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ABSTRACT

We present a polarimetric study of the RCW121 star-forming region to derive the orientation
of the sky-projected magnetic field component traced by the polarization vectors, the mor-
phology of which tends to follow the cloud’s structure. Individual polarization-angle values
are consistent across the different bands, having a broad distribution towards the RCW121
H 1 region. We estimate the corresponding magnetic field orientation in the H 1 region to
have a mean value of —12° £ 7°. RCW121 shows an elongated shape in the same direction
as the magnetic field orientation, which may be evidence that magnetic pressure opposes the
H 1 region expansion. Serkowski’s relation was used to determine individual values of the
total-to-selective extinction ratio (Ry) distribution and a weighted mean value of Ry = 3.17 £
0.05. We derive a foreground component of the polarization degree that is consistent with the
literature value for this Galactic region.
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1 INTRODUCTION

It is well known that stars form in molecular clouds and the main
actors in this process are probably gravity, pressure, outflows, tur-
bulence and magnetic fields (McKee & Ostriker 2007). However,
the specific role each one plays is still being unveiled. Measurement
of the polarization of starlight is a powerful tool to study the plane-
of-sky component of the magnetic field. Polarimetric studies of H 1t
regions allow us to understand how massive star formation impacts
on the surrounding interstellar medium (ISM) and magnetic field
lines. Interstellar dust grains polarize the background starlight, be-
cause of its anisotropy in light absorption (dichroism) and tendency
to align (which means that this type of dust grain is not spherical)
with the Galactic magnetic field. Recent observations and theory
point to radiative alignment torques (RAT, proposed by Dolginov &
Mytrophanov 1976) as the mechanism that best explains interstel-
lar dust grain alignment (see Andersson, Lazarian & Vaillancourt
2015 for a review on dust alignment theory). Multiband measure-
ments of polarization degree allow us to infer information about the
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grain size, as well as the total-to-selective extinction (Ry), using the
empirical Serkowski’s law (Serkowski, Mathewson & Ford 1975).

RCW121 (Rodgers, Campbell & Whiteoak 1960), also known as
Sharpless 2-4 (Sharpless 1959), is located in the Galactic plane in
the direction of Scorpio at an approximate heliocentric distance of
2 kpc (Tapia et al. 2014). It is a compact H 1 region of 1 arcmin
angular diameter, probably associated with RCW122, positioned
within a giant molecular cloud detected in CO (Arnal, Duronea
& Testori 2009). H,O(Sénchez-Monge et al. 2013) and methanol
(Walsh et al. 1997) maser sources were also detected, as well as
intense CS (2-1) emission (Bronfman, Nyman & May 1996). Ad-
ditionally, a young stellar cluster embedded in this giant molecu-
lar complex was previously studied by Roman-Lopes & Abraham
(2006) using near-infrared photometric data. The authors reported
96 candidates for cluster membership, 30 per cent of them present-
ing a near-infrared excess, probably due to the presence of discs
and/or circumstellar dust. From the cluster colour—colour diagram,
they identified the main ionizing source of the H 1 region, assigning
it a spectral type O5V-06V, deriving a mean visual extinction of
Ay = 5.49439 mag, a value computed by comparing the Bracket
gamma and 5-GHz flux densities. For the associated H 11 region, the
authors determined emission measure and electronic density values
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Table 1. The polarimetric data used in this work were taken at Cerro Tololo
InterAmerican Observatory (CTIO, Chile), using the 0.9-m telescope (R fil-
ter), and the Pico dos Dias Observatory (Laboratdrio Nacional de Astrofisica
— OPD/LNA, Brazil), with the 1.6-m (H filter) and IAG 0.6-m (V, I filters)
telescopes during 2011.

