 in
80 spectral channels for 12CO and 76 channels for 13CO, which
correspond to channel widths of 0.26 and 0.27 km s−1. For these
channel widths, the mean root-mean-square antenna tempera-
tures in this data set are 0.28 K and 0.125 K for 12CO and 13CO,
respectively.

2.2. Atomic hydrogen (HI) emission

We used the publicly available observations from the Galac-
tic Arecibo L-Band Feed Array HI survey (GALFA-HI) data
release 2 (DR2; Peek et al. 2018). This survey covers the HI
emission from −650 to 650 km s−1, with 0.184 km s−1 channel
spacing, 4′ angular resolution, and 150 mK root mean square
(rms) noise per 1 km s−1 velocity channel. The GALFA-HI DR2
observations cover the entirety of the sky available from the
William E. Gordon 305 m antenna at Arecibo, from δ=−1◦17′
to +37◦57′ across the whole right ascension (α) range. This data
set provides the highest-resolution map of extended HI emission
toward Taurus available to date.

We obtained the GALFA-HI DR2 distributed in FITS-
format cubes in the “narrow” velocity range (v ≤ 188 km s−1).
through the GALFA collaboration website1. We used the Python
spectral-cube and reproject2 packages to arrange these
cubes into a 20′′ grid matching the coverage of the 12CO and
13CO data, but maintaining the native spectral axis with a
spectral resolution of 0.184 km s−1. This operation implies over-
sampling the 4′ beam, but we accounted for this fact using the
statistical weights introduced in Sect. 3.

2.3. Dust

2.3.1. 3D dust

We used the 3D dust distribution cube presented in Leike et al.
(2020). This model has a higher spatial resolution than other
state-of-the-art 3D dust reconstructions (for example, Rezaei Kh.
& Kainulainen 2022; Vergely et al. 2022; Dharmawardena et al.
2023). Since the statistical significance of the HOG analysis
depends on the number of independent gradients in the com-
pared images, this advantage is crucial for the study presented in
this paper.

1 https://sites.google.com/site/galfahi/
2 https://reproject.readthedocs.io
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The Leike et al. (2020) dust cube was derived from stel-
lar distances and integrated extinction estimates from the
Starhorse catalog (Anders et al. 2019), which combined obser-
vations from ESA’s Gaia satellite second data release (DR2;
Gaia Collaboration 2018), NASA’s Wide-field Infrared Sur-
vey Explorer (WISE) mission (Wright et al. 2010), the Two
Micron All Sky Survey (2MASS; Skrutskie et al. 2006), and
the Panoramic Survey Telescope and Rapid Response System
(Pan-STARRS; Kaiser et al. 2002). The dust distribution was
reconstructed using variational inference and Gaussian process
regression (MGVI; Knollmüller & Enßlin 2018; Leike & Enßlin
2019). This method is focused on modeling the dust distribution
in the vicinity of the Sun, in contrast with other 3D mapping
efforts aimed at reconstructing the distribution of dust in our
Galaxy on large scales to study the structure of our Galaxy, such
as its spiral arms (Lallement et al. 2018; Chen et al. 2019; Green
et al. 2019).

The final data product from Leike et al. (2020) is a recon-
struction of the G-band opacity per parsec, sx ≡ (∆τG)/(∆L/pc),
within 400 pc from the Sun with a resolution of up to 1 pc along
the line of sight (LOS). Following the procedure described in
Bialy et al. (2021), we converted sx into the total volume den-
sity of hydrogen nuclei nH. We assumed a G-band extinction
per hydrogen nuclei column density AG/NH = 4× 10−22 mag cm2

(Draine 2011), which leads to

n = 880sx cm−3. (1)

We calculated nH along the LOS by placing an observer in
the position of the Sun and tracing radial rays for which we com-
puted sx in 1-pc steps up to 588 pc. We registered the radial nH
distribution in 588 HEALPix (Górski et al. 2005) spheres with
tessellation Nside = 512, which corresponds to pixel angular sizes
θpix = 6.′87. We extracted the observed dust distribution toward
Taurus by making Cartesian projections that match the 20′′ grid
in the 12CO and 13CO data. An example of the resulting maps is
shown in Fig. 1.

2.3.2. Dust column density

We also used the dust optical depth at 353 GHz (τ353) as a proxy
for the total hydrogen nuclei column density (NH). The τ353 map
was derived from the all-sky Planck intensity observations at
353, 545, and 857 GHz, and the IRAS observations at 100µm,
which were fitted using a modified black body spectrum (Planck
Collaboration XI 2014). Other parameters obtained from this fit
are the temperature and the spectral index of the dust opacity.
The angular resolution of the resulting τ353 is 5′ FWHM.

We scaled from τ353 to NH using the Galactic extinction mea-
surements toward quasars (Planck Collaboration XI 2014), which
lead to:

τ353/NH = 1.2 × 10−26 cm2. (2)

Variations in dust opacity are present even in the diffuse
ISM and the opacity increases systematically by a factor of
two from the diffuse to the denser ISM (see, for example, Planck
Collaboration XXIV 2011; Martin et al. 2012). However, our
results do not critically depend on this calibration.

3. Methods

Comparing spectral emission and 3D dust cubes with the
HOG method

We correlated the HI and CO emission across velocity channels
and the 3D dust cube using the histogram of oriented gradients

(HOG) method introduced in Soler et al. (2019). This method
is based on characterizing the emission distribution using the
orientation of its gradients. For a pair of intensity maps IA

l and
IB
m in the emission position-position-velocity (PPV) cubes A and

B and velocity channels l and m (or a distance slice in the 3D
density cube), the relative orientation between their gradients is:

θi j,lm = arctan

 (∇IA
i j,l × ∇IB

i j,m) · ẑ

∇IA
i j,l · ∇IB

i j,m

 , (3)

where the i and j indexes run over the pixels in the sky coordi-
nates, which in our case are right ascension (RA) and declination
(DEC), and ∇ is the differential operator that corresponds to the
gradient.

