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ABSTRACT

Understanding the 3D structure of the Milky Way is a crucial step in deriving properties of the star-forming regions, as well as the
Galaxy as a whole. We present a novel 3D map of the Milky Way plane that extends to 10 kpc distance from the Sun. We leverage
the wealth of information in the near-IR APOGEE dataset and combine that with our state-of-the-art 3D mapping technique using
Bayesian statistics and the Gaussian process to provide a large-scale 3D map of the dust in the Milky Way. Our map stretches across
10 kpc along both the X and Y axes, and 750 pc in the Z direction, perpendicular to the Galactic plane. Our results reveal multi-scale
over-densities as well as large cavities in the Galactic plane and shed new light on the Galactic structure and spiral arms. We also
provide a catalogue of large molecular clouds identified by our map with accurate distance and volume density estimates. Utilising
volume densities derived from this map, we explore mass distribution across various Galactocentric radii. A general decline towards
the outer Galaxy is observed, followed by local peaks, some aligning with established features like the Molecular Ring and segments
of the spiral arms. Moreover, this work explores extragalactic observational effects on derived properties of molecular clouds by
demonstrating the potential biases arising from column density measurements in inferring properties of these regions, and opens
exciting avenues for further exploration and analysis, offering a deeper perspective on the complex processes that shape our galaxy
and beyond.

Key words. ISM: clouds – ISM: structure – Galaxy: solar neighbourhood – Galaxy: local interstellar matter – Galaxies: ISM –
Galaxies: star formation

1. Introduction

The multi-physics, multi-scale nature of star formation is the
centre of today’s star formation challenges. Understanding the
gathering of material from small scales in protoplanetary discs to
molecular clouds, and accumulation in galaxies are key to pro-
viding a holistic picture of star formation (Kennicutt & Evans
2012; Padoan et al. 2014; Krumholz et al. 2018).

Star-forming regions contribute to the overall evolution of
galaxies and different galactic environments affect the forma-
tion and evolution of star-forming regions. The structures of the
galactic disc components, such as spiral arms, influence the dis-
tribution and evolution of gas and dust, and therefore star for-
mation in a galaxy. Spiral galaxies exhibit active star formation
within their spiral arms composed of a concentration of gas and
dust. To understand the role of spiral arms in star and galaxy for-
mation and evolution, knowledge of the location of the arms, as
well as their components is of utmost value. Resolving individ-
ual stars formed within their birth environment, as well as their
position within the large-scale galactic environments turns the

Milky Way into a unique laboratory with the current observa-
tional techniques. However, our position within the dusty disc of
the Milky Way has long limited our understanding of the location
and substructures of star-forming arms of the Milky Way to the
2D plane-of-the-sky views and uncertain kinematic distances.

The spiral nature of the Milky Way was initially identified
in the 1950s through the determination of distances to objects
emitting emission lines and the discovery of 21 cm radio obser-
vations (Oort & Muller 1952; van de Hulst et al. 1954; Morgan
1955). Since then, numerous works have focused on character-
ising the positions of spiral arms in the Milky Way via various
approaches; from studying young stars (Russeil 2003; Cantat-
Gaudin et al. 2018; Romero-Gómez et al. 2019), to atomic and
molecular gas kinematics (Drimmel & Spergel 2001; Kalberla &
Kerp 2009; Dame et al. 2001; Roman-Duval et al. 2010; Miville-
Deschênes et al. 2017), and maser parallax measurements (Reid
et al. 2019). However, despite all improvements, due to chal-
lenges in estimating distances and obscuration caused by line-of-
sight (LOS) extinction, an accurate picture of the exact structure
of our galaxy remains elusive to this date.
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Multi-scale 3D maps of the Milky Way are not only impor-
tant from the Galactic perspective, but they also provide the pri-
mary steps required to connect the Galactic and extragalactic star
formation studies. Owing to the new developments in extragalac-
tic observations, recent studies of external galaxies have reached
the resolutions of individual large molecular clouds (tens of par-
secs; e.g. Schinnerer et al. 2013; Leroy et al. 2021; Sun et al.
2020; Leroy et al. 2021). Kainulainen et al. (2022) showed the
substantial effects that the viewing angle can have on the esti-
mated properties of the molecular clouds. A face-on view of the
Milky Way taken from the 3D maps further allows for studying
the effects of observations on derived star formation properties
of external galaxies, such as the observed aperture size, inclina-
tions and viewing angles, and scale height on the obtained phys-
ical properties.

Since its launch in 2013, the European Space Agency’s Gaia
mission has revolutionised Milky Way studies by providing ac-
curate astrometric measurements to individual sources (Gaia
Collaboration et al. 2016). The latest Gaia data release (Gaia
DR3) in 2022 contained full astrometric solutions for nearly 1.5
billion sources with a magnitude limit of G=21 (Gaia Collabo-
ration, Brown 2021). The parallax estimates of Gaia with micro
arcsecond precisions are the main source of recent 3D develop-
ments in the Milky Way studies. The Gaia satellite therefore of-
fers an ideal set of data for studying nearby individual molecular
cloud substructures in 3D (e.g. Großschedl et al. 2018; Rezaei
Kh. et al. 2018a, 2020; Rezaei Kh. & Kainulainen 2022; Zucker
et al. 2021), as well as the 3D structure of the local Milky Way
(e.g. Green et al. 2019a; Leike et al. 2020; Vergely et al. 2022;
Edenhofer et al. 2023). Furthermore, the precise 3D positions of
a wide range of stellar types observed by Gaia, allow the associa-
tion of stars with different masses and ages to various cloud com-
ponents in the ISM to study the evolutionary stages of molecu-
lar clouds (Rezaei Kh. et al. 2020). However, due to the optical
nature of the Gaia observations, the studies remain limited to
nearby (< ∼3 kpc) regions. Therefore, to study the large-scale
physics of the ISM, complementary near-infrared (IR) datasets
are of great importance. In a pilot study in Rezaei Kh. et al.
(2018b), we showed the strength of the near-IR data as great
tools for approaching far distances in the Galactic plane. In this
work, we showcase the power of near-IR data combined with
machine learning techniques to provide a novel 3D map of our
Galaxy that expands out to 10 kpc.

The paper is organised as follows: we briefly summarise our
3D mapping technique and the dataset used in this work in sec-
tion 2. We then present the 3D map of the Milky Way and ex-
plain its features in section 3, followed by the catalogue of large
molecular clouds from our map. In section 4, we compare our
map to existing CO and maser observations and discuss the dis-
tribution of the clouds in the Galaxy. Additionally, we discuss
our findings in the context of extragalactic studies in section 4.4.

The catalogue of selected large molecular clouds (table 1)
and the full 3D map can be accessed online with the paper. The
users are advised to read the caveat section before using the full
3D map.

