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ABSTRACT

Investigating the chemical complexity of the interstellar medium (ISM) is key for understanding its physical nature and evolution. In this
work, we studied parsec-scale interstellar dust clouds in the neutral ISM of the Milky Way using two different probes: dust depletion
and dust extinction. We examined their relationship to investigate the distribution of metals and dust in the solar neighbourhood and
how they are related to the Local Bubble. We used dust depletion measurements for individual gas clouds along eight lines of sight
towards bright O/B stars within 1.1 kpc of the Sun, derived from UV absorption-line spectra. We combined these with parsec-scale 3D
dust extinction density maps out to 1.25 kpc. Based on the well-known relationship between gas and dust in the ISM, we assumed a
correlation between dust depletion and dust extinction density. This assumption allowed us to infer that the absorption components are
spatially associated with the peaks in dust extinction density and to pinpoint the likely locations of the gas clouds in physical space.
Using the Python scipy package find_peaks, we identified peaks in the dust extinction curves, and then associated the stronger
peaks with the strongest dust depletion components. Independent distance measurements along the line of sight towards one of our
targets, #' Ori C, validates our result and supports the reliability of our method. In our sample, the minimum distance between clouds
with significantly different chemical properties (in terms of dust depletion) is ~100 pc. This gives an indication on the physical scale
on which chemical mixing remains incomplete in the ISM of the Milky Way. For five of the eight targets, we report dust depletion
values for gas clouds associated with the Local Bubble. Additionally, we find a velocity gradient that is consistent with the expansion
of the Local Bubble, further supporting our methodology. Overall, we show that it is possible to use complementary information from

dust depletion and dust extinction to build more detailed maps of ISM metal and dust distributions.
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1. Introduction

Studies of the chemical composition of the Milky Way’s inter-
stellar medium (ISM) gives us important insight into its evolu-
tion and the role of different gaseous phases in this environment.
Both dust depletion and dust extinction are probes of the dust
content in the ISM of galaxies. Dust extinction is a measure of
how much light is absorbed by the dust in all gas phases of the
ISM along the line of sight, including the cold and dense gas. In
the Milky Way, dust extinction can be determined for different
positions in the sky, and, with the inclusion of photometry and
astrometry with Gaia, the construction of 3D dust maps is pos-
sible (Lallement et al. 2018; Green et al. 2019; Rezaei Kh. et al.
2024; Dharmawardena et al. 2024; Edenhofer et al. 2024).
Absorption-line spectroscopy is a powerful method for study-
ing the metal content of the gas in galaxies because it gives
access to the column densities of many metals (ions), and the
methods of measuring the column densities are highly robust.

* Corresponding author: tanita.ramburuth-hurt@wits.ac.za

Additionally, UV absorption-line spectroscopy is particularly
valuable because the resonant lines of the most dominant ion-
isation states of the most abundant cosmic metals (C, O, Mg, Si,
S, Fe, etc.) are available in the UV.

Dust depletion is the phenomenon whereby metals are incor-
porated into dust grains and are no longer observable in the
gas phase (Field 1974; Savage & Sembach 1996; Jenkins 2009).
The depletions of different metals correlate with each other to
varying degrees depending on how easily they form dust. The
measure of the relative abundances between metals with dif-
ferent refractory properties is therefore a measurement of the
amount of dust depletion. In a method for characterising dust
depletion, called the ‘relative method’ (De Cia et al. 2016, 2021;
Konstantopoulou et al. 2022), the determination of the refrac-
tory indices of metals is based on relative metal abundances.
While the initial implementation of the relative method have
used [Zn/Fe] as the main tracer of the overall strength of dust
depletion, the most recent implementations use all relative abun-
dances that trace dust depletion (Konstantopoulou et al. 2024).
An advantage of this method is that it does not make any
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assumptions on gas metallicity. An additional advantage is that
with high-resolution absorption-line spectroscopy, we can dis-
sect lines of sight, identify, and study the chemical properties of
individual gas components (Welty et al. 2020; Ramburuth-Hurt
et al. 2023, 2025). Differences in dust depletion in individual gas
components along lines of sight are washed away by the more
typical studies of dust depletion, which examine the integrated
line of sight (e.g. Jenkins 2009; De Cia et al. 2021; Roman-Duval
et al. 2021; Ritchey et al. 2023).