Equation (3) implies that the relative orientation angles are
in the range [−π/2, π/2), thus accounting for the orientation of
the gradients and not their direction. The values of θi j,lm are only
meaningful in regions where both |∇IA

i j,l| and |∇IB
i j,m| are greater

than zero or above thresholds that are estimated according to the
noise properties of the each PPV cube (3D density cube).

We explicitly compute the gradients using Gaussian deriva-
tives by applying the multidimensional Gaussian filter routines
in the filters package of Scipy. The Gaussian derivatives
result from the image’s convolution with the spatial derivative
of a two-dimensional Gaussian function. The width of the Gaus-
sian determines the area of the vicinity over which the gradient
is calculated. Varying the width of the Gaussian kernel enables
the sampling of different scales and reduces the effect of noise
in the pixels (see, Soler et al. 2013, and references therein).

We synthesize the morphological correlation contained in
θi j,lm by summing over the spatial coordinates, indexes i and j,
using the projected Rayleigh statistic (Jow et al. 2018), which is
defined as

Vlm =

∑
i j wi j,lm cos(2θi j,lm)(∑

i j wi j,lm/2
)1/2 . (4)

The projected Rayleigh statistic (V) is a test of non-uniformity
in a distribution of angles for the specific orientation of interest
θ0 = 0◦ and 90◦, such that V > 0 or V < 0 correspond to cluster-
ing around those two particular angles (Durand & Greenwood
1958). Values of V > 0, which imply that the gradients are mostly
parallel, quantify the significance of the morphological similar-
ity between the two maps IA

l and IB
m. Values of V < 0, which

imply that the gradients are mostly perpendicular, are relevant
in magnetic field studies (see, for example, Heyer et al. 2020).

The null hypothesis implied in V is that the angle distribution
is uniform. In the particular case of independent and uniformly
distributed angles and for a large number of samples, values of
V ≈ 1.64 and 2.57 correspond to the rejection of the null hypoth-
esis with a probability of 5% and 0.5%, respectively (Batschelet
1972). Thus, a value of V ≈ 2.87 is roughly equivalent to a 3σ
confidence interval. Similarly to the chi-square test probabilities,
V and its corresponding null hypothesis rejection probability are
reported in the classical circular statistics literature as tables of
critical values, for example, Table 1 in Batschelet (1972), or com-
puted in the circular statistics packages, such as circstats in
astropy (Astropy Collaboration 2018).

We accounted for the spatial correlations introduced by the
scale of the derivative kernel by choosing the statistical weights
wi j,lm = (δx/∆)2, where δx is the pixel size and ∆ is the derivative
kernel’s FWHM. For pixels where the norm of the gradient is
negligible or can be confused with the signal produced by noise,
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Fig. 1. Taurus MC as seen in carbon monoxide, 12CO(J = 1→ 0) and 13CO(J = 1→ 0) emission from Goldsmith et al. (2008), neutral atomic
hydrogen (HI) emission from GALFA-HI DR2 (Peek et al. 2018), volume density of hydrogen nuclei (nH) across distances derived from the 3D
dust reconstruction in Leike et al. (2020), and hydrogen nuclei column density (NH) derived from the dust optical depth at 353 GHz (τ353) obtained
with the Planck observations (Planck Collaboration XI 2014). The contours correspond to NH = 5× 1021, 8× 1021, and 1.25× 1022 cm−2. The labels
in the bottom panel indicate the reference positions for the most prominent objects in Lynds’ catalog of dark nebulae (Lynds 1962) and Barnard’s
catalog of dark objects in the sky (Barnard 1927).

we set wi j,lm = 0. If all the gradients in an image pair are negligi-
ble, Eq. (4) has an indeterminate form that is treated numerically
as Not a Number (NaN).

The size of the derivative kernel sets a common spatial scale
for comparing two maps. Thus, we did not smooth the input data
to the same angular resolution for the HOG computation with
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derivative kernels larger than the angular resolution of the beam.
However, smoothing the input data to a coarser angular resolu-
tion increases the signal-to-noise ratio (S/N), thus increasing the
number of gradients in the HOG computation. In the main body
of this paper, we report the results obtained using the input data
in their native angular resolution and show the results of pres-
moothing in Appendix B. This selection does not significantly
change the conclusions of our study.

We compared the morphological correlation evaluated by V
with the correlation in the amount of emission or density by cal-
culating the Pearson correlation coefficient, which is defined as

(rPearson)lm =

∑
i j

(
IA
i j,l −

〈
IA
l

〉) (
IB
i j,l −

〈
IB
l

〉)
√∑

i j

(
IA
i j,l −

〈
IA
l

〉)2
√∑

i j

(
IB
i j,l −

〈
IB
l

〉)2
, (5)

where
〈
IA
l

〉
and

〈
IB
l

〉
are the weighted mean values of the maps

introduced in Eq. ((3)). The Pearson correlation coefficient is
a normalized measurement of the covariance and is a measure
of linear correlation between the two tracers. In contrast to V ,
it is sensitive to the amount of emission rather than the spatial
distribution of the tracers across the map.

4. Results

4.1. Dust in 2D and 3D

We applied the HOG method to the integrated dust column
density derived from the Planck observations (NH) and the nH
distribution across distance bins using a ∆ = 30′ FWHM deriva-
tive kernel, which corresponds to a scale of approximately 1.2 pc
at the mean distance to Taurus. To evaluate the impact of random
correlation, we also present the results obtained when flipping
the NH map vertically and horizontally. The resulting V and
rPearson are presented in Fig. 2.

The morphological correlation between these two data sets,
as quantified by V , presents maximum values around the dis-
tances usually assigned to the Taurus MC. Most of the dust
distribution roughly beyond 200 pc shows very small V values.
The flipped NH maps produce relatively low values of V with
respect to the peak of the values in the original maps, thus
suggesting that the effect of chance correlation is negligible.

