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ABSTRACT

Derivation of the viusal extinction from the trigonometric parallax
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1. Parallax and luminosity distance

The distance D of astronomical objects is a fundamental prob-
lem, prompting the exploration of various estimation techniques.
The parallax, based on geometric principles, provides the most
straightforward approach but is limited to nearby stars. The lumi-
nosity distance Dy, enables the assessment of distances of many
kpc 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, extinction is determined from the apparent
colour of stars in the visible range (e.g. B — V), comparing it
with the unreddened colour (B — V)q, and multiplying the dif-
ference E(B — V) with Ry, the ratio of total-to-selective ex-
tinction. The average value of Ry in the Milky Way is ~ 3.1
(Gordon et al. 2023), with extreme values from 2.1 in clouds of
high galactic lattitude to 5.6 in dense molecular couds. It should
be noted that Ry corresponds to the extinction at infinite wave-
lengths and is extrapolated from measurements at near-infrared
(NIR) wavelegths. The reddening longward of 2.2, um is more
difficult to establish because contamination by either dust or any
other emission components of early-type stars might come into
play (Siebenmorgen et al. 2018; Deng et al. 2022).

By introducing the photometric equation nearly 100 years
ago it was speculated that an additional non-selective or grey ex-
tinction term in the form of very large grains A“‘, — at that time
called meteoritic’ bodies — might exist, which would add an-
other extinction term in Eq. 1

V=My+5logD-5+Ay + A, 1)
where My is the absolute magnitude of the star and the offset
has been arbitrarily set to A"l, = 0 (Trumpler 1930).

Meanwhile, micrometre-sized particles have been found in
various environments (Sect. 3) providing significant wavelength-
independent extinction from the far-UV to the near-infrared. As
a consequence, Ay determinations from optical reddening must
underestimate the total extinction and thus lead to larger dis-
tances. For a few stars it was hypothesized (Kretowski et al.
2015; Siebenmorgen et al. 2020) that incorporating an additional
component of large dust grains could reconcile the problem of

missing extinction and thus of 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 Lindegren et al. (2021)
and compare them with the luminosity distances Dy, for 33 well-
known OB stars. For many stars, our investigation uncovers an
inconsistency between both methods; its detection required the
unprecedented resolution of the Gaia data release three (Gaia
Collaboration et al. 2020). To reconcile the discrepancy in dis-
tance, we introduce an additional contribution of grey extinction
to the visual (A%, > 0, Eq. 1) due to micrometre-sized grains and
calibrate their amount with the distance suggested by Gaia.

2. The sample

The inclusion of an additional extinction term necessitates vali-
dation through a dust model. For such a test a well-selected sam-
ple of reddening curves is crucial. The stars shall have precise
photometric measurements, accurate distance determinations,
rigorous spectral type classifications and luminosity class iden-
tifications, allowing reasonable estimates of the absulute bright-
ness 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 Valencic et al. (2004); Fitzpatrick & Massa (2007);
Gordon et al. (2009), which suffer from various systematic un-
certainties. To obtain a high-quality sample, Siebenmorgen et al.
(2023) inspected and merged a sample of 186 stars, mainly
observed with the Ultraviolet and Visual Echelle Spectrograph
(UVES; (Dekker et al. 2000)), complemented by linear po-
larization data of 215 stars taken from the Large Interstellar
Polarization Survey (Bagnulo et al. 2017). From this sample,
stars with composite spectra in the ITUE/FUSE apertures aris-
ing from multiple bright stellar systems were excluded. Like-
wise, stars were omitted with a photometric variability between
space (Kharchenko & Roeser 2009a; Gaia Collaboration et al.
2018a, 2020) and ground-based observations (Valencic et al.
2004) of more than o(V) = 30 mmag, o(B — V) = 30 mmag,
and 0(G) = 11 mmag. Further, stars that show inconsistent par-
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allaxes when comparing data releases two and three from GAIA
(Gaia Collaboration et al. 2018a, 2020) were rejected.

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

In total, 47 stars meet these rejection criteria and provide the
highest-quality Milky Way reddening curve sample available to-
day. Most of these stars exhibit single-cloud sightlines, which
were identified by analyzing interstellar lines, particularly K.
They show one dominating Doppler component (Siebenmorgen
et al. 2020) at a resolving power of 1/AA ~ 75,000, provided by
the high-resolution spectrograph UVES. Dust emission from a
circumstellar envelope was not observed in the Spitzer photom-
etry (Siebenmorgen et al. 2018) or WISE (3 — 22, um) imaging.
Spectropolarimetry of these sightlines follows the Serkowski
curve, elucidated by the dichroic polarization due to differential
extinction of magnetically aligned spheroidal grains within the
interstellar medium (Bagnulo et al. 2017).

