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Abstract. To understand the evolution of dust properties in molecular clouds
in the course of the star formation process, we constrain the changes in the dust
emissivity index from star-forming filaments to prestellar and protostellar cores
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to T Tauri stars. Using the NIKA2 continuum camera on the IRAM 30 m tele-
scope, we observed the Taurus B211/B213 filament at 1.2 mm and 2 mm with
unprecedented sensitivity and used the resulting maps to derive the dust emissiv-
ity index 8. Our sample of 105 objects detected in the 8 map of the B211/B213
filament indicates that, overall, 8 decreases from filament and prestellar cores
(B ~ 2 +£0.5) to protostellar cores (8 ~ 1.2 +0.2) to T-Tauri protoplanetary disk
(8 < 1). The averaged dust emissivity index 8 across the B211/B213 filament
exhibits a flat (8 ~ 2 + 0.3) profile. This may imply that dust grain sizes are
rather homogeneous in the filament, start to grow significantly in size only after
the onset of the gravitational contraction/collapse of prestellar cores to proto-
stars, reaching big sizes in T Tauri protoplanetary disks. This evolution from
the parent filament to T-Tauri disks happens on a timescale of about 1-2 Myr.

1 Introduction

Dense gas in molecular clouds is often (if not primarily) organized along filaments [1]. Fila-
ments fragment into dense cores which eventually form stars after various evolutionary stages
[2, 3]. Due to the evolution of physical properties from filament to star-forming cores, dust
properties such as grain sizes and grain composition are expected to change as well. Dust
grains can coagulate and grow efficiently in T-Tauri stars and eventually build up planetesi-
mals [4]. The whole evolutionary process from the parent filament to T-Tauri disks is believed
to occur on a timescale of ~ 1-2 Myr [2]. Tracing the changes in dust properties is difficult,
but models suggest that the dust emissivity index f inferred from the ratio of observed in-
tensities I, /I, at two (sub)millimeter wavelengths A;, 1, can potentially be used to capture
information on the properties of dust grains [5—7]. If both wavelengths lie in the Rayleigh-
Jeans tail of the dust emission spectrum, 8 =~ a — 2, where « is the observed spectral index
log (11/1>)/1og (A2/A1). An accurate estimate of § in the (sub)millimeter regime is not only
crucial for understanding dust properties but also important to derive reliable column densi-
ties and masses in molecular clouds. For example, the Herschel Gould-Belt Survey (HGBS)
collaboration [1] adopted a constant 8 = 2 to derive column density maps for entire molecular
clouds (cf. [1, 8, 9]). However, noticeably lower § values have been reported for protostellar
cores [10] or T-Tauri stars [11].

Here, we examine how the dust emissivity index § may evolve during star formation

by focusing on the B211/B213 filament, the most prominent filamentary structure actively
forming stars in the Taurus molecular cloud (TMC) [12—-15]. Owing to its proximity to us
(140 pc), cloud substructures (e.g., cores) and young stellar objects (YSOs) at different evo-
lutionary stages have been widely investigated in the TMC [16, 17]. Compact star-forming
dense cores have been detected in the B211/B213 filament using both submillimeter contin-
uum data [3] and molecular line (e.g., C!80, H'3CO™") data [13]. On the larger scale, the
filament is believed to be self-gravitating and currently contracting quasi-statically toward its
long axis while accreting material from the surrounding environment [8, 14]. Its radial den-
sity profile is Plummer-like, with a flat inner plateau ~ 0.1 pc in diameter, and approaches a
r~2 power law at large radii; meanwhile, the dust temperature profile drops significantly from
~ 15K in the ambient cloud to ~ 11K or less near the filament crest ([8]; see also Fig 4).
Most of these properties were obtained from column density and temperature maps derived
from the Herschel data assuming a constant 8 = 2 value.
With NIKA2, we have the advantage of being able to take images at 1.2 and 2 mm simul-
taneously, probing emission in the true Rayleigh-Jeans regime of the dust spectrum. This
allows us to derive a robust 8 index in the entire filament region and to examine variations of
B between different subregions and at different evolutionary stages.
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Figure 1. NIKA?2 intensity maps of the Taurus B211/B213 filament region in the 1.2 mm (left) and
2 mm (right) bands.

2 NIKA2 observations and additional Herschel data

The Taurus filament B211/B213 was observed from September 2021 to January 2023 using
the New IRAM KID Arrays 2 (NIKA2) camera at the IRAM 30 m-telescope. This project
is part of the 200-hr large program GASTON (Galactic Star Formation with NIKA2; PI:
N. Peretto). NIKA?2 is the new dual-band (150 and 240 GHz) Kinetic Inductance Detectors
camera for continuum observations at the 30 m-telescope [18]. The average beam sizes are
11.1”7 £0.2” at 1.2 mm and 17.6” + 0.1 at 2.0 mm. In total, we observed 37 hours in good
sky conditions with atmospheric opacities ranging from 7575 gu, = 0.08 to 0.44 as measured
by the IRAM 30-m taumeter. The data were reduced using the PIIC/GILDAS pipeline. As
the resulting two high-sensitivity maps at 1.2 mm and 2.0 mm (Fig. 1) were obtained simul-
taneously, calibration errors due to differential atmospheric conditions are minimized, and
the corresponding ratio map (Fig. 2b) is more accurate than otherwise. We supplemented
the NIKA?2 data with a dust temperature map at 36.3” resolution obtained from HGBS data
through spectral energy distribution (SED) fitting to four Herschel bands between 160 and
500 um ([3, 8], see http://gouldbelt-herschel.cea.fr/archives). Both Herschel and NIKA?2 data
have absolute calibration uncertainties of ~5%, based on the flux uncertainty of the common
primary calibrator Neptune [18, 19].