The concentration of high V around the distance of the MC
indicates that most of the integrated NH distribution results from
the contributions from the dust in the Taurus MC with negligible
input from the material in the background, beyond 200 pc. The
V distribution across distances suggests that the morphological
matching obtained with the HOG method provides an alterna-
tive definition of MC distance. This “morphological distance,”
understood as the range of line of sight distances that contribute
the most to the observed morphology, is complementary to the
distance defined using reddening and distances to stars (see, for
example, Green et al. 2014; Schlafly et al. 2014; Zucker et al.
2020).

The Pearson correlation coefficient (rPearson) also shows max-
imum values for the distances around the MC. However, the
results of flipping the NH map indicate that rPearson presents large
values produced by chance correlation. We interpret these results
as indicating that V is less sensitive to chance correlation than
the linear correlation quantified by rPearson.

The increase in the values of rPearson roughly matches with
the increase in the mean density along the line of sight. In con-
trast, V appears to be dominated by the density peak around
the distance of Taurus. This indicates that the Taurus MC is

Fig. 2. Properties derived from the 3D dust mapping toward the Taurus
molecular cloud. Top: Mean volume density of hydrogen nuclei (nH) cal-
culated using Eq. (1). Middle: Projected Rayleigh statistic (V , Eq. (4))
for the integrated dust column density derived from the Planck obser-
vations (NH) and the distribution of dust across distance slices in the
3D dust reconstruction. Values of V ≈ 0 correspond to a random ori-
entation between the gradients of the two tracers, thus indicating low
morphological correlation. Values of V > 2.87 correspond to the mostly
parallel gradient, thus indicating a significant morphological correla-
tion. Bottom: Pearson correlation coefficient (rPearson) between NH and
the distribution of dust across distance slices. The solid colored verti-
cal line indicates the distance channel with the maximum V . The faint
lines correspond to the chance correlation tests performed by flipping
the maps with respect to each other in the vertical and horizontal direc-
tions. The black vertical lines indicate the average distance to the Taurus
MC and its corresponding confidence interval, as reported in Zucker
et al. (2020).

the dominant feature in the NH map, although it is not the only
density structure found along the line of sight.

Figure 3 shows the nH distribution in the slice with the high-
est V and the V distribution in 5× 4 blocks, each with an area of
roughly 4∆× 4∆, for that distance channel. We found a signifi-
cant correlation between nH and NH toward the regions around
the dark clouds B220/L1527 and B211/B213/L1495. There is
also significant V toward mostly diffuse regions, for example, in
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Fig. 3. Left: Distribution of the hydrogen volume density (nH), derived from the Leike et al. (2020) 3D dust reconstruction, for the distance channel
that shows the highest correlation with the gas column density (NH) derived from the Planck observations, shown by the contours. The white
contours correspond to NH = 1, 2, 3, 4, 5, 8, and 12.5× 1021 cm−2. Right: Distribution of the projected Rayleigh statistic (V , Eq. (4)) in 5× 4 blocks
across the map. The minimum of the color bar is set to 2.87, which is roughly equivalent to a 3σ significance for this indicator of the correlation
between the two images. The green disk indicates the derivative kernel size ∆ = 30′.

Fig. 4. Correlation between the distribution of hydrogen volume density (nH) derived from the Leike et al. (2020) 3D dust reconstruction and the
HI, 12CO, and 13CO emission across distances and radial velocities as quantified by the projected Rayleigh statistic (V), as indicated in the color
bars to the right of each panel. The lower limit of each color scale is set to the standard deviation of V across the whole distance and velocity
range, ςV. The dashed vertical and horizontal lines indicate the minimum and maximum d and vLSR where V is larger than 3ςV. The circle indicates
the distance-radial velocity pair with the highest V . The red and blue crosses in the center and left panels indicate the highest radial velocity and
nearest distance and the lowest radial velocity and farthest distances with significant V , respectively.

the southeast portion of the map. The highest V is found toward
the shell-like feature in the southwest portion of the map, which
is not prominent in the near-infrared extinction maps of Taurus
(see, for example, Lombardi et al. 2010).

4.2. Gas and 3D dust

We also applied the HOG method to the HI, 12CO, and 13CO
emission and the dust distribution across distance bins using a
∆ = 30′ FWHM derivative kernel. The distribution of V across
distance slices and radial velocity channels is presented in Fig. 4.
The maximum values of V indicate a large correlation in the dis-
tribution of the dust and gas tracers. However, there are clear
differences between the results obtained for the HI and the two
CO isotopologues.

4.2.1. HI and 3D dust

The distribution of V for the HI emission and the 3D dust, shown
in the left-hand side panel of Fig. 4, indicates a large spread

of relatively high values for a broad range of velocity chan-
nels and distances. The highest V values are found in the range
130. d . 160 pc and 3. vLSR . 7 km s−1. Yet, we also found high
V for a few velocity channels around 5.7 km s−1 at d ≈ 200 pc.

The multiplicity of distances with high V for a particular vLSR
implies that the HI emission in a velocity channel results from
contributions of gas parcels separated by tens of parsecs. This
result is not surprising given the ubiquity of HI and the relatively
broad linewidths; around 2 km s−1 and 10 km s−1 for the cold and
warm HI phases (see, for example, Kalberla & Kerp 2009). The
overlap is particularly acute for vLSR ≈ 5.7 km s−1, where there
are high V values at d ≈ 125, 140, and 200 pc.

The top panel in Fig. 5 shows the nH distribution and HI
emission for the pair of distance and radial velocity channels
with the highest V , indicated by the green circle in the corre-
sponding panel of Fig. 4. The distance with the highest V is
found around vLSR ≈ 5.8 km s−1 and d ≈ 145 pc, which indicates
that there is a significant correlation between dust in and around
the MC and the HI emission. We found, however, that the highest
similarity between the tracers comes from regions within Taurus
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Fig. 5. Atomic hydrogen (HI) emission and distribution of the hydrogen volume density (nH) derived from the Leike et al. (2020) 3D dust recon-
struction for two radial velocity and distance channels with the highest V , as indicated in Fig. 4. The pseudovectors indicate the orientation of the
Tb and nH gradients, shown in white and cyan colors respectively. The translucent mask marks the blocks where V < 2.87, thus indicating areas of
negligible morphological correlation.

where the increase in nH is associated with a decrease in the HI.
Such anticorrelation is expected if we consider that the HI asso-
ciated with the MC is in the cold phase that is seen as a shadow
against the warm phase background, which is known in the liter-
ature as HI self-absorption (HISA; Heeschen 1955; Gibson et al.
2000; Wang et al. 2020).

