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ABSTRACT

The size distribution of interstellar dust grains is important to the evolution of the interstellar medium and proto-planetary disk
dynamics. Because the optical-to-near-infrared polarization spectrum is sensitive to the size distribution of aligned grains and
the spectral energy distribution of the radiation, it can probe the grain size distribution in molecular clouds. We present a study
of the starless Southern Coalsack cloud, based on multi-wavelength polarimetry of background stars with extinctions up to 10
mag. We find that for Ay >3 mag, the location of the polarization peak (/lmax(Av))bifurcates, mirroring the behaviour seen
in the Taurus molecular cloud. We use the Stokes-I spectra of the high-extinction stars to establish spectral classifications, and
archival photometry to derive total-to-selective extincty Ry, for the lines of sight. We find that the bifurcation in A,,,4x(Ay)
is not associated with a bifurcation in Ry. Ab initio@tﬁnodeling requires some grains significantly above the size cut-off
in diffuse gas (a,,4x ~ 0.3um) to reproduce the large A,,,, values on the A,,,,(Ay) "upper branch\'f.\Without additional
grain growth, the bifurcation implies a very large density contrast between clump and inter-clump gas. A steep negative
slope in p/Ay(Ay ) for the high extinction stars, together with an additional, marked, deficiency in p/Ay for the linef‘of sight at
the top of the upper branch, implies an upper cut-off in the total grain size distribution of @45 ~0.4-0.5 um, evenin at Ay > 5
mag.

Key words: (ISM:) dust, extinction — polarization — ISM: individual objects: Southern Coalsack

1 INTRODUCTION reported by Ysard et al. (2013), who found that near-and far-infrared
(NIR/FIR) observations toward the Taurus molecular cloud indicate
significant grain growth at densities above 103 cm~3. The uncer-
tain emissivities and temperatures of the dust on the line of sight,
however, make these infrared (IR) based photometric results model
dependent. Independent probes of the grain sizes are needed to con-
firm and calibrate such data. For small opacities, the [UV]-optical-IR
extinction curve can be used, but at large opacities, the pair-method
(e.g. Whittet 2003) becomes unviable.

Grain growth in the interstellar medium (ISM) has important impli-
cations for the heating, cooling and chemistry of the medium. In ad-
dition, extending the upper grain size distribution beyond the Mathis
et al. (1977, "MRN") diffuse ISM cut-off at a,;,4x =~ 0.3 um (where
a is the effective grain radius) has significant effects on the angular
momentum shedding and evolution of young protostellar disks, and
planet formation (e.g. Marchand et al. 2020; Lebreuilly et al. 2020).
Where, when, and how, grain growth is initiated, however, is poorly
constrained in molecular clouds.

Dust grains are thought to grow through coagulation in dense
gas (e.g. Ossenkopf 1993; Ormel et al. 2009), but limited observa-
tional evidence exists to constrain the process (cf Whittet et al. 2001;
Shenoy 2003; Boogert et al. 2015). While grain growth is expected
to happen, for a uniform cloud contracting on free-fall time scales,

In our previous paper (Vaillancourt et al. 2020, hereafter V20) we
used spectro-polarimetry of stars background to the Taurus molecular
cloud, a low-mass star forming cloud, to show that grain growth
is likely required to reproduce the observations on some lines of
sight (l.o.s.) at extinctions beyond that characteristic of ice formation
(Ay ~3-4 mag). Here we extend ghas study to the starless Southern

even at a gas density of 10° cm™3, the process should not have time Coalsack cloud. that

to proceed in the lifetime of the cloud (Ormel et al. 2009). Evidence

for grain coagulation in moderate density gas has, however, been Multiband optical/near infrared (O/NIR) polarimetry provides a
direct means to probe the dust size distribution of aligned grains
(Andersson et al. 2015, hereafter ALV15), and to nd the best

* E-mail: astrobgandersson @ gmail.com sources for JWST dust spectroscopy targeting grain growth (e.g.
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2  B-G Andersson et al.

Paladini et al. 2021). The location (4,4 ) of the peak (p;;qx) of the
ISM optical polarization - “Serkowski” — curve (Serkowski 1973):

P(D = puax - exp{~K - i (°—)) M)

max
is set by the size distribution of aligned grains along the l.0.s. (Kim
& Martin 1995; Clayton et al. 2003). The K parameter encodes the
width of the curve, and is generally correlated with A4 (Wilking
et al. 1982; Whittet 1992).

In addition to the dichroic extinction responsible for the shape
of the Serkowski curve (e.g Kim & Martin 1995), scattering off
of small grains or polarizable molecules, in the astronomical
sources or the Earth’s atmosphere, can give rise to Rayleigh
scattering with the functional form:

R =c-174 2

While such scattering has been observed, e.g. in reflection neb-
ulae or circumstellar material (e.g. Kastner & Weintraub 1994;
Andersson & Wannier 1997; Olofsson et al. 2012; Andersson
et al. 2013), the gas and dust on the lines of sight discussed here
are not close to bright stars, and we would therefore not expect
astronomical Rayleigh scattering to be present. As we will discuss
below, atmospheric Rayleigh scattering may however be an issue.

An additional advantage of using the spectral shape of the dichroic
polarization, rather than the absolute level of polarization, is that
itis, to a high degree, insensitive to depolarization effect due to mul-
tiple components of, and turbulence in, the magnetic field. Because
polarization is a differential effect, the strong wavelength depen-
dence of the extinction does not translate to the polarization. Also,
even though non-parallel magnetic fields on the lLo.s. can |
the total level of polarization, it does not affect the wavel
dependence. This can be seen by the lack of wavelength depen-
dence of the position angle 6 in Eqs. AS and A6 in Jones (1989),
where 6 represents the magnetic field geometry (only). Any addi-
tion of a wavelength dependence for 6 would have to derive from
the physics of the alignment mechanism, not turbulence in the
magnetic field. As discussed by e.g. Jones et al. (1992) the slope
of the polarization efficiency (p/Ay(Ay)) can ide statistical
information about the magnetic field turbuleEwhich we will
use in our analysis (e.g. Sec. 4.2)

A universal, linear, A, relationship exists in the ISM at Ay <4
mag. (Whittet et al. 2001; Andersson & Potter 2007, hereafter AP07).
APO7 further found that the intercept of the A,,4x(Ay ) relationship
was linearly dependent on the average of the total-to-selective ex-
tinction (Ry ) for each of the six clouds in their study.

These results can be understood under the modern “radiative alig
ment torque” (RAT) paradigm (Lazarian & Hoang 2007, hereafter
LHO7; ALV15) for interstel rain alignment, as due to the red-
dening of the radiation fiel the clouds, for a fixed grain size
distribution, which can vary between clouds (as traced by the average
Ry in each cloud).

RAT alignment predicts that - to first order - a paramagnetic (sili-

aust grain will align if exposed to an anisotropic radiation field

avelengths less than the grain diameter: A < 2a (e.g. LHO7).
Together with the well-established power-law distribution of ISM
dust grain sizes (Mathis et al. 1977, "MRN") this condition explains
the shape of the ISM polarization curve. As shown by Kim & Martin
(1995) the polarization curve for low extinction l.o.s requires a lower
size limit of the aligned grains of d~0.09um (or ~900A) - i.e. the
Lyman limit for the interstellar radiation field. The dependence on
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the extinction (Whittet et al. 2001; Andersson & Potter 2007), can be
understood as due to the further loss of the bluest radiation (beyond
the Lyman limit) as the radiation field is reddened into the cloud.

As discussed by APO7, the geometry of the cloud, radiation field,
and line of sight can complicate this empirical relationship. If the
line of sight extinction is not a good approximation of the effec-
tive opacity - that seen by a grain towards the external radiation
field - the observed polarization curve, and specifically A,,4x, Will
deviate from the general trend (cf Figure 7 of AP07). To identify
such lines of sight, APO7 used a comparison of the far infrare
(FIR) 1(60m)/I(100um) ratio with the observed visual extinction,
assuming that the I(60um)/I(100um) ratio reflects the dust temper-
ature, governed by radiative heating. For five of the clouds studied
in AP07, clear anti-correlations are found for the field-star samples
between the 1(60um)/I(100um) ratio and Ay, with a few outliers for
each cloud. For the Southern Coalsack this procedure did, however,
not yield a statistically significant correlation, possibly due to the
strong influence of diffuse background sources in the FIR data. In
APOQ7, based on the similarity of the I(60xm)/I(100um) vs. Ay data
distribution for the Chamaeleon and Taurus clouds, on the one hand,
and that for the Southern Coalsack, on the other, the functional rela-
tionships for Chamaeleon and Taurus were used to identify possibﬁ,
outlier points in the Coalsack.

The radiative grain alignment driving is balanced by grain spin
randomization, dominated by gas-grain collisions, dependent on the
collision rate 1 « nggs * \/Tgas (Draine & Lazarian 1998). If, as
is commonly assumed, the timescale for collisional disalignment is
given by the time it takes for a grain to collide with its own mass in
gas particles, it is easy to show that this timescale 7g4s o a; i.e. the
smallest grains are most easily disaligned.

For high enough gas densities and temperatures (at a give extinc-
tion), gas-grain collisions can then determine the smallest aligned

S li L
grain size: a''® "ach can 3¥Q cause deviations from the general

min i
Amax(Ay) relationsiip.

In a study of the Taurus molecular cloud, including deep l.o.s.,
V20 found that, for part of the samp low-Ay Amax(Ay) re-
lation is still valid to Ay >10 mag. gurﬂower Branch”).
A much steeper re{agignshi ound for the ning sample, be-
yond, Ay >4 mag. (Figur pper Branch”). RAT based ab initio
modeling closely matc these resﬂhe “lower branch” is well fit
with a standard, fixed, MRN grain istribution, with a maximum
grain size of a,;qx ~0.3um, exposed to a reddened radiation field
and a constant gas density and temperature. For the lowest Ay l.0.s.
the modeling indicate that gas-dust collisions at n~1-10x10% cm™3
determine aahg" (cf. V20, Figure 5). The upper branch was best
modeled Wlth a combination of enhanced collisional disalignment
of small grains (gas densities of about n~4x10* cm~3) and grain
growth, with the largest grains(;'('gg least twice the size of those for
the lower branch. It is noteworthy that, at least for the Taurus cloud,

the[@etween the two branches is effectively empty. This
may reflect he density contrast in the dense
gas is high, such that the polarization from a clump fully dominate

therefore also not Ry .

that from any inter-clump material on a given line of sighfJFor {
F gh-extinction targets, B-band photometry was not available, a

Finally, a group of targets at Ay ~2 mag)ghowed alues
of Anax but “normal” values of Ry (~3.1). These likely correspond
to(énhanced)gas density, without grain growth. As noted by V20,
the bifurcation point of the two "branches" is consistent with the
extinction where HyO and CO; ices first appear between Ay =3 and
4 maggéoogert et al. 2015).
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These results, therefore, indicated a clumpy cloud medium where
the “lower branch” probes the inter-clump gas, with a standard MRN
grain size distribution, while the "upper branch" probes denﬁ
where grain growth has taken place, beyond the ISM size dis
tion. The bifurcation points Bin growth that requires both an
enhanced density and the pr e of ice mantles to mediate the
coagulation process (Ormel et al. 2009). For extinctions below the
onset of ice mantle formation, these results indicate that enhanced
gas density in clumps leads to localized, moderate, enhancement in

Am roviding a new probe of the gas density structurEoderate )
ensity molecular clouds.