Finally, the accuracy of the trigonometric distance for these
stars was verified. For the remaining sample stars, Gaia data
release three (Gaia Collaboration et al. 2020) provides accu-
rate astrometric solutions with a renormalized unit weight error
(RUWE) of ~ 0.9 £ 0.1, and always less than 1.2 (Luri et al.
2018). The internal error in the Gaia catalogue of the paral-
lax is well below ~ 5 %. However, the sample stars are bright
with 6 < G (mag) < 10, for which, following Maiz Apellaniz
(2022), the uncertainties in the parallax o () significantly in-
creases. We re-compute the G-mag dependant error in the par-
allax o(rr, G) accordingly and consider stars only at a precision
of o(m,G))/m < 11%.

In total, we examined 33 sightlines towards prominent OB
stars within a distance of 2.5 kpc, using the most superior sample
of reddening curves and SpL identification currently accessible.

3. The dust model

Our study utilizes a dust model! by Siebenmorgen (2023) that
aligns with current observational constraints of dust in the dif-
fuse ISM of the Milky Way (Hensley & Draine 2021). It ac-
counts for representative solid phase element abundances and
explains accurately phenomena such as wavelength-dependent
reddening, extinction, starlight polarization, and the emission of
unpolarized and polarized light seen by Planck (Guillet et al.
2018a). Recently, the (sub)millimetre excess emission in the
Milky Way has gained an alternative explanation by adjusting the
grain emissivity at these wavelengths (Hensley & Draine 2021;
Guillet et al. 2018a) in order to avoid micrometre-sized cold dust
particles. However, these models fail short resolving the distance
discrepancy reported in Sect. 4.

The dust model incorporates three dust populations: 1)
nanoparticles of graphite, silicate, and polycyclic aromatic hy-
drocarbon (PAH), 2) submicrometre-sized spheroidal grains of
amorphous carbon and silicate, using the latest optical constants

' Custom software available at CDS.
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for amorphous silicates (Demyk et al. 2022), and 3) micrometre-
sized dust particles; the latter component has been labelled by
Siebenmorgen et al. (2020) as dark dust (DD).

These micrometre-sized grains are primarily composed of
a composite of porous amorphous carbon and silicate particles.
Such grains have been detected in scattering light haloes around
X-ray sources (Witt et al. 2001; Heinz et al. 2016) and from sub-
millimeter emission of evolved giants (Jura et al. 2001). They
preferentially survive the interaction regions between the asymp-
totic giant branch and the ISM (Maercker et al. 2022).

The presence of very large grains (VLG) in the diffuse ISM
is further evidenced by studying flat infrared extinction curves
(Wang et al. 2015a,b). This phenomenon can also be explained
by very porous, fluffy particles (Kriigel & Siebenmorgen 1994)
with the degree of porosity constrained through a comparison
of optical and submillimeter polarization (Guillet et al. 2018a).
Micrometre sized grains have been studied by Voshchinnikov
(2004); Kriigel (2008) and have been included in other dust
models by Ormel et al. (2011); Ysard et al. (2024). Further-
more, micrometre-sized particles from the diffuse ISM were also
measured in situ from the Ulysses, Galileo, and Stardust space
probes (Landgraf et al. 2000; Westphal et al. 2014; Kriiger et al.
2015) and they appear in sightlines connected to the cold ISM
(Siebenmorgen et al. 2020).

Micrometre-sized grains absorb a fraction of the interstellar
radiation field, ISRF (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 to-
wards high-density regions (Chini et al. 1993) and in non-active
galaxies (Chini et al. 1995). Such cold dust was confirmed by
ISO (Kriigel et al. 1998; Siebenmorgen et al. 1999). More re-
cently, excess emission at 0.5 mm observed by Herschel cannot
be explained by a single modified black-body temperature com-
ponent (Madden et al. 2013; Kennicutt et al. 2011; Rémy-Ruyer
et al. 2013); these results were confirmed with ALMA (Galliano
et al. 2005) and LABOCA (Galametz et al. 2009) at even longer
wavelengths.