2. Data and methods

In this section, we explain the input data and the technique used
for the production of our 3D map.

2.1. 3D mapping technique

Our 3D mapping technique has been extensively explained in
Rezaei Kh. et al. (2017, 2018b), with further changes and im-
provements explained in Rezaei Kh. et al. (2020). Here we
briefly summarise the main aspects of our 3D analysis. Our tech-
nique uses the 3D positions of the stars (l,b,d) and their LOS ex-
tinction as the input data. It then divides the LOS of each star
into small 1D cells in order to approximate the observed extinc-
tion toward each star as the sum of the dust in each cell along its
LOS. After having done that for all observed stars, our likelihood
is formed. The model then takes into account the neighbouring
correlation between all points in 3D using the Gaussian Process;
i.e. the closer two points in the 3D space, the more correlated
they are. This is our prior. Having prepared both the Likelihood
and the Prior, the model uses extensive linear algebraic analysis
to determine the probability distribution of dust density at any
arbitrary point in the observed space, even along the LOS that
was not originally observed.
Our 3D mapping technique consists of the following unique fea-
tures:

• It accounts for both distance and extinction uncertainties in
the input data. As a result, our input is not limited to strict
data quality cuts and can leverage more observed stars.
• Owing to the Gaussian-Process based 3D spatial correlation,

the final results are smooth and clear of LOS elongated arte-
facts, also known as “fingers-of-god” effects.
• The predicted dust densities are analytically calculated,

therefore, our results are devoid of biases and artefacts often
caused by incorrect use of Gaussian Process approximations.
Our predictions, thus, can be traced back to the input data.
• Both the mean and standard deviation of the predicted den-

sities are calculated analytically, thus the precision and re-
liability of our predictions can be directly evaluated, which
increases the robustness of our analysis.

The model incorporates several hyper-parameters determined by
the input data (see Rezaei Kh. et al. 2017, 2018b, for more de-
tails). One of these parameters is the cell size, which is tuned
based on the typical spacing between input stars and serves as
the minimum resolution for the final map. In areas with denser
and more informative data, the map’s resolution will be higher.
Another parameter is the correlation length, which defines the
range over which spatial correlations exist. Typically, it is a few
times the cell size to ensure the connection between nearby cells
in 3D. The third hyperparameter, known as the scale variance, is
calculated using the data’s amplitude and uncertainties, reflect-
ing the variance of predictions. After introducing the datasets
in the following section, we will detail these parameters for our
models.

2.2. Input data: Distance and Extinction estimates

The Sloan Digital Sky Survey IV’s Apache Point Observa-
tory Galactic Evolution Experiment (APOGEE-2, Blanton et al.
2017; Majewski et al. 2017; Abolfathi et al. 2018) is a near-
IR high-resolution spectroscopic survey targeting bright stars
(Eisenstein et al. 2011; Zasowski et al. 2013). In the near IR,
the effects of extinction are about an order of magnitude lower
than at optical wavelengths, enabling APOGEE to observe stars
in the highly obscured regions of the Galactic disc and towards
the Galactic centre. APOGEE does not survey the sky uniformly
but rather targets cool stars, particularly red giants, through mul-
tiple components of the Galaxy including thin and thick discs
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Fig. 1: Final sample used as our input data. The top panel shows
the X-Y plane, perpendicular to the Galactic plane and the bot-
tom panel presents the X-Z plane where our cut on the 1kpc
Galactic height is visible. The colour shows estimated extinc-
tions for individual stars. The Sun is at (-8.2,0,0) and the Galac-
tic Centre is marked with an X, assuming the Sun is at the dis-
tance of 8.2 kpc from the Galactic Centre. The gaps between
different LOS indicate that the sky is not observed uniformly by
APOGEE.

(Eisenstein et al. 2011; Zasowski et al. 2013). The 16th data re-
lease of APOGEE published in 2020 (Jönsson et al. 2020), cov-
ers different parts of the Galactic plane out to distances beyond
the Galactic centre and includes sources from the southern hemi-
sphere (Jönsson et al. 2020). This allows us to map the Milky
Way plane with resolutions down to giant molecular cloud sizes
(∼ 100 pc) and probe the large-scale structure of the Galaxy, such
as spiral arms, and the properties of the large molecular clouds
to unprecedented accuracies to date.

Extinction measurements come directly from the APOGEE
pipeline: all APOGEE sources have corresponding observations
in multi-band photometry in the near- and mid-IR with the Two
Micron All-Sky Survey (2MASS, Skrutskie et al. 2006) and the
Wide-Field Infrared Survey Explorer (WISE, Wright et al. 2010)
respectively. Therefore their extinctions are easily estimated us-
ing the Rayleigh-Jeans Colour Excess Method (RJCE, Majewski
et al. 2011).
As mentioned in section 2.1, in order to infer the 3D distribution
of the dust, our method requires the 3D positions of stars. The
distance estimates for the APOGEE sources are calculated using
spectrophotometric parallaxes computed based on the method of
Hogg et al. (2019). The approach leverages a data-driven model
that combines photometric and spectroscopic data, aiming to de-
scribe the parallaxes of giant stars. It employs a feature vector
containing photometric and spectroscopic information, result-
ing in a 7460-dimensional feature space. The optimization pro-
cess considers the uncertainties in Gaia parallax measurements

and an offset is applied to account for known parallax biases.
Given the sparsity of information within APOGEE spectral pix-
els, a regularization term is introduced to enhance the model’s
accuracy. The study achieves a median relative uncertainty in
spectrophotometric parallax of ∼ 8%, a significant improvement
compared to Gaia parallax, especially for stars beyond a helio-
centric distance of 3 kpc (Hogg et al. 2019; Ou et al. 2023). For
a more comprehensive understanding, readers are encouraged to
refer to the original paper. This enhanced accuracy enables the
mapping of the Milky Way up to distances beyond the Galactic
centre.

Having obtained distance and extinction estimates, we have
all the essential input data needed for our model. Given our spe-
cific interest in the structure of the Galactic Plane, and consid-
ering that the majority of APOGEE observations are designed
for these regions, we narrow down our input data to include only
absolute Galactic heights below 1 kpc, allowing us to focus on
the Milky Way midplane. Figure 1 shows the input data used in
our model. While the distance estimates for APOGEE sources
extend beyond 10 kpc from the sun, the density distribution of
stars, as illustrated in Fig.1, notably decreases as we approach
the 10 kpc distance. As a result, we confine our map to the 10
kpc range along the X- and Y- axes. The final sample contains
more than 44 000 stars and the maximum K-bank extinction in
the sample is ∼ 1.6 magnitudes. We also note that the number of
stars drops significantly in the inner ∼500 pc, therefore we limit
our predictions to distances beyond 1 kpc.