In this paper, we present a paratel study of the star-less Southern
Coalsack cloud, aimed at testing whether the "two branch" structure
is present in clouds beyond the Taurus molecular cloud. As will be
discussed below, our present results find the bifurcation also in the
Coalsack. However, while regesirs—od supporting/r general grain
growth, t not support the triggering of that grain growth by ice
mantle fo on.

1.1 The Southern Coalsack

The Southern Coalsack is an ideal object for our study, because of
the characteristics of the cloud and the many available supporting
datasets. The cloud is nearby (d~180pc) well studied, located close
to the Galactic plane, and reachﬁﬁgma)ﬂmum extinctions of Ay >15

(J ones etal. 1984, hereafter JHB84). It contains dense molecular

Hho ns of star formation, although recent observations
and lat mply that it may be in the initial stage of collapse
due to the passage of the shell of the Upper Centaurus Lupus super-
bubble (Andersson et al. 2004; Lada et al. 2004; Hennebelle et al.
2006). The cloud has been yerywpW/studied from X-ray to radio, and
in photometry, [molecular] line spectroscopyyand polarization (e.g.
JHB84, Nyman et al. 1989; Duncan et al. 1997; Walker & Zealey
1998; Andersson et al. 2004, AP07). For a more complete review,
see Nyman (2008).

As discussed by Andersson et al. (2004), the molecular cloud is
surrounded by hot gas giving rise to the formation of the 0°* ion
seen as far-ultraviolet [O VI] absorption, and generating soft X-ray
emission. Based on a combination of a Davis-Chandrasekhar-Fermi
analysis and a simplified polarization radiative transfer, Andersson &
Potter (2005) found that the magnetic field in the Coalsack envelope
is very strong (B, =~ 90uG), and therefore in rou ipartition
with the X-ray emitting gas. Duncan et al. (1997) fou arized 2.4
GHz [synchrotron] emission along the SE and NW rims of the dense
cloud, where the magnetic field (based on optical polarization data,
e.g. Andersson & Potter (2005)) is oriented parallel to the projected
cloud surface. These results, together with the findings of de Geus
(1992), Crawford (1995), and Lada et al. (2004), can be understood
as resulting from the expansion of the Upper Centaurus-Lupus super-
bubble, with its shell overtaking, enveloping, and compressing the
Southern Coalsack about 1 Myr agé

2 OBSERVATIONS AND DATA REDUCTION

In order to eﬁ”lmently probe ﬁé grain alignment b(i a)(broad)(range}ﬁ
pessa-ble-m extinction, we observed 52 low-extinction (Ay <3 mag)

South African Astronomical Observatory (SAAO) using the HIP
photo-polarimeter in the five Johnson-Cousins filters, and 7 stars at
high extinction (Ay >4 mag) using the Robert Stobie Spectrograph

stars (and one star at Ay=3.5 mag) with the 1.9m telescope at ;E

Grain Alignment in the Deep Coalsack 3

(RENith grism PG300 covering 4650 - 9960 A, in polarimet
mode, on the South Africa Large Telescope (SALT).

To use a consistent set of stellar and extinction parameters, we
extracted spectral classes for ,the HIPF% ntarﬁets from the "AT-
LAS" survey (Skiff 2014), belectmg [ asgllﬁcatlorﬁfrom the
Michigan Spectral Survey (Houk & Cowley 1975) where avail-
able. For CPD-64 1976 we used the classification from Seiden-
sticker (1989). We extracted photometry from the Tycho (Hgg
et al. 2000) and 2MASS (Cutri et al. 2003) surveys (all through
the Vizier service at CDS, U. Strasbourg) and calculated total-to-
selective and visual extinctions using the intrinsic colours from
Fitzgerald (1970) and Ducati et al. (2001), as compiled by Neill Reid
(https://www.stsci.edu/ inr/intrins.html). For the total-to-selective ex-
tinction, Ry, we used the expression derived by Whittet & van Breda
(1978)

Ey_k
Ep-vy

Ry =11 ©)

Target data are listed in Table 1 F

The SALT/RSS targets (Table 2) are taken from the NIR pho-
tometric and H-band polarimetry surveys of Jones et al. (1980,
"JHRS80") and Jones et al. (1984, ''JHB84''). For the high extinc-
tion targets, in addition to the abexe methﬂ also derived Ry
values using fits of the extinction over the al and NIR range
b <. Detailed target information for this set will be discussed

observat
1

itign, we will in our analysis utilize the earlier 1.9m/HIPPO
ﬁ the Coalsack, presented in Andersson & Potter (2007)

2.1 1.9m/HIPPO

We used the HIPPO photo-polarimeter (Cropper 1985; Potter et al.
2008), mounted to the 1.9 m telescope at the SAAQO, using Johnson-
Cousins filters (UBVRIc; A ££=0.36, 0.44, 0.55, 0.64, 0.79 um),
on the nights of 2021 May 4-10. HIPPO was configured in its simulta-
neous linear and circular polarimetry mode (no circular polarization
was detected in any target). A RCA31034A GaAs photomultiplier
was used as the detector. In addition to our science target‘; the high-
polarization (HD 110984, HD 298383, HD 147084, HD 154445, HD
160529) and zero-polarization standards (HD 94851, HD 176425)
stars were observed during the campaign. Sky polarization correc-
tions were accomplished by sky observations immediately prior to,
and following, the main observation. The data were reduced using

the well-tested custom software packaﬂoifer 1985).

The reduced data are presented in Tal

2.2 SALT/RSS

High-extinction starsfselected = JHB84 )were observed in service

mode with the South Africa Large Telescope (SALT; O’Donoghue
et al. 2006), using the Robert Stobie Spectrograph (RSS) in long-slit
spectropolarimetry mode (Potter et al. 2016).

SALT is an Alt-Az mounted telescope, which has a fixed altitude
and can move Ja freely in the azimuth direction. The RSS is located
at the prime focus on a moving platform, enabling tracking a source

1 We note that due to a typographical error, the Serkowski values for HD
110245 are misquoted in Table 3 of that paper. The correct values are:
Prmax=1.22+0.02%; A};4x=0.51+£0.02 pm). The polarization data for the
star in Table 2 of that paper are correct,

MNRAS 000, 1-16 (2023)
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Table 1. 1.9m/Hippo Targets

B-G Andersson et al.

Star Dec (2000) Sp. \' Ry Ay d?
[dd:mrzg [mag] [mag] [pc]
CPD-64 1900 -65:05(17.9 B8 993 4.61+0.92 1.14+0.31 1575+46
HD 108417 12:27:46.46  -63:53:04.8 AlV 8.98 4.42b 0.58+0.19 275+1
HD 108418 12:27:46.46  -64:34:39.1 B5V:n(e) 843 6.07+0.64 2.03+029 1409+33
HD 108804 12:30:31.31 -61:49:04.4 F2V 8.42 4.42° 220+1
HD 109065 12:32:17.17  -61:43:42.5 Al Vn 8.16 4.42b 046=+0.17 590+162
CPD-64 1975 12:38:53.53  -65:08:17.7 B5/7 10.69  4.18+0.48 2.96+0.47 295+33
HD 109891 12:39:01.01 -62:31:45.9 A0V 8.73 4.42b 0.92+0.32 312+7
HD 109937 12:39:19.19  -63:21:41.2 B2/3111 937 3.69+0.24 2.09+0.17 1432424
CPD-64 1976 12:39:36.36  -65:08:47.6 A0V 10.90 4.52+0.76  2.33+0.54 367+11
HD 110102 12:40:28.28  -63:16:59.7 BO: 10.15 3.23+0.39  2.02+0.29 242+8
HD 110151 12:40:42.42  -60:54:47.2 B9.5S 1V 8.72 4.42° 0.65+0.26 630+17
HD 110245 12:41:34.34  -66:58:12.6  F8/GO III + A3: 8.40 4.42b 0.36+0.20 446+13
HD 110432 12:42:50.50  -63:03:31.1 B0.5 IVep 5.31 5.58+0.82  2.49+0.39 438+15
HD 110433 12:42:52.52 -63:11:07.1 B2/31V/V 9.06 4.19+0.33 1.78+0.18 1491+129
HD 110498 12:43:15.15  -61:38:56.2 BO.5 11T 9.73  3.85+0.21 2.55+0.19 1987451
HD 110660 12:44:26.26  -64:03:19.0 B3/5 9.99  3.98+0.31 2.53+0.27 1819438
HD 110715 12:44:49.49  -64:57:51.7 B9V 8.71 4.69+0.67 1.71+0.29 525+9
HD 110737¢ 12:44:57.57  -65:19:09.4 Bo9.5V 8.54 4.72+0.76 1.66+0.36 141+18
HD 110946 12:46:29.29  -64:55:03.6 B1 111 9.24  4.40+0.30 1.99+0.19 2110+54
HD 110984 12:46:45.45  -61:11:11.5 B1 II/IIT 9.01 4.07+0.21 2.41+0.17 1739+177
HD 111024 12:47:07.07  -63:05:08.2 B5 11T 9.00 4.00+0.36 1.48+0.17 671x12
CPD-64 2006 12:47:09.09  -65:39:03.1 B15V 10.16 4.42° 1.19+0.35 2644+122
HD 111174 12:48:10.10  -63:02:19.3 A3V 8.14 5.62+1.10 1.30+0.35 234+1
HD 111237 12:48:45.45  -64:45:55.3 B8V 10.25  5.03+0.81 1.72+0.39 1113+38
HD 111303 12:49:07.07 -61:04:00.3 FO IV 9.08 4.42b 0.63+0.17 366+2
HD 111343 12:49:27.27  -64:12:10.1 A2 111 9.30 4.70+0.31 3.02+0.27 2459+78
HD 111688 12:51:59.59  -63:08:31.9 B&/9 II/11T 995 4.04+042 2.38+0.33 981+13
HD 111779 12:52:35.35  -63:03:13.5 B5/7V 9.71 4.30+0.46  2.10+0.31 788+7
HD 111827 12:52:50.50  -64:49:00.9 B5 111 8.35 4.87+0.50 1.44+0.20 742411
HD 111992 12:54:07.07  -63:09:58.6 AlV 8.88 4.27+0.35 2,08x0 313441
HD 112225¢ 12:55:57.57  -60:54:59.3 A8V 8.44 4.42b 175+1
HD 112295 12:56:33.33  -61:20:07.0 B8/9 II/IIT 9.50 3.63+0.31 2.43x0.27 461143
HD 112637 12:59:16.16  -63:18:16.1 B2 111 9.56 3.68+0.35 2.05+0.26 1224420
HD 112661 12:59:21.21 -62:17:20.6 BO/1 ITI/TV 9.28  4.09+0.17 3.20+0.18 42002800
HD 112785 13:00:10.10  -62:25:01.4 B3/5 9.77 4.66+0.38  2.44+0.28 2152+171
HD 112954 13:01:23.23  -62:55:30.2 Bo IV 8.39 4.06+0.45 2.04+0.27 383+3
HD 113014 13:01:48.48  -62:10:51.8 B2 111 9.10 4.34+043 2.11+x0.28  6831+4096
HD 113034 13:01:53.53  -61:49:55.8 BO/1 I1I: 9.31 3.94+0.12 4.50+0.19 1950+79
HD 113348 13:04:06.06  -61:27:43.7 A9V 9.18 7.68+1.63 1.12+0.33 436+2
HD 113511 13:05:20.20  -64:03:02.2 BOIV/V 9.03 3.32+0.18  2.42+0.18 1914488
HD 113541 13:05:41.41 -63:22:14.5 B8/9 111 9.78 4.29+0.46 2.31+0.33 698+8
HD 113742 13:06:54.54  -61:56:38.1 B1/2 I1I: 9.21 4.03£0.23  2.21+0.17 837+549
CPD-61 3462  13:07:33.33  -62:22:16.9 BO.5SIII 9.20 3.96+0.17 2.89+0.17 1818+49
HD 113968 13:08:26.26  -61:14:38.5 B2/31V 8.79  4.70+0.61 1.09+0.19 110127
HD 114157 13:10:01.01 -64:33:38.4 AT/I8V 9.21 4.42b 478+4
HD 114653 13:13:08.08  -63:36:29.9 B8 III 8.62  4.83x0.72 1.24x0.25 568+14
CPD-60 4528 13:13:12.12  -61:05:21.3 Bl 1II 8.76  3.85+0.26 1.74+0.15 2317493
HD 114718 13:13:35.35  -63:06:09.9 B9 III/IV 8.43  5.02«1.19 1.05+0.30 548+5
HD 114720 13:13:38.38  -64:09:04.1 B8V 9.66 4.42b 0.78+0.23 591433
HD 114719 13:13:40.40  -63:41:01.5 A2/3 110 947 3.83+0.54 1.251/(1‘).23 307+1