4. The distance discrepancy

Trigonometric distances Dg,;, were derived from the zero-point
corrected parallax r in the Gaia data release three (Gaia Collab-
oration et al. 2020) following Lindegren et al. (2021). Because
distances are always depending on a prior we have verified our
results using different methods. For our sample, the simple in-
verse of the catalogue parallax agrees to typically 1.6 = 1.8 (%)
with Dg,i, and stays always below 5.5 %. Our distance esti-
mate Dg,i, aligns with other probabilistic Gaia distance esti-
mates (Bailer-Jones et al. 2021) to better than 1 — 2 (%).

The luminosity distance Dy (AR") was computed using Hip-
parcos photometry (Kharchenko & Roeser 2009b); spectral
types and luminosity classes are from UVES (Siebenmorgen
et al. 2023). Absolute magnitudes My were calculated from
our SpL and the conversion tables (Bowen et al. 2008; Weg-
ner 2006). The visual extinction Al‘z,ef was obtained by extrapola-
tion of the reddening curves (Valencic et al. 2004; Fitzpatrick &
Massa 2007; Gordon et al. 2009). The errors in Dy (AR") primar-
ily arise from systematic uncertainties. We apply the conserva-
tive error estimate o(My) in My following Bowen et al. (2008).
The 10 scatter between My of the spectral type and the adjacent
+0.5 subtype is denoted as ospr, the 1o scatter between My of
the luminosity class =1 luminosity class is denoted as o c. To
account for an offset between both catalogues we introduce o ;
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Fig. 1. The distance ratios Dy (AR*")/Dgaia VS. Dgaia for our sample of 33
stars using visual extinction A‘;Cf estimates obtained by extrapolation of
the reddening (Valencic et al. 2004; Fitzpatrick & Massa 2007; Gordon
etal. 2009). Different symbols and colours are used to visually represent
the various spectral types and luminosity classes as labelled. Stars with
a deviation in the distance ratios from unity that are below 30 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.

thus, o2(My) = o’épT + o-ic + o%. For estimating the error in the
luminosity distance we add the photometric error o-(V).

Fig. 1 shows the distance ratios Dp.(AR")/DGaia V8. Dgaia for
our sample. For the same star, the luminosity distance Dy (AR")
generally overpredicts the Gaia distance D g,i,. There are no
stars with a distance ratio below D (AR)/Dgaa < 1.25 de-
tected at 30~ confidence. The distance ratios range between
0.7 < Dy (AR*")/Dgaia < 1.9. The bottom and top quartiles are at
1.09 and 1.37, which underlines the overprediction in Dy (AR").
A dependency of Dy (AR®") on the spectral types and luminos-
ity classes is not observed. We emphasize that stars of identi-
cal spectral types show deviations in opposite directions which
excludes any systematic offsets in My (Table 1). Therefore, we
inéefrprete this discrepancy as to arise from an underestimate of
AT

! Recent investigations (Shull & Danforth 2019) were still not
able to detect any discrepancy within the errors of the Gaia data
release two (Gaia Collaboration et al. 2018b); this could only
be brought to light utilizing the unprecedented resolution of the
Gaia data release three.

5. Absolute reddening

In the following, we calculate the amount of visual extinction,
denoted by A}, which is necessary to align Dy, with Dg,i, using
the photometric equation in the form
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Fig. 2. Comparison of previous and our estimates of the visual extinc-
tion. The difference of AR — ARf with error bars (Eq. 3) is shown for
our sample along the trgometric disance Dg,;,. Notation as in Fig. 1,
with different spectral types and luminosity classes as labelled.

Ay =V —My —5logDgaia + 5 . 2)
with error estimate
5 o,G) 2
AFYE = 2 M) >
A} = (V) + (M) + (1Og 0 D ) 3

In Fig. 2 we compare the difference between our estimate of
the visual extinction A}, (Eq. 2) and the estimate AR", which was
obtained by extrapolation of the reddening (Valencic et al. 2004;
Fitzpatrick & Massa 2007; Gordon et al. 2009). Similar to Fig. 1
and irrespective of the SpL, the latter estimate AR" exhibits a
general underestimate of about half a magnitude when compared
to A7,.