CCD IR
CTIO/0.9-m LNA/0.6-m LNA/1.6-m
Filters R V,1 H
Ac [nm] 658 551,806 1630
FOV [arcmin?] 9.3 11.3 4
Scale [arcsec pixel’l] 0.42 0.666 0.25
Date 10/04/2011 9-10/07/2011 06/04/2011
Seeing (arcsec) 1.3 2.5,1.7 1.0

Ac: central wavelength.

of EM = 4.5 x 10* cm™ and n, = 2.6 x 10° cm ™3, respectively,
both values typical of compact H 11 regions.

Later, Tapia et al. (2014) re-studied this star formation region,
presenting new deep near-infrared broad- and narrow-band imaging
and low-resolution spectroscopic observations, along with Herschel
and Spitzer data. They found that the associate stellar cluster has
at least 264 members, with 25 per cent of them showing infrared
excess, inside an area of radius of 40 arcsec (0.4 pc for a quoted
distance of 2 kpc), with the stellar population age ranging from
0.5-1.0 Myr, a result obtained from the use of isochrone fittings to
the probable cluster members in the K versus H — K, diagram).

In this article, we present the first polarimetric study made in the
direction of the RCW 121 star formation region. It is part of a project
aimed at performing multiband polarimetric observations in a large
sample of Galactic star-forming regions (Santos, Roman-Lopes &
Franco 2012; Santos et al. 2014).

The main goals were to derive the magnetic field orientation
traced by the polarization vectors and to study the wavelength de-
pendence of the polarization degree (using Serkowski’s law) to
derive the total-to-selective extinction ratio (Ry) distribution and
the associated mean value, which relates to dust-grain properties.

2 OBSERVATIONS AND DATA REDUCTION

The polarimetric data used in this work were collected at
Cerro Tololo InterAmerican Observatory (CTIO, Chile), using the
0.9-m telescope, and at the Pico dos Dias Observatory (Laboratério
Nacional de Astrofisica — OPD/LNA, Brazil), using the 1.6-m and
IAG (Instituto de Astronomia, Geofisica e Ciéncias Atmosféricas)
0.6-m telescopes during 2011. In Table 1, we present a journal of
the observing runs and data set used in this work.

Both polarimeters used during the observing runs are able to
measure linear polarization. They are of similar design, consisting
of ensembles of optical and mechanical elements: a half-wave plate,
a fixed analyser and a filter wheel. The half-wave plate is a crystal
retarder placed at an angle v with respect to the North Celestial
Pole (NCP). Its effect is to retard the light by means of a phase
difference between parallel and perpendicular components of the
electric field. It rotates by angles of 22.5°, therefore a polarization
modulation cycle is completed for each 90° rotation. The analyser
is a Savart plate that divides the light into two beams. Details of the
instrument design are presented in Magalhdes et al. (1996). Having
the two beams present simultaneously represents an advantage, as
this allows one to observe even under non-photometric conditions,
as well as with the sky polarization being automatically cancelled
during the reduction process (Carleton 1976).
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Table 2. Polarimetric standards: literature values used in this work.

Polarized
STD Filter P (per cent) o (per cent) 0(°) Ref
HD111579 Vv 6.460 0.014 103.11 (1)
R 6.210 0.013 102.47 (1)
I 5.590 0.017 102.00 (1)
H 2.14 - - (1)
HD126593 R 4.821 0.012 74.81 (1)
HD110984 \%4 5.70 0.007 91.6 (1)
1 5.167 0.007 90.82 (1)
HD170938 \% 3.69 0.20 119.0 2)
HD210121 Vv 1.21 0.05 154 3)
HD164740 H 2.51 0.17 97 4)
Unpolarized
STD Filter Q (per cent) U (per cent) Ref
HD150474 R 0.001 —0.007 5)
HD10038 Vv 0.11 —0.03 (6)

The references correspond to (1) Turnshek et al. (1990), (2) Heiles (2000),
(3) Larson, Whittet & Hough (1996), (4) Wilking, Lebofsky & Rieke (1982),
(5) Gil-Hutton & Benavidez (2003), (6) Fossati et al. (2007),

2.1 Data reduction and polarimetric parameters of sources
in RCW121

Data reduction and photometric measurements on the images were
done using IRAF' tasks, with the point sources being identified and
selected with the DAOFIND task, adopting a threshold value corre-
sponding to the 5o level above the local background and maximum
data values below the saturation limits of the detectors. Photometry
was performed on the images using the pHOT task, using 10 different
apertures for each point source.