a: Based on Gaia D

for which gbservatigns throu

during the observation sequence. A consequence of this design is that

the polarimetric behaviour of the telescope-instrument COE

is a strong function of the position of the source@n the sk

spect to the telescope axis), during
calibration model for the instrument aims to account for this effect.
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=

bservations) The polarimetric

All observations were done in scheduling/observing blocks

@ation

of Nor

Erallaxes, except for HD 112661 which is taken from Bailer-Jones et al. (2018)
b: For stars with EpS¢@®r-Ep_y, <5 we have assigned Ry as the average Rv'\éf the rest of the sample
c: These stars have nominal distances foreground to the Coalsack.

hal - wave plate pos

=
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fions of 0°, 22.5°, 45° and 67.5° East
ecutcéconsecutively. This is one-SE-the standard await=
h re- able long-slit polarimetry mode{ on the RSS. For this work, we
employed the PG300 grating, which covers the wavelength range of
4000A to 1000A with a spectral resolution of around 17.5A, suit-
able for broad-band polarimetry including to constrain the Serkowski
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Table 2. SALT/RSS targets

Star RA (2000) Dec (2000) BP? Sp. Tz rF Ay Ag d? Offset?
[hh:mmﬁ? [dd:mm:Fi\ [mag] K] [mag] [mag] [kpc] [
[JHR80] D-1 12:31kQ2.35) -63:4823.5 16.90+0.01 G4 111 7856 5.9+0.4 6.6+0.20 1.57+0.06 237
[JHR80] D-4 12:31:03.86  -63:40:21.6 16.88+0.01 GOI - 10.6+0.4 - 12.4+5.7 315
[JHR80] D-6 12:31:07.43  -63:41:06.0 18.89+0.01 K5 III: 4475 7.6+0.9 9.7+0.06 4.43+0.15 264
[JHR80] D-14  12:31:39.83  -63:47:20.8 18.03+0.01 GY III - 7.2+0.3 - 1.72+0.19 169
[JHR80] D-17 12:31:59.22  -63:43:34.3 15.42+0.01 Go6 11T - 6.4+0.3 - 0.89+0.12 214
[JHR80] D-19 12:31:59.62  -63:47:25.7 17.49+0.01 GY 1T 7908 7.1+0.3 7.89+0.04 1.64+0.08 257
D-19B¢ 12:32:0491  -63:46:57.2 17.08+0.01 K5 V: - 2.8+0.9 - 1.72+0.09 271
[JHR80] D-20  12:32:03.99  -63:43:40.5 16.73+0.01 K5 1II - 5.4+0.5 - 3.78+0.39 242

a: Based on Gaia DR3 data

b: Offset from the center of Tapia’s Globule #2, at RA,Dec=12:31:29.0, -63:44:48

c: Star not identified in [JHR80], but located close to [JHR80] D-19

curve parameters of interstellar polarization. T servations were
planned such that, wherever possible/secondar were 0 d
in addition to the main target, by rotating the spectroscopic SE

The polSALT data reduction package (K. Nordsieck & D. Groe-
newald, 2024, private communications) ha developed by the
SALT polarimetry team to perform the d = systematic data
reduction. We employed this software for the data reduction in this
work. During the data reduction, careful attention was given to en-
sure that the source extraction-, and background-, windows were not
contaminated by any%‘?é%&gﬁ’é‘é’;‘ Star in the vicinity of the target or
eentribution by the second order spectrum from the grating.

The output of polSALT consists of a table of values of p(1), 6(2),
q(1), and u(A), for a user—sele set of ength bins, along
with the error bars based on@& Th
accuracy Js 0.05 % per spectral resolution bin2. These output nies
were used with a custom analysis code (Sec. 3.3.2) to derive the
polarization parameters.

For three of our stars ((JHR80] D-1, D-14 and D-20), the polar-
ization changes rapidly (and rotates in position angle) towards the
blue, reminiscent of Rayleigh scattering. (Note that, as is the case
for [JHR80] D-1, the combination of two close-to perpendicular
polarization components, can lead to a decrease in the observed
polarization level.) Given that all observations were acquired af-
ter astronomical twilight in dark time, the presence of Rayleigh
scattered light is surprising. However, especially for [JHR80] D-1
and D-20, between A4 0.5-0,6 um, the deviations from a sin%le
Serkowski function shapeagple?(z&gh signal-to-noise d
+hey are unlikely tdbf due to margifl';%.im@ As will be
discussed in Appendix A,satellite infrared imaging (available at
https://meteologix.com/za/satellite/south-africa) show that [cir-
rus] clouds were present in the vicinity of Sutherland on some
observing dates.

Taking advantage of the slit rotation, we were able to add one
extra target in our observations of [JHR80] D-19, which we have
designated '"'19B'"'. In addition, two of our targets (D-17 and D-20)
were observed twice, once as the main target and at aﬂlother time as the
secondary star for 38 other, This allowed us %a&aﬁt\fyt?ﬁé robustness
and accuracy of data % obtained from the polSALT software.
Because of the complex polarimetric behaviour of SALT/RSS; it is
interesting to explicitly compare the results for the two targ

and offaxis. Table 4 shews the resulting Serkowski paramete
lists

2 https://astronomers.salt.ac.za/wp-content/uploads/sites/
71/2022/06/3170AM0013_Polarimetry_Observers_Guide_V1.2.pdf

the SALT/RSS observations (only, without H-band data) of the two
stars. In this_lzfalg "A" corresponds to the observation where the star
was on the optical axis and "B" corresponds to the complementary
observation where the other star was on the axis. The row without A or
B shows the weighted average of the two measurements. The pairs of
Pmax and 4,4 values are within each other’s 10~ uncertainties. The
only measurement pair not in vesx good agreement is the position
angles for [JHC80] D-17. We note, however, that the "Rayleigh”
term in the extracted [JHC80] D-17B and [JHC80] D-20A spectra
are significant (0.59+0 and 0.38+0.03 %), and show consistent
position angles (86+4° 84+2°).

3 ANALYSIS
3.1 Extinction vs. Grain Heating

To probe the influence of geometry and other sources of "anomﬁ
extinction" (i.e. where the observed Ay might not accurately refiec
the radiation field damping seen by the grains responsible for the
polarization), we follow AP07 and plot the 1(604m)/I(100um) ratio
vs. Ay for our sample. Figure 1 shows that the expanded sample of
lines of sight (combining the AP07 data and the present obser-
vations) have a similar distribution as the AP07 data, with most of
twe:of sight located around the "nominal" @ﬂhﬂ_ﬂ_m
in APO7, but with both high and low outliers. Wi ss that, as
noted in AP07, the exu<t locations of the t es are somewhat
uncertain[For large Ay values (Ay 2 3.5 .) the FIR(Ay ) ratio
flattens Quf, as would be expected deep inside a starless cloud. We
note that the wavelengths that efficiently heat the grains and those
that can align them Jare not necessarily the same. Specifically, if we
assume that thel gest grains in the cloud have a,,,x=0.45 um, then
the extinction £ef the light capable of aligning those largest grains is
Ao 9um=2.2 mag.’fassuming Ry=5; Cox 2000, p.528§1;heilﬁrT %o
of the unattenuated thag potentially leaving a non-negligible

grain-aligning flux is extinction level.
even

3.2 1.9m/HIPPO

We fitted Serkowski (and Wilking) functions to our UBVRI HIPPO
polarimetry, using error-weighted fits in the Kaleidagraph software
3. Using an F-test procedure (e.g. Lupton 1993), we evaluated the

3 www.synergy.com
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Table 3. 1.9m HIPPO Results

E_

Star ﬁ ou pPB 6B pv oy PR Or pr 01
CPD-64 1900 M_IO 115+1 0.43+0.09 91+6 0.44+0.09 84+7 0.17+0.09 89+16 0.24+0.10 1