"Fhe optical depth 7y = Aj,/1.086 is related to the column
densities of nanoparticles and submicrometre-sized particles N,
and to the column density of micrometre-sized grains N,,; the
corresponding mass extinction cross-section K, and K, (g/cm®)

are based on the dust model (Siebenmorgen 2023):

Ty = N"Kj + N*K! < |[E(H)|| /1.086 . )

The extinction cross-section (Draine 2003; Voshchinnikov
2004; Kriigel 2008) diminishes at infinite wavelengths, i.e.
K(c0) = 0. To prevent negative optical depths, we assume that
the reddening at infinite wavelengths is smaller than in the H-
band, hence A}, = —E(c0) > —E(H). The reddening E(B - V) =
1.086 (75 — Ty) provides a second constraint:

5 -1y = N' (Kj— KJ)) + N (K% — Kb) . )

These two equations enable us to derive the specific mass of
each component, specifically m, = N,/(N, + N,) of the nano-
and submicrometre-sized grains and m, = N,/(N, + N,) of the
micrometre-sized particles. Notably, our approach for comput-
ing A}, is validated through a fit to the observed reddening curve
using our dust model and obviates need for the extrapolated pa-
rameter Ry = Ay/E(B-V).
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Table 1. Data supporting Fig. 1 and Fig. 5.

I 2 3 4 5 6 7 8 9 10 1
Star Ref  SpL 4 My D (AR Dauia D(A;) AR A, A%
(mag)  (mag) (p) (pc) (pc)  (mag)  (mag)  (mag)
HD027778 G B3V~ 633 -152703%  225*% 210+ 3 210 1.09 123+£042 0.23
HD037903 G B2V 7.84 —228%046  531+12% 395+ 10 395 149 2.13+046 0.79
HDO038023 F B3V 8.87 -1.52%03%  562t11 413 +7 413 1.64 231+042 080
HD046223 V 04V 731 -5657013 19747126 1371+120 1370 148 227+023 0.85
HD054439 F BIV 771 -3.04%03% 9792  1004+92 1004 080 075055 0
HD062542 G B5V 799 —121702  405'% 366 + 5 366 1.16 1.38+0.11 040
HD070614 F B3I 929 -2.8570% 998177 1504+54 1101 214 193£059 0.20
HD091824 F 07V 815 —4907021 2863293 1817194 1817 077 176+032 0.98
HD092044 F Bllb 831 -5.95%03° 37021133 2311+248 2311 142 244+058 1.09
HD093222 G O6Il 810 —590709 2812*55, 2368270 2368  1.76 2.13+028 0.76
HD101008 F BOII ~ 9.16  —5.0070%% 4434*%1 2378192 2378 093 228+040 127
HD108927 F B5V 777 -121%03 44473 335+7 334 074 136£0.12 0.55
HD110336 F B8V 8.64 0497020  384+3%8 309 +3 309 121 1.69+0.18 041
HD110946 F B2l 9.18  -3.55705 1683*37  2048+95 1873 160 137+045 0
HD112607 F BSII 810 —148%042 5577120  589+15 588 085 0.73£036 0
HD112954 F BOII 839 —0.7770% 304+ 381+5 338 175 152+039 0
HDI29557 V  BIV 609 -3.04703 525713¢ 40917 409 053 1.07+052 047
HD146284 F BOI 671 —0.7770%  219*2 202+ 3 202 077 095+039 0.21
HD146285 F BOIV 793  0.10%02  209'% 155 +2 155 123 1.88+025 0.69
HD147196 F B8V  7.04 -04970% 218" 137 £ 1 137 084 1.84+0.18 096
HD148594 F B7V 689 -0.677013 24117 182+2 182 065 126+0.16 0.60
HD152245 V  BO.SHI 839  —4.8070% 263975% 1758+192 1758  1.08 1.96+0.45 1.00
HD152249 G O9la 638 —7.007046 22887333 1469+ 131 1469  1.58 2.54+050 1.12
HD170634 F B8V 9.85 -049%010 4543 4326 432 205 216+0.18 0.16
HD170740 F B2V 575 -228704 21570 224x12 224 137 128+047 0.08
HD185418 G  BO.SV 749 -35570% 8507180 692+ 24 692 139 1.84+040 0.51
HD287150 F AIIl 926 0.73%)9%  2897)8 399+5 304 122 111071 0.05
HD294304 F B6V  10.05 -0.89701t  874*3%  741x18 741 123 159+0.16 038
HD303308 V 06V 812 -520701% 24697220 2196+217 2196 136 1.61+029 0.32
HD315021 F BOV 857 -3.85%03 17197387 1372136 1372 124 1.73+£040 0.62
HD315023 F B2V 10.03 -2.28%046  1464%332  1246+46 1246 148 1.83+046 0.50
HD315024 F BIV  9.63 -3.04"030 1966312 1295+73 1295 120 2.11+053 1.04
HD315032 F BIV 9.8 -3.04*030 1747+ 1321+89 1321 1.0l 1.62+054 0.70