The relationship between the dust probed by dust deple-
tion and dust extinction is not well understood. Several studies
that compare dust extinction based on dust depletion measured
from full lines of sight (Ay, 4.,;) and extinction (Ay, () in extra-
galactic damped Ly-a absorbers (DLAs; e.g. Savaglio & Fall
2004; Wiseman et al. 2017; Bolmer et al. 2019) often find signif-
icant scatter. Recently, Konstantopoulou et al. (2024) developed
a more robust methodology for calculating Ay, 4.,; wWhich uses
all metals and the relative method for the integration of the
dust-to-metal (DTM) ratio. They find that, for integrated line-
of-sight measurements, Ay, 4., and Ay, ., generally follow each
other (see Fig. 7 of that paper), with the exception of systems
that have the 2175 A bump in their extinction curve, possibly
associated with polycyclic aromatic hydrocarbon (PAHs) dust
particles. In these cases, Konstantopoulou et al. (2024) find that
Ay, ext > Ay, gepr- This inequality could be caused by a large
amount of PAHs in the cold neutral medium (CNM), which is
captured by dust extinction measurements but not by dust deple-
tion. Dust depletion traces the dust that can be probed by metal
absorption lines present in the warm neutral medium (WNM). In
the Milky Way, the 2175 A bump is generally ubiquitous (Savage
& Mathis 1979; Pei 1992; Gordon et al. 2003).

Three-dimensional dust maps of the Milky Way make it pos-
sible to locate regions of the ISM with high dust content along
lines of sight (Lallement et al. 2018; Green et al. 2019; Leike
et al. 2020; Rezaei Kh. et al. 2024; Dharmawardena et al. 2024;
Edenhofer et al. 2024). These maps have enabled detailed studies
of phenomena such as the Local Bubble, including its geometry
and origin. The Local Bubble is a supernova-driven, low-density
cavity with a diameter of a few hundred parsecs, within which
the Sun resides (Fuchs et al. 2006; Zucker et al. 2022; O’Neill
et al. 2024). Zucker et al. (2022) show that several nearby star-
forming regions are located on the surface of the Local Bubble.
A recent study by O’Neill et al. (2024), based on the 3D dust
map of Edenhofer et al. (2024), shows a chimney-like structure,
likely produced by the bursting of the supernova-driven bubble.

Direct comparisons between dust extinction and dust deple-
tion in individual ISM components along lines of sight have, to
our knowledge, not been done before. This is likely because both
the method of calculating the dust depletion for individual com-
ponents (De Cia et al. 2016; Ramburuth-Hurt et al. 2023, 2025)
and the availability of high spatial resolution 3D dust extinc-
tion maps (e.g. Lallement et al. 2018; Green et al. 2019; Leike
et al. 2020; Rezaei Kh. et al. 2024; Dharmawardena et al. 2024;
Edenhofer et al. 2024) are relatively recent.

In this paper, we compare these two tracers of dust —
dust depletion and dust extinction — between ISM components
to investigate their relationship and the possibility of cross-
matching strong features in the dust extinction density with
components identified from metal absorption lines. We adopt
the dust depletion measurements of individual gas components
along eight lines of sight from Ramburuth-Hurt et al. (2025,
henceforth R-H+25) and the 3D dust extinction density maps
from Edenhofer et al. (2024, henceforth E+24).
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2. Data
2.1. Dust depletion

The dust depletion measurements for individual (groups of)
components [Zn/Fe]; 5, were taken from the eight lines of sight
in R-H+25 (see Table 1). Here, gas components refer to contribu-
tions from gas clouds along the line of sight to the overall metal
absorption profile, each of which can be fitted with a Voigt pro-
file in velocity space. Because the decomposition of lines is not
unique, R-H+25 merged individual components into groups with
similar velocities such that their total column densities could be
robustly determined. The choice of grouping can be somewhat
arbitrary and is a conservative representation of the distribution
of individual components along the line of sight. We describe
this in more detail in Sect. 3.

2.2. Dust extinction density

We obtained dust extinction density distributions from E+24,
who mapped the dust extinction density within 1.25 kpc of the
Sun. These maps have an angular resolution of 14 arcsec and
parsec-scale distance resolution. From the library of available 3D
dust maps, we chose E4+24 due to its small angular resolution,
making it most comparable to the pencil-beam measurements
from absorption-line spectroscopy. E+24 is also based on the
Zhang et al. (2023) catalogue from the most recent Gaia data
release (DR3; Gaia Collaboration 2023) out to 1.25 kpc, which
contains all R-H+25 targets. This catalogue provides distance
and extinction measurements for 220 million stars, with the
added advantage of small extinction uncertainties (<0.06 mag)
for 87 million of these.