The polarization parameters were determined for each selected
source using the pccppack package” (Pereyra 2000), which consists
of a set of IRAF routines and FORTRAN codes. It makes use of least-
squares fit solutions of the modulation curves (cos 4y;, where v, is
the wave-plate position angle) to determine the normalized Stokes’s
parameters g and u (¢ = Q/I, u = U/I, where [ is the Stokes
parameter of light intensity and Q, U the Stokes’s parameters of
linear polarization). Then the polarization degree P and angle 0
(measured from the North Celestial Pole to the east) are obtained
from the well-known relations

P=Vqg+u? and 6 = (1/2)arctan(u/q).

The errors associated with the polarization degree values (o) are
computed by pccppack considering the error of the fitting process
(Magalhaes, Benedetti & Roland 1984), as well as the theoretical
error from photon noise; in order to be conservative, we adopted
the larger values out of both, which in general are obtained from the
former. Additionally, since polarization degree is defined as a posi-
tive quantity, obtained from the Stokes parameters g and u through
the equations above, the noise of these when squaring always con-
tributes in a positive way, so its value is usually overestimated; this
corresponds to a bias when measuring P. We have debiased it using
the relation P — +/ P? — o2, as suggested by Wardle & Kronberg
(1974).

Polarimetric standards were observed each night (details are
shown in Table 2) and unpolarized stars were used to determine the

! IRAFis distributed by the National Optical Astronomy Observatories, which

are operated by the Association of Universities for Research in Astronomy,
Inc., under cooperative agreement with the National Science Foundation.
2 http://www.astro.iag.usp.br/~polarimetria/gaveta/reduc_detalhada.htm
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Figure 1. Field of view of V, I (identical), R and H bands overplotted on
the Spitzer 8-um image of RCW121.

instrumental polarization contribution, which in general has values
of the order of ~0.01 per cent, much less than the sensitivity reached
with the instrument set-up used in our observations (typically errors
of ~0.05 per cent for stars with high signal-to-noise ratio). Polar-
ized standard stars were used to set the zero-point of the polarization
angles (see references in Table 2). Finally, the errors in the polar-
ization angles (e0) were determined from ef = 28.65°(c /P) for P
> o (Serkowski 1958, 1962). In our analysis, we only consider
polarization values with P/o > 3, as this removes objects that are
too faint, unpolarized and/or contaminated by cosmic rays and bad
pixels. A sample of the catalogue for stars observed in the four bands
is shown in Table Al; the complete catalogue will be available at
http://vizier.u-strasbg.fr.

Fig. 1 shows the IRAC 8-pm image of RCW121 taken from the
Spitzer archive, with the field of view of each filter indicated by
the coloured squares. The filamentary structure of the dust cloud is
quite visible, mainly in the darker part in the upper right corner of
the region.