HD 108417 0.35+0.10 7611 0.77+0.09 81+4 0.63+0.09 74+6 0.67+0.09 80+5 0.78+0.09 T76+4
HD 108418 1.28+0.10 79+3 1.82+0.09 80+2 1.83+0.09 7542 1.77+0.09 T7+2 1.62+0.09 80+2
HD 108804 0.46+0.10 64+9 0.82+0.09 73+5 1.08+0.09 67+2 0.77+0.07 7243 0.88+0.08 7243
HD 108813 0.14+0.10 149+£26  0.04+0.08 12434 0.09+0.09 110+£3 0.13+0.07 158+23  0.30+0.08 8748
HD 109065 0.57+0.09 79+6 0.94+0.08 80+3 1.06+0.09 70+3 1.04+0.09 7043 1.02+0.10 76+4
CPD-64 1975  2.74+0.14 84+2 4.01£0.10 82+1 4.56+0.10 83«1 4.27+0.09 83+1 4.08+0.10 85+1
HD 109891 1.10+0.10 76+3 1.50+0.09 732 1.72+0.09 7242 1.44+0.08 7542 1.59+0.09 7742
HD 109937 2.27+0.10 83+1 2.93+0.09 81=+1 3.31+0.09 78+1 3.54+0.08 80+1 3.44+0.07 79+1
CPD-64 1976  2.23+0.21 T2+4 3.63+0.10 72+1 3.98+0.10 72+1 3.89+0.10 73+1 3.94+0.09 76+1
HD 110102 1.77+0.16 64+4 2.46+0.09 64+2 2.79+0.10 66=1 2.54+0.09 67x1 2.40+0.10 70+2
HD 110151 1.17+0.10 80+3 1.58+0.09 80+2 1.72+0.08 T4+1 1.66+0.09 T8+2 1.80+0.09 78+2
HD 110245 1.04+0.11 119+1 1.06+0.09 121+1 1.12+0.07 117£2 1.29+0.07 121+2 1.21+0.07 121+2
HD 110432 1.42+0.07 90«1 1.62+0.09 95+1 1.84+0.07 86+1 1.70+0.08 80+2 1.80+0.07 84+1
HD 110433 1.90+0.15 81+2 2.52+0.09 77+1 2.73+0.09 73+1 2.90+0.08 T6x1 2.76+0.11 76+1
HD 110498 2.05+0.10 90+1 2.43+0.09 89+1 2.65+0.10 86+1 2.38+0.09 85+1 2.42+0.09 87+1
HD 110660 2.09+0.10 79+2 2.80+0.08 78+1 2.96+0.08 771 2.80+0.09 771 2.83+0.10 76+1
HD 110715 2.14+0.11 T8+2 2.54+0.09 76+1 2.75+0.09 T4+1 2.67+0.09 T4+1 2.76+0.10 T7+1
HD 110737 0.94+0.10 T1+4 1.36+0.08 69+2 1.73+0.09 68+2 1.72+0.07 70+2 1.87+0.07 69+2
HD 110946 1.78+0.12 7743 2.29+0.09 T7+2 2.30+0.09 7742 2.43+0.09 78+1 2.30+0.11 T7+2
HD 110984 4.17+0.15 92+0.9 5.01+£0.07 90+0.4 5.65+0.08 89+0.4  5.51+0.07 89+0.4 5.14+0.08 93+0.4
HD 111024 0.39+0.11 3+7 0.48+0.08 40+4 0.60+0.08 47+4 0.34+0.08 125+7 0.55+0.09 5545
CPD-64 2006  0.56+0.09 100+3 0.78+0.07 95+2 0.79+0.08 9542 0.90+0.08 98+2 0.71+0.10 104+2
HD 111174 0.51+0.10 39+4 0.94+0.11 52+4 0.99+0.09 4743 0.89+0.08 47+3 0.87+0.08 5343
HD 111237 1.51+0.13 67+4 1.76+0.09 68+2 1.97+0.09 68+2 1.77+0.09 65+2 1.73+0.07 7342
HD 111303 0.44+0.10 77+8 0.91+0.09 70+4 0.88+0.08 75+4 0.71+0.09 76+5 0.88+0.07 7543
HD 111343 3.44+0.20 T7+2 3.83+0.09 79+1 4.31+0.09 76x1 4.17+0.13 78+1 4.06+0.14 79+1
HD 111688 1.53+0.11 51+2 1.90+0.08 5242 2.43+0.09 51+1 2.31+0.09 50«1 2.38+0.10 49+1
HD 111779 1.44+0.10 68+3 1.88+0.09 6242 2.19+0.09 5842 1.71+0.08 6242 1.86+0.10 6242
HD 111827 1.28+0.09 93+2 1.67+0.09 84+2 1.80+0.07 83«1 1.90+0.09 87+2 1.77+0.08 87+1
HD 111992 1.53+0.11 51+2 2.07+0.08 56=+1 2.24+0.09 52+1 2.08+0.07 55«1 1.96+0.08 59+2
HD 112225 0.68+0.07 97+3 0.80+0.05 9242 0.73+0.06 872 0.78+0.06 9242 0.76+0.05 9242
HD 112295 3.49+0.09 66+1 4.55+0.09 65=+1 5.16+0.07 65+1 5.22+0.08 64+1 5.00+0.08 67+1
HD 112637 0.82+0.10 58+5 1.32+0.09 57+3 1.29+0.08 5442 1.16+0.06 5242 1.14+0.10 5943
HD 112661 1.65+0.11 7243 1.98+0.09 73+2 2.02+0.09 7242 1.93+0.08 T1+2 1.93+0.08 T1+2
HD 112785 0.95+0.07 1312 0.85+0.06 126+2 0.70+0.06 13543 0.91+0.06 13942 0.82+0.06 135+2
HD 112954 1.83+0.10 42+1 2.12+0.08 44+1 2.39+0.09 43+1 2.45+0.07 431 2.19+0.07 42+1
HD 113014 0.75+0.11 92+4 1.13+0.08 83+2 1.13+0.07 80+2 0.95+0.08 85+2 1.01+0.09 85+3
HD 113034 3.95+0.14 81+1 4.49+0.10 80=+1 5.04+0.09 80+1 5.11+0.09 84+1 4.78+0.08 84+1
HD 113348 1.07+0.13 87+4 1.54+0.09 86+2 1.67+0.08 85+1 1.64+0.08 87+2 1.70+0.09 89+2
HD 113511 3.12+0.12 91+1.0 3.72+0.09 88+0.7 3.87+0.06  89+0.5 3.89+0.10 87+0.8 3.75+0.10  91=x0.7
HD 113541 0.70+0.10 9743 0.74+0.10 85+4 0.89+0.10 77+4 0.80+0.07 82+3 0.77+0.09 82+4
HD 113742 1.88+0.10 85+2 2.46+0.09 83+1 2.46+0.09 80+1 2.38+0.06 81+1 2.46+0.09 83+1
CPD-61 3462 1.79+0.10 89+2 1.90+0.09 8442 2.04+0.06 85+1 1.96+0.07 85+1 1.83+0.07 85+1
HD 113968 0.77+0.09 84+4 0.97+0.06 8442 1.09+0.09 83+2 0.98+0.09 85+3 1.11+0.08 8542
HD 114157 1.20+0.23 106+2 0.64+0.09 81+5 0.66+0.09 7745 0.62+0.10 87+5 0.69+0.09 7745
HD 114653 0.62+0.09 89+4 0.78+0.09 80+4 0.86+0.07 80+3 0.80+0.10 84+4 0.84+0.10 80+4
CPD-60 4528 1.28+0.08 512 1.66+0.08 53+2 1.82+0.09 56+2 1.69+0.08 5242 1.62+0.07 5542
HD 114718 0.96+0.08 T7+2 1.29+0.06 75+1 1.35+0.06 72+1 1.36+0.06 T7+1 1.55+0.06 73+1
HD 114720 0.99+0.12 90+3 1.01+0.09 87+3 1.16+0.09 86+2 0.98+0.09 90+3 1.28+0.09 86+2
HD 114719 0.74+0.13 85+6 1.22+0.09 82+3 0.91+0.09 764 0.97+0.07 7543 1.01+0.07 80+2
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statistical significance of the K parameter. Only for CPD-61 3462
was the parameter warranted at the 95% confidence level (while
for HD 113511 it was warranted at the 90% level). To minimize
systematic uncertainties in the p;;4x and A;,4x parameters, we fixed
Kat1.15 f other lines of sight. The best fit parameters are shown
in Table SH
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3.3 SALT/RSS
3.3.1 Stellar and Extinction Parameters

We used the full-resolution Stokes I spectra from our SALT/RSS ob-
servations to estimate the spectral classes of these stars. The wave-
length range of 5000-7500A (i.e. including Balmer-a at 16563A)
was utilized to compare normalized spectra from our observations to
normalized spectra of the standard stars in Jacoby et al. (1984). While
this spectral segment is not the conventional, or optimal, wavelength
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Table 4. SALT/RSS Serkowski Fit Parameters - [JHR80] D-17 & [JHR80]

D-20
Star Pmax Amax <P.A. >
[%o] [am] [° [E of N]
[JHR80]D-17A 5004006 0.75+0.02  63.8 0.3
[JHR80]D-17B  5.10+0.07 0.74+0.02  60.8 £0.2
[JHRS0]D-17  5.04+0.05 0.75+0.01 617 +0.2
[JHR80]D-20A 396+ 005 091 +0.05 67.1+0.3
[JHR80]D-20B  4.04+0.19 1.00+021  67.0+1.1
[JHRS0]D-20  3.97+0.05 0.91+0.05 67.1+0.3
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Figure 1. The ratio of I(60m)/I(1004) from the ﬁE)rocessing of IRAS
data compared to the visual extinctions for each line of sight. Filled symbols
correspond to the current sample, while open symbols correspond to the
sample from AP0O7. The region close to the nominal relationship, defined
in AP07, including its d. kion is shown by the two dashed lines. Also, the
new sample is fredomindamocated in this nominal region, but with several

outliers. As would be expected, for very large extinctions in this starless

where the radiative-heatimgof-thedustts-stgnifreantty-dimmmistied, the colo
perature reaches an asymptotic value.

range for spectral classification, we found that we could restrict the
spectral classes to 1-2 subclasses for most stars. For two stars where
there were more artifacts in the full-resolution data, we estimate un-
certainties oﬁfp to 5 subclasses. These are noted with colons in Table

2, column 5.
the trigonometric parall
distances using our spectr

of the Hertzsprung gap for giants (lum. class III).

o0 better constrain the luminosity classes, we compared

om Gaia DR3 with the spectroscopic
ssifications. Fmﬁ)f the target, we
find that our nominal "giant" luminosity class (IIT) yields agreements
within a factor 2-2.5 in distance. For two targets ([JHR80] D-4 and
"D19-B") we assigned luminosity classes I and V, respectively, to
avoid very large distance disagreements. For [JHR80] D-4 this lumi-
nosity classification (I) also has the advantage of moving the star out

We extracted g- and r-band photometry from the "ATLAS" catalog
(Tonry et al. 2018), which we transformed to B-V colours using the
relations in Jester et al. (2005), as well as near-infrared (NIR) pho-
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Table 5. Serkowski Fit Parameters - 1.9m/HIPPO targets