As mentioned in section 2.1, the hyper-parameters of the
model are set according to the input data. For the APOGEE data
used in this work, the parameters are as follows: cell size of 200
pc, correlation length of 1 kpc, and scale variance of 5e-09 pc−2.
Additionally, for all plots and analysis in this work, we assume
the distance of the Sun from the Galactic Centre of 8.2 kpc and
the height from the Galactic midplane of 7 pc (in agreement with
Reid et al. 2019; GRAVITY Collaboration et al. 2021; Darling
et al. 2023; Leung et al. 2023).

3. Results

Using the input data (as explained in section 2), we produce the
3D map of the dust in the Galactic plane for a radius of 10 kpc
in X-Y plane and 750 pc in the Z direction, perpendicular to the
Galactic plane. Our predictions are made for points on a regular
grid of 100 pc in X, Y, and for 5 layers in the Galactic heights of
-750, -375, 0, 375, 750 pc. Given the sparsity of the APOGEE
data, which sets the model’s hyper-parameters, especially in re-
gions away from the Galactic midplane, predicting on a denser
grid in either X, Y, and Z directions does not add further useful
information to the map.

3.1. Features of the map

Figure 2 shows our 3D map for different Galactic heights, as well
as a combined map. The white areas are regions devoid of input
stars; this is particularly visible in parts of the fourth quadrant
of the Galactic midplane (Z=0) where, as seen in Fig. 1, our
current input lacks data. The densities are converted from our
model’s units of mag/pc to cm−3 assuming AK/NH = 0.7×10−22

cm2mag/H Draine (2009). Numerous dust density substructures
are visible in Fig. 2 in various distances and heights; the majority
of which appear, as expected, in the Galactic midplane (z=0).
In particular, there are multiple high-density clouds towards the
Galactic Centre, with the densest structures of the map appearing
at a Galactocentric radius of about 4 kpc, likely associated with
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Fig. 2: Face-on view of our 3D map of the dust in the Galactic plane for different Galactic heights. The bottom right panel shows the
combined map from -750 pc to 750 pc in the Galactic height. The colour shows the mean of our predicted density (cm−3) for each
pixel (100×100 in X-Y plane) in all panels except for the bottom right where the colour represents the maximum density within the
1.5 kpc height. The Sun is at (-8.2,0,0) and the Galactic Centre is marked with a ×, assuming the Sun is at the distance of 8.2 kpc
from the Galactic Centre. White regions are areas devoid of input data.

the so called Molecular Ring (Krumholz & McKee 2005). We do
not see major differences between positive and negative heights
in terms of the presence of the warp in the Galaxy. This could
be due to the incompleteness in the range covered by the input
data, or the presence of the stellar warp in further distances, as
suggested by Poggio et al. (2020).

As explained extensively in our previous works Rezaei Kh.
et al. (2017, 2018b, 2020) and in section 2.1, the robustness
of the 3D dust maps, especially those based on Gaussian Pro-
cesses, lies within the reliable calculation of the uncertainties.
Therefore, we use our predicted mean densities together with
their uncertainties, which are calculated analytically. Figure 3,
left panel, shows our 3D map with shaded areas representing re-
gions of large uncertainties (fractional uncertainties larger than
50%). A separate uncertainty map is also shown in Appendix
A. The smallest fractional uncertainty is about 5% and belongs
to high-density regions. The radial patterns in the shaded plot
clearly show areas with a lack of input data, as seen in Fig. 1.

The right panel of Fig. 3 shows clouds extracted from the
3D map with statistically significant densities. Statistically sig-
nificant in this context means three standard deviations above
the mean of the Gaussian process that is used for density cal-
culations. It is important to note that this does not imply three
sigma above the “noise”, which in this case would be around
zero, but refers to a much higher threshold: the Gaussian process
uses a mean density for each region based on the input stellar
extinction, which is already higher than the average “noise”. In
order to make sure the clouds are “real” and their densities are

not derived by the mean density of the Gaussian Process, we go
three standard deviations above this value to have a pure sample
of dense clouds. This corresponds to densities above ∼80 cm−3.
The fractional uncertainties of the selected clouds are between
5 and 30 percent. The first evaluation of the map and the clouds
within it does not show a clear indication of the spiral arms in the
Milky Way. The local arm and segments of the Perseus arm are
the only clear arm features that could be extracted from the map.
We explore these further in the discussion section (section4).

From our map of clouds (Fig. 3, right), we select regions with
densities above 100 cm−3, corresponding to the molecular phase,
and provide a catalogue of large molecular clouds in the Milky
Way (table 1). We deliver accurate distance estimates to the cen-
tre of each cloud, the uncertainty of the estimated distance, the
extent of the cloud, its mean density and standard deviations, and
its association with known star-forming regions and spiral arms.

The associations with spiral arms and star-forming regions
have been determined using a combination of catalogues and
studies: in the first quadrant, we used the catalogue of molec-
ular clouds from Dame et al. (1986) which has a similar res-
olution to our map, combined with the BESSEL distance cal-
culator (Reid et al. 2016). The BESSEL survey uses a combi-
nation of maser parallaxes, spiral arm models based on masers,
and kinematic distances to give all probable distance estimates
for a given LOS and velocity (l,b,v). For each cloud from Dame
et al. (1986) with a matching LOS to a cloud centre from our
map, we use the BESSEL distance calculator to get all proba-
ble distance estimates for that (l,b,v). For a given LOS, if we
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Fig. 3: Face-on view of the 3D map for all Galactic heights. Left panel: same as the bottom right panel of Fig. 2, in addition to
having shaded areas illustrating regions of high uncertainty (fractional uncertainties larger than 50%). Right panel: clouds selected
from the 3D map whose density values lie three standard deviations above the mean of the Gaussian Process. This corresponds to
densities above 80 cm−3.

had a peak in density in our 3D map (within 0.5 degrees from
that LOS) that matches one of the probable distance estimates
from the BESSEL survey for that (l,b,v), we assume they cor-
respond to one another (see Fig. 4 for an example). For the rest
of the map, we use the catalogue of radio sources from Wester-
hout (1958) associated with star-forming regions, the catalogue
of Hα-emission regions in the southern Milky Way by Rodgers
et al. (1960), and the catalogue of star-forming regions by Binder
& Povich (2018). For the arm associations, we used masers from
Reid et al. (2019).

In addition to the over-densities and spiral arm segments, one
clear feature of the map is the presence of large cavities. These
cavities are marked by dashed lines in Fig. 5. While we were
able to extract a clear sample of clouds with reliable densities
from the map, differentiating real cavities from regions of un-
derestimated densities due to missing data is very difficult. As
a result, we limit our sample of the cavities to nearby regions
(within ∼ 4 kpc from the Sun) to avoid mistakenly categorizing
regions without complete input data as cavities. This would also
allow comparison to other 3D maps with overlapping regions.

