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Abstract

The distance to the stars is a fundamental parameter, which is determined via two primary methods—parallax and
luminosity. While the parallax is a direct trigonometric method, the luminosity distance is usually influenced by
interstellar extinction. As long as the optical properties of dust grains are wavelength-dependent this contamination
can be corrected. However, as the grain size increases, the extinction properties become gray, meaning these
particles contribute by a constant at wavelengths <1 ym, making them undetectable by photometry in the optical.
In this study, we compare the parallactic and luminosity distances of a pristine sample of 33 well-known early-type
stars with nonpeculiar reddening curves and find that the luminosity distance overestimates the parallactic distance
in 80% of the cases. This discrepancy can be removed when incorporating a population of large, submicrometer-
sized dust grains in a dust model that provides gray extinction, which diminishes the luminosity distance

accordingly.

Unified Astronomy Thesaurus concepts: Interstellar dust extinction (837)

1. Introduction

The distance D of astronomical objects is a fundamental
quantity, prompting the exploration of various estimation
techniques. The parallax 7, based on geometric principles,
provides the most straightforward approach but is limited to
nearby stars. The luminosity distance D, enables the assess-
ment of distances of many kiloparsecs by measuring the
apparent stellar brightness and comparing it with the absolute
brightness. However, the apparent brightness of stars is usually
diminished by an unknown amount of dust.

Traditionally, the extinction is determined from the
apparent color of stars in the visible range (e.g., B—V),
comparing it with the unreddened color (B — V), and
multiplying the difference E(B — V') with the ratio of total-
to-selective extinction, Ry. The average value of Ry in the
Milky Way is ~3.1 (K. D. Gordon et al. 2023), with extreme
values from 2.1 in clouds of high galactic latitude to 5.6 in
dense molecular clouds. It should be noted that Ry
corresponds to the extinction at infinite wavelengths and is
extrapolated from measurements at near-infrared (NIR)
wavelengths. The reddening longward of 2.2 ym is more
difficult to establish because contamination by either dust or
any other emission components of early-type stars might
play an important role (R. Siebenmorgen et al. 2018; D. Deng
et al. 2022).

By introducing the photometric equation nearly 100 yr ago it
was speculated that an additional nonselective or gray
extinction term in the form of very large grains—at that time
called “meteoritic” bodies—might exist, which increases the
extinction term in Equation (1) by a constant offset but which
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was arbitrarily set to zero (R. J. Trumpler 1930),
Ay =V — My — SlogD, + 5, (1)

where My is the absolute magnitude of the star. Meanwhile,
submicrometer-sized particles have been found in various
environments (Section 4) providing significant wavelength-
independent extinction from the far-UV to the NIR. As a
consequence, Ay determinations from optical reddening
must underestimate the total extinction and thus lead to
larger distances. For a few stars, it was hypothesized
(J. Kretowski et al. 2015) that incorporating an additional
component of large dust grains could reconcile the problem of
missing extinction and thus inaccurate distance estimates;
however, this remained unverified due to the lack of a
physical model.

In the following, we use distances Dg,;j, obtained from the
zero-point corrected parallax following L. Lindegren et al.
(2021) and compare them with the luminosity distances D, for
a pristine sample of 33 well-known OBA stars. For many
stars, our investigation uncovers an inconsistency between
both methods; its detection required the unprecedented
resolution of the Gaia DR3 (Gaia Collaboration et al. 2023).
To reconcile the discrepancy in distance, we consider a
contribution of gray extinction in Equation (1) due to
submicrometer-sized grains. In the interstellar medium
(ISM) a gray component of micrometer-sized grains was
introduced by J. S. Mathis et al. (1977) and recently by
S. Wang et al. (2015a, 2015b) to account for the observed
infrared extinction. Finally, we calibrate the contribution of
submicrometer-sized grains to the total extinction with the
distance suggested by Gaia.

2. The Sample

The inclusion of an additional extinction term necessitates
validation through a dust model. For such a test a well-selected
sample of reddening curves is crucial. The stars shall have
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precise photometric measurements, accurate distance determi-
nations, rigorous spectral type classifications and luminosity
class identifications, allowing reasonable estimates of the
absolute brightness My, as well as high-quality reddening
curves spanning the entire range from the Lyman limit to
infinitely long wavelengths.