[%] [m]

CPD-64 1900 0.44 +£0.09 0.35+0.08
HD 108417 0.75+0.06  0.7+0.08
HD 108418 1.83 +0.05 0.57 +£0.03
HD 108804 091 + 0.65 + 0.06
HD 108813 <0, -

HD 109065 07 £0.06  0.68 +0.05
CPD-64 1975 441+£0.05 0.62+0.01
HD 109891 1.62+0.05 0.61+0.03
HD 109937 3.54+0.05 0.67+0.01
CPD-64 1976 4.07£0.05 0.64 +£0.02
HD 110102 2.66 £0.05 0.59 +0.02
HD 110151 1.79 £0.05  0.65 +0.03
HD 110245 1.26 +0.04  0.62 +0.04
HD 110432 1.85+0.04 0.6 +0.02
HD 110433 2.88+0.05 0.64 +0.02
HD 110498 26+0.05 057+0.02
HD 110660 298+0.05 0.6+0.02
HD 110715 2.82+0.05 0.61+0.02
HD 110737 1.85+0.06 0.75 +0.03
HD 110946 244 +0.05 0.6+0.02
HD 110984 561 +0.04 0.6 +0.01
HD 111024 0.51+0.04 0.58 +0.09
CPD-64 2006 0.84 +£0.04 0.61 £0.06
HD 111174 0.93+0.04 0.63 +£0.05
HD 111237 191 +£0.04 0.57 £0.02
HD 111303 0.88+0.04 0.65 +0.05
HD 111343 4.32+0.06 0.6 +0.02
HD 111688 0.42+0.06 0.68 +0.02
HD 111779 1.98 +£0.05 0.57 £0.02
HD 111827 1.87+£0.05 0.63 +0.03
HD 111992 2.17+0.04 0.58 £0.02
HD 112225 0.82+0.03 0.56 +0.03
HD 112295 526 +0.04 0.64 +0.01
HD 112637 1.23+0.04 0.57 £0.04
HD 112661 2.07+0.04 0.57+0.02
HD 112785 091 +0.03 0.51+0.03
HD 112954 242+0.04 0.6 +0.02
HD 113014 1.1 +£0.04  0.55+0.04
HD 113034 5.14+0.04 0.61+0.01
HD 113348 1.72+0.05  0.64 +0.03
HD 113511 398 +£0.04 0.59+0.01
HD 113541 0.85+0.04 0.57 £0.05
HD 113742 2.52+0.04 0.59 +£0.02
CPD -61 3462  2.06 +0.04  0.55 +0.02
HD 113968 1.1 +£0.05 0.63 +0.04
HD 114157 0.71 +£0.05  0.52 +£0.07
HD 114653 0.87+0.05 0.61+0.06
CPD -60 4528 1.77 £0.04  0.59 £ 0.02
HD 114718 1.48 +0.04 0.67 +0.03
HD 114720 1.19+0.05 0.63 +£0.04
HD 114719 1.06 £ 0.04  0.56 +0.04

a: HD 108813 is, effectively, unpolarized.
b: Of the stars observed with HIPPO, only CPD-61 3462 formally (based
on an F-testat a 95% confidence level) warrants using a "Wilking" fit -
with the K-parameter as a free fitting parameter. For this star, with K free
we find: ppuax=2.02+0.05, A;2,4x=0.55+0.03, and K=0.73+0.28

MNRAS 000, 1-16 (2023)
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tometry from the 2MASS sﬂ (Cutri et al. 2003). Using intrinsic
colours from the compilations in Cox (2000), we calculated colour
excesses (Ep_v, Ey_k, Ej_g) and total-to selective extinctions,

Ry (equ. 3). We calcuﬁvisual extinctions both from Eg_y - Ry

and Ej_g - (5.82 + 0. ox 2000, p.158). T isual extinctions
based on the visual an photom: re irﬁgreement, and
we use the latter for this analysi@ or the three line of
sights where Gaia DR3 A( values (the monochromatic extinction
at 0.548 um (Creevey et al. 2023)) are available, we also list these
in Table 2. They show reasonable agreemﬂh our derived val-
ues. We note that the effective temperature Gaia DR3 are not
always in agreement with our estimated spectral classes. However,
the much hotter stellar types (~A8) implied by the quoted T, ¢ val-
ues for 0] D-1 and D-19 are not compatible with the observed
spectra.[ﬁ8

For completeness, we used the g, r, i photometry from ATLAS
(and transformations from Jester et al. (2005)), JHK photometry
from 2MASS, and WISE photometry (Cutri & et al. 2012), together
with the spectral classifications and intrinsic colors from Cox (2000)
and Jian et al. (2017) to derive total-to-selective extinctions also from
the relative extinction curves and the formula:

Ea-
AV — e PRy )

Ep_v =

(e.g. Whittet 2003, p.81), seo longest wavelength
WISE bands (12.1 & 22.2 um) may, as noted by Whittet (2003),
primarily probe grain material characteristics, and may, therefore,
affect the 8 parameter. But, as also noted by Whittet (2003), the best-
fit Ry values are not strongly dependent on small variation in this

ﬁ:parameter, and we have therefore retained all the bands in our ﬁttlllgé

Tabl ives the best fit parameters. Column 5 of the table shews.
the rived using the Whittet & van Breda (1978) approximation
(Equ. 3). For all targets, except 19B, the values derived by the two
methods agree within their 10 mutual uncertainty, while for 19B
they agree within 20-. This target has a late, and more uncertain,
spectral class (K5 V:) and the lowest extinction of the SALT/RSS
sample, Ay ~ 2.8.

We note that the off-diagonal values of the covariance matrix
for these fits are not zero, indicating some correlation between
the variables. As our purpose with these fits is simply to validate
the applicability of Equ. 3 for our sample, we will not pursue this
issue, or the functional formulation by Martin & Whittet (1990)J
here.

3.3.2 Polarization Parameters

Because of what appears as an incomplete sky-polarization removal
in the polSALT pipeline reduction, we developed an analysis code
(in Python) to separate the ISM polarization ("Serkowski function™)
from p e "Rayleigh” scattering, nominally due to atmospheric
effect

Three data arrays for each star: wavelength [um], q [%], and u[%],
were used to generate the best fit combined Serkowski+Rayleigh
function, yielding values for A,,4x, Pmax, K, 05, Or, and c (equ.
1 and 2). Wﬁmﬁmﬂhe fitting was performed in q(1), u(1))
space, even—theughjh_e results (e.g. Figure 3) are given in p(1),
0(A), throughAhe standard transformatio

(D, ’%2’:?\ ns

p=+q* +u? ®)

6 =1/2 - arctan(u/q) (6)

MNRAS 000, 1-16 (2023)
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Figure 2. The normalized optical and infrared extinction curves for the
SALT/RSS targets, s fitted by a standard functional form (equ. 3; Whit-
tet (2003); Martin & Whittet (1990)). The points correspond to bands (right
to left): B, R, I, J, H, K, W1, W2, W3, and W4. Because the uncertainty
for Eyy_yv/Ep_v is undefined, we have not plotted these points. However,
the dashed lines show where the point for V-band is located. The Kest—ﬁt

parameters are shewn in Table 7.
listed

For the combjimad fits shown in Figure 3, the best fit q,u) parame-
( pefore transforming into p, 6) Multiple synthetic
e = re created and used to test the code, confirming its effec-
tiveness.

Where available, we included the H-band polarization from JHB84
in our polarization analysis of the SALT/RSS targets. Using an F-test
(Lupton 1993) procedure for the SALT/RSS targets, we found that
the inclusion of the K-parameter was not statistically warranted (at
the 68% confidence level), ptimize the remaining parameters,

we thergiaue set K=1.15 fo ALT/RSS targets.
hows the reduced polarization spectra with the best
fit Serkowski function. Where the "Rayleigh" component was war-

ranted/needed (the c-parameter has an S/N > 3) we have overlaid
the best simultaneous fits of the two functions. Best fit polarization

parameters are shews in Table 6.
listed

4 RESULTS

Figure 4 shows the distribution of ;4 x vs. Ay for the @

sack, overlaid on the results for the Taurus cloud from V20 (shown in

“orange), for comparison. Filled symbols represent the current data,
while open symbols represent the results from APO7. Blue and red
symbols, respectively, indicate lines of sight above (and to the right
of), and below and to the left of the nominal I(60um)/I(100um) vs.
Ay relationship including the inherent dispersion in Figure 1.

Several aspects of this ptet are noteworthy:
Figure

e In contrast to the Taurus results, most of the Coalsack datggeach
an asymptotic value in 4,4, at small extinctions, of ~0.6/.mﬁ
e The bifurcation in A,,4x(Ay) seen in Taurus is present also



Reviewer
Pencil

Reviewer
Note
This is confusing.
Did 2MASS photometry inform the (g,r) transformation to (B,V) -or- did you pull in 2MASS data for the extinction ratio calculations?
As written, I can’t tell what you did.

Reviewer
Note
You might want to mention that the NIR colors are nearly immune to Rv values, hence the 5.82 value has no Rv dependence.
A reference to this notion would also help.

Reviewer
Pencil

Reviewer
Note
Quantitative?

Reviewer
Pencil

Reviewer
Note
Hmm, I thought earlier it was claimed that Av came from the spectra.
In either case, the table notes to Table 2 should spell out how Av was estimated, though again, that could appear in the Table 2 contents introduction text (currently absent).

Reviewer
Note
“…(all differences are less than 3 sigma)…”

Reviewer
Note
Your higher-than-ISM Rv values for these two stars are probably the explanation.
Gaia likely used ISM Rv=3.1 to deextinct, which would drive the blue fluxes too high and lead to excessively high color temperatures.

Reviewer
Pencil

Reviewer
Note
Table 7 is introduced before Table 6.
[is anyone proofreading?]

Reviewer
Pencil

Reviewer
Note
As for Tables, introduced Figures need content discussion in the text when they are first mentioned.
If a figure is important enough to include in a paper, then favor it with some useful sentences in the text.
Readers NEED to have figures explained to them so they take away what you want them to know.

Reviewer
Pencil

Reviewer
Pencil

Reviewer
Pencil

Reviewer
FreeText
listed

Reviewer
Note
You could remind the reader that, roughly, as lambda gets large (1/lambda -> 0), the y-axis intercept for a given fitted star’s curve reveals the star’s Rv value.

Reviewer
Pencil

Reviewer
FreeText
lists

Reviewer
Pencil

Reviewer
Note
“eqn 2”
(not just “2”)

Reviewer
Pencil

Reviewer
Pencil

Reviewer
FreeText
use of

Reviewer
Pencil

Reviewer
Pencil

Reviewer
FreeText
listed

Reviewer
Pencil

Reviewer
Pencil

Reviewer
Pencil

Reviewer
Note
You lost me here.
You have the fitted u,q from the spectropolarimetry.
What u,q are you adding to them?
Why?
Lost, as all readers will be…
Better motivation and explanations needed.