Zhang et al. (2023) report the parameter ‘extinction’ in terms
of E, which is expressed in units of magnitudes and is roughly
equal to the reddening E(B — V). Because Zhang et al. (2023)
assume a universal extinction curve R(1)!, the value of E can
be translated to an extinction value at a given wavelength A.
This means that E is essentially a scalar reddening factor applied
to the stellar spectrum through the assumed R(1). We accessed
the E+24 dust extinction density curves, i.e. E per parsec as a
function of heliocentric distance, using the dustmaps Python
module (Green 2018), in which we queried for each line of sight
by their Galactic coordinates.

3. Methods

Our aim is to investigate whether we can pinpoint the loca-
tions of the absorbing gas clouds (groups thereof) identified in
absorption by cross-matching them with peaks in dust extinction
density maps. We adopted the column densities and dust deple-
tion measurements for individual components [Zn/Fels;from
R-H+25.

We smoothed the dust extinction density maps using a
Gaussian kernel of 4 pc to reduce the impact of noise in the
peak detection process, and we set the detection prominence at
2.04 x 107® E/pc (following the parameters in O’Neill et al.
2024). We then identified the peaks using the scipy python
package find_peaks. O’Neill et al. (2024) used this method-
ology to construct the geometry of the Local Bubble, where they
define its shell as the first significant peak (with a Gaussian ker-
nel of 7 pc and prominence of 2.04 X 107% E/pc) in extinction
density along the lines of sight. We found the same first peaks as

1 Available at https://zenodo.org/records/7811871
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Table 1. Details of the eight lines of sight studied in this paper, including the dust depletion measurements for individual (groups of) components

from R-H+25.
Target Distance (pc)!!!  Galactic [, b (deg) Ay (mag)®? Group Dust depletion Velocity range (km s™')
1 1.30+0.15 [-2.1,14.1]
. 2 1.46+0.20 [16.6,25.4]
1 +18 _
6" OriC 39350 209.01, —19.38 1.78+0.36 3 0.74+0.10 [28.0.32.0]
4 0.60+0.21 [35.5,40.2]
_ 1 1.80+0.59 [-10.1,-6.4]
HD 110432 439 + 15 302.0, —0.20 2 1.8440.06 [=1.0.8.2]
p Oph AT 137+3 353.69,1760 2581034 oo T
1 1.03+0.13 [-33.0,—-22.4]
2 1.79+0.04 [-20.8,—-15.3]
x Oph 152 +5 357.93, 20.68 3 2.0340.13 [12.7.-6.4]
4 1.70+0.16 [-4.5,0.7]
1 1.58+0.08 [-27.7,-20.7]
2 1.62+0.20 15
HD 154368 10303% 349.97,3.22 2.53+0.20 3 0.80+0.20 [-11.3,-9.3]
4 1.85+0.09 [-6.5,0.1]
5 1.22+0.27 [4.2,13.1]
1 0.96+0.11 [-28.2,-18.2]
2 1.74+0.09 [-16.2,—-11.1]
k Aql 506:5& 31.77, —13.29 3 1.60+0.06 [-8.7,-6.2]
4 1.09+0.28 [-2.1,1.5]
5 0.63+0.06 [5.8,13.9]
1 1.41+0.07 [-32.1,-36.7]
+171
HD 206267 7907113 99.29, 3.74 1.47+0.14 2 124005 [—14.6,-53]
1 1.25+0.25 [-34.3,-27.8]
HD 207198 9783‘7‘ 103.14, 6.99 1.50+0.29 2 1.55+0.14 [—22.1,-9.8]
3 0.87+0.49 4.7

Notes. " The square brackets for the second component along the line of sight towards p Oph A indicate that the dust depletion measurement for
this component is unconstrained due to the saturation of most metal absorption lines. ! Distances are from the Sun and taken from Gaia DR3

(Bailer-Jones et al. 2021). 2 Valencic et al. (2004).

O’Neill et al. (2024) using a Gaussian kernel of 4 pc, with the
benefit of detecting relevant additional peaks beyond the first.

Along the line of sight to #' Ori C, we included an additional
‘peak’ at the stellar distance. Although no distinct peak appears
in the dust extinction density profile, there is a sharp increase
in this region, indicating the existence of a dense dust cloud.
To ensure accurate capture of the dust contribution, we consid-
ered the dust extinction density at the upper limit of the stellar
distance uncertainty as a lower bound.