-0.53 -378

Notes: Reddening curves (column 2) by F (Fitzpatrick & Massa 2007), G (Gordon et al. 2009), V (Valencic et al. 2004) , V-band
(column 4) by Kharchenko & Roeser (2009b), SpL (column 3) by Siebenmorgen et al. (2023) with associated My (column 5) by
Bowen et al. (2008); Wegner (2006), luminosity distance DL(A{Sef) (column 6) using extrapolated AEEf (column 9) estimated by the
same authors of the reddening curves, trigonometric distance Dgyi, (column 7) from the zero-point corrected parallax 7 in the Gaia
data release three (Gaia Collaboration et al. 2020) following Lindegren et al. (2021) with G-mag dependant error following Maiz
Apelléniz (2022), luminosity distance Dy(A},) (column 8) utilizing our new estiamte of A}, (column 10), D (A}) is highlighted in
bold when deviating from Dg,i,, and the contribution to the visual extinction by micrometre-sized grains A’\'/ (column 11) when
utilizing the DD model by Siebenmorgen (2023).

6. Fitting reddening curves spheroidal grains, nanoparticles, and PAH, from the optical con-

The methodology for calculating the wavelength-dependent ex- stants of dust materials, is outlined in Siebenmorgen (2023). The

tinction cross-section K(A) for partially aligned and wobbling
Article number, page 4 of 9page.9



R. Siebenmorgen and R. Chini: Deriving the visual extinction from the trigonometric distance

Table 2. Model parameters for sightlines without significant contribution from micrometre-sized grains.

Star ms;

(%)

nysi

(%)

mac
(%)

Myer

(%)

MpAH

q rsi rac
(nm) (nm)

Models
(%)

HD 054439 58
7 55
HD 110946 40
4 39
HD 112607 51
’” 50
HD 112954 40
HD 170740 49
HD 287150 31

19
18

17
20
27 26
28 26
33 9
33 10
41 12
23 12
33 23

(NSNS P IV Y )
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2.8
24
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Fig. 3. The absolute reddening curves E(A — V) of sightlines without
significant contributions from micrometre-sized grains, shifted by an
offset for better visibility. Data points (circles) cover the range 0.09 —
2.2um and are complemented at infinite wavelengths by —Aj, (Eq.1,
Table 1). The best fit, which almost overlapp, is shown for three dust
models: DD (cyan), VLG (red), and LG (dashed green) with parameters
provided in Table 2.

normalized reddening curves E(1 — V)/E(B — V) for the sam-
ple are observed spectroscopically between 0.09 — 0.27um with
IUE/FUSE satellites and in the UBV- and JH K-bands with ref-
erences listed in column 2 of Table 1. These curves are trans-
formed into absolute reddening that are 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 ex-
tinction A}, derived from Eq. 2, and are specified in column 10
of Table 1. By adjusting grain sizes and abundances within the
three populations, we achieve the best fit for the absolute red-
dening curve of each star, surpassing previous models that solely
addressed relative reddening or extinction curves.

To achieve the optimal fits for the reddening curves, we em-
ploy the vectorized minimum y? fitting procedure by Siebenmor-

gen (2023). In this context, the specific masses of various parti-
cles are treated as free parameters: the micrometre-sized grains
(my,), submicrometre-sized particles composed of amorphous sil-
icates (ms;) and carbon (m,c), and the nanoparticles of silicates
(mys;), graphite (myg), and PAH (mpap). These fits adhere to the
constraint of cosmic solid phase abundances, ensuring

[C]
IS <5.2. ©6)

Fine-tuning of the fits to the 2175 A bump involves allow-
ing the central wavelength (xg) and damping constant (y) of
the Lorentzian profiles of PAH absorption cross-section to re-
main free. In the framework of the power-law dust size distribu-
tion, the exponent (g) and upper radii for micrometre-sized (r;),
submicrometre-sized silicate, and carbon grains (rgi, r;“c). The
specific mass of micrometre-sized particles are given by Eq. 2
and their contribution to the visual extinction, A“‘, are listed in
column 11 of Table 1. In total ten adjustable parameters are
treated. We label these as DD - models.