Reviewer
Pencil

Reviewer
Note
How were the synthetic data sets created?
What were their natures and what were their parameter spans?

Reviewer
Note
“…fitting of …”

Reviewer
Pencil

Reviewer
Note
Explain what is in the figure and what the reader should glean from examination thereof.

Reviewer
Pencil

Reviewer
Note
The caption presently only calls out the HIPPO data.
The caption needs editing.

Reviewer
Pencil

Reviewer
FreeText
Figure

Reviewer
Note
“…while the Taurus data seem to head toward the normal ISM value of 0.5um at low Av.”
[complete the comparison instead of leaving it implied]


Page 9 of 17
Grain Alignment in the Deep Coalsack 9

1
2
3 10.0 100
4 75 [JHR80] D-1 Pmax = 4.34 £0.22 . [HR80] D-4 Pmax = 3.74+ 0.07
6 = 501 ¢=0.19 £0.03 % 5.0 .
7 25 - 2.5 1 "-’ﬁ I ———
8 0.0 ; ' " 0.0 . { . . . . . B
9 1.2 14 1.6 0.4 06 0.8 1.0 1.2 14 1.6
10 100 100 A
11 s — i o i
S 0+ 5 {

12 2 ko2 | 75.2+0.2
13 @ 0 l .
14 100 . . i 50 -
15 12 14 1.6 04 0.6 0.8 1.0 1.2 14 1.6
16 10.0 rim
17 10 imax f 5.49f ggz - [JHR80] D-14 Pmax =2.01+ 0.04
18 = max = 0.56 £0. = \ Amax = 1.00 £0.07
19 o 51 = 507 1\ c=0.17 £0.01
L O e 251 | | i shpmt
21 . | - B ; }} L e, : , ,‘
22 14 16 04 06 0.8 1.0 12 14 16

100 - 100 A
23 [T —

l{l .I{.- 0 1 ) _—
24 = 50 A [ £ ]
® _ o 2
25 S, 94=79.8+0.1 o, 01
26 ° 0 ® ‘ l
27 50 A L T T T T T T 100 A T T T T T T T
28 06 0.8 }\1[.0 ] 12 14 16 0.4 06 0.8 1.0 12 14 16
29 ks 10.0 A bl
| i ' I

z? 10 [JHR80] D-17 Prax = 5.02 +0.06 25 [JHR80] D-19 Pmax = 3.53+0.11

9 =0.720. = N =0.55 % 0.02
32 = }‘{H{Mﬁ&mm;% ..... Amax = 0.72£0.02 % 5.0 - Hi{i{ i max
33 { it bTTTTTT— . 25{ [T *i"”’*“’*"?”f?*“séréiag _________
34 et T i

T T T T T T 0.0 T T T T T T T

100 A 100 4

— 50 B ¥ —
> > Vg)=71.1+£0.5°

38 S l[»' ( 9s }-‘63.7 +0.3 | 3 ©] | ! ' S)
39 © l ®
40 =50 A ' ' . . . . 100 . . ' ' ' . .
41 04 06 0.8 1.0 12 14 16 04 06 0.8 1.0 1.2 14 1.6
1 N [um] A [um]
43 104 | MHR80]D-19B Pmax = 3.68+0.45 10 -\ [/HRE01 D-20 Pmax = 4.01+0.07
44 - Amax = 0.54+0.05 B " Amax = 0.84 £ 0.04
45 £ ] g £ c=0.35+0.02

o 5 —— H i o 54
46 , i 1 L L
47 | [l EEL5 S I N B 1| S,

. ' ' ' ' A L e

48 04 05 06 07 08 0.9 1.0 0 o4 06 08 10 12 14 16
49 100 1 i1 i PRI FTY] " i 14 i 100 1
50 _ prEe AT B © I e - ;

g VS%72.9+0.9° g 7]
51 g o S s Vsl= 67.2+0.3°
52 @ © 04 IR|=86.1+17°
>3 100 , , , , i i ! . 50
>4 04 0.5 06 0.7 08 09 1.0 04 06 08 10 12 14 16
55 A [um] A [um]

58 ‘ Figure 3. Polarrzatron spectra of the stars observed wrth SALT/RSS areghgan together with H-band polarimetry from JHR84, with best fit Serkowski (and,

where required, ROSP o ettons—EQr each ﬁ e upper panel shows the polarization amount, with the Serkowski function shown
inQrange’q "Raylergh” component in green and the combmed fit iRZedSThe lower panel shows the position angles with the SeNOWRKIS{O00(idn Kh¢ROR3)
60 orange, the "Rayleigh" component in green and the combined fit in blue. We note that stars D-17 and D-20 were observed twice (as secondary stars in the

other star’s setting). Only one spectrum per star is shown here. The values listed in Table 6 are weighted averages of the two observations, and therefore differ
i tha vralitac Atredad (Favr ~mva ~hoariratimnm) 10m theio Boarira Tha darivad maramofare acran avennt £ar thaoa PA vvalizsoe Far TTIIOCCOA T 11 vriithin thater 1 o v11f11al



Reviewer
Pencil

Reviewer
Note
Please pick a font such that the theta  symbol here matches the theta symbol in the text and its equations.

Reviewer
Pencil

Reviewer
Pencil

Reviewer
Pencil

Reviewer
Pencil

Reviewer
Note
In a pinch, like this one, you can force the figure caption onto its own page.
This makes it readable in manuscript form.
The journal can figure out how to get the placement in the printed paper right.

Reviewer
Pencil

Reviewer
Note
Distinguishing red from orange is hard enough for the non-visually-impaired.
Think about what a chromatically challenged reader might see.


ONOUVLT DA WN =

10  B-G Andersson et al.

Page 10 of 17

Table 6. Serkowski Fit Parameters - SALT/RSS target Serkowski Fit Rayleigh Fit
1

L3 v ¥ Ll

Star Pmax Amax < P.A. > PR PA.R
[Te] [pm] [° [E of N] [Fe] [° [Eof N]

[JHR80 D-1] 434+022 0.65+0.04 64.1+0.5 0.19+0.03 134+4
[JHR80] D-4 374 +£0.07 0.57+0.01 75.2+0.2 - -
[JHR80] D-6 549 +£0.07 0.56=+0.01 79.8 0.1 - -
[JHR80] D-14  2.01 £0.04  1.00 + 0.07 50.1£0.5 0.17+0.01 95+3
[JHR80] D-17 5.07 +£0.05 0.72 +£0.01 61.8 0.2 -
[JHR80] D-19 3.53+0.11 0.55+0.02 71.1+£0.5 - -
D-19B? 368 £045 0.54+0.05 72.9+ 0.9 - -
[JHR80] D-20 4.02+0.07 0.82+0.03 67.1+0.3 0.35+£0.02 86+2

a: SALT/RSS star for which H-band polarimetry is not available. This star was also not identified in [JHR80]

Table 7. Extinction Parameters - SALT/RSS target

Star € B Ry (fit)y Ry (WvB)?
[JHR80] D-1 32+0.6 09+0.1 5.9+0.6 5.3+0.5
[JHR80] D-4 1.6+0.2  1.4+0.1  3.7+0.1 3.7+0.4
[JHR80] D-6 1.6+03 1.3+0.2 3.8+0.3 3.8+0.5
[JHR80] D-14  1.9+0.2 1.2+0.1 4.1+0.2 3.8+0.4
[JHR80] D-17  2.9+0.1 1.0£0.1  5.4+0.1 4.8+0.3
[JHR80] D-19  2.2+0.3  1.1+0.1 4.4+0.3 4.0+0.4
D-19B 3.7+0.9 0.8+0.2 5.9+0.7 4.4+0.8
[JHR80] D-20  3.1+0.8 0.9+0.2 5.6+0.7 5.1+£0.8

a: Using equation 3 (Whittet & van Breda 1978)

for the Southern Coalsack. The bifurcation poiniin the two sets are
consistent with each other, although there are too few data points in
the current Coalsack sample to evaluate this in detail. Two lines of
sight are confidently located on the upper branch in the Coalsack:
[JHR80] D-20 with Ay, A;nax=1{5.4£0.5, 0.82+0.03} and [JHR80]

D-14 with Ay, A;ax={72+0.3, 1.00+0.07}
e As for Taurus, £prod = D) of the A;,,4x distribution is evident

around Ay ~2 mag. for the Coalsack. (Figure. 4)
e Finally, three of the "low" A,,4x points at high extinction fall

Wapolatlon of thedow-Ay A;ax(Ay a lationshipo
ton, we find total to-selective extinctions, Ry,

significantly greater than the diffuse ISM value of sing
weighted averages,we find that for Ay=1-2 mag. < Ry >=4.3+0.1;
for Ay=2-3 mag. < Ry >=3.9+0.7; for Ay=3-5 mag. <

Ry >=4.13+0.1 and for Ay >5 mag. < Ry >5 0.2. For the
full Ay range we find < Ry >=4.01+0.05.

We expand on each of these results next.

4.1 Asymptotic 1,,,x(Ay) at Small Extinctions

As discussed ﬁ the lower size limit for aligned dust grains, u
RAT alignment 48 governed by?e/ithef the reddening into the cloud
and the alignment condition that the smallest aligned grain is given by

the sl‘>h ortest remaining wavelength of the radiation field; a;lllf =1/2,
or, e collisional disalignment which depends linearly on the grain
radlus (such that the smallest grains disalign fastest).

We used the nominal 4,4 (Ay ) relationship derived for the Coal-

sack by AP07
Amax = (0.50 £0.02) + (0.05+0.01) - Ay @

MNRAS 000, 1-16 (2023)

to compare and clarify the results from the I(60xm)/I(100um) vs.
Ay analysis s below Ay < ag. If we select only those
lines of sight differ in | A, ) | from equation 4.1 by
more than 207, we find that of the 12 line:of sight which fall below
the nominal A,,4x(Ay ) relationship, 7 show hi tive FIR colou
temperatures, 5 fall in the nominal I(60um)/I(1 ) vs. Ay region,
and none show a IOE ratio. For the 15 lines of sight significantly
above equation 4. how low FIR ratios, 9 fall in the nominal
1(604m)/I(100um) vs. Ay region, and 1 show a high FIR ratio.