We also found significantly high V for vLSR ≈ 5.8 km s−1 and
d ≈ 200 pc. The distribution of dust around that distance, shown
in the bottom panel of Fig. 5, corresponds to the HI bright region
toward the left-hand side of the map, which most likely corre-
sponds to the background against which the HISA around the
B220/L1527 region in Taurus is visible. However, the bright HI
filament seen over the more extended emission toward the lower
left portion of the map does not have a counterpart in the dust
distribution at that distance.

4.2.2. CO and 3D dust

The distribution of V for the 12CO and 13CO emission and the
3D dust, shown on the center and right panels of Fig. 4, indi-
cates a concentration of high values in the range 130. d . 160 pc
and 4. v . 7 km s−1. In the case of 13CO, the highest V appear
closely concentrated around d ≈ 140 pc and vLSR ≈ 6.2 km s−1. In
the case of 12CO, the highest V values appear more spread
out in velocity and distance. They also show a negative slope

distribution in the distance-radial velocity plane that links the
highest distances to the lowest velocities and the lowest distances
to the highest velocities.

Figure 6 shows the nH distribution and 12CO emission for
the distance and radial-velocity channels with the highest V . The
similarity in the distribution of both tracers confirms the results
of the HOG. Most of the correlation comes from the material
within the 5× 1021 cm−2 (AV ≈ 5) contour, which is around the
extinction level usually used to define the Taurus MC in extinc-
tion and dust emission observations (see, for example, Cambrésy
1999; Planck Collaboration Int. XXXV 2016). There are, how-
ever, small portions of the cloud for which the nH distribution
has no counterpart in the 12CO emission in the studied velocity
range, particularly toward the lower right corner of the map.

We further explored the negative-slope feature in the cen-
ter panel of Fig. 4 by dividing the area of the Taurus MC in
4× 3 blocks and calculating the V distribution across distances
and radial velocities. The results toward each block, presented in
Fig. 7, indicate that the signal in Fig. 4 is also found in the upper
right areas of the Taurus MC, with the largest significance found
toward the center of the region. The block with the highest col-
umn density, second from left to right in the central row of Fig. 7,
shows a discontinuity most likely related to the high extinction
limiting the 3D dust reconstruction toward that portion of the
cloud. Insofar as the division in blocks does not elucidate the
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Fig. 6. Carbon monoxide (12CO) emission and distribution of the hydrogen volume density (nH) derived from the Leike et al. (2020) 3D dust
reconstruction for the radial velocity and distance channels with the highest V , as indicated in Fig. 4. The pseudovectors indicate the orientation of
the Tb and nH gradients, shown in white and cyan colors respectively. The translucent mask marks the blocks where V < 2.87, thus indicating areas
of negligible morphological correlation.

Fig. 7. Correlation between the distribution of the hydrogen volume density (nH) derived from the Leike et al. (2020) 3D dust reconstruction and
12CO emission across distances and radial velocities as quantified by the projected Rayleigh statistic (V) for the 4× 3 regions shown in Fig. 6. The
vertical and horizontal dashed lines correspond to the distances and radial velocity ranges defined in Fig. 4. The circle marks the pair of distance
and velocity channels with the highest global V , which are presented in Fig. 6.

dynamical behavior of each portion of the cloud and is limited
by the limited number of independent gradients in each block,

we focus on the global trend rather than look for an explanation
of the trend for each MC portion.
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Fig. 8. Distribution of the hydrogen volume density (nH) derived from the Leike et al. (2020) 3D dust reconstruction (left) and 12CO emission
(right) for the minimum and maximum distance and radial velocity channels with significant correlation, identified by the red and blue crosses
in Fig. 4. The maps shown in a blue colormap correspond to the farthest distance and the lowest velocity channels with V > 3ςV, where ςV is the
standard deviation of V across the whole distance and velocity range. The maps shown in a red colormap correspond to the nearest distance and
the highest velocity channels with V > 3ςV. The yellow and green stars indicate the positions of the young (age< 10 Myr) stellar objects presented
in Galli et al. (2019) and young stellar clusters in Luhman (2023), respectively.

The global HOG results presented in Fig. 4 indicate that
the material at the highest distances is related to the lowest
velocities and that material at lower distances is linked to the
highest velocities, but it is not limited to these two extremes. This
high correlation identified with the HOG method is distributed
across the distances and radial velocities between roughly 125
and 175 pc and 4 to 7 km s−1. This distribution implies that the
MC’s most distant and closest portions are converging along the
line of sight.

The distinctive pattern in V linking the near side of Taurus to
its highest 12CO radial velocities and vice versa is slightly distin-
guishable in the results obtained with 13CO, shown in the right
panel of Fig. 4. However, its lower significance limits additional
interpretation, as further illustrated in Appendix D.

5. Discussion

5.1. Morphology as an indicator of distance

Figure 2 illustrates the agreement between the estimated distance
to the Taurus MC and the distances at which the HOG produced
the highest correlation, quantified by V . The HOG produces high
V when the gradients of two images are mostly parallel. Thus,
the finding of high V at the distance of the MC indicates that the
dust parcel at d =1́40 pc not only has most of the dust along the
line of sight, but it is also responsible for most of the features
observed in the integrated dust map. This observation is essen-
tial for the comparison between the 2D MCs in the literature,
which are traditionally in the integrated dust maps, and the novel
reconstructions of 3D dust distribution (see, for example, Zucker
et al. 2021; Rezaei Kh. & Kainulainen 2022).