In that wavelength range, 820 reddening curves have been
published by L. A. Valencic et al. (2004), E. L. Fitzpatrick &
D. Massa (2007), and K. D. Gordon et al. (2009), which suffer
from various systematic uncertainties. To obtain a high-quality
sample, R. Siebenmorgen et al. (2023) inspected and merged a
sample of 186 stars, mainly observed with the Ultraviolet and
Visual Echelle Spectrograph (UVES; H. Dekker et al. 2000).
From this sample, stars with composite spectra in the
International Ultraviolet Explorer (IUE) and Far Ultraviolet
Spectroscopic Explorer (FUSE) apertures arising from multiple
bright stellar systems were excluded. Likewise, stars were
omitted with a photometric variability between space-
(N. V. Kharchenko & S. Roeser 2009; Gaia Collaboration
et al. 2018, 2023) and ground-based observations
(L. A. Valencic et al. 2004) of more than ¢(V) =30 mmag, o
(B—V)=30mmag, and o(G)=11mmag, respectively.
Further, stars that show inconsistent parallaxes when compar-
ing DR2 and DR3 from Gaia (Gaia Collaboration et al. 2018,
2023) were rejected.

The spectral type and luminosity class (SpL) estimates of
these stars are important for the determination of the
reddening curve and when utilizing M\, for distance estimates
Equation (1). The SpLs were identified by fitting the
R. O. Gray & C. J. Corbally (2014) library to UVES
spectra with undetected signatures of binarity or circumstellar
line profiles. This provided a precision of half a subtype/
class, which matches the accuracy reached by other
studies (Z. Liu et al. 2019; E. Kyritsis et al. 2022). For the
O-stars, it was also confirmed that the SpL classification
agrees with that provided by the Galactic O-star survey
(A. Sota et al. 2014). Stars whose classification does not
confirm the one used in the reddening curve determination
were removed.

We apply even stricter criteria to the Gaia data. Only stars
with a renormalized unit weight error below 1.1 are included,
ensuring that a single-star model accurately fits the astro-
metric solution (X. Luri et al. 2018). Additionally, we
recompute the G-magnitude-dependent error in parallax o
(m, G) Equation (A1) following J. Maiz Apelldniz (2022), and
only consider stars with a parallax precision of 7w/o(m, G) > 10.
The simple inverse of the DR3 catalog parallax typically agrees
with Dggi, within 1.6% £+ 1.8%. Since parallactic distances
inherently depend on priors, we verified that our distance
estimate Dgy;, aligns with other probabilistic distance estimates
within 1%-2% (C. A. L. Bailer-Jones et al. 2021). From the 50
stars that satisfy the criteria for the reddening curve, an
additional 17 stars (34%) were rejected for not meeting the
stricter Gaia data requirements. Ultimately, using the most
robust sample of reddening curves, spectral classification, and
parallaxes currently available, we identified a pristine sample of
33 sightlines toward prominent OB stars within a distance of
2.5 kpc.

3. The Distance Discrepancy

The luminosity distance Dj(AX) was computed using
Hipparcos photometry (N. V. Kharchenko & S. Roeser 2009);
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Figure 1. The distance ratios Dy (AR")/Dgia VS. Dgaia for our sample of 33
stars using visual extinction AR estimates obtained by extrapolation of the
reddening curves (L. A. Valencic et al. 2004; E. L. Fitzpatrick &
D. Massa 2007; K. D. Gordon et al. 2009). Different symbols and colors are
used to visually represent the various spectral types and luminosity classes as
labeled. Stars with a deviation in the distance ratio from unity that are below 3o
in My are shown by small symbols. The shaded area depicts the top and bottom
quartiles of the distribution, with the mean indicated by a dashed line.

spectral types and luminosity classes are from UVES
(R. Siebenmorgen et al. 2023). Absolute magnitudes My were
calculated from our SpLs and the conversion tables
(W. Wegner 2006; D. V. Bowen et al. 2008). The visual
extinction AR was obtained by extrapolation of the reddening
curves (L. A. Valencic et al. 2004; E. L. Fitzpatrick &
D. Massa 2007; K. D. Gordon et al. 2009). The errors in
Dy (AR") primarily arise from systematic uncertainties. We
apply the conservative error estimate o(My) in My following
D. V. Bowen et al. (2008). The 1o scatter between My, of the
spectral type and the adjacent £0.5 subtype is denoted as ospr;
the lo scatter between My of the luminosity class =1
luminosity class is denoted as oy c. To account for an offset
between both catalogs we introduce oc; thus,
ar(My) = O‘éPT + 0fc + of. For estimating the error in
the luminosity distance we add the photometric error o(V).
Figure 1 shows the distance ratios Dy (AR")/Dgaia versus Dgaia
for our sample. For the same star, the luminosity distance
Dy (AVR"’f) generally overpredicts the Gaia distance Dg,;,. There
are no stars with a distance ratio below Dy, (A&Cf) /Dgaia < 1.25
detected at 30 confidence. The distance ratios range
between 0.7 < Dy (AX)/Dgaia S 1.9. The bottom and top
quartiles are at 1.09 and 1.37, which underlines the over-
prediction in DL(AVRef). A dependency of DL(AVRef) on the
spectral types and luminosity classes is not observed.
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Table 1
Data Supporting Figures 1 and 2