3 ANALYSIS AND RESULTS

3.1 Observed distribution of polarization angles

In general, the mean polarization angles obtained for each star in all
bands present agreeable values (within errors). As the R band is the
one that presents the largest number of sources with P/o > 3, in
Fig. 2 we show the corresponding polarization map, where we can
see that the observed polarization angles are approximately aligned
in the north—south direction. From the observed R-band FOV, we se-
lected three subregions that present distinct characteristics. In Fig. 3,
we show histograms of polarization. The histogram corresponding
to area A (consisting mostly of the star-forming region, as indicated
by the red rectangle — upper center position) presents a broad dis-
tribution of position angles, with many different orientations, and
from the corresponding Gaussian fit we found 6 = 16° &= 17°. On
the other hand, the polarization angle distribution for sources in
area B (delineated by the green rectangle — bottom left) constitutes
a highly coherent sample with a narrow peak at 6 = 5° £ 11°.
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Figure 2. Polarization map for the R band, considering only data with
P/o > 3, with the scale for the polarization degree shown in the upper right
corner. It seems that the polarization vectors align with distortions that can
be related to the cloud structure. The dark grey diagonal line shows the
Galactic parallel b = —0.98°.
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Figure 3. Distribution of polarization angle for three subregions, shown
in Fig. 2. The red histogram corresponding to area A (containing mostly
the star-forming region, as indicated by the red rectangle) presents a broad
distribution of position angles. On the other hand, the polarization angles
computed for sources in area B (green histogram, delineated by the green
rectangle) constitute a highly coherent sample with a narrow peak on the
observed distribution of polarization angles. Finally, the distribution of po-
larization angles from sources in area C (located to the southwest and de-
lineated by the blue rectangle), represented by the blue histogram, mostly
presents negative values.
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Figure 4. Polarization maps per bin for V (top left), R (top right), I (bottom
left) and H (bottom right) filters (10 x 10 bins). The square bin sizes
are approximately 1.11, 0.87, 1.12 and 0.43 arcmin for V, R, I and H,
respectively. Contour plots are from the MSX 8.28-um images.

Finally, the distribution of polarization angles from sources in area
C (located to the southwest and delineated by the cyan rectangle)
mostly presents negative values and has a mean position value of 0
=—15° £ 21°.

3.2 Spatial distribution of polarization degree and angle

We studied the observed spatial distribution of polarization degree
values from maps in RA and Dec. by deriving the mean of the
observed polarization degree values (weighted by the associated
errors) for all stars found inside the associated RA xDec. bins. In
order to obtain the best statistic per bin without losing spatial infor-
mation, we used bin sizes optimized from the use of bidimensional
maps obtained by maximizing the product of the number of stars
per area times the number of bins. Finally, and in order to avoid
outliers that could contaminate and distort the true mean values, we
only used individual measurements within 3o with respect to the
mean.

From the polarization degree values, we constructed spatial maps
of 10x 10 square bins, while for the orientation vectors the maps
are of 35x35 square bins. The polarization degree maps are shown
in Fig. 4 and we can see that the mean polarization degree increases
towards the south, perhaps because the dust column density is larger
there, or maybe the orientation of field lines is better aligned with the
sky in this particular area. On the other hand, the orientation of the
lines tends to follow the cloud structure. Its elongated shape may be
due to the magnetic pressure that opposes the H 11 expansion, which
would be greater in the perpendicular direction to the magnetic field
lines. The southwest area displays a different orientation, probably
due to a difference in components in the line of sight.

Considering that the observed polarization angle for a given star
does not vary much with the use of different filters, we also derived
a master orientation map. For each star with polarimetric measure-
ments in more than one band, we computed the associated weighted
mean and, by following the procedure discussed above, a map was
built; the result is shown in Fig. 5. There we can see that the orienta-
tion of the vectors in the inner parts of the region tends to follow the
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FigureS. Orientation map from average polarization angle in RA-Dec. bins
(35x%35 bins) from the data available in the VRIH sample. The square bin size
is approximately 0.33 arcmin. The contour map is from the MSX 8.28-um
image (north is up, east is left). The orientation of the lines tends to follow
the cloud structure. Its elongated shape may be due to the magnetic pressure
that opposes the H 1 expansion, which would be greater in the perpendicular
direction to the magnetic field lines. The southwest area displays a different
orientation, probably due to a difference in components in the light of sight.

shape of the H 1 region (projected on to the sky plane), following
the behaviour predicted by the simulations of expanding H 11 regions
discussed by Arthur et al. (2011).