We converted the UV components from velocity space to
heliocentric distance under the assumption that their kinematics
are due to a flat Galactic rotation curve R = 234.88/wg (Clemens
1985), with Ry = 8.15 kpc and vy = 236 km/s (Reid et al. 2019).
We find no plausible physical solutions from this exercise, likely
because the clouds are very close by. As a result, their relative
motions result from local effects rather than global Galactic rota-
tion. All our targets are also on the same side of the Milky Way
and thus do not rotate relative to each other.

To quantify the relationship between the dust depletion of
absorbing gas components and peaks in dust extinction den-
sity, we assumed that dust and gas are broadly correlated, so
that the absorption components with the highest level of dust
depletion trace the strongest dust extinction peaks. This assump-
tion is based on the well-known relationship between gas and

dust in the ISM (Bohlin et al. 1978; Cardelli et al. 1989),
which gives the average value of the Galactic gas-to-dust ratio,
NMHD/EB -V) = 5.8 x 10*! cm™ mag’l. We expect the cor-
relation between dust depletion [Zn/Felg;; and dust extinction
density to be stronger than that between [Zn/Fe]s; and dust
extinction (Ay) itself. This is because depletion represents the
average number of dust particles per unit length of absorbing
cloud along the line of sight. As such, it is more closely related
to dust extinction density than to dust extinction, which reflects
the integrated amount of dust.

For each line of sight, we arranged both quantities in
descending order and paired them accordingly, so that the
strongest dust depletion component would be paired with the
strongest dust extinction component, and so forth. We ensured
consistent comparison by including only the top n values of each,
where n is the smaller number of components or peaks along
the line of sight. We excluded the line of sight towards p Oph
A because it has only one constrained dust depletion compo-
nent due to the saturation of many of its metal absorption lines.
We then inferred the locations of the absorption components in
physical space.

We estimated the minimum distance over which chemi-
cal mixing in the ISM is incomplete by comparing pairs of
absorbing gas components along each line of sight and by
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Fig. 1. Comparison of dust extinction densities with dust depletion
[Zn/Fe]g levels for individual (groups of) gas components across all
lines of sight in our sample.

determining whether their dust depletion [Zn/Fe]g, differ sig-
nificantly. We determined the statistical significance of the

difference in [Zn/Felg;for components A and B using a z-
[ZnFe]; o—[ZnFe];

\/Err([ZnFe],"A)2-+-Err([ZnFe],»'B)2 ’
Err ([ZnFe]; 4) are the dust depletion value and its uncertainty,
respectively. We consider two components to have significantly
different [Zn/Fe]q jif 0 7—test > 3.

test: Op_test = where [ZnFe];, and

4. Results and discussion

We find overall agreement between the number of absorption
components (or groups thereof) and the number of peaks in
dust extinction density, i.e. within = 1-2, for six of the eight
lines of sight in our sample (' Ori C, HD 110432, p Oph A,
HD 154368, y Oph, and k Aql; see Table 2). For the lines of sight
towards both HD 206267 and HD 207198, we find many more
extinction peaks than absorption components. There are several
possible explanations for this. The broader field of view in dust
extinction measurements compared to the narrow pencil-beam
nature of absorption-line spectroscopy can result in extinction
that includes more clouds along the line of sight. It is also likely
that peaks in dust extinction density may correspond to regions
at the same velocity; hence, the absorption profile becomes
blended. Extinction also typically captures the contribution from
the dust present in the CNM, (e.g. PAHs). Our method of deter-
mining dust depletion is not sensitive to PAHs and carbonaceous
dust because the carbon absorption line is generally saturated.
Another possible explanation is that components with lower dust
depletion levels are either lost in the noise or contribute less sig-
nificantly to the overall dust compared to PAHs. We also note
that our grouping of absorption components is conservative and
therefore does not fully represent the substructure of the gas
along lines of sight.

We find relatively small scatter in the overall relation
between dust depletion and dust extinction density across all
lines of sight, as shown in Fig. 1. Although we somewhat built
in the correlation between dust depletion and dust extinction
density along each line of sight by assigning the components
with the strongest depletion to the clouds with the highest dust
extinction density, the normalisation and slope of these correla-
tions remained free to vary. In principle, they may be different
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Table 2. [Zn/Fe]g,; values, corresponding dust extinction densities, and
distances from the Sun for each line of sight.