M () (©) () Q) (©6) @) ®) Q) (10) an
Star Ref. SpL My 1% EB - V) AR Ay Dy (AR DGaia Di(Ay)

(mag) (mag) (mag) (mag) (mag) (pe) (pe) (pe)
HD 027778 G B3V —1.52753 6.33 0.39 1.09 1.23 4+ 0.42 22518 210 £ 3 210
HD 037903 G B2V —2.287948 7.84 0.36 1.49 2.13 + 046 531438 395 + 10 395
HD 038023 F B3V —1.5253 8.87 0.52 1.64 231 £ 0.42 5624112 413 +£7 413
HD 046223 Y 04V —5.657013 7.31 0.54 1.48 2.27 +0.23 19747138 1371 £ 120 1370
HD 054439 F B1V —3.044039 7.71 0.31 0.80 0.75 + 0.55 97924 1004 + 92 1004
HD 062542 G B5V —1.215542 7.99 0.37 1.16 138 + 0.11 40513 366 + 5 366
HD 070614 F B3Il —2.8570% 9.29 0.68 2.14 1.93 4+ 0.59 998417 1504 + 54 1101
HD 091824 F o7V —4.901031 8.15 0.25 0.77 1.76 £ 0.32 28631323 1817 & 194 1817
HD 092044 F Bilb —5.9503% 8.31 0.43 1.42 2.44 £ 0.58 37020133 2311 4 248 2311
HD 093222 G O6III —~5.9009 8.10 0.36 1.76 2.13 +0.28 2812758, 2368 + 270 2368
HD 101008 F BOIII —5.0019%2 9.16 0.27 0.93 2.28 + 0.40 44343 2378 + 192 2378
HD 108927 F B5V —1.2153:43 7.77 0.24 0.74 136 £ 0.12 4447% 335+ 7 334
HD 110336 F B8V —0.49+9% 8.64 0.45 1.21 1.69 + 0.18 384138 309 +£3 309
HD 110946 F B2III —3.557959 9.18 0.50 1.60 1.46 + 0.46 16834337 2048 + 95 1798
HD 112607 F BSIII —1.48+042 8.10 0.31 0.85 0.77 + 0.36 557430 589 + 15 577
HD 112954 F BIIII —0.7758% 8.39 0.57 1.75 1.61 +0.39 304189 381+ 5 324
HD 129557 v BIV —3.047539 6.09 0.23 0.53 1.07 + 0.52 525+13¢ 409 + 17 409
HD 146284 F BIIII —0.7783% 6.71 0.25 0.77 0.95 + 0.39 21913 202 + 3 202
HD 146285 F BIIV +0.101922 793 0.32 1.23 1.88 + 0.25 209173 155 £2 155
HD 147196 F B8V —0.491539 7.04 0.27 0.84 1.84 +0.18 2183 137 £ 1 137
HD 148594 F B7V —0.675013 6.89 0.21 0.65 1.26 £ 0.16 24177 182 + 2 182
HD 152245 Y BO.511 —4.807043 8.39 0.36 1.08 1.96 + 0.45 263975% 1758 + 192 1758
HD 152249 G 09Ia ~7.005048 6.38 0.47 1.58 2.54 £ 0.50 2288133 1469 + 131 1469
HD 170634 F B8V —0.497539 9.85 0.69 2.05 2.16 & 0.18 454133 432 £+ 6 432
HD 170740 F B2V —2.287948 5.75 0.47 1.37 1.28 + 0.47 215439 224 + 12 224
HD 185418 G B0.5V —3.557942 7.49 0.52 1.39 1.84 =+ 0.40 8501189 692 + 24 692
HD 287150 F AL +0.735458 9.26 0.37 1.22 1.11 + 0.71 289183 399 £ 5 304
HD 294304 F B6V —0.89401¢ 10.05 0.42 1.23 1.59 £ 0.16 874138 741 + 18 741
HD 303308 % o6V —5.207513 8.12 0.45 1.36 1.61 + 0.29 2469329 2196 + 217 2196
HD 315021 F BOV —3.85793% 8.57 0.34 1.24 1.73 £ 0.40 1719738 1372 + 136 1372
HD 315023 F B2V —2.287948 10.03 0.36 1.48 1.83 + 0.46 1464733 1246 + 46 1246
HD 315024 F BIV 3047039 9.63 0.30 1.20 2.11 £+ 0.53 19667312 1295 + 73 1295
HD 315032 F B1V —3.047539 9.18 0.28 1.01 1.62 £ 0.54 17477433 1321 + 89 1321