Previous dust models of the diffuse interstellar medium adopt
different size distributions (Mathis et al. 1977; Greenberg &
Chlewicki 1983) and explain the mean dust extinction of the
Milky Way (Fitzpatrick & Massa 2007; Siebenmorgen et al.
2023) by adopting paricles at radii (r}.,rg) < 250nm, e.g.
Desert et al. (1990); Mathis & Whiffen (1989); Siebenmorgen
& Kriigel (1992); Dwek et al. (1997); Weingartner & Draine
(2001); Draine & Li (2001, 2007); Das et al. (2010); Draine &
Fraisse (2009); Compiegne et al. (2011); Siebenmorgen et al.
(2014); Voshchinnikov et al. (2016); Jones et al. (2017); Guillet
et al. (2018b). We label these as large-grain (LG) - models. Ad-
ditionally, we established dust models that omit the micrometre-
sized dust component (mm, = 0) and instead employ a continuous
power-law size distribution for the particles with radii (r}, rg;)
as free parameters extending up to several micrometres. We la-
bel these as very large grain (VLG) - model. The LG and VLG
entail eight free parameters.

6.1. Sightlines without micrometre-sized grains

The reddening curves of four out of the 33 sightlines are fit-
ted without considering a contribution from micrometre-sized
grains (A“‘, = 0), while the two sightlines towards HD170740 and
HD287150 show marginal contributions A}, < 0.08 mag, (Ta-
ble 1). For these stars, the luminosity distance underestimates the
trigonometric distances D7 (A},) < Dgaia. Their reddening curves
are displayed in Fig. 3. They exhibit variations in the 2175A
bump and resemble the spectrum, ranging from flat (HD054439)
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Fig. 4. The absolute reddening curves E(A — V) of sightlines with contributions from micrometre-sized grains (A%, > 0.2 mag), shifted by an offset
for better visibility. Data points (circles) cover the range 0.09 — 2.2um and are complemented at infinite wavelengths by —Aj, (Eq.1, Table 1). The
best fit among the three dust models: DD (cyan) with contributions from micrometer-sized grains (black), VLG (red), and LG (dashed green) is
shown, with model parameters listed in Table 3. Notable is the dominance of the micrometer-sized grains in the NIR reddening, which are not
accounted for by the LG and VLG models, respectively.

to steep rising (HD112954) reddening in the far UV towards the marginal, which is primarily due to the constrained upper grain
Lyman limit. The reddening data are equally well-fitted by each  radii of (r;., 7g,) <250 nm used by the LG model.

of the three dust models DD, VLG, and LG. The best-fit pa-

rameters are provided in Table 2. For the same star they vary

Article number, page 6 of 9page.9



R. Siebenmorgen and R. Chini: Deriving the visual extinction from the trigonometric distance

Table 3. Parameters of the DD and VLG absolute reddening curve models for sightlines with a significant contribution of micrometre-sized grains.

+ + + 2
Star my,  msi  Mysi  Mac Mygr  MpAH q s NG r Xr Model

(%) (F) (%) (%) (%) ) (hm) (@m)  (um)