3.2. Comparison to other 3D maps

Vergely et al. (2022) has provided one of the most promising
maps of the Galaxy by combining Gaia parallaxes with the cross-
match of the Gaia data with 2MASS and WISE photometry.
They also consider a full 3D correlation in space to provide an
artefact-free, smooth 3D map of the Milky Way out to 4.5 kpc
from the Sun at a resolution of 25 pc (Vergely et al. 2022). Green
et al. (2019b) use multiband photometry from PANSTARRS to-
gether with the Gaia parallaxes to simultaneously derive distance
and extinction to individual stars. Their map has a high resolu-

Fig. 4: An example of how the clouds in Table 1 are assigned to
known structures and spiral arms. The black line with the blue
shaded uncertainties are our density predictions as a function of
distance for a given LOS and the purple vertical lines are all
probable distance estimates from the BESSEL survey (Reid et al.
2016) for the same LOS with velocities observed in Dame et al.
(1986) (here are Aquila rift, Sagittarius Near, and Perseus, for
example). The dashed red line indicates our threshold for select-
ing statistically significant clouds. If there is a match, like the
Sagittarius Near arm in the middle, we assign the cloud to that
particular structure. The LOS’ galactic longitude and latitude are
shown in the top right corner.

tion on the plane of the sky; however, due to the separate treat-
ment of each LOS, elongated artefacts are visible in their final
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Fig. 5: Qualitative comparison between 3D dust maps of the Galactic plane. Grids are drawn for easier comparisons between maps.
The lower right panel shows our 3D map where dashed lines represent identified large cavities. Similar cavities are seen in the upper
right panel representing the work of Vergely et al. (2022). While similar cavities seem to be present at similar locations in the other
two panels, (Green et al. 2019a; Marshall et al. 2006), due to substantial artefacts, a direct comparison appears difficult. Apart from
our map, it is only the Marshall et al. (2006) work that expands beyond the Galactic Centre; despite the elongated artefacts, multiple
over-densities in the first quadrant and towards the Galactic Centre are evident in both maps.

map. The technique of Marshall et al. (2006) is particularly dif-
ferent from the others: they measure the colour excess of stars
by assuming a Galaxy model and the intrinsic colours of stars.
They then use this colour excess to determine a star’s distance
and extinction. While there exist substantial LOS elongations in
the map of Marshall et al. (2006), it is the only one that reaches
similar distances to that of our map towards the inner Galaxy.

Figure 5 shows a qualitative comparison between our map
and 3 other maps each based on different techniques and
datasets. The maps also show various resolutions, features, arte-
facts, and density ranges. As a result, we limit our compari-
son to dominant features and structures of the maps and avoid
quantitative comparisons. Large cavities in our map are marked
by dashed lines. While a direct comparison to Marshall et al.
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(2006) and Green et al. (2019b) maps seem difficult because of
the existing artefacts, there are still noteworthy features to con-
sider: the large cavity marked in the first quadrant of our map
is clearly visible in the map of Marshall et al. (2006), together
with its surrounding over-densities. The cavity in the third quad-
rant as well as the over-densities adjacent to its left are also vis-
ible in Green et al. (2019b). Amongst all maps, the one from
Vergely et al. (2022) shows the most promising comparison. All
four large cavities discovered in our map are clearly visible in
Vergely et al. (2022) as well as most of their surrounding over-
densities. While our map and that of Vergely et al. (2022) are in
good qualitative agreement, there are some differences as well:
our map has a much larger distance coverage, and in return, the
resolution of Vergely et al. (2022) is on average 4 times better
than ours; as a result, they recover much smaller structures than
our map can achieve. This is visible, for instance, at l = 270◦
where our map recovers a large over-density around the location
of the Vela molecular cloud ((x, y) = (-8, -2) kpc), while around
the same region, Vergely et al. (2022) recovers multiple smaller
substructures that our map is not able to resolve.

Another significant aspect of our map involves multiple over-
densities observed towards the Galactic centre (Y ≃ 0). The most
prominent dense clouds manifest at Galactocentric radii around
3 and 4 kpc. Additionally, there are several over-densities in this
direction at Galactocentric radii of 4.5 and 6 kpc. While Vergely
et al. (2022) show numerous smaller clouds in this direction, one
particular cloud at Galactocentric radii of about 4.5 kpc appears
to align with ours. However, as Vergely et al. (2022) note, the
reliability range of their map towards the inner Galaxy is partic-
ularly limited to about 4 kpc from the Sun. Conversely, Marshall
et al. (2006)’s map offers extensive coverage for comparison in
the inner Galaxy’s direction. Multiple over-densities are visible
in Marshall et al. (2006) towards the direction of the Galactic
centre. Two dense regions around X = −3; one on the Y = 0 line,
and another slightly below, correspond well with our dominant
clouds in that region, although at slightly different distances.
Similarly, another over-density in their map at X ≃ −4.5, just
above the Y = 0 line corresponds well with ours. Additionally,
some clouds identified in the first quadrant of our map align with
those in Marshall et al. (2006), although differences in distances
are observed due to uncertainties and elongated radial structures
in Marshall et al. (2006). While our map remains relatively in-
complete in most of the fourth quadrant, a few recovered clouds
seem to correlate with those in Marshall et al. (2006)’s map as
well.

A notable difference between Marshall et al. (2006) and our
map lies in the density distribution around the Galactic Centre.
While Marshall et al. (2006) reveals a cavity around and below
the Galactic Centre, our map depicts a few clouds in that vicinity.
Understanding the reasons for these differences presents a chal-
lenge, but we offer our insights: As seen in Fig. 1, bottom panel,
our input data reveals incompleteness around the Galactic Cen-
tre at b = 0. Consequently, most of the identified over-densities
in our map around this area stem from adjacent data at higher
or lower latitudes. While we acknowledge data incompleteness
around the Galactic Centre, we anticipate that with a more com-
prehensive dataset covering this region, we would identify more
clouds and denser concentrations, rather than the reverse. This
is supported by recent studies towards the Galactic Centre and
the Central Molecular Zone (CMZ), where an accumulation of
molecular gas is observed (for an overview of the CMZ, see Hen-
shaw et al. 2023). The observed under-density in Marshall et al.
(2006) could similarly result from incomplete data in that region
or inaccurate distance estimations for stars due to crowding and

Fig. 6: Gray-scale: clouds extracted from our 3D dust map (same
as Fig. 3, right). The colour coding follows the same as Fig. 1 in
Reid et al. (2019). Each colour represents masers belonging to a
spiral arm; 3-kpc arm: yellow – Norma–Outer arm: red – Scu-
tum–Centaurus–OSC arm: blue – Sagittarius–Carina arm: pur-
ple – Local arm: cyan – Perseus arm: black. The Green points
are equivalent to the white points in Reid et al. (2019) illustrat-
ing spurs or sources with unclear arm associations.

confusion. The forthcoming data from SDSS-V (Kollmeier et al.
2017) holds promise in shedding light on this matter.