Target [Zn/Fe]qq; log E density  Distance
(magpc™)  (pe)
146 <020 >-2.18 ~411.0
. 130 £015 -326+023 159.0 (LB)
1
g 0nC 074+010 -373+0.18 257.0
0.60 =021 - -
184+ 006 —-173+016 1965 (LB)
HD 10432 eh 59 -
. [2.0] 22441026 1212 (LB)
p Oph A 132018 - _
203+013 —14+018  150.1
oo 179+ 004 —-246+023 113.9(LB)
X P 170 +0.16 — -
103013 - -
185+009 -133+015 2012
162020 -2.64+0.19 259.0
158 +0.08 -3.16+022 154.1 (LB)
HD 154368 1'5) 027 -318+022 8989
080 =020 —-3.56+029 509.4
- ~40+029 10616
174009 —217+022 1356 (LB)
1.60 006 —3.09+0.17 2812
x Agl 109+ 028 —405+028 466.0
096011 -416+041 5276
0.63 +0.06 - -
141 =004 —249:02 4615
120 £005 -271+0.16 247.9 (LB)
2296+0.17 3402
T
HD 206267 31403 5157
- 2332402 6062
- _348+0.18 722.0
1554014 225018 4250
125+025 -262+032 6163
087 +049 -278+016 227.6
HD 207198 7 — 2312+028 3686
- 23344029 5418
_ 3734026 1772 (LB)
- 2393+024 9124

Notes. “®The component associated with the Local Bubble. VResults
tabulated for p Oph A. Note that we have not associated either absorp-
tion component with dust extinction density peaks for this line of sight.
(fResults tabulated for HD 206267 and HD 207198. Note that the sig-
nificant mismatch between the number of absorption components and
dust extinction density peaks makes these results difficult to interpret.

from one line of sight to another. However, we find a strong
Spearman rank coefficient of 0.81 (p = 1.6 x 1073) across all
lines of sight, which indicates that components with higher dust
depletion likely correspond to higher dust extinction densities.
The fact that all lines of sight individually display similar posi-
tive correlations is encouraging and likely represents a physical
link between the two parameters. We also find a moderate Pear-
son correlation coefficient of 0.63 (p = 0.003) between dust
depletion and dust extinction density, which suggests that the
relationship between the two is unlikely to be linear.
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To quantify the significance of the scatter between
[Zn/Felg;and log (E density), as shown in Figure 1, we con-
ducted a Kolmogrov—Smirnov (KS) test on the normalised
orthogonal residuals of the best-fit line for the relationship
between dust extinction density and dust depletion. Our KS test
yields a p-value of pxs = 0.79, indicating that the normalised
orthogonal residuals are consistent with a normal Gaussian dis-
tribution. Therefore, the scatter can be fully explained by the
noise in the data. We provide a full analysis in Appendix A.

We used the correlation between dust extinction density and
dust depletion to then infer that the locations of the gas cloud
coincide with the dust extinction density peaks along each line
of sight in descending order (see Sect. 3). These results are
presented in Table 2. Some distances are larger than the cor-
responding stellar distances in Table 1; however, these reflect
the combined uncertainties of the stellar distances and dust
extinction maps.

For the line of sight towards ¢! Ori C, we find that the
region with the highest dust extinction density is located at
around 411 pc, which coincides with the distance of the Orion
Nebula itself. Furthermore, the absorption component with the
highest level of dust depletion (here, component 2 with a veloc-
ity range of 17-25 km s™! and [Zn/Felgs» = 1.46 + 0.20), also
resides within the nebula. This has been shown through inde-
pendent studies of absorption lines towards both 6! Ori C, a star
within the Orion Nebula, and the nearby star ¢ Ori, a star in the
nebula’s foreground (Price et al. 2001, Dalla Pola 2024 Mas-
ter’s thesis). The agreement between the distance to the highest
extinction density peak and the absorption component exhibiting
the highest level of dust depletion strongly supports our method-
ology. As demonstrated by R-H+2025, this absorption compo-
nent also likely exhibits a high gas fraction and super-solar
metallicity.

Along the line of sight towards 6' Ori C, the distance between
components 1 and 3 is the smallest observed, and their dust
depletion levels differ significantly (07, = 3.1). At distances
of 159 pc and 257 pc, components 1 and 3 exhibit [Zn/Felg» =
1.46 +0.20 and [Zn/Felg 3 = 0.74 + 0.10, respectively. Their dif-
ference in dust depletion, 0.56 + 0.25, occurs over a distance
of 98 pc. This distance suggests incomplete chemical mixing.
While the actual scale could be even smaller, our approach
effectively constrains the physical scale of gas, metal, and dust
mixing. Indeed, (Redfield & Linsky 2008) find significant differ-
ences in the gas-phase abundances of Fe and Mg between the two
interstellar gas clouds, the Local Interstellar Cloud and Cloud G,
which are separated by only 1 pc. They attribute these differ-
ences to dust depletion, suggesting that this separation distance
may also reflect incomplete chemical mixing.