5

HD 027778 34 31 21 8 3 4 24 222 211 22 1.0 DD
" - 47 27 19 3 4 27 245 461 6.8 VLG
HD 037903 59 17 10 11 2 3 22 245 201 1.3 02 DD
" - 43 20 30 4 3 23 328 245 89 VLG
HD 038023 54 22 12 9 2 3 24 222 201 1.7 02 DD
" - 46 19 30 2 3 26 257 344 49 VLG
HD 046223 68 17 10 3 1 4 23 233 211 3.6 1.1 DD
" - 47 22 23 2 5 26 297 618 16 VLG
HD 062542 30 30 29 7 2 2 26 233 211 1.3 13 DD
" - 46 38 11 3 3 25 270 270 37 VLG
HD 070614 17 53 15 9 4 3 24 233 233 1.6 03 DD
" - o4 18 11 5 3 24 233 233 1.1 VLG
HD 091824 92 4 2 2 0 2 24 222 211 64 1.7 DD
" - 50 12 35 1 3 24 328 1007 99 VLG
HD 092044 91 4 2 2 0 6 28 257 211 140 02 DD
" - 41 22 30 2 6 26 344 439 46 VLG
HD 093222 60 18 7 13 2 2 26 270 211 1.6 42 DD
" - 45 18 32 4 2 26 361 233 99 VLG
HD 101008 90 6 2 2 1 1 2.1 257 222 41 03 DD
" - 65 10 20 2 2 23 361 312 99 VLG
HD 108927 91 5 2 1 1 2 1.8 270 211 90 20 DD
" - 62 18 14 4 2 20 380 158 99 VLG
HD 110336 74 11 9 3 1 4 20 222 211 64 04 DD
" - 35 29 27 4 6 24 257 461 26 VLG
HD 129557 74 19 4 0 1 4 1.7 257 158 24 03 DD
" - 76 13 1 3 6 1.2 270 158 99 VLG
HD 146284 40 31 14 10 3 4 20 233 201 1.5 02 DD
" - 48 18 25 4 4 23 257 418 6.3 VLG
HD 146285 61 22 6 8 2 4 1.7 257 201 1.3 02 DD
" - 33 11 27 3 6 1.9 297 257 36 VLG
HD 147196 77 11 7 3 0 8 1.7 233 222 21 1.8 DD
" - 42 21 27 1 9 1.9 312 245 99 VLG
HD 148594 71 19 5 4 1 2 1.8 245 192 1.5 02 DD
" - 53 8 35 2 2 22 328 870 80 VLG
HD 152245 70 14 7 7 1 3 24 201 174 1.8 02 DD
" - 49 12 33 2 4 27 344 959 18 VLG
HD 152249 71 14 6 8 1 2 26 222 192 22 07 DD
" - 47 15 33 3 2 25 270 297 99 VLG
HD 170634 90 5 3 1 0 6 23 257 201 104 09 DD
" - 45 32 14 2 7 23 257 211 29 VLG
HD 185418 48 36 8 2 0 9 23 257 222 21 02 DD
" - 72 14 5 1 8 2.1 257 222 10 VLG
HD 294304 66 15 9 8 1 4 29 257 201 7.1 0.6 DD
" - 44 22 26 3 4 3.0 297 270 19 VLG
HD 303308 44 30 15 7 1 5 24 257 211 28 0.8 DD
" - 53 23 18 1 5 26 270 297 12 VLG
HD 315021 58 26 5 9 1 2 26 270 201 1.6 0.1 DD
" - 54 7 36 1 3 26 297 751 5.5 VLG
HD 315023 45 30 7 15 2 3 27 297 211 1.2 02 DD
" - 52 10 33 2 3 27 297 328 6.0 VLG
HD 315024 72 13 5 7 1 3 24 245 201 1.6 0.2 DD
" - 50 11 32 3 3 25 344 297 64 VLG
HD 315032 66 16 7 8 2 2 23 233 201 1.6 02 DD
" - 47 15 33 3 2 24 297 649 24 VLG

Notes: The y? reduced by the degree of freedom is truncated to y? < 99.
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6.2. Sightlines with micrometre-sized grains

For most (80%) of the sanple, 27 out of 33 stars, we find a sig-
nificant contribution from micrometre-sized grains with A“I, >
0.2 mag (Table 1). The comparison between the fits to the abso-
lute reddening curves by the LG, VLG, and DD models for these
sightlines are displayed in Fig. 4 and the best fit parameters of
the DD and VLG models are given in Table 3.

The LG models, which do not treat micrometre-sized grains,
often do not fit the data, see green curves in Fig. 4. They fail to
account for the far UV (e.g. HD 152245) and in all cases, includ-
ing HD 170634, gravely underestimates the near IR reddening.
Even for some stars (e.g. HD046223, HD 092044, HD 093222,
HD 185418, ...) the LG models do not account for the reddening
in the U and B bands.

The VLG models include micrometre-sized grains and fit the
reddening data for most sightlines better than the LG model.
Noticeable deficiencies of the VLG models in fitting the data
are prominent, see red curves in Fig. 4. In some cases (e.g.
HD 046223, HD091824, HD 092044, ...) the VLG model ap-
proches the NIR reddening closer than the LG models. How-
ever, also the VLG models underestimate the reddening in the
JHK bands significantly for all these sightlines. Deviations of
the VLG models from the data are visible in the 2175A bump
(e.g. HD 101008) and in the far UV range (e.g. HD 037903,
HD 0920444). Overall these deficits of the VLG models are re-
flected in the reduced y? (Table 3), which for all stars are larger
than one at typically scatter around y? = 18 + 180.

The DD models fit the reddening curves at y> = 0.3 + 0.7
and never exceeds 4.2, see cyan curves in Fig. 4. The largest de-
viation of the DD model is encountered in the far UV reddening
towards HD 093222. For the other 26 stars the overall match is
better than x? < 2 and in particluar the near IR/optical data are
fit well.