4. Discussion

In this section, we discuss our results in the context of Galac-
tic structure and radio observations, as well as its application in
extragalactic studies.

4.1. Milky Way structure and masers

We first compare our results with the locations of high-mass star-
forming regions identified by trigonometric parallaxes of maser
emissions (Reid et al. 2019). Mapping the spiral structure of our
Milky Way poses significant challenges due to vast distances and
dust obscuring the Galactic plane in optical wavelengths. How-
ever, using Very Long Baseline Interferometry (VLBI) in radio
wavelengths, unaffected by dust, has proven effective in identi-
fying molecular masers linked to young massive stars, provid-
ing valuable insights into spiral structures (Reid et al. 2019).
Reid et al. (2019) conducted a comprehensive analysis, gathering
around 200 trigonometric parallaxes and proper motions of these
masers, primarily from the BeSSeL Survey through VLBA and
Japanese VERA project. They associated observed masers with
spiral arms by considering patterns in CO and HI Galactic longi-
tude–velocity plots, alongside Galactic latitude information, en-
abling a better understanding of the Milky Way’s spiral structure.

Figure 6 shows masers from Reid et al. (2019) over-plotted
on our clouds extracted from the 3D map (see section 3.1 and
Fig. 3). There is a significant overlap between our clouds and
the masers, particularly at the location of the Local arm, seg-
ments of the Perseus arm, as well as Sagittarius–Carina arm.
There are several clouds underneath masers belonging to Scu-
tum–Centaurus–OSC, Norma arm, and the spurs in the inner

Article number, page 7 of 15



A&A proofs: manuscript no. 3D_GP

Galaxy; however, it is difficult to establish a one-to-one relation
due to the crowding in both masers and cloud distributions. Re-
gardless, the multiple over-densities towards the Galactic centre
identified in our map (see section 3.2), are well represented by
the masers in Reid et al. (2019). Additionally, while there seems
to be an offset between the masers and our clouds at the loca-
tion of the Outer arm in the outer Galaxy (red points), our clouds
seem to turn and follow the potential spiral arm pattern. This
could suggest that the clouds and masers represent different parts
of the same spiral arm.

4.2. Comparison to CO

Miville-Deschênes et al. (2017) provided a catalogue of 8107
molecular clouds spanning the entire Galactic plane and con-
taining 98% of the observed 12CO emission within a latitude
range of pm5 degrees. The catalogue was produced using a hi-
erarchical cluster identification technique applied to the Gaus-
sian decomposition of data initially compiled by Dame et al.
(2001). They estimated distances to the clouds using kinematic
distance estimates following Roman-Duval et al. (2009) and the
rotation curve defined in Brand & Blitz (1993). They provide
physical properties of the clouds including, but not limited to,
3D positions, surface density, physical size, and mass (Miville-
Deschênes et al. 2017).

We compare our results to their cloud distribution in Fig.
7. We first over-plot our clouds as contours on their molecu-
lar cloud distribution on the face-on view of the Galaxy. There
is a wide circular void in the CO clouds of Miville-Deschênes
et al. (2017), particularly noticeable around the Galactic cen-
tre extending for about 4 kpc, which is due to limitations in
the kinematic distance estimates at these regions. There exists a
good agreement between our cloud locations and the CO clouds
around the position of the local arm. However, as we get closer
to the inner Galaxy and near the Galactic centre, once again it
becomes difficult to conclude due to the crowding. It is also im-
portant to note that because of the kinematic distance estimates
for the CO sources, the distance uncertainties become quite sig-
nificant in the crowded inner Galaxy, at far distances, in addition
to the possible near/far confusion.

Nevertheless, we proceed with our comparison by extract-
ing CO clouds situated at the same position as our clouds in
Fig. 7, left, utilising their velocity information to construct a
longitude–velocity (L–V) diagram. Fig. 7, right, presence pat-
terns on the L-V diagram typically indicative of spiral arms, and
commonly used to develop and validate arm models (e.g. Reid
et al. 2019). The presence of circular motions for the selected
molecular clouds is evident from the loop-like trails. Conversely,
no clear arm pattern emerges in Fig. 7, left, and modelling spiral
features from the L–V diagram in Fig. 7, right, poses consider-
able challenges due to unclear and incomplete arrangement of
the molecular clouds.

4.3. Mass distribution in the Galaxy

Having the 3D distribution of the clouds in the Galactic Plane
allows the study of the mass distribution as a function of the
galactocentric radius. Fig. 8 shows the total mass as a function
of the galactocentric radius for rings of 1 kpc thickness around
the Galactic Centre, derived from our 3D dust volume density
map, and that of Miville-Deschênes et al. (2017). To have a fair
comparison, we removed clouds from Miville-Deschênes et al.
(2017) where our map is unable to recover clouds (e.g. parts of

the fourth quadrant or at distances far behind the Galactic Cen-
tre). For the inner 2 kpc, our map covers the full circle while
calculating the mass for the radial bins; however, the outer re-
gions are only averaged over half of a circle (Negative X in the
previous plots) because of our limited coverage. It is important
to note that due to the lack of data in the Galactic Plane within
the inner 4 kpc Galactocentric radii (see Fig. 1, bottom), we un-
derestimate the total mass in these regions (marked by shaded
areas in Fig. 8, top).

Overall, the total mass decreases as a function of galacto-
centric radius, followed by several local peaks. This has already
been observed in other studies (e.g. Elia et al. 2022; Miville-
Deschênes et al. 2017; Lee et al. 2016; Kennicutt & Evans 2012);
however, the location of the peaks in different studies do not al-
ways agree. We find the first peak at about 4 kpc, likely asso-
ciated with the Molecular Ring, predicted by Krumholz & Mc-
Kee (2005). This peak was reported by Chiappini et al. (2001)
at 4 kpc, Miville-Deschênes et al. (2017) at 4.5 kpc, and Elia
et al. (2022) at 5 kpc. However, as mentioned earlier, our re-
sults within the galactocentric radii of 4 kpc should be treated
with caution due to incomplete input data in the inner Galaxy.
It is also important to note that the dip between 1 and 4 kpc
in Miville-Deschênes et al. (2017) (Fig. 8, bottom), and simi-
lar works relying on kinematic distances, is not a real effect but
rather due to lack of data in these regions, as illustrated in Fig.
7 and section 4.2. Additionally, we see a local dip between 4-5
kpc followed by a secondary peak at 6.5 kpc, which is in agree-
ment with the 6 kpc peaks of Miville-Deschênes et al. (2017);
Elia et al. (2017). The 6.5 kpc peak matches the location of the
near Sagittarius–Carina arm (see Fig. 6). One of the most promi-
nent peaks in Fig. 8 is the local peak at 8.5 kpc. This matches
very well with the local peak of Miville-Deschênes et al. (2017)
and could be the result of the arrangement of clouds at the local
arm and a large segment of the fourth quadrant (see Fig. 7, left).
There are slight increases at further distances of about 10.5 and
12.5 which could potentially be derived from the concentration
of clouds in a segment of the Perseus arm and the Outer arm at
these distances; however, the peaks are not as prominent as the
previous ones.