The tests of our method applied to the 3D maps of dust red-
dening from Green et al. (2019) emphasize the importance of
the 3D dust reconstruction for the HOG studies, as detailed in
Appendix E. The 3D dust maps have the advantage of accounting
for the spatial correlations between independent lines of sight,
producing a smoother distribution. Moreover, the 3D maps of
dust reddening tend to overestimate the cloud distance obtained
with the HOG and saturate for distances beyond the dominant
feature in the map, as discussed in Appendix E.

We found no significant signal in V at d ≈ 300 pc, corre-
sponding to the backside of the Per-Tau shell identified in Bialy
et al. (2021). This lack of correlation indicates that this potential
background does not significantly contribute to the integrated
dust emission and emphasizes the importance of the 3D dust
maps to elucidate this kind of structure surrounding MCs. Being
at a relatively high Galactic latitude (b≈−14.◦5), the integrated
dust emission toward Taurus is unlikely to be affected by back-
ground contamination. However, this may be critical for clouds
at lower b, where the morphological correlation quantified by the
HOG can identify what parcel of dust along the LOS is respon-
sible for the integrated emission and what portions of an MC are
dominated by different dust parcels along the LOS.

5.2. Dust revealing the presence of cold HI

The anticorrelation between HI emission and nH illustrated in
Fig. 5 marks the potential location of HISA in Taurus. Observa-
tions of HI in dark clouds in Taurus have previously revealed the
presence of HI narrow self-absorption (HINSA) features, sug-
gesting that a significant fraction of the HI in Taurus is located
in the cold, well-shielded portions of MCs and is mixed with the
molecular gas (Li & Goldsmith 2003; Goldsmith & Li 2005).

Heiner & Vázquez-Semadeni (2013) used the HI spectra to
identify HISA and estimate hydrogen volume densities of up to
430 cm−3 within Taurus. This value is at least a factor of two
larger than the maximum nH derived from the 3D dust across
the MC. This discrepancy can be explained by the limitation of
the 3D dust to reconstruct the density toward regions of high
extinction.

Given the lack of existing observations of HI absorption
around Taurus, just one within 5◦ of the center of the region
(Nguyen et al. 2019), the correlation between the dust and the
HISA is a promising path to disentangle the amount of cold HI
in and around MCs. We will focus on this topic in the subsequent
paper in this series.

5.3. Dynamics of the Taurus MC

The negative slope feature found in the correlation between
nH and 12CO emission, shown in the central panel of Fig. 4,
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indicates that nearby material in Taurus is moving toward the
central velocity of the cloud and more distant material is also
moving toward it. This motion is consistent with two scenarios.
One possibility is rotation on MC scales. The other possibility is
the MC is contracting, either by external compression or global
collapse.

Taking the cloud as a whole, our results are consistent with
a 2.5 km s−1 radial velocity difference more or less aligned with
the Galactic plane across roughly 25 pc, that is, a velocity gradi-
ent of roughly 0.1 km s−1 pc−1. Meidt et al. (2018) have shown
that the gas kinematics on the scale of individual molecular
clouds are not entirely dominated by self-gravity but also track
a component that originates from orbital motion in the potential
of the host galaxy. Pascucci et al. (2015) presents observations of
the narrow Na and K absorption lines toward 40 T Tauri stars in
the Taurus and found a velocity gradient along the length of the
MCs, which the authors suggest is consistent with differential
galactic rotation (Imara & Blitz 2011).

Galli et al. (2019) studied the parallax distances and proper
motions from Gaia’s Data Release 2 (DR2) and the astrometry
obtained with long baseline interferometry (VLBI) for 415 stars
toward the Taurus MC. Using the divergence and rotational of
stellar proper motions, the authors concluded that the expansion
or contraction motions traced by this sample are negligible. They
also reported a global rotational velocity of around 1.5 km s−1.
However, the results of the HOG indicate a different scenario for
the dust and the gas.

Figure 8 shows the nH distribution and the 12CO emission for
the extremes of the negative-slope feature identified in Fig. 4 The
colors indicate what can be interpreted as a large-scale velocity
gradient between vLSR = 4.25 km s−1 and 7.05 km s−1 across Tau-
rus. However, the 12CO emission toward the portion of the MC
that shows the HOG signature of compression, as identified in
Fig. 7, shows a less clear left-right symmetry. The nH for the two
distances associated with the radial velocities shows a mixture of
two components, and it is mainly dominated by the nearby one
at d = 125 pc.

The comparison between the HOG results and the stellar dis-
tances and radial velocities in the Galli et al. (2019) sample,
shown on the top panel of Fig. 9, suggest that the stars follow
the trend in the gas and dust, albeit with a large scatter. The
scatter in the stellar data is explained by the 2.7 km s−1 three-
dimensional velocity dispersion reported in Galli et al. (2019),
which is close to twice the rotational speed estimated with the
proper motions of the stars. The large velocity dispersion with
respect to the potential rotational motions suggests that the latter
is not dominant in this system.

We also looked for additional indications of converging
motions in the Taurus young cluster dynamics identified with
Gaia (Esplin & Luhman 2019; Luhman 2023). The bottom
panel of Fig. 9 shows in detail the negative-slope pattern iden-
tified with the HOG in nH and 12CO emission along with the
radial velocities and distances to the young clusters. The roughly
3 km s−1 velocity difference across approximately 80 pc along
the LOS identified in the dust and 12CO is not followed by the
young stellar clusters. This discrepancy may be related to the
current gas dynamics not dominating the young cluster dynam-
ics. Thus, it may indicate the different time scales that coexist
within the MC, but does not contradict the compressive motions
in the dust and gas.

The Taurus region with the most evident signature of con-
verging motions identified with the HOG method corresponds to
the southern portion of the B211/B213 region, which has been
identified as an archetypical example of a star-forming filament

Fig. 9. Same as the middle panel of Fig. 4, but for a more limited range
of distances and radial velocities and including the radial velocities and
distances for the young (age< 10 Myr) stellar objects identified as clus-
ter members in Galli et al. (2019) and young stellar clusters in Luhman
(2023).