7. Distance unification

Correcting the distance discrepancy is not feasible through arbi-
trary adjustments to commonly used literature values in My and
AR" = Ry/E(B - V) inserted in Eq. 1. Several stars with iden-
tical SpL show different distance ratios and thus would require
different adjustments in My to reach Dy, = Dg,,- The uncer-
tainties in My range from 0.25 to 0.5 (mag). However, for stars
with Dy /Dgaia 2 1.2, modifications of My > 0.5 mag, — typically
0.8 + 0.3 mag — would be necessary to align Dy, with Dg,j,. Sim-
ilarly, the typical error in E(B — V) is around 0.03 mag; for stars
with Dy /Dgaia 2 1.2, modifications of 0.14 S E(B—-V)<0.56 mag
would be required to achieve distance unification. Consequently,
we retain E(B — V) and substitute the extrapolated Ry parame-
ter with our dust model, utilizing Egs. 2-5. In this manner, we
achieve a consistent estimate of the absolute reddening E(1— V)
going beyond previous models that only discussed normalized
reddening E(1 - V)/E(B-V).

Fig. 5 shows the corrected distance ratios Dy (A},)/Dgaia VS.
Dagaia for our sample, where Dy (A7) denotes the luminosity dis-
tance derived with our newly determined Aj, values from Eq. 2.
The new luminosity distances Dy (A}), agree with Dg,, within
0.75 < Dr(A})/Dgaia < 1 and show a 1o scatter of 6 % around
a median of one. The four stars with Dy (A},) > Dgai, still agree
within their errors with equal distances Dy (A},) = Dgaia. For 29
out of 33 stars both distances agree within 2%. Their scatter of
the distance ratio is reduced by a factor 40 when compared to
the literature values DL(A‘;C‘), which are, for ease of compari-
son, also shown in Fig. 5.
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The reliability of our Aj, estimate (Eq. 2) is validated through
fitting the absolute reddening curve across the entire observed
wavelength range using our dust model, which incorporates
micrometre-sized grains. Models that incorporate the continu-
ation of the dust size distribution to micrometres for the large
carbon and silicate grains but overlook dark dust frequently ex-
hibit discrepancies in the far UV and fail to align with the data
in the NIR (Fig. 3).

The micrometre-sized dust population typically contributes
to typically 30 + 17.5 %, comprising less then a third of the total
extinction A}, (Table 1). The amount of this dust component de-
pends on the environmental condition and chemical composition
of the clouds and varies along different sightlines (Table 3).
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Fig. 5. Corrected distance ratios D(A},)/Dgaia VS. Dgaia (Symbols in
colour). The luminosity distance D;(Aj},) was derived with our newly
determined Aj, utilizing Eq. 2 which brings the ratio to unity for all but
four stars. The latter ones still agree within their errors with a ratio of
one. For comparison unorrected distance ratios DL(AI“,er )/ Dgaia of Fig. 1
are marked by dots.

8. Conclusion

We derive the visual extinction through the diffuse ISM from the
trigonometric distance. We analyzed a critically selected sample
of 33 nearby (< 2.5.,kpc) early-type stars using the most com-
prehensive sample of reddening curves and SpL identification
currently accessible. Our analysis uncovers, for 29 out of the
33 stars, a previously unknown micrometer-sized dust popula-
tion. These account for 80 % of the sightlines studied. Due to its
wavelength-independant extinction it is not seen in photometric
data from the far UV — NIR range. The micrometer-sized dust
component thus leads to an underestimate of the total dust con-
tent on the line of sight and — as a consequence — to significantly
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larger distances when applying traditional photometric distance
measurements.

The addition of a grey extinction component is the re-
sult of a physically consistent dust model, which incorporates
micrometer-sized grains by satisfying the contemporary con-
straints of dust in the general field of the ISM (Hensley & Draine
2021), and includes an estimate of the visual extinction derived
from the Gaia parallax. Our study emphasizes the significance of
considering the absolute reddening of individual sightlines of the
entire wavelength range and in particular in the NIR instead of
utilizing the extrapolated parameter Ry . It underscores the neces-
sity for further investigations of micrometre-sized dust particles
in stellar distance determination. Along with its scattering prop-
erties (Witt & Gordon 2000; Scicluna et al. 2015), such a dust
component in the vicinity of SNIa progenitors will contribute to
the broadening of SN Ia light curves (Kriigel 2015; Wang 2005),
which has even implications for our understanding of the quan-
tity of dark energy present in the universe (Riess et al. 1998).

Acknowledgements. We are grateful to Tereza Jerabkova and Miguel Vioque for
discussions of Gaia distances.
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