4.4. Impact on extra-galactic studies

Recent years have seen a surge in studies examining molecu-
lar clouds in other galaxies, leveraging our knowledge from the
Milky Way to a diversity of extragalactic environments (e.g.,
Kawamura et al. 2009; Donovan Meyer et al. 2013; Schinnerer
et al. 2013; Freeman et al. 2017; Lee et al. 2023). Large sur-
veys like PHANGS–ALMA (Leroy et al. 2021) allow us to ana-
lyze high sensitivity and resolution observations of giant molec-
ular clouds (∼60-150 pc) across nearby, massive, star-forming
galaxies. Understanding the relationship between these clouds
and their galactic surroundings is vital to grasp the underlying
physics governing their evolution (Sun et al. 2022).

All these observations, however, rely on observed integrated
intensities to define and identify discrete molecular clouds and,
therefore, can be subject to the projection effects. Observing
molecular clouds at large distances increases the probability of
having an overlap of different clouds in the same line of sight
which, in turn, increases the mean column density of the en-
semble substantially. Overlapping clouds in the same line of
sight, especially in arm regions, contribute to observed scatter in
mass–size relations (Colombo et al. 2014; Ballesteros-Paredes
et al. 2019).
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Fig. 7: Left panel: 3D distribution of the molecular clouds observed in CO from Miville-Deschênes et al. (2017), with our extracted
clouds over-plotted as contours. Right panel: longitude-velocity plot of the molecular clouds from the left, situated underneath our
cloud contours. The colour shows the surface density of clouds derived in Miville-Deschênes et al. (2017).

Using our 3D map, we can view the Milky Way as an ex-
ternal galaxy and estimate some of the observable parameters of
extragalactic studies. Fig. 9 shows the Milky Way from an exter-
nal viewpoint with two measured parameters: volume density,
not directly accessible to extragalactic Astronomy, and column
density, widely used in extragalactic studies to infer properties
of the star-forming regions and galaxies. The right panel of Fig.
9 is derived by integrating our 3D map (left panel) along the Z
access (i.e. the Galactic height). Notably, Fig. 9 indicates that
there isn’t always a direct correspondence between volume den-
sities (which are directly connected to the physical properties of
the clouds) and observed column densities. This occurs due to
the buildup of low to moderate densities along the line of sight,
creating the illusion of a high-density cloud. This discrepancy
holds significant implications for extragalactic studies, particu-
larly when comparing cloud properties across different environ-
ments and between galaxies. It not only impacts the location of
massive star-forming regions in a galaxy but also affects the to-
tal mass derived for each cloud (see Fig. 9, right, and refer to
Rezaei Kh. & Kainulainen 2022; Kainulainen et al. 2022; Cahlon
et al. 2024, for more dicussion on the projection effects and mass
derivation.)

The rotational transitions of CO have been the most popular
tracers of the bulk molecular ISM in the Milky Way and other
galaxies (e.g., Bally et al. 1987; Dame et al. 2001; Kuno et al.
2007). However, CO is quickly thermalized, so its emission does
not reflect the different density regimes of a cloud. Constraining
the density distribution of star-forming gas in external galaxies
is even more challenging since compact, high-density regions
within molecular clouds are hard to resolve. High-critical density
spectroscopic lines such as HCN(1–0) and HCO+(1–0) have be-
come common tracers of dense gas in galaxy disks. Over the last
decade, multiple extragalactic surveys at low (e.g. the EMPIRE

survey, Jiménez-Donaire et al. 2019) and high-resolution (e.g.,
Gallagher et al. 2018; Querejeta et al. 2019; Bešlić et al. 2021)
have found systematic trends for the star formation efficiency per
unit dense gas as a function of the host galaxy and local environ-
ment properties. Nevertheless, these conclusions rest on the abil-
ity to translate extragalactic HCN emission into a dense molec-
ular gas mass. In that context, numerous research works have
recently shown that these tracers are not as selective of dense
gas as previously assumed. Instead, their integrated intensity is
dominated by the emission of low-density regions (e.g., Kauff-
mann et al. 2017; Pety et al. 2017; Evans et al. 2020; Tafalla et al.
2021, 2023; Dame & Lada 2023).

Given the findings of our present study and other Galactic
and extragalactic works that concentrate on the LOS superpo-
sition effects of multiple clouds and extended objects, affect-
ing the derived properties of the clouds (e.g. Ballesteros-Paredes
et al. 2019; Rezaei Kh. & Kainulainen 2022; Kainulainen et al.
2022), one way to minimise such biases involves observations of
molecular line emissions in critical high-density environments.
In the Milky Way, combining such observations with Galactic
rotation curve information helps to distinguish multiple clouds
along the LOS based on their high-resolution velocity informa-
tion. In external galaxies, however, the problem appears more
complex. Clouds superposition occurs at various scales (e.g.
cores, fibers) and resolutions, and along the galactic heights
(Ballesteros-Paredes et al. 2019). Even though high-critical den-
sity line observations in external galaxies cannot by themselves
resolve the issue of cloud superposition, they can mitigate the
problem by ensuring that the emission originates from high-
density regions rather than the accumulation of low densities
along the LOS. Such observations have been recently conducted
by Jiménez-Donaire et al. (2023) who presented the first system-
atic extragalactic observations of N2H+(1–0) and HCN(1–0) in
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Fig. 8: Mass as a function of galactocentric Radius for clouds
from our 3D map (top) and CO from Miville-Deschênes et al.
(2017) (bottom) for galactocentric rings of 1 kpc thickness. In
this plot, we have excluded CO clouds from Miville-Deschênes
et al. (2017) belonging to regions not covered by our map (e.g.
parts of the fourth quadrant). The shaded area shows regions
where our results are likely underestimated due to the lack of
input data. We have not limited the azimuth range for each ra-
dial bin; however, due to the limitations in the map, for regions
beyond a Galactocentric radius of 2 kpc, our radial average only
covers half of a circle (negative X in previous figures).

a wide range of dynamical conditions and star formation proper-
ties sampled across an entire galaxy disk.