In the top panels of Figs. 2-9, we show the absorption line
profiles for Ca11 13934 and 43969, where available for each line
of sight, as reported by R-H+25. These spectra have the highest
spectral resolution and therefore most clearly demonstrate the
individual components. The spectra for 6! Ori C, HD 110432,
x Oph, p Oph A, and x Aql were taken from VLT/ESPRESSO
(ID: 0102.C-0699(A), R ~ 190000, FWHM ~ 1.54 km s~!). For
HD 154368 and HD 206267, the spectra were taken from the
Kitt Peak National Observatory (KPNO) Coude Feed Telescope
Camera 6 (R ~ 220 000, FWHM ~ 1.35 km s™!). For HD 207198,
we used the Till 43384 line from VLT/UVES (ID 194.C-0833,
R ~ 92600, FWHM ~3.2 km s™') due to the lack of available
Carr data. For some targets, we also include an additional metal
absorption line to account for very weak components in the Ca 11
line. These were taken from HST/STIS (ID: 16750, R ~ 114 000,
FWHM ~2.63 km s™1).

0.6 - Call 3969
I I

T T
-10 0 10 20 30 40 50
Rel.velocity (km/s)

Normalized Flux

THE-ORI-C
10-24 1 3 2

10734 ; : /

1074 4

log (E density) [mag pc™1]

-\\r\./ . . g
100 150 200 250 300 350 400
Heliocentric distance [pc]

Fig. 2. Top: Call absorption line for 8! Ori C (solid black line, lower
panel). The solid red lines represent the fitted Voigt profiles, obtained
with VoigtFit (Krogager 2018) from R-H+25. The blue ticks represent
the velocity-space positions of each individual component, grouped as
indicated by the vertical blue lines. The values for [Zn/Fe]g,; given in
Table 1 correspond to the absorption groups in these figures as num-
bered from left to right in blue. The 1o residuals are plotted with the
black line in the upper panel of this figure, with + 30- marked by the dot-
ted horizontal lines. Bottom: Dust extinction density curve in log space
for the same target. The vertical dotted pink lines show the locations
of the extinction density peaks. The vertical dashed black line repre-
sents the location of the star, with the uncertainties represented by the
shaded region. The blue numbers correspond to the respective absorp-
tion components, as determined by our method for matching absorption
components with peaks in dust extinction density (see Sect. 3).

The bottom panels of Figs. 2-9 show the dust extinction den-
sity curves along each line of sight from E+24 in log scale. The
peaks in dust extinction density are plotted as vertical dashed
lines (see also Table 2). As mentioned in Sect. 3, some broader
peaks may result from the combination of two or more closely
spaced components. Consequently, the number of peaks counted
are regarded as lower limits. To show the overall distribution of
dust extinction densities, we plot the dust extinction density of
each identified peak along our lines of sight in Fig. 10.

We include 2D dust maps around each of the targets in our
sample in Fig. 11. These were produced by integrating the E+24
3D dust maps over the distance between the Sun and the star.

The innermost 69 pc of the dust extinction density curves
was removed by E+24 due to an artificial spike in dust extinc-
tion density produced by their models in the regions closest to
the Sun. This spike stems from their methodology’s inclusion of
the very low extinction values from Zhang et al. (2023). Since
previous studies show that these nearby regions are essentially
dust free (Leike et al. 2020), this exclusion affects neither their
dust maps significantly overall, nor the results in our paper.

This analysis is based on a single R(1) law, as assumed in
Zhang et al. (2023). The value R(V) represents dust grain size in
the ISM, with higher R(V) values indicating larger dust grains.
Variations around the canonical Milky Way value of R(1) = 3.1
across different lines of sight have been shown to be small,
o(R(1)) = 0.18, with less than one percent exhibiting R(1) > 4

A64, page 5 of 11
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Fig. 3. Same as Fig. 5, with the addition of the Fe11 12249 line for
HD 110432.