Note. Reddening curves (column (2)) by F (E. L. Fitzpatrick & D. Massa 2007), G (K. D. Gordon et al. 2009), V (L. A. Valencic et al. 2004); SpL (column (3)) by
R. Siebenmorgen et al. (2023) with associated My (column (4)) by D. V. Bowen et al. (2008); W. Wegner (2006); V band (column (5)) by N. V. Kharchenko &

S. Roeser (2009); luminosity distance Dy, (A‘]}ef

distance D;(Ay) (column (11)) utilizing our estimate of Ay (column (8)).

We emphasize that stars of identical spectral types show
deviations in opposite directions, which excludes any systema-
tic offsets in M, (Table 1). Therefore, we interpret this
discrepancy as to arise from an underestimate of AX°". Recent
investigations (J. M. Shull & C. W. Danforth 2019) were still
not able to detect any discrepancy within the errors of the Gaia
DR2 (Gaia Collaboration et al. 2018); this could only be
brought to light utilizing the unprecedented resolution of the
Gaia DR3.

4. The Dust Model Including Submicrometer-sized Grains

Our study utilizes a dust model® by R. Siebenmorgen (2023)
that aligns with current observational constraints of dust in the

®  Custom software AbsreDgaia is available at https://github.com /rsicbenm/

dark_dust.

) (column (9)) using extrapolated AVRef (column (7)) estimated by the same authors of the reddening curves; luminosity

diffuse ISM of the Milky Way (B. S. Hensley & B. T. Draine
2021). It accounts for representative solid phase element
abundances of the main absorbing dust components and
accurately explains phenomena such as wavelength-dependent
reddening, extinction, starlight polarization, and the emission
of unpolarized and polarized light seen by Planck (Planck
Collaboration et al. 2020). Recently, the (sub)millimeter excess
emission in the Milky Way has gained an alternative
explanation by adjusting the grain emissivity at these
wavelengths (B. S. Hensley & B. T. Draine 2021) to avoid
micrometer-sized cold dust particles. However, these models
fall short of resolving the distance discrepancy reported in
Section 3.

The dust model incorporates three populations: (1) nano-
particles of graphite, silicate, and polycyclic aromatic hydro-
carbon (PAH), (2) spheroidal grains of amorphous carbon and
silicate at mean radii of ~30nm, using the latest optical
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constants for amorphous silicates (K. Demyk et al. 2022), and
(3) submicrometer-sized dust particles.

Flat infrared extinction curves can also be explained by
very porous, fluffy particles (E. Kriigel & R. Siebenmorgen
1994) with the degree of porosity constrained through a
comparison of optical and submillimeter polarization
(V. Guillet et al. 2018). Submicrometer-sized grains have
been studied by J. S. Mathis et al. (1977),
N. V. Voshchinnikov (2004), and E. Kriigel (2008) and have
been included in other dust models by C. W. Ormel et al.
(2011) and N. Ysard et al. (2024). Recently, the impact of
gray extinction on Type la supernovae distance measurements
has been discussed by the Dark Energy Survey Collaboration
(B. Popovic et al. 2024). Furthermore, micrometer-sized
particles from the diffuse ISM were also measured in situ
from the Ulysses, Galileo, and Stardust space probes
(M. Landgraf et al. 2000; A. J. Westphal et al. 2014;
H. Kriiger et al. 2015). They appear in sightlines connected to
the cold ISM (R. Siebenmorgen et al. 2020).

Submicrometer-sized grains absorb a fraction of the inter-
stellar radiation field (J. S. Mathis et al. 1983). Because these
grains are large, they are cold and emit at long wavelengths.
Originally very cold (10 K) dust emission was detected in our
Galaxy toward high-density regions (R. Chini et al. 1993) and
in nonactive galaxies (R. Chini et al. 1995). Such cold dust was
confirmed by Infrared Space Observatory (E. Kriigel et al.
1998; R. Siebenmorgen et al. 1999). More recently, excess
emission at 0.5 mm observed by Herschel cannot be explained
by a single modified blackbody temperature component
(R. C. Kennicutt et al. 2011; S. C. Madden et al. 2013;
A. Rémy-Ruyer et al. 2013); these results were confirmed by
Atacama Large Millimeter/submillimeter Array (F. Galliano
et al. 2005) and LABOCA (M. Galametz et al. 2009) at even
longer wavelengths.