It is beyond the scope of this paper to quantify biases in ex-
tragalactic studies, as it demands a more comprehensive analysis
of involved factors. However, it is evident that properties derived
solely from observed column densities carry potential biases, es-
pecially with recent advancements in extragalactic observations
that capture individual cloud sizes (e.g. Schinnerer et al. 2013;
Faesi et al. 2018; Leroy et al. 2021; Sun et al. 2020).

4.5. Caveats

Despite its great potential and strength, it is crucial to acknowl-
edge the limitations in our study that require consideration.
These aspects offer insights into the boundaries and potential
constraints of our findings.

As mentioned earlier, one of the main limiting factors in our
work lies within the input data. Given the observed patterns of
APOGEE, the space is not uniformly observed. There are vari-
ous gaps in the data both in the local neighbourhood and further
outside. As a result, our map underestimates the dust distribution
in some regions, the total number of clouds, and, therefore, the
total dust mass of the Galaxy. This particularly affects the fourth
quadrant, and near the Galactic centre at b=0, both of which are
observed very sparsely.

Another limitation imposed on our results due to the incom-
plete input data is the final resolution. As explained in section 2,

the typical separation between the input stars sets the cell size
for our model and affects the final resolution of the map. There-
fore, given the sparsity in the observed APOGEE data, our final
resolution is ∼ 100 pc. This affects the clouds reported in our
catalogue: our map is unable to resolve multiple small clouds
that appear in close vicinity of one another; thus, some of our
large clouds could contain unresolved substructures at various
distances and densities within the cloud range. An example of
this is around the Vela molecular cloud at X = -8 kpc, Y = -2
kpc, which includes multiple clouds in the map of Vergely et al.
(2022) with better resolution but limited distances.

Another possible constraint of our work is in the clouds se-
lected from our map for further analyses (Fig. 3, left). To avoid
biases, we applied a strict cut to select clouds from our map (see
section 3.1). This results in missing potential low- to mid-density
clouds that have values below or around three sigma above the
mean of the Gaussian process. Therefore, the selected clouds in
our map are incomplete for low to mid densities.

Apart from the catalogue of large molecular clouds in the
Milky Way, which is carefully selected, we have also included
our 3D density predictions with this publication. The users are
however advised to use the map carefully and only with its pre-
dicted uncertainty to avoid biases and noisy outputs.

5. Concluding remarks

We have presented the most extended 3D dust map of the Milky
Way to date and provided a catalogue of large molecular clouds
in the Milky Way. The cloud properties in the catalogue are de-
rived from the 3D map and avoid biases involved in plane-of-
the-sky works. The catalogue delivers (non-kinematic) accurate
distance estimates to high-density regains and contains their vol-
ume densities. Our map illustrates large cavities in the Galactic
Plane, posing as potential targets for further studies and analysis.

Our 3D map sheds light on segments of the spiral arms; how-
ever, we do not observe clear arm patterns in our results. Us-
ing the volume densities derived from our map, we also studied
the distribution of mass for different Galactocentric radii. We
observe an overall decreasing trend as we approach the outer
Galaxy, followed by multiple local peaks linked to known re-
gions, such as the Molecular Ring, and segments of the spiral
arms.

Additionally, our results provide insights into the extragalac-
tic studies which focus on deriving properties of the clouds in
star-forming regions. We demonstrate how the inferred proper-
ties of star-forming regions could be biased by using column
density measurements, and suggest observations of molecular
line emissions in critical high-density environments to minimise
such biases. Further studies are required to quantify these biases.

The future of the 3D structure of the Milky Way relies on
a uniform, near-infrared survey that covers the entire Galactic
plane. This will soon be achieved by the upcoming SDSS-V data
(Kollmeier et al. 2017), which follows the legacy of APOGEE
and is poised to achieve this ambitious goal.
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SRKh’s goodbye letter to astronomy:

Dear Astronomy*,

From the day I started noticing the night sky, when grandma pointed to
that bright sunset "star", when I was an astronaut in my dreams flying into the
dark infinite beauty of space, I knew one thing was real: I fell in love with you.
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Fig. 9: Comparison of the volume density and column density. Left panel: Volume densities of clouds from our 3D map (same as
Fig. 3, right). Right panel: column densities of clouds in left integrated over the Z access.

A love so deep, I gave you my all: from my mind and body, to leaving my family
behind... I knew I had one goal: to get to discover you, to let you take me with
you.
I did everything for you because that’s what you do to someone who makes you
feel as alive as you’ve made me feel, and I will always love you for it. But I can’t
love you excessively for much longer; this paper is all I have left to give. My
curiosity still has a lot unanswered, my body can still handle the grind of sitting
all day, but my mental health knows it’s time to say goodbye. My soul covered
with so many wounds doesn’t leave me a choice. Wounds so deep I’ll carry them
for the rest of my life.
I know I will miss you every time I look at the beautiful forgotten night sky,
but this is for the best; academia is a dark cloudy sky, and I don’t want its
darkness to put a shadow on our love. From the good and the bad, we have
given each other all that we had, and we both know no matter what I do next, I
will always be that kid whose eyes widen whenever she looks at the sunset "star".

Love you always,
Sara Rezaei Kh.

*inspired by and partially adopted from ’Dear Basketball’, Kobe Bryant,
1978-2020
https://en.m.wikipedia.org/wiki/Dear_Basketball
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Table 1: Catalogue of large molecular clouds in the Galactic plane

Cloud l_centre b_centre d_centre σd mean_radius mean_density density_sd Arm /
ID [deg] [deg] [kpc] [kpc] [pc] [cm−3] [cm−3] Association

1 0.03 4.49 9.59 0.07 131 150.21 32.75
2 0.49 -2.99 9.97 0.17 135 119.93 17.44
3 0.89 -0.99 5.60 0.02 225 147.87 34.73
4 1.25 -6.75 6.38 0.04 104 148.45 24.24
5 1.99 1.09 4.98 0.01 197 191.39 63.68 Nor/Out1
6 2.39 5.10 8.44 0.09 85 134.36 17.83
7 3.95 -2.46 8.73 0.94 NA 115.71 NA
8 4.01 2.51 7.63 0.10 152 133.21 18.39
9 4.15 1.41 6.08 0.20 53 109.48 4.15
10 5.80 -3.23 6.66 0.04 93 149.50 29.40
11 5.93 -2.49 9.67 0.04 285 141.94 42.26
12 6.15 0.00 2.17 0.01 163 147.65 26.13 Sct/Cen1