(Schlafly et al. 2016). Different values of R(1) would change E by
a small factor, which would not affect the matching of absorption
components with dust extinction density peaks. There could be
an impact, however, on the overall relation between dust deple-
tion and dust extinction density presented in Fig. 1, where the E
values for different lines of sight could vertically shift by a small
factor. This could especially be the case for the gas clouds (i.e.
those clouds along the line of sight towards 6' Ori C) in or near
the Orion Nebula, a region known for its high dust content.

p Oph A is the nearest target. R-H+25 were not able to per-
form a component-by-component analysis for this line of sight
due to saturation in most of the metal absorption lines and were
only able to constrain [Zn/Fe]g, ;for one of the components. We
deduce that this results from the large amounts of gas and metal
content along this line of sight. Indeed, this line of sight has high
overall dust extinction Ay = 2.58 + 0.34 (Valencic et al. 2004).
The dust extinction density map towards p Oph A also exhibits a
relatively high peak at a distance of 121.2 pc from the Sun. This
shows that, in addition to there being a lot of gas along this line
of sight, there is also a significant amount of dust.

X Oph is the second nearest target in our sample (after p Oph
A), located at a distance of 152 + 5 pc. Along this line of sight
lies the component with the highest amount of dust depletion
([Zn/Felg» = 2.06 + 0.16) and the highest peak in dust extinc-
tion density at a distance of 150.1 pc (see Fig. 5). This peak also
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Fig. 4. Same as Fig. 5, with the addition of the Fe 11 12260 line for p
Oph A. The dust extinction density curve is not numbered here, as we
did not assign absorption components to dust extinction density peaks
for this line of sight.

exhibits one of the highest dust extinction densities, making this
line of sight remarkably dust and gas rich.

The line of sight towards HD 154368 has many absorption
components, which is also a feature of the dust extinction den-
sity curve (see Fig. 6). The dust cloud contributing the majority
of dust extinction lies at 201.2 pc. This is one of the densest in
our sample, and we associate it with the absorption component
with the highest level of dust depletion along this line of sight,
[Zn/Felg 4 = 1.85 + 0.09.

The lines of sight towards both HD 206267 and HD 207190
significantly exhibit more peaks in extinction density than groups
of absorption components. According to R-H+25, these two lines
of sight are chemically similar. Both lie in regions of high dust
extinction, as shown in the 2D dust maps of E+24 and in the rele-
vant panels of Fig. 11. This means that the dust extinction density
maps likely encompass dust clouds adjacent to these lines of
sight in addition to those observed only in absorption. It is also
possible that the grouping of absorption components is overly
conservative and thereby miss some of the substructures along
the lines of sight. HD 206267’s Call absorption line is indeed
broad and could have additional blended absorption lines (see
the top panel of Fig. §).
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Fig. 8. Same as Fig. 2 for HD 206267. The dust extinction density
curve is not numbered here due to the significant mismatch between
the number of absorption components and peaks in dust extinction den-
sity, which complicates interpretation.

Three-dimensional dust extinction maps have been used to
study the Local Bubble in detail, enabling insights into its geom-
etry and origin. Using the E+24 dust map, O’Neill et al. (2024)
in particular show that the Local Bubble resembles a chimney,
likely formed by the bursting of the supernova-driven bubble.
They define the surface of the Local Bubble as the first signif-
icant peak in the E+24 dust extinction density maps along the
lines of sight. Here, we use the results from our matching exer-
cise to show the velocities of these peaks as a function of distance
(solid lines in Fig. 12). We exclude the lines of sight towards
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HD 206267 and HD 207198 from this analysis because the mis-
match between the number of absorption components and dust
extinction density peaks makes them difficult to interpret.

In Fig. 12, we see that the closest components along the lines
of sight towards #' Ori C and HD 110432 exhibit negative veloci-
ties, while the more distant components towards p Oph A, y Oph,
and k Aqgl show less negative or positive velocities. This pattern
is consistent with a velocity gradient and can be interpreted as
evidence of the Local Bubble expanding with respect to the Sun.
In this frame, the Sun’s motion relative to the local standard
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of rest (LSR; Uy, Vo, Wp = (11.1,12.2,7.2) km s~!; Schénrich
et al. 2010) is directed towards 6' Ori C (-17.2 km s~!) and
HD 110432 (=4.5 km s~!), and away from y Oph (12.5 km s™!),
HD 154368 (9.2 km s71), and « Aql (13.8 km s™1). Therefore,
the observed negative velocities of the nearest components are
partly due to the Sun moving towards these stars. In contrast,
the velocities of the more distant components appear less neg-
ative or positive, as the Sun’s motion is less aligned with those
directions.