Because a high (low) FIR(Ay ) ratio indicates a line of sight where
the effective opacity is lower (higher) than the measured line-of-sight
extinction, these results - especially for the first group (low 4,,4x (Ay
and high FIR ratlos) are consistent with a geometric origin of th
outliers, such as-Wlere the line of sight probes inter-clump material,
partially protected from the diffuse radiation field by surroundin
clouds/clumps (type C in Figure 7 in AP07). The relatively large
number of line:of sight with high A,,,4x(Ay) but nominal FIR ratios,
on the other hand, may indicate an additional mechanism increasing
Amax above the value expected from reddening into the cloud. As
discussed in V20, localized increases in the gas space density and/or
temperature, which preferentially disalign the smallest grains, can
cause this effect. Given the mostly nominal values of the FIR ratios,
density enhancements are more likely than significant temperature
changes. As shown by V20 (their Figure 5c), a constant A,;4x
0.6um at small Ay implies a gas density of ~ 2 - 10* cm

4.2 Bifurcation of 1,,,,x(Ay) at Ay >4

A the Taurus cloud, the bifurcation in A,,4 X(Avﬁurs at
Ay®"4 mag. Additional data are needed to constrain this relative
result further. However, the bifurcation, as such, i . As shown
y the modeling in V20, differences in A,;4x, at ven Ay, can
e caused by differences in the gas density of the material, and/or
grain growtl‘q\i\’lth both spectral classifications and multi-band (im-
portantly also blue light) photometry availab eelﬁh%erlve the
otal-to-selective extinctio 8 rg ‘
TSults as a function of the visual extinction. Wi
structure 1s seen (especially beyond Ay =5 mag.), there is no syqtem-
atic difference in Ry between the hne‘:of sight én the "upper-" and
"lower branches", indicating that the large values of A,;4x on the
upper branch are likely not due to@ grain growth caused by
ice mantle formation. However, as uss below, T large upper
grain size limitg,implied by the high Ry values,are required for these
large values of A;qx-
ssgre 6 shows the polarization efficiency (p;qx/Ay) for our tar-
geH general negative trend is seen with increasing extinction for
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; the low and medium extinction targeE)r a constant (and wave-
3 length independent) grain alignment, and a fully turbulent magnetic

field, a power-law drop-off with an exponent of -1/2 is expected
4 (Jones et al. 1992). For regions whegga@nly a surface layer contributes
5 to the polarization = )) a power-law exponent of
6 -1 (i.e. p does not increase with Ay/) 1s expected. These slopes are
7 shown for illustrative purposes in the figure, but note that they are
8 not fits to the data.
9 Because the alignment efficiency on different lines of sight, in the
10 low-to-medium extinction medium, is not constant, as illustrated by
1 the varying FIR ratios, and because different grain sizes experience
12 different (dis)alignment strengths, we would not expect a simple
13 power-law to apply to all line"\of sight

At visual extinctions beyond Ay ~ ., where the grain heating

14 by the external field is unimportant, we find a well defined and very
15 steep fall off in pmax/Ay, with a power-law exponent of -2.4+0.1,
16 if all the lines of sight are included. If we use only the points on
17 the lower branch to calculate the fit (Figure 7, black symbols) a
18 power-law exponent of -1.4+0.1 is found. The line of sight towards
19 [JHR80] D-14, on the top of the upper branch, isat a signE)tly
20 lower polarization efficiency than expected from this fit.
21 Despite the very steep fall of the polarization efficiency, this does
22 likely not indicate a simple (where all grain align-
55 ment has ceased) at or near Ay =4 = b., since that would leave also
24 Amax fixed. Grain alignment is, clearly, significantly decreased -

more so for the smaller grains - but residual alignment is present,
25 which can be further suppressed by enhanced collisions. large
26 offset for [JHR80] D-14 from the best-fit curve shows thisé
27 Following Jones et al. (1980),we calculate the on-the-sky distance
28 of the stars from the center of Tapia’s Globule #2 (Table 2, column
29 10). As shown in Figure 6 of Jon&s et al. (1980), the core of thgo
30 lobule is detected to about 200"’ from center, meaning that in
31 ur s nly [JHR80] D-14 unambiguously probeﬁthe core of the
32 éobul easured by NIR color excess. Further data are needed to
33 establish whether ice-mantle mediated grain = h is taking place
34 in any locations in the core, but our data supp¥§ ht A;ax traces
35 the gas density in the medium.

Wi he bifurcation at ~4 mag.]f)rovides a drastic dispersion in

36 Amax(A milar ﬁme also seen at more moderate extinctions.
37 As medi xtincti v r2 magﬁ lines of sight into the cloud
38 are probed, the smallest aligned grain is more often determined by
39 the colour of the radiation field, ad the liwssy dependence of A4
40 on Ay is reestablished (for dense, low-ex |ofhmaterial as we see
41 in the Coalsack). For inhomogeneous clouds, a mix of thﬁlcan
42 occur, as seen in both Taurus and here, where for some exti sa
43 broadening of the A;,4x(Ay) relation is seen. This is prominent E
44 the Taurus data at Ay ~2 mag),'and also seen in our current results
45
46 4.3 Low A;;,4x Values at High Extinctions
47 While there are several mechanism identified that can cause A, to
48 increase beyond that expected from RAT alignment in a dark, quies-
49 cent cloud(decr max at high Ay (again, in a star-less cloud)
50 is not easily explained. Since the FIR color is constant for our sample
51 beyond Ay =4 magrimplying that no internal radiationgggirces are
52 present, we must seek other explanations for t
53 values of A;,,4x seen at Ay > 7 mag/in Figure 4.
54 Since many of our targets are at large distances, their polariza-
55 tion spectra may contain effects from material background to the
56 Coalsack. Seidensticker & Schmidt-Kaler (1989) has argued that the
57 near-side of the Carina arm is located at about 1.3 kpc, so most of the
58 targets observed with SALT/RSS, and all of the ones with low A4
59
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Figure 4. The locations of tiiﬁization peak are shown as a function of

values at Ay > 7 mag., are located in or behind the Carina arm.
The large scale magnetic field in the Galaxy follows the spiral arms
(Heiles 1996; Brown 2010, and refs. therein), so we would, generally,
expect such background polarization to be along the Galactic plane.

Because the position angles in Equatorial and Galactic coordinates
(in the direction of the Coalsack) differ by less than 5°, polarization
from the Carina arm (and the average Galactic field direction) should
be detectable, if the polarization signal is strong enough. If the dust
in the Carina arm has a significantly smaller a:;ll.lf " and therefore
smaller inherent 4,4, than the dust at large extinction in the Coal-
sack, the polarization signal from the background could enhance the
observed polarization at shorter wavelength and should then rotate
the position angles to smaller values, even allowing for polarimet-
ric radiative transfer effects in the Coalsack envelope. (For longer
wavelengths where the larger grains dominate, any signal from the
background is likely to be unimportant)

We reviewed the residuals in position angles from our spectral fit-
ting at the shorter wavelengths in our SALT/RSS data. Because of the
systematic uncertainties introduced by the nominally atmospheric
Rayleigh scattering (and decreasing instrumental sensitivities), we
could only evaluate these effects downga ~5000A. No clear system-
atic trends beyond ~5-10° are preseb therefore seems unlikely
that the small A,,,x values seen at Ay >7 mag. are due to back-
ground polarization. As Table 3 shows, the position angles for the
Hippo targets vary significantly, with the bulk of targets showing
45° <P.A.< 100 °. Polarization along the Galactic plan would be
consistent with the higher part of this range. However,
targets at d<1 kpc show such position angles.
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5 DISCUSSION

Our comparison of t alsack ana;\/rus polarimetry data shows
that the two data setﬁe closely >1.5 mag),' with a similar
bifurcation in the A,,,4x (Ay ) relation at Ay ~4 mag{é’nd abroaden-
ing of the A;;4x (Ay) distribution at around Ay ~2 mag. Two of our
Coalsack lines of sight ([JHR80] D-14 and [JHR80] D-20) are lo-
cated on "the upper branch" showing the existence of this

in the Coalsack. The locations on the sky of [JHR80] D-14, inside
the outline of Tapia’s Globule #2 (the central core of the Southern
Coalsack) as mapped by JHB84, is consistent with the findings of
Vaillancourt et al. (2020) that the "upper branch" corresponds to vol-
umes of high space-density material, at high visual extinction. The
on-the-sky offset for [JHR80] D-20, and it’s more moderate visual
extinction, are consistent with its somewhat lower A4y, but still
indicate an enhanced gas density on this line of sight.

While no enhancement is seen in the total-to-selective extinction
(Ry) for the upper branch, the average value of Ry in the Southern
Coalsack is significantly greater, < Ry 4.0+0.1 (weighted average
for Ay=1-5 mag/), than the typical value for the ISM of 3.1 (Whittet
2003). Based on )(analysis of the p Oph line of sight 4.4),
Mathis & Wallenharst (1981)ﬁ6und an upper limit on the grain size
distribution clos€r4e- d,,qx=0.4-0.5 pm. Thus, the generally large
values derived for Ry indicateg that the maximum grain sizes
in the Coalsack are larger than the typical ISM value of @;,4x=0.3
um, even at moderate extinctions.

We compared our observationalto the theoret-
ical predictions for a star-less molecular cloud,from Lee et al. (2020),
(Figures 7 In these E{gures blue symbols indicate calculations
without radi y driven grain disruption (RAT-D; Hoang et al.
2019), while red symbols indicate calculations including the RAT-D
effect. Joownward pointing triangles correspond to the ave; en-

rgy density in the local interstellar radiation field (u;sgrr= Bile
upward pointing triangles correspond to u;sgr r=10 (Lee et al. 2020).

We find that the the theoretical curves m Lee et al. (2020) show
bothteedarge 1,4 and toedasge pyax/Al mpared to the data.
While the stronger radiation field models closer to matching
the observed values of 4,4, they make the mismatch in polarization
efficiency worse. The slope in pqx/Ay vs. Ay is also too shallow
in the theoretical calculations - even for the "lower branch" lines
of sight. As expected for a dense star-less cloud, the RAT-D effect
makes very little difference, and does not help the calculations match
the observations.

: . . .. the choice by
The likely explanatjon for this mismatch originates inpLee et al.

(2020) Wgkidise the upper boundary on the grain size distribution

e 1.0 pm (Hoang, 2024, private communications). Because the RAT

[alignment condition is a lowei = 'Don the wavelength (147;gn < 2
a) and because (€ extinction deCreases towards longer wavelengths,
larger grains will be aligned if smaller ones are - unless strong radia-
tive disruption is present. Hence reconciling the theoretical models
with our dat ires a smaller value of a,;,,x than assumed by Lee
et al. (2020)

As noted above, our derived values of Ry, ~ 3.5-5 for the §
of sight imply a;,,4x of ~0.4-0.5 um. A fairly sharp upper { =
at this radius would yield smaller A4 valueganda steepid
Pmax/Ay vs. Ay, tha wing the size distribution to continue to
larger radii. It t for the two stars on the upper branchu
[JHR80] D-14 has the s r Ry value of 3.9+0.2, while [JHR80]
D-20 has Ry=5.1.£0.6.