5. The Distance Including Submicrometer-sized Grains

Correcting the distance discrepancy is not feasible
through arbitrary adjustments to commonly used literature
values in A\Bef =Ry/E(B—V) and M, inserted in
Equation (1). Several stars with identical SpLs show different
distance ratios and thus would require different adjustments in
My to reach D; = Dg,;,. The uncertainties in My range from
0.25 to 0.5mag. However, for stars with D;/Dgai. 2 1.2,
modifications of My > 0.5 mag—typically 0.8 £ 0.3 mag—
would be necessary to align D; with Dg,,. Similarly,
the typical error in E(B — V) is around 0.03 mag; for stars
with D /Dgaia = 1.2, modifications of 0.14 SEB-V) S
0.56 mag would be required to achieve distance unification.
Consequently, we retain E(B — V) and substitute the extra-
polated Ry, parameter with our dust model, utilizing
Equations (A2)-(A3).

Figure 2 shows the corrected distance ratios D;(Ay)/Dgaia
versus Dgaia, and Figure 3 shows the absolute reddening curves
for our sample, where D;(Ay) denotes the luminosity distance
derived from Ay using Equation (1). The new luminosity
distances D;(Ay), agree with Dgg;, within 0.75 < Dy(Av)/Dgaia
<1 and show a 1o scatter of 6% around a median of one. The
four stars with D;(Ay) > Dgaia still agree within their errors
with equal distances D;(Ay) = Dgaia. For 29 out of 33 stars
both distances agree within 2%. Their scatter of the distance
ratio is reduced by a factor of 5 when compared to the literature
values Dy (AR).
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Figure 2. Corrected distance ratios D;(Ay)/Dgaja VS. DGaia- The luminosity
distance derived with Ay using Equations (A2)-(A3) (diamonds in brown)
unifies the distance ratio for all but four stars. These four stars still agree within
their errors with a ratio of one. For comparison, the luminosity distance
determined from Ay, is derived by a single-parameter model fit to the reddening
in the UBVJHK bands, assuming a mass fraction of submicrometer particles of
0.55 g in a total of 1 g of dust (symbols in color, as denoted in Figure 1). The
shaded area depicts the top and bottom quartiles of the single-parameter model
distribution, with a mean of one (solid line).

The reliability of the Ay estimate (Equation (1)) is validated
through fitting the absolute reddening curve across the entire
observed wavelength range using the three-component dust
model, which incorporates submicrometer-sized grains. Models
that incorporate a simple continuation of the dust size
distribution to micrometers for the amorphous carbon and
silicate grains or ignore submicrometer-sized grains fail to align
to explain the reddening at A>1pum and often violate
abundance constraints.

The submicrometer-sized dust population typically contri-
butes to one-third of the total extinction Ay. This dust
component constitutes 56% =+ 12% of the total dust mass and
depends on the environmental conditions and chemical
composition of the clouds along the sightlines. Note that the
total gas-to-dust mass ratio remains unchanged in the models
Mgas/Mdust (Table 2). The addition of submicrometer-sized
grains only affects the relative mass distribution of different
dust particle types within 1 g of dust Equation (B1). It does not
change the total dust mass or the amount of elements depleted
from the gas phase (Table 2). Models that ignore the
submicrometer-sized grain component or merely extend the
size distribution of amorphous particle components from
250 nm to a few microns often fail to explain the reddening
at A > 1 um and violate abundance constraints. This is evident
when comparing the goodness-of-fit to the IR data for models
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Figure 3. The absolute reddening curves E(A — V') of the sample, shifted by an offset for better visibility. Data points (circles) cover the range 0.09—2.2 ym and are
complemented at infinite wavelengths by —Ay (Table 1). The best fit (cyan) with contributions from the amorphous carbon and silicates (brown), and submicrometer-
sized grains (gray), are shown, with model parameters listed in Table 2. Notable is the dominance of the submicrometer-sized grains in the infrared and their
wavelength-independent contribution to the optical /far-UV, respectively.

with, XIR’ and without, X2 K0S submicrometer-sized grains, as reported in Figure 1. This is demonstrated in Figure 2 using a