(Schmalzl et al. 2010; Palmeirim et al. 2013). The Herschel dust
emission observations reveal the presence of striations perpen-
dicular to the filament, generally oriented along the magnetic
field direction as traced by optical polarization vectors and dust
thermal emission (Chapman et al. 2011; Soler 2019; Eswaraiah
et al. 2021). These observations have led some authors to sug-
gest that the material may be accreting along the striations onto
the main filament (see, for example, Pineda et al. 2022, and ref-
erences therein). The typical velocities expected for the infalling
material in this picture are around 1 km s−1, which is roughly
compatible with our estimates, assuming that the dynamics that
Palmeirim et al. (2013) study on the plane of the sky are also
those that we identified along the LOS.

In a follow-up to Palmeirim et al. (2013), Shimajiri et al.
(2019) studied the velocity pattern in the CO emission around
the B211/B213 filament and identified the gas motions as the
signature of “mass accretion” into that structure. The authors
conclusions are based in the emission at vLSR ≈ 6 to 7 km s−1

toward the northeastern edge of the filament and at vLSR ≈ 4–
5 km s−1 toward the southern-west edge. These velocities match
the results of our analysis, but our analysis suggests that they are
produced by the convergence of gas components along the line
of sight rather than by gravitational collapse into the filament.

The fact that we found different dynamics in the stars and the
combination of dust and gas is most likely related to the origin of
the global contraction or compression of Taurus suggested by the
HOG results. If the stars, dust, and gas dynamics were dominated
by the monolithic collapse toward the bottom of a gravitational
potential well, we would expect coherent motion in all the tracers
toward a particular location. However, this is not what is obtained
by the 3D motions of the stars in Galli et al. (2019) or the results
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of the HOG. Instead, we found compressive motions in the gas
and dust in Taurus but not in the stars, as illustrated in Fig. 9.

Our analysis suggests the convergence of gas components
across the whole area of the MC, not continuous convergence in
parts of the cloud. This implies that the gas is brought together,
rather than collapsing toward the local centers of gravitational
collapse. Thus, it is more likely that the convergence is being
driven from the exterior of the MC, as with the injection of
momentum from supernovae, rather than from the matter in its
interior, as would be the case in gravitational collapse. The for-
mer scenario gathers the gas while only marginally contributing
to the motions of the stars. The latter influences the stars and the
gas. Both scenarios can coexist in an MC. Our results indicate
that external compression is dominant in the Taurus MC.

5.4. Potential origin of the Taurus MC

The 3D dust maps used in this paper also enable precise con-
straints on the morphology of feedback-driven shells and super-
bubbles. These structures appear as cavities in the interstellar
medium and have been identified in the Taurus vicinity and other
locations of the solar neighborhood (Pelgrims et al. 2020; Bialy
et al. 2021; Marchal & Martin 2023; Foley et al. 2023).

Figure 10 shows the relationship between the 3D position
of the Taurus MC and the 3D morphology of the Per-Tau shell
(Bialy et al. 2021) and the Local Bubble, whose boundary has
been mapped out in Pelgrims et al. (2020) using the 3D dust
map of Lallement et al. (2019). Taurus lies at the intersection
of these two surfaces, where the Per-Tau shell seems to produce
an indentation in the Local Bubble. The near side of the cloud,
which is touching the Local Bubble’s surface, travels at higher
radial velocities. The far side of the cloud, which is touching
the Per-Tau shell, travels at lower radial velocities. Both of these
observations strongly suggest that the relation between the radial
velocity and distance revealed by the HOG in Fig. 9 is consistent
with the formation of the Taurus MC as a result of large-scale gas
compression via a “snowplow” effect produced by the SN-driven
expansion of two superbubbles (see, for example, Inutsuka et al.
2015; Dawson 2013).

The colliding shells scenario is consistent with the sheet-
like morphology of Taurus in 3D dust at lower densities, as
identified in Zucker et al. (2021). The shock-compressed layers
are possibly the origin of the network of filamentary structures
embedded within the cloud at higher densities (Arzoumanian
et al. 2013). These structures appear to evolve independently, as
suggested by the proper motions of the stellar associations in
Taurus (Roccatagliata et al. 2020), and give rise to the young (a
few megayears old) stellar population (Luhman 2018). Although
the young stellar population does not rule out an MC origin by
gravitational contraction, it matches what is expected if the MC
had only formed recently due to the bubble collision, whereas the
presence of an older population, for example, clusters with ages
around 10 Myr, would have been inconsistent with this scenario.

6. Conclusions

We used the machine vision method HOG (Soler et al. 2019) to
study the relation between the 3D dust reconstruction presented
in Leike et al. (2020) and the HI, 12CO, and 13CO emission
toward the Taurus MC. We showed that the morphological cor-
relation quantified by the HOG provides a robust estimate of
the distance to the MC by determining the dust parcel along
the LOS that contributes the most to the observed distribution

Fig. 10. Locations of the Taurus MC, Local Bubble, and the Per-Tau
shell in an X-Z projection in heliocentric Galactic Cartesian coordi-
nates. The X-axis (X′) has been rotated counterclockwise by θ= 33◦ to
show the best view of the intersection of the two shells. The red points
correspond to the 3D model of the dense gas in Taurus presented in
Zucker et al. (2021), based on the 3D dust reconstruction presented in
Leike et al. (2020). The Local Bubble surface, shown in purple, corre-
sponds to the structure identified in Pelgrims et al. (2020), based on the
3D dust reconstruction presented in Lallement et al. (2019). The Per-Tau
shell surface, shown in green, corresponds to the structure identified in
Bialy et al. (2021), based on the 3D dust reconstruction presented in
Leike et al. (2020). Taurus lies at the intersection of the two surfaces.

in integrated dust extinction or emission maps. Thus, the HOG
provides a powerful tool to determine distances to the fea-
tures identified in 2D maps and disentangle the contributions of
different dust parcels to the integrated maps.