Such a smaller value of a4 x (2gx ~0.4um, rather than ~1.0um)
is also supported by comparing the polarization efficiency (Figure
7)to t}gcalculations by Hoang et al. (2021), especially for [JHR80]
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D-14. Their Figure 5 shows that grains with a ~0.4-0.5 um, at Ay =7
mag? are collisionally disaligned at a gas density of ng=103-10°
cm™3. The steep slope in ppax/Ay (Ay) (Figure 7), even on the
lower branch (power-law exponent <-1), indicates that the reddening
is moving agjign close to azqx and hence the loss in polariza-
tion efficiency is dominatedz}ot by the alignment efficiency of the
still aligned grains, but rather the size fraction of remaining aligned
grains. \ﬂ—

A(Shal = IDoff at a,,4x=0.4-0.5 um would also explain the sig-
inficant deficit in py;4/Ay for [JHR80] D-14, on the upper branch,
as the additional collisional disalignment on this line of sight would
then come very close to disalign‘%ﬁﬁﬁé grains (up to a,,4x) and hence
fully destroying the generation of polarization in the dense gas. For
[JHR80] D-20 with a larger Ry and lower Ay, the collisional dis-
aligngagat, even at the higher density of the upper branch, would not
have = S e~enough-to amE generate the steeper drop in

Pmax/Ay.

Whether additional, ice-mantle enhanced, grain growth is present
in the Coalsack is not clear from our data. Smith et al. (2002) mea-
sured the water ice line at 3.08um towards 6 background stars in
the Coalsack. They only detected the line at more than 20 for two
stars: [JHR80] D-7 (110”from the globule center; compared to a
distance for [JHR80] D-14 of 169’") and, marginally (at 2.33¢"), for
[JHR8O0] E-18 (well away from the globule core, but possibly prob-
ing a secondary density maximum). Further, and likely even deeper,
spectro-polarimetric data are needed to address tthionship be-

tween ice mantles and grain growth in the Coalsac

A space density of ng=10°-10° cm™3 for the upper branch in-
dicates that the clump-interclump gas density contrast varies in the
cloud. In the low-to-medium extinction region (Ay < 4 mag.) the
density contrast is of the order 100, while in the high extinction range
(Ay > 4 mag.) it is then closer to 10%.

Also for low extinctions (Ay <1.5 mag)Jthe Southern Coalsack
and Taurus show similarities, except that the collisional effects are
stronger in the former, indicating a gas density of several times 10*
cm ™3 on the moderate extinction sight lines in the Coalsack. Such an
elevated gas density is consistent with the compression of the cloud
by the Upper Centaurus-Lupus super bubble discusseqﬁp Both
because the collision rate only depends on the gas tempe! e as VT
and because relatively higher values of A,,,,x are not strongly associ-
ated with large ratios of I(60um)/I(100um) (Sec. 4.1), we conclude
that the high (constant) value of A, is due to enhance gas density,
rather than heating.

As noted in the results section, the low values of A, for the
three most highly extincted stars on the lower branch is surprising.
While no position angle rotation (indicating a background polariza-
tion component with 6 4; ~90 vident in our data, these do not
effectively extend below ~500 igher qualitpshort wavelength
data may resolve this issue.

6 SUMMARY AND CONCLUSIONS

We have used multiband- and spectro-polarimetry of stars behind the

Southern Coalsack, from the SAAO 1.9gfIPPO and SALT/RSS, to
study the dependence of the 4 = veSwith extinction. Our
sample contains 74 linez‘of sight spanning Ay=0.4-10.6 mag. We find
s

e A similar bifurcation in 4,4 (Ay ) as seen in the Taurus clouds
(V20) is present also in the Southern Coalsack, indicating a clumpy

structure where collisional disalignment is responsible for the large
values of A,4x on the "upper branch" of the bifurcation.
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o The total-to-selective extincti the cloud, both at moderate
and high extinctions, is Ry ~4-5. Oﬁ

e The Ry values on the upper and lower branches of A,,,4x(Ay)
(for Ay >4) are not systematically different, indicating that grain
growth is not the dominant cause of the upper branch in the Coal-

disalignment to produce the large 4,4 values on the upper branc
large grains (up to a ~ 0.4 — 0.54m) must be present, as is indicate
by the large derived Ry values.

e For the line of sight at the top of the upper brancE: find
a significant decrease in the polarization efficiency (pmax/Av)
relative to the other high extinction line of sj his is consistent
with the size of )Smallest aligned grain 3 ing close to the
upper end of the [total] grain size distribution for this target, and

indicatg a fairly sharp cut-off in grain size at amq x:ﬁj pm.

sack. However, to allow high gas densities and intense collisionb

This line of sight is, also, the one in our sample probin, core of
Tapia’s Globule #2,as delineated by Jones et al. (1980) The other
target on the upper branc& both lower Ay and larger ch
that even with higher gas densities, the collisional disalignm oes
not reach a4 for this line of sight.

o Because the Southern Coalsack is star-less, this upper limit on
the grains sizes implies that the RAT-D effect is not requ Head
the large grain population. important in limiting

e At low extinctions ,the Coalsack mostly shows constant
Amax (Ay) values of ~0.6 um, indicating a gas density of ~ 2 - 10*
cm ™3 in the outer part of the cloud.

e Some of the lines of sight on the lower branch show A,;,4 values
significantly below what would be expected from RAT alignment of
a standard MRN grain size distributiﬁne cause of this is unclear,
but does not seem to be due to backg contamination.
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The reduced HIPPO data are given in Table 3. Raw RSS data are avail-
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is described on the SAAO website and can be down-loaded from
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APPENDIX A: ORIGIN OF THE POTENTIAL RAYLEIGH
SCATTERED LIGHT COMPONENT

As discussed in Sect. 2.2 and 3.3, our polarization data show de-
viations from the ISM/SerkOWﬁkl fupctl?nal form for some stars at
the bluest wavelengths, in t-he-amea-ﬂ-t—; an posmon angle. We have
modeled this as a Rayleigh scattering component in our analysis.

Because the observations were taken after Astronomical Twilight,
and during low lunar illumination and elevations, the question of
where this signal originates is important to address.

Given ideal observations and data reduction, any sky polarization
will be removed by the data reduction process. Because of the optical
complexity of RSS, the polSALT pipeline must correct for a number
of instrumental effects which also makes the processing complex.
We did not attempt to track these through the pipeline code and so
cannot with certainty say what may have caused the blue polarization
in the polSALT outputs. We reitterate that, for the two stars ([JHR80]
D-17 and D-20) that were observed together at two different times,
the polarization parameters (with the exception of the P.A. for the
former) are within the mutual uncertainties in the pairs. Here,we will
restrict ourselves to 1) noting possible causes of the effect (beyond
instrumental ones) and 2) a brief discussion of its impact on our
derived polarization parameters.

We first note that while the S/N values in the polarizatioaindi-
vidual spectral bins shortward of ~0.5 um are mostly low and that
some of the "signal" could therefore be random, given the inherent
positive-definite bias of polarization data (cf Vaillancourt 2006), the
spectral fitting was performed in (q,u) space. Below this wavelength
the polSALT pipeline also often fails to converge and does not pro-
duce a measurement (seen as missing data in Figure 3. However, for
-segv?e%a-} stars ([JHR80] D-1, D-14, D-20) there are significant and
systematic deviations from the Serkowski form between ~ 0.5-0.6
pm with reasonable signal-to-noise.

A further indication that the signal may be real arises from the fact
that both of the observations acquired on May 13, 2021, ([JHRS80]
D-14 and D-20) show detectable "Rayleigh" polarization. While the
observer’s log indicate "Clear" skies, a review of satellite IR imaging
(https://meteologix.com/za/satellite/south-africa - available on a 15
min. sampling) indicates that some clouds were present in the vicinity
of the SAAO.

In Table Al we use the boundary of the Western and Northern
Cape provinces (about 30 km south of SAAO) as a proxy for "clouds
detectable in the area". Because there are ground features that yield
variations in the IR images, we compared the different satellite snap-
shots to assess whether clouds were present or not (The IR satellite
image for 09/06/21, UT=19:45, corresponding to observations of
[JHR80] D-17, likely shows only ground features). The image for
04/06/21 is clearly brighter, over?glll, than for the fully clear nights,
although this could be a calibration issue with the satellite data.
We’ve listed this as "diffuse". At the observing time for [JHRS0]
D-20, clouds are detectable on the Western/Norther Cape boundary
to the south of SAAO (At transit, the Coalsack is located at a zenith
angle of ~ 30° south of the SAAO). ibit

Table Al veals’that the observations shelulq-llgg Rayleigh compo-
nents likely had some cloud cover in the SAAO vicinity. In con-
trast, the observation of [JHR80] D-19 likely had some cloud cover
over the observatory (based on the satellite image), but shows no
clear "Rayleigh component". (As noted above, the target 19B was
observed together with [JHR80] D-19, offset in the slit). For this
observation very few of the spectral bins below ~ 0.5 ym converged
in the polSALT processing.

While we cannot conclusively determine that these spectral fea-
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tures are due to atmospheric scattering, there are thus indications that
they may be related to the presence of [cirrus] clouds. It is, however
and in addition, not clear, given the low elevation of both the Sun
and Moon at these observations (and the low Lunar illumination),
where the i, ausing the purported Rayleigh scattering would have

originated.
The effects - and local deviation from the Serkowski form - are)

still quite clear, especially in the cases of [JHR80] D-1 and D-20.
We compared the results of our combined (Serkowski + Rayleigh)
fitgpover the full available spectral range, to fits of only a Serkowski
function restricted to 4 >0.6 um. The derived parameters (Pmax
and A4 ) are - with the exception of [JHR80] D-20 - within their
mutual uncertainties,’between the two processees. However, because
Amax 1s usually close to 4=0.6 um, we have chosen to include the
full available wavelength range and therefore the Rayleigh term in
our fits.

This paper has been typeset from a TEX/IXTEX file prepared by the author.
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Table A1. SALT/RSS Observations Data

Star Date Obs. Time (UT)*  Solar El.  Lunar El.  Lunar [llum.  Clouds?  Rayleigh Comp.?
[dd/mm/yy] [hh:mm] [°] [°] [%]

[JHRS0]D-1  04/06/21 19:53 53 55
[JHRS0] D-4  09/05/21 18:11 30 42
[JHRS0]D-6  08/05/21 19:47 -50 58
[JHR80] D-14  13/05/21 18:11 30 15
9 [JHR80] D-17  09/06/21 19:50 -52 -59
10 [JHR80] D-19  08/05/21 20:41 61 61
11 D-19B 08/05/21 20:41 61 61
12 [JHR80] D20 13/05/21 18:52 38 23

(3]
wn

Diffuse Yes
No No
No No
Yes Yes
No No
Yes No
Yes No

Marginal Yes

ONOUVLT DA WN =

A NN RN Ww

a: Start of observation
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