X3 < XAMS (Table 3). single-parameter model’ to fit the reddening in the UBVJHK
Without knowledge of the trigonometric distance, one can

assume that half of the dust mass resides in submicrometer 7 Custom software 1_absReddEbv is available at https://github.com/

grains to account for the offset in the luminosity distance rsiebenm /dark_dust.
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Table 2
Dust Abundances (ppm), Gas-to-dust Mass Ratios, Molecular Weights, and Bulk Densities of the Best-fit

(€] el Ic] el [c1 [Si] Isil [si] [Si] Mgas
Star Hl o [H]g, Hlyc [Hlygr [H1pan TH] o [Hl g, Hgsi Hl ysi Must
HD 027778 95 23 48 15 9 37 8 18 11 125
HD 037903 136 48 63 19 6 44 16 20 9 116
HD 038023 91 36 37 12 5 39 12 19 8 125
HD 046223 89 40 25 20 4 44 13 20 11 123
HD 062542 86 41 21 13 11 52 13 20 18 120
HD 091824 89 42 34 9 4 39 14 19 6 125
HD 092044 90 39 36 11 5 39 13 19 7 125
HD 093222 103 37 51 11 4 34 12 17 5 125
HD 101008 103 48 37 13 5 43 16 20 7 121
HD 108927 100 45 32 19 4 43 15 20 8 122
HD 110336 78 39 14 23 2 45 13 20 12 124
HD 129557 76 41 8 19 8 42 13 24 4 126
HD 146284 97 32 40 16 9 37 10 19 7 125
HD 146285 106 37 48 17 5 33 12 18 4 125
HD 147196 108 50 30 21 6 47 16 20 10 119
HD 148594 97 39 40 13 5 36 13 20 4 125
HD 152245 93 38 37 10 8 38 12 19 6 125
HD 152249 94 38 38 10 7 38 12 20 6 125
HD 170634 85 27 31 22 5 41 9 20 12 125
HD 185418 98 29 41 17 11 34 10 20 5 125
HD 294304 922 32 39 14 6 38 10 19 9 125
HD 303308 93 31 42 15 6 38 10 19 9 125
HD 315021 102 36 51 10 5 35 12 19 4 125
HD 315023 103 35 55 7 7 34 11 18 5 125
HD 315024 103 38 47 13 5 34 12 16 5 125
HD 315032 129 45 57 22 5 42 15 20 8 118
n 12 12 12 12 12 135 100 135
p (gem™) 1.8 1.6 22 3.4 2.7 35

Note. Assumed stoichiometry of silicate material in nano and submicrometer particles is the nominal of Mg; 3(Fe,Ni)3Si03 ¢ by B. T. Draine & B. S. Hensley (2021)
and for amorphous silicates the 97:3 mix in mass composed of MgSiO; and Mg, sFe3}SiO; by K. Demyk et al. (2022).

Table 3
Model Parameters for Fits to the Absolute Reddening Curve
Star My, msi mys; myc Mygr MpAH q X XIZR Xlzl'{mo's
(%) (%) (%) (%) (%) (%)
HD 027778 31 30 25 9 3 2 2.7 0.9 24 5.8
HD 037903 63 17 10 7 2 1 2.2 0.6 1.3 43.3*
HD 038023 56 23 13 5 2 1 2.5 0.7 0.1 39.9
HD 046223 55 22 16 3 3 1 24 1.0 0.5 60.0
HD 062542 46 22 26 3 2 1 2.5 1.4 0.7 10.7
HD 091824 69 18 8 4 1 0 24 0.6 0.4 151.8"
HD 092044 62 21 10 5 1 1 2.7 0.6 0.1 92.4*
HD 093222 64 20 8 6 1 1 24 1.4 11.6 16.6
HD 101008 74 14 7 3 1 1 2.1 0.9 0.2 251.8"
HD 108927 66 18 10 3 2 1 2.0 1.5 0.1 62.4"
HD 110336 53 23 18 2 3 1 2.2 1.3 0.1 21.6
HD 129557 66 24 6 1 2 1 2.0 1.7 0.3 61.2"
HD 146284 48 27 14 7 2 2 2.1 0.4 0.2 5.9
HD 146285 66 19 5 6 2 2 2.0 2.0 0.4 52.2*
HD 147196 69 15 10 3 2 1 2.1 0.9 0.1 142.5*
HD 148594 68 19 5 5 2 1 2.0 0.6 0.3 70.1
HD 152245 62 22 9 5 1 1 2.6 0.7 0.6 85.8"
HD 152249 63 22 8 5 1 1 2.5 0.6 0.2 87.8"
HD 170634 36 30 24 6 3 1 23 1.3 0.1 2.5
HD 185418 47 31 9 7 4 2 2.5 0.9 2.1 18.6
HD 294304 47 27 16 7 2 1 2.7 0.6 0.1 11.7
HD 303308 44 27 17 7 3 2 2.5 0.7 0.3 7.6
HD 315021 61 23 6 7 2 1 2.4 0.4 0.5 28.2*
HD 315023 59 23 8 8 1 1 24 1.0 22 15.8"
HD 315024 68 17 7 5 2 1 24 0.4 0.7 95.3"
HD 315032 63 18 9 6 3 1 2.3 0.4 0.1 49.7"