3.3 Wavelength dependence of polarization degree
and total-to-selective extinction ratio

Multiband polarimetric data allow us to study the wavelength de-
pendence of the polarization degree, the total to selective extinc-
tion ratio and the grain size distribution using Serkowski’s relation
(Serkowski et al. 1975), which can be expressed as

P, A
—Pm; = exp {—K In? (—TX)} s (D

where P, is the polarization degree for a wavelength A, Py, is the
maximum polarization degree obtained from the fit to the data and
Amax 18 the corresponding wavelength for Py, . K is a measure of
the sharpness of the curve and there is evidence that this parameter
may be a function of A, (e.g. Codina-Landaberry & Magalhaes
1976); however, we adopted the typically assumed value K = 1.15
(Serkowski et al. 1975), which is a good approximation, since our
data do not present enough accuracy to allow setting K as a free
parameter without introducing unnecessary noise to our analysis.
Nonetheless, we performed a test setting K as a free parameter
in the fit for our data points in the four bands; the difference in
the parameter output (Ppax, Amax, Subsequently Ry) is within its
associated errors.

We computed fits of Serkowski’s relation to the multiband data in
our sample, considering the filter combinations VRIH (29 sources),
VRI (168), RIH (47) and VRH (32). The VIH combination was not
used in this analysis, because we wanted to use only combinations
containing the R-band observations, as its data set in general present
the smallest errors. The fitting was performed using the program
EMCEE, a variant of Markov Chain Monte Carlo code (Foreman-
Mackey et al. 2013). Fig. 6 shows two examples of Serkowski’s
relation fitted to two stars with P/ > 3 in the VRIH bands.
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Figure 6. Diagrams of P-.~! and fits of Serkowski’s relation for two
objects present in four bands towards RCW121. The values of Pmax , Amax
and Ry determined are shown in the upper left corner.
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Figure 7. Diagram of P/Pp,x for all combinations used: VRIH (blue trian-
gles), VRI (purple diamonds), VRH (green squares) and R/H (cyan circles).
The red curve shown in this figure represents Serkowski’s relation associated
with the final Ry weighted averaged value computed from the entire sample
(and not from a fitting to the observed distribution). Error bars are shown in
grey. Central wavelengths are given in Table 1.

The individual values of the total-to-selective extinction ratio Ry
(defined as Ay/E(B — V)) for each of our 103 stars (with good chi-
squared reduced values and low individual errors) were computed
using the relation Ry = (5.6 £ 0.3)Ayx (Whittet & van Breda
1978). The final Ry weighted averaged value obtained from the
entire sample is Ry = 3.17 £ 0.05 — a result slightly above but
not so different from the Galactic canonical value Ry =~ 3.09 £+
0.03 (Rieke & Lebofsky 1985). In Fig. 7, we introduce the master
[(P/Pmax) X (Amax/A)] diagram, where we present the points ob-
tained from all combinations mentioned above. We can see that most
of the points are distributed along a band towards the Serkowski’s
relation associated with the obtained weighted average value of
Ry =3.17 £ 0.05.

The observed distribution of Ry values is shown in Fig. 8; this
presents a peak for values around the one obtained for the Galactic
normal interstellar medium, with a tail towards larger Ry values.
In Fig. 9 we also present the mean values of Ry in a RA and Dec.
spatial map. We did this by computing the mean values of Ry for the
stars in each RA—Dec. bin, together with the MSX 8.28-um contour
plot. We can see that most of the Ry values in the range 2.5 < Ry <
3.5 are found in the inner parts of RCW121 (close to the compact
H 1 region), with the higher Ry values preferentially located in the
borders of the RCW121 region. High Ry values can be attributed to
dense regions, where dust grains are supposedly larger.

MNRAS 462, 2266-2274 (2016)
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Figure 8. Observed distribution of total-to-selective extinction (Ry) values
in the direction of RCW121.
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Figure 9. Total-to-selective extinction ratio map by spatial bins. Each
coloured bin contain a minimum of one star (with an average of 1.35 sources
per bin). The square bin size is 0.8 arcminu. The contour corresponds to the
MSX 8.28-um