3 Dust emissivity index map

3.1 Deriving the dust emissivity index 3

First, we derived a ratio map Ry, » = II# by dividing the the 1.2 mm map by the 2.0 mm

map on a pixel-by-pixel basis, after smoothing the former to the resolution of the latter
and concentrating on those pixels with high signal-to-noise ratio (SNR > 5) in both maps.
Then, we smoothed the ratio map to the 36.3” resolution of the dust temperature map and

derived the g index from the following equation assuming optically thin dust emission:

B = log (Rl_zfz%)/ log(vv'—;). Here, B, , (Tq) and B,, (T4) are the Planck blackbody
" . 2

functions for temperature 74 at 1.2 mm and 2 mm, respectively. T4 is given by the Her-

schel dust temperature map. The maps are shown in Fig. 2. Changing S from 2 to 1.5 when
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Figure 2. (a): Dust temperature (7;) map derived from Herschel GBS data [3, 8]. (b): Intensity ratio
R = gﬂ) map derived from the two NIKA?2 bands. (¢): Dust emissivity index (8) map derived from
the ratio and the temperature map as explained in Sect. 3.1.
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deriving T4 from Herschel data would increase the T4 by less than 10% [20]. Since we are
well in the Rayleigh-Jeans regime at NIKA?2 wavelengths, we expect the impact on the 3
values derived here from NIKA2 data to be even smaller.

3.2 Overall dust emissivity index from filament to T-Tauri star

Using our 8 map and the positions of the compact sources in the dense core catalog derived
from Herschel GBS data in Taurus [1, 3], we estimated the corresponding B values averaged
over a radius of 0.01 pc from each source center. These compact sources are classified as
objects at different evolutionary stages: (unbound) starless cores, prestellar cores, protostellar
cores, T-Tauri disk. By definition, starless cores do not contain any (proto)stellar object;
prestellar cores are the subset of starless cores that are gravitationally bound and are thus
representative of the initial conditions for protostellar collapse [3, 21]. Protostellar cores are
gravitationally collapsing and host a Class 0 or Class I YSO. Class II YSOs are embedded
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pre-main sequence (or T Tauri) stars which usually host a protoplanetary disk. As can be
seen in Fig. 3, the mean overall 8 index at different evolutionary stages ranges from ~0.9
to ~2. Our results for a sample of 105 objects in the B211/B213 filament region indicate
that the mean dust emissivity index S decreases continuously from the parent filament and
prestellar cores (8 ~ 2 + 0.5) to protostellar cores (8 ~ 1.2 £ 0.2) to T-Tauri protoplanetary
disks (8 < 1). This is consistent with the similar, pioneering study with NIKA-1 by [22] for a
much smaller sample of only 5 objects. While the numbers of protostellar cores and T-Tauri
disks in our sample are very small, the low S values we find are consistent with the results of
both the CALYPSO IRAM PdB survey on 12 protostellar cores at ~500 AU scale [10] and an
ALMA survey of 36 T-Tauri disks in Lupus at ~50 AU resolution [11]. Overall, our findings
suggest that there is a continuous decrease of 8 as star formation proceeds. Since a marked
decrease in 8 only starts between the prestellar core and the protostellar core stage in our
sample, we suggest that dust grains begin to grow significantly in size only after the onset of
gravitational contraction/collapse from prestellar cores to protostars, eventually reaching big
sizes in T Tauri protoplanetary disks. This interpretation is consistent with model calculations
of dust grain growth in star-forming regions due to coagulation [5-7].

3.3 Dust emissivity index profile across the B211/B213 filament

Our high-sensitivity intensity NIKA2 maps allow us to construct a 8 map for the entire
B211/B213 filament (Fig. 2c) and to derive an average radial profile of the 8 index across
the filament. Using the filament crest derived from the Herschel GBS column density map
[3, 8], we derived g profiles along 70 cuts perpendicular to the crest out to the filament bound-
ary at steps of 36”. The mean g profile is shown in Fig. 4, along with the column density and
dust temperature profiles. While  exhibits local variations from 0.5 to 2.5 as seen in the
map (Fig. 2c), the mean transverse profile of g averaged along the filament crest is flat with
a typical value 5 ~ 2 + 0.3 (Fig. 4-Right). This differs from the results of [23], who derived
an average S value of < 1.5 in the filament and found significant variations of 8 across the
filament. The B estimates of [23] were obtained by adding a SCUBA2 850 um data point
to the Herschel measurements between 70 and 500 um and used a sophisticated SED fitting
scheme, but suffered from the lack of data points in the Rayleigh-Jeans domain. We argue
that our NIKA2 measurements at 1.2 and 2.0 mm provide better, more direct constraints on
[ and are more reliable as they are made at longer wavelengths, probing the Rayleigh-Jeans
portion of the SED where temperature effects are minimized. We conclude that the column
density map of the B211/B213 region and density profile of the filament derived by [8] from
HGBS data assuming a constant S = 2 value (consistent with our present § ~ 2 + (.3 esti-
mate) are most likely reliable and more robust than the maps/profiles derived by [23] with a
varying, uncertain 3.
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Figure 4. (Left): Map of the dust emissivity index § in Taurus B211/B213, with several examples of
radial cuts across the filament. (Right): Mean radial column density profile (top), mean radial profile of
the dust emissivity index 8 (middle), and mean dust temperature profile (bottom) across the B211/B213
filament. The yellow-shaded areas show 1o~ deviations around the mean values.
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