Note. The symbol * indicates that abundance constraints are violated.
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bands. The visual extinction Ay is derived from the reddening
at infinite wavelengths based on the best-fit model, with the
carbon abundance in amorphous grains treated as the only free
parameter.

6. Conclusion

We derived the visual extinction through the diffuse ISM
from a comparison of the luminosity distance and the
trigonometric distance of 33 nearby (<2.5kpc) early-type
stars using the most comprehensive sample of reddening curves
and SpL identifications currently accessible. Our analysis
supports the presence of a submicrometer-sized dust population
in 80% of the sightlines, consistent with the dust model
introduced by J. S. Mathis et al. (1977) and employed to
explain IR reddening by S. Wang et al. (2015a). Due to the
wavelength-independent extinction of such very large grains
such a population is hidden in photometric data from the
optical /far-UV range. Dust models ignoring the submicrom-
eter-sized grain component thus underestimate the total
extinction of the sightline and—as a consequence—result in
significantly larger distance estimates when applying traditional
photometric distance measurements.

Apart from the importance of the gray extinction component,
our study has developed a consistent dust model that satisfies
contemporary constraints on dust in the general ISM field
(B. S. Hensley & B. T. Draine 2021) and aligns with the
available data for individual sightlines in our sample. We also
provide a single-parameter model to fit the optical/IR
reddening and correct the average overprediction in the
luminosity distance for the sample, even when assuming the
parallax is unknown.

The dust model respects estimates of the visual extinction
derived from the Gaia parallax. Our study emphasizes the
significance of considering the absolute reddening of individual
sightlines across the entire wavelength range and in particular
in the IR instead of utilizing the extrapolated parameter Ry.

Besides our own ongoing efforts to increase the sample size
and enhance statistical robustness, we hope to inspire the
community to further test the model using the custom software
provided. To better constrain the population of submicrometer-
sized grains in the diffuse ISM, targeted observations should
focus on stars with known spectral types, luminosity classes,
and precise trigonometric distances provided by Gaia or VLTI
For these stars, the depletion of elements such as C, Si, Mg, Fe,
O, and Al from the gas phase should be measured. These
elements contribute significantly to the dust extinction. For
these sightlines, the reddening E(A—V) should be well
established in the far-UV, around the 2175 A bump, and in
the NIR /MIR. The latter can be complemented by observations
with the JWST, which offers spectral information that can
potentially detect or provide stringent upper limits on ice
absorption bands in the diffuse ISM. The silicate stoichiometry
can be revealed through MIR spectropolarimetry (C. M. Wright
et al. 2002). The geometry and particle shape of submicrom-
eter-sized grains can be determined by combining high spatial
resolution observations of polarized emission in the millimeter
continuum, as provided by BLAST (G. Coppi et al. 2024), with
dichroic polarization of starlight in the optical (S. Bagnulo et al.
2017). Such studies of submicrometer-sized grains appear also
of interest for dark energy surveys, as analyzed by B. Popovic
et al. (2024).

Siebenmorgen, Heymann, & Chini

Code Availability

Static versions of the AbsreDgaia and 1_absReddEbv codes
used in this work are available in Zenodo (Version 1.0.2,
R. Siebenmorgen 2025, doi:10.5281 /zenodo.14624100) for the
purposes of reuse and reproducibility.
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Appendix A
Absolute Reddening

The amount of visual extinction, denoted by Ay, which is
necessary to align D; with Dg,,, is calculated using the
photometric equation from Equation (1) with errors including
G-band brightness corrections by J. Maiz Apelldniz (2022),

2

c(Ay ) = o (VP + (M) + (L M) . (AD

lOg 10 DGaia

The optical depth 7, =A,/1.086 is related to the column
densities of nanoparticles and the amorphous carbon and
silicate particles N, and to the column density of submicrom-
eter-sized grains Nj,,; the corresponding mass extinction cross
section K, and K, (g cm %) are based on the dust model
(R. Siebenmorgen 2023):

v = N"K}! + N K" (A2)