We identified the anticorrelation between the mass traced
by the 3D dust reconstruction and the HI emission toward the
Taurus MC. We interpreted this result as the effect of the cold
HI associated with the MC. We devote a follow-up paper to a
detailed study of the HI within Taurus.

We also found the potential signature of the converging
motions in the HOG correlation between the 3D dust and 12CO.
The imprint of these motions is strongest toward the region
around the star-forming filament B211/3.

The converging motion signature in the 3D dust and 12CO
differs from the potential rotation signatures found in the proper
motions of the stars in Taurus (Galli et al. 2019). However,
this discrepancy is not in tension with our results for two main
reasons. First, the velocity of the potential rotational motion
reported in Galli et al. (2019) is below the 3D velocity disper-
sion of the stars, thus indicating that the rotation is not dominant
in this system. Second, the dynamics of the dust and gas are not
necessarily the same as those of the stars. The fact that we are
finding converging motions in the gas and not in the stars can
be interpreted as an indication that these are not dominated by
a monolithic gravitational collapse, which would affect both the
stars and the ISM, but rather by a large-scale shock that pushes
and gathers the lower-density ISM.

The results of the HOG are consistent with the potential ori-
gin of the Taurus MC as the result of material compression by
the expansion of the Local Bubble and the Per-Tau shell. This
dynamic imprint is a concrete observable that can be targeted
in the analysis of numerical simulations and their associated
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synthetic observations to study the prevalence of this MC for-
mation scenario. Also, as more superbubbles are mapped out in
3D across the solar neighborhood, the HOG technique presented
here provides an opportunity to test MC formation mechanisms
over a larger statistical sample.

We used the HOG method to map the distances revealed by
dust into the radial velocity sampled by the gas tracers, reveal-
ing various aspects of one of the most studied MCs. However,
the correlation between gas tracers and 3D dust is just one of
the MC characteristics that can be studied using the HOG and
other novel statistical tools. We devote two forthcoming papers
to studying the cold atomic hydrogen in and around the Taurus
and its relation with the interstellar magnetic field.
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Appendix A: Statistical significance of the HOG
results

The results of the HOG analysis are presented in terms of the
projected Rayleigh statistic (V), presented in Eq. (4) (Jow et al.
2018). In the following sections, we evaluate the effect of the
uncertainties in the 3D dust and emission maps and the impact
of chance correlations.

A.1. Error propagation

The HI and CO emission maps have uncertainties associated
with the sensitivity of the instrument used to obtain them. The
3D dust reconstruction has uncertainties related to reconstructing
a continuous distribution based on discrete sampling. We eval-
uated the effect of both uncertainties in the values of V using
Monte Carlo sampling.

For each velocity channel map and nH slice, we generated
ten Monte Carlo realizations with an amplitude equal to the 1-
σ uncertainty in each data set. The results are 100 values of
V per distance and radial-velocity pair. We computed the mean
value 〈V〉, which we reported in the main body of this paper, and
the standard deviation around this value, σV, which we report in
Fig. A.1.

We found that the values of σV are comparable to the 1-σ
absolute significance estimates for V introduced in Sect. 3. The
maximum values of σV are around V ≈ 1.64, which correspond
to the rejection of a uniform distribution of orientations between
the gradients with a probability of 5% (Batschelet 1972). Thus,

we conclude that the uncertainties in the emission PPV cubes
and nH are not systematically biasing the results of our analysis.

A.2. Impact of chance correlation

Two independent 2D scalar fields, like the dust slices or gas emis-
sion velocity channels compared in this paper, can show some
correlation due to the random alignment between their features,
or chance correlation (see, appendix B in Soler et al. 2019). We
tested the impact of chance correlation in the values of V using
the same atomic and molecular emission PPV cubes but flipping
the nH cube.

The results obtained for HI and 3D dust, presented in
Fig. A.2, indicate a relatively high chance correlation between
these two tracers. The difference between the V maximum val-
ues obtained with the original data and the two flipping tests
are within 20% of each other, thus setting tight constraints on
the significance of the HI to 3D dust correlation over the whole
radial velocity and distance range. However, the flipping tests
confirm that the high V values obtained around the distance of
the Taurus MC are not the product of chance correlation.

The results obtained for the two CO isotopologues and 3D
dust, presented in Fig. A.3 and Fig. A.4, show a lower chance
correlation than in the HI study. This is expected given the more
limited coverage of CO in the maps in relation to the almost ubiq-
uitous HI. The maximum V values in the original data are almost
double those obtained in the flipping tests. The V distribution
across distances and radial velocities is also very different in the

Fig. A.1: Dispersion in the projected Rayleigh statistic (V) between the nH and the HI, 12CO, 13CO emission across distances and
velocity channels estimated using Monte Carlo simulations of the input data.

Fig. A.2: Tests of change correlation between the HI emission and the 3D dust reconstruction for a ∆ = 30′ FWHM derivative kernel
and a I >σI mask. Left. Original maps. Center. Flipping the 3D dust cube in the horizontal direction. Right. Flipping the 3D dust
cube in the vertical and the horizontal directions.
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Fig. A.3: Same as Fig. A.2, but for 12CO.

Fig. A.4: Same as Fig. A.2, but for 13CO.

flipping test. It demonstrates that the patterns interpreted in the
main body of this paper are not the product of chance correlation.

Appendix B: Angular resolution tests

Throughout this paper, we have presented the results of the HOG
analysis using the input observations at their native resolution.
This choice is justified because the computation of the gradients
employing the Gaussian derivatives convolves the images to the
common scale set by the size of the derivative kernel. There is,
however, an increase in the S/N if the input data are convolved
to a common angular resolution larger than the beam size before
computing the HOG. This change in S/N potentially produces
different results of the HOG analysis, either by modifying the
low-signal regions that are masked or by setting a different mean
in the Monte Carlo realizations. In this appendix, we present the
results obtained when smoothing the maps to a common angular
resolution before computing the HOG.