These results further validate our methodology, showing
that our approach to matching absorption components with dust
extinction density peaks reproduces the physical structures iden-
tified in the 3D dust maps. We include Fig. 13 to show the
location of the stellar targets with respect to the Local Bubble,
as reported in O’Neill et al. (2024). An interactive 3D version of
this plot is available online.

5. Conclusions

In this study, we considered dust depletion and dust extinction
as two complementary probes of interstellar dust content in indi-
vidual ISM clouds (or groups thereof). We used dust depletion
measurements of individual gas clouds (or groups thereof) along
eight lines of sight within 1.1 kpc from the Sun (Ramburuth-Hurt
et al. 2025), in combination with 3D dust extinction density maps
from (Edenhofer et al. 2024). Supported by the well-known rela-
tionship between gas and dust in the ISM (Bohlin et al. 1978;
Cardelli et al. 1989), we assumed a correlation between dust
depletion and dust extinction density. We used this correlation
to associate the absorbing clouds with peaks in dust extinction
density and pinpoint the likely locations of absorption compo-
nents along each line of sight. We show that different lines of
sight follow a similar correlation between dust extinction density
and dust depletion (see Fig. 1). This suggests that the observed
relation may be physical. We find that the location of the highest
dust extinction density peak coincides with an independent dis-
tance measurement of the absorption component with the highest
level of dust depletion for the line of sight towards @' Ori C. This
agreement further corroborates our methodology.

We find that the number of absorption components (or
groups thereof) and the number of peaks in the dust extinc-
tion density peaks generally agree within +1-2 for six of the
eight lines of sight (8" Ori C, HD 110432, p Oph A, y Oph,
HD 154368, and « Aql). For five of these (excluding p Oph A),
we obtain distance estimates for absorbing gas clouds along their
lines of sight, including those associated with the Local Bubble.

For the remaining two lines of sight (HD 206267 and
HD 207198), we observe many more peaks in dust extinction
density than groups of absorption components. This discrepancy
is probably due to the blending of absorbing components that
cannot be easily separated and/or the larger angular size of the
dust extinction density maps, which capture more dust content
than the pencil-beam of absorption-line spectroscopy.

Along the line of sight to 8! Ori C, components 1 and 3 differ
significantly in dust depletion by 0.56 + 0.25 over a distance of
98 pc. We interpret this as an indication of the physical scale over
which chemical mixing remains incomplete in the Milky Way’s
ISM.

Our analysis of dust extinction and velocity structure sup-
ports the interpretation of the Local Bubble as an expanding
cavity surrounding the Sun. We find that Bubble’s shell nearest
to the Sun exhibits negative velocities, whereas the farther side
exhibits less negative or positive velocities. This is consistent
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with an expansion-driven velocity gradient, after accounting for
the Sun’s motion relative to the LSR. These results further sup-
port our methodology, which matches absorption components
with the highest dust depletion levels to the strongest peaks in
dust extinction density along the lines of sight.

In this work, we have demonstrated the power of detailed
component-by-component ISM analyses. By combining high-
resolution absorption-line spectroscopy with 3D dust maps, we
have provided new and invaluable insights into the nature of dust
in the local ISM of the Milky Way.

Data availability

The 3D plot associated
https://www.aanda.org

to Fig. 13 is available at

shown in blue. Our stellar targets are plotted as points and labelled
accordingly. The location of the chimney structure reported in O’Neill
et al. (2024) is plotted in yellow and labelled accordingly. An interactive
3D version of this plot is available online.
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Fig. A.1: Top: Best-fit straight line to dust extinction density vs dust
depletion. The plot here is the same as Fig. 1, with the inclusion of the
best-fit line. Bottom: Normalised orthogonal residuals over-plotted with
their Gaussian distributions.

Appendix A: Scatter analysis

Since there are uncertainties on both the dust extinction den-
sity and the dust depletion, we perform an orthogonal distance
regression (ODR) fit to the data and obtain a best-fit straight line
of y = mx + b, where m = 2.7+ 0.4 and b = —-6.3 = 0.6 (see
the top panel of Figure A.1). We then calculate the orthogonal
residuals and normalise them by the dividing by total projected
uncertainties for all data points. We find that the normalised
orthogonal residuals follow a Gaussian distribution, with a KS
p-value of pgs = 0.79, as shown in the bottom panel of Figure
A.1. This shows that the scatter can be fully explained by the
noise in the data.
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