13 7.14 5.39 7.98 0.16 81 114.48 12.80
14 7.36 2.92 9.51 0.03 195 157.09 39.26
15 7.81 -0.67 3.66 0.01 187 135.55 29.96 Nor/Out1
16 7.90 3.10 6.93 0.07 105 129.11 21.57
17 9.67 -2.50 4.68 0.03 129 118.36 14.57
18 9.70 -2.68 8.02 0.96 12 102.22 0.08
19 14.38 2.22 9.69 0.06 185 147.11 34.77
20 20.22 0.00 3.04 0.09 58 111.94 4.68 Sct2
21 20.32 0.00 7.00 0.03 170 136.75 24.97
22 23.11 -4.25 5.06 0.11 50 113.01 9.20 Nor/Out1
23 23.36 -6.29 6.85 0.38 65 111.13 0.87
24 26.08 -7.04 6.12 0.09 59 122.72 13.80
25 26.81 0.00 1.21 0.01 99 118.29 16.20 Sgr/Car1,2

26 28.03 0.00 10.24 0.05 325 113.69 9.55 Sct/Cen1,2

27 28.76 -2.83 7.60 0.20 86 107.02 4.16
28 29.36 0.00 3.67 0.70 NA 102.72 NA Sct/Cen1,2

29 40.07 0.00 2.06 0.01 128 116.28 9.70 Sgr/Car1,2

30 45.56 0.00 6.12 0.04 184 133.21 22.22 Sgr/Car1,2, W513

31 47.39 0.00 3.21 0.01 210 124.56 16.31
32 47.44 -6.43 6.69 0.74 NA 106.22 NA Sgr/Car1

33 49.52 -4.35 9.89 0.18 86 114.51 8.31 Per1

34 52.00 -7.24 5.95 0.21 88 109.05 6.16
35 55.42 -5.62 7.66 0.15 93 116.84 12.46 Per1

36 55.76 0.00 4.55 0.06 135 110.78 6.34 LoS2

37 56.62 12.46 3.47 0.18 68 108.05 2.00
38 57.02 -2.39 9.01 0.30 67 114.13 4.56 Per1

39 63.55 3.90 11.03 1.50 63 102.48 0.78
40 65.36 4.73 9.10 0.31 50 107.21 4.25
41 71.69 0.00 1.17 0.01 129 119.18 13.50 Loc1

42 78.05 1.21 3.73 0.01 206 122.13 14.09 Loc1

43 80.54 0.00 2.07 0.01 333 131.14 32.54 Loc1, Cygnus3

44 91.79 0.00 3.84 0.11 55 110.66 6.62 Per1

45 122.28 0.00 1.12 0.03 36 101.30 0.90
46 133.83 0.00 3.47 0.06 100 105.46 4.94
47 141.93 -11.13 3.88 0.08 46 110.86 6.14
48 148.17 23.72 1.86 0.03 61 113.41 7.91
49 149.04 40.61 1.15 0.02 44 110.70 7.28
50 177.52 0.00 4.30 0.02 148 186.97 58.58
51 180.81 3.79 5.67 0.18 55 106.82 5.41
52 192.30 0.00 2.14 0.02 82 110.70 5.50 Per1

53 216.79 -15.77 2.76 0.06 219 104.14 2.96
54 223.35 0.00 2.46 0.02 78 114.39 10.27 Per1

55 269.05 0.00 2.14 0.01 285 151.51 31.18 Vela3

Continued on next page
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Table 1 – continued from previous page
Cloud l_centre b_centre d_centre d_sd mean_radius mean_density density_sd Arm /

ID [deg] [deg] [kpc] [kpc] [pc] [cm−3] [cm−3] Association
56 281.73 0.00 4.06 0.10 104 107.18 3.75
57 284.02 0.00 5.71 0.05 219 124.63 15.20 RCW 493

58 291.12 0.00 4.72 1.35 NA 102.75 NA
59 297.85 0.00 3.32 0.04 133 135.06 23.29
60 304.08 10.35 4.17 1.12 NA 100.45 NA Sct/Cen1

61 327.62 -4.62 9.31 0.79 69 105.84 4.23
62 342.06 0.00 4.36 0.03 249 139.16 26.83
63 343.83 0.00 2.21 0.02 126 120.40 11.59 Sct/Cen1, RCW 116B3

64 346.18 0.00 1.26 0.02 102 111.57 7.80 Sgr/Car1, NGC 63343

65 346.97 0.00 6.21 0.79 69 101.60 1.32 Sgr/Car1

66 348.32 2.35 9.15 0.64 58 109.20 1.51
67 348.76 -4.40 9.78 0.11 117 125.47 17.94
68 349.55 4.28 10.06 0.13 99 120.64 9.04
69 349.55 -4.86 8.86 0.09 73 122.07 14.83
70 351.15 5.07 8.48 0.22 92 111.12 9.90
71 352.25 -3.82 5.37 0.05 113 109.99 6.97
72 352.82 6.68 6.44 0.25 55 108.92 5.02
73 353.48 -4.94 7.63 0.15 155 113.17 10.45
74 354.05 -2.34 9.20 0.10 107 132.36 15.22
75 354.20 0.21 4.51 0.01 201 200.24 68.41
76 354.41 5.72 7.52 0.11 109 121.47 13.62
77 356.05 -4.70 6.74 0.04 171 133.86 18.02
78 356.37 -13.37 3.24 0.33 69 101.74 1.86
79 357.02 -8.87 4.86 0.35 4 103.64 4.97
80 357.40 2.16 9.94 0.20 79 129.49 17.01
81 357.54 0.00 7.07 0.03 173 171.91 52.88
82 358.07 -0.83 8.18 0.03 134 143.10 27.47
83 358.47 -2.39 8.99 0.04 137 167.76 42.20
84 359.94 -5.24 8.21 0.05 75 126.60 18.88

The columns are: cloud ID, Galactic coordinates of the centre of the cloud, distance to the centre of the cloud from the Sun,
one sigma distance uncertainty of the centre of the cloud, mean radius and mean density of the cloud, standard deviation from
the mean density, and corresponding known associations for the clouds. A cloud with a mean radius/density of NA indicates that
only one pixel of the cloud has densities above the molecular threshold of 100 cm−3; therefore, it is too small for our map to
resolve its size.
The associations with spiral arms and known clouds are determined in multiple ways as follows:
1. Associated with spiral arms using masers in Reid et al. (2019)
2. Having a corresponding cloud in Dame et al. (1986), as explained in section 3.1 and Fig. 4
3. Having a corresponding cloud in Westerhout (1958), Rodgers et al. (1960), or Binder & Povich (2018)
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Fig. A.1: Predicted uncertainty for our 3D dust map. The Galac-
tic Centre is at (0,0), marked by a cross.

Appendix A: Predicted uncertainties

Figure A.1 shows our predicted uncertainties on the plane of
the sky. A lack of input data from APOGEE causes the radial
pattern. The fractional uncertainties in the dark areas are above
50% and are the regions we marked in Fig. 3, left panel. Our
selected higher densities are within low-uncertainty regions and
have fractional uncertainties as low as 5%.
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