Figure B.1 presents the results of the HOG analysis for the
12CO emission and the 3D dust using three different combina-
tions of the input maps: one in which both have their native
angular resolution, one in which the 12CO is smoothed with a
24.′6 FWHM kernel, and one in which both maps are smoothed
with this kernel. The 24.′6 kernel width corresponds to 1 pc
at the mean distance to Taurus. In the HOG computation, we
employed a 30.′0 FWHM derivative kernel and a S/N > 3 mask.
The smoothing of the 12CO input data produces higher maxi-
mum values of V and high V in distance and velocity channel
pairs that are not statistically significant with the raw input
data. This is most likely due to the reduction of the masked
regions in the smoothed maps due to the increase in S/N for
the lower-resolution data. The 3ςV distance and velocity ranges

are identical in the three cases. The changes in the distribution
of V across distance and velocity channels do not significantly
affect the main trend reported in the paper.

Figure B.2 presents the results of the HOG analysis for
the 12CO emission and the 3D dust using the same three dif-
ferent combinations of the input map smoothing, but with the
HOG computed using the Monte Carlo realizations introduced
in App. A instead of masking. The results of this test indicate an
increase in V of around 10%, but the same global distribution of
V across distance and velocity channels in the three cases. This
confirms that the differences found between the three combina-
tions of input maps in Fig. B.1 are produced by the masking.
The 3σV distance and velocity ranges are essentially identical in
the three cases, just with a slight change in the furthest distance
channel due to the general increase in the V . However, the global
trend within the 3σV range is unchanged. These results indi-
cate that the initial smoothing does not significantly affect the
results of our analysis and supports our choice of Monte Carlo
realizations instead of masking.
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Fig. B.1: Correlation between the distribution of hydrogen volume density (nH) derived from the Leike et al. (2020) 3D dust recon-
struction and 12CO emission across distances and radial velocities as quantified by the projected Rayleigh statistic (V) using a 30.′0
FWHM derivative kernel. The three panels correspond to three different input data as follows. Left. 3D dust and 12CO at their native
angular resolution, 6.′87 and 45′′, respectively. Center. 3D dust at its native angular resolution and 12CO smoothed to a 24.′6 FWHM
resolution. Right. 3D dust and 12CO smoothed to a 24.′6 FWHM resolution. In all three cases, regions with S/N < 3 are excluded
from the analysis.

Fig. B.2: Same as Fig. 4, but for Monte Carlo realizations of input maps instead of masking.

Appendix C: Masking tests

Traditionally, the Taurus MC was defined through the visual
extinction AV (see, for example, Cambrésy 1999). Here, we dis-
cuss the results obtained when applying the HOG only to the
portions of the Taurus MC within the regions defined by cuts
in AV. Fig. C.1 shows that the optically thick regions in the V
band, AV > 1.0, maintain the trends described in the main body
of this paper, which are the high correlation between HI and 3D
dust at the distance of Taurus and the high correlation between
12CO and 3D implying that the near side of the cloud is moving

at higher velocities and the far side is moving at lower velocities.
The same patterns are lost with a higher extinction cut, AV > 3.0,
as shown in Fig. C.2. The main reason for this loss in signal is
the lack of independent gradient vectors, which is reflected in
the lower V values. At this relatively high extinction, the 3D dust
reconstruction also saturates its density values, and the gradi-
ents used to trace its correlation with the gas emission are less
meaningful.

Fig. C.1: Same as Fig. 4, but masking regions where AV > 1.0.
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Fig. C.2: Same as Fig. 4, but masking regions where AV > 3.0.

Appendix D: Block averaging

For the sake of completeness, we report the results of the HOG
comparison between 3D dust and HI and 13CO in 4× 3 blocks
across the Taurus MCs in Fig. D.1 and Fig. D.2, respectively.
In the case of 13CO and 3D dust, the panel corresponding to
the vicinity of the B211/B213 region displays the pattern linking
the near side of the MC moving at higher velocities and the far
side moving at lower velocities that was reported for 12CO and

3D dust in the main body of the paper. However, the levels of
significance are low and limit any further interpretation.

Fig. D.1: Same as Fig. 7, but for HI.
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Fig. D.2: Same as Fig. 7, but for 13CO.

Appendix E: Test using 3D extinction maps

To contrast the results obtained with the nH reconstructions, we
also applied the HOG analysis to the 3D maps of dust redden-
ing, E(B − V), based on Gaia parallaxes and stellar photometry
from Pan-STARRS 1 and 2MASS (Green et al. 2019). The main
difference between the 3D extinction maps and the 3D dust
reconstructions is that the former corresponds to a cumulative
quantity, which saturates to a maximum value. They also do not
account for the spatial correlations between contiguous lines of
sight. Still, we highlight the importance of the 3D density recon-
struction for our results by computing the HOG with the 3D
extinction maps toward Taurus.

Figure E.1 shows the results of the correlation between the
HI, 12CO, and 13CO emission and the dust reddening along the
line of sight toward the Taurus MC. The HOG method consis-
tently recovers the spatial correlation between the gas emission
and the extinction, but the distance where the increase in V
indicates the presence of the MC is larger than that of Taurus.
This fact is related to the lack of spatial correlation for con-
tiguous pixels in the extinction maps and the cumulative nature
of extinction: a meaningful gradient only appears when enough
contiguous pixels are correlated by the increase in the number
of background stars. The cumulative nature of the 3D extinc-
tion maps also implies that they are not sensitive to the structure
behind the dominant dust feature in the map, which can only

be recovered as a differential quantity between extinction slabs
around the line of sight. Thus, the results reported in the main
body of this paper are only possible thanks to the reconstruction
of a smooth distribution both in the plane of the sky and along
the line of sight in the 3D density maps.
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Fig. E.1: Correlation between the dust extinction across distances (Green et al. 2019) and HI emission across distances and velocity
channels as quantified by the projected Rayleigh statistic (V) and the Pearson correlation coefficient (rPearson).
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