The extinction cross section (B. T. Draine 2003;
N. V. Voshchinnikov 2004; E. Kriigel 2008) diminishes at
infinite wavelengths, i.e., K(co)=0. To prevent negative
optical depths, we assume that the reddening at infinite
wavelengths is smaller than in the K band, hence
Ay = — E(c0) > —E(K), and ignore models not respecting this
condition. The reddening E(B — V) = 1.086(7g — Ty) provides
a second constraint:

5 — 1y = N"(Kj — KJ) + N* (K — KJ). (A3)

These two equations enable us to derive the relative mass of
each component, specifically m,, = N,,/(N,, + N;,,) of the nano-
and amorphous grains and my, = N,,/(N, + Ny,) of the
submicrometer-sized particles. Notably, our approach to
computing Ay is validated through a fit to the observed
reddening curve using our dust model and obviates the need for
the extrapolated parameter Ry = Ay/E(B — V).

Appendix B
Fitting Reddening Curves

The methodology for calculating the wavelength-dependent
extinction cross section K(\) for partially aligned and wobbling
spheroidal grains, nanoparticles, and PAH, from the optical
constants of dust materials is outlined in R. Siebenmorgen
(2023). The normalized reddening curves E(A — V)/E(B — V)
for the sample are observed spectroscopically between 0.09 and
0.27 pm with TUE/FUSE satellites and in the UBV and JHK
bands with references listed in column (2) of Table 1. These
curves are transformed into absolute reddening that is used in
this work by multiplying them with the corresponding
reddening E(B — V) provided in those same references. The
extrapolated reddening at infinitely long wavelengths is
substituted with the visual extinction Ay, derived from
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Equation (1), and is specified in Table 1. By adjusting grain
sizes and abundances within the three populations, we achieve
the best fit for the absolute reddening curve of each star,
surpassing previous models that solely addressed relative
reddening or extinction curves.

To achieve the optimal fits for the reddening curves, a set of
seven best-fit parameters was computed by a least y*-technique
using the Levenberg—Marquardt algorithm as implemented in
MPFIT® (C. B. Markwardt 2009). The distribution of the
various grain components in 1 g of dust is treated as a set of
free parameters, defined by the relative mass of the sub-
micrometer-sized grains (m,,), the amorphous silicates (ms;)
and carbon (m,c), and the nanoparticles of silicates (mys;),
graphite (m,o), and PAH (mpay). The relative mass of
component i in 1 g of dust, is computed from

[Xi]

i H]

xil’
Z iy

1

(BD)

mi =

where the relative dust abundances of an element, which is in
our models either C or Si, with respect to H are denoted by
[X;]/[H] and the molecular weights 1, as specified in Table 3.

Models that violate the depletion constraints for C and Si
atoms, specifically C/Si < 5.2 (B. S. Hensley & B. T. Draine
2021; R. Siebenmorgen 2023) are excluded. The total
dust mass My, is estimated by summing all atoms depleted
from the gas phase and scaling by the molecular weights
corresponding to the assumed grain stoichiometry. The gas
mass Mg, ~ 1.4My is calculated by summing the contribu-
tions of helium and hydrogen, assuming a He:H ratio of
1:10. The derived gas-to-dust mass ratio, Mgas/Mdust"’ 125
(B. S. Hensley & B. T. Draine 2021), remains approximately
constant (Table 3). Consequently, the relative mass distribution
in 1 g of dust in our models aligns with the material available in
the ISM for grain formation.

A power-law dust size distribution is characterized by the
exponent g and the lower and upper radii. For amorphous
carbon and silicate grains, we use a minimum radius of 6 nm.
Following J. S. Mathis et al. (1977), we set the relatively
unconstrained upper radii to fixed values, with
rsi = rjw= = 250 nm, which also serves as the minimum radius
for the submicrometer grains, and r;,j = 3um. The mass
extinction cross sections K,(r) (cm” gfl-dust) of a dust particle
of population i with volume averaged radius r and bulk density

pi is

m; r4

4 f”+,i 3_
—p; r’—4 dr
3 Pi r

Ki(r) = G (). (B2)

The cross sections C are derived using efficiency factors Q,
and are computed for spheroids using N. V. Voshchinnikov &
V. G. Farafonov (1993) and custom software provided by
N. V. Voshchinnikov (2004). Fine-tuning of the fits to the
2175 A bump involves allowing the central wavelength (xg)
and damping constant (7) of the Lorentzian profiles of the PAH
absorption cross section to remain free. This leads to, in total,
seven adjustable parameters, which are treated in the
minimization algorithm.

8 http://purl.com/net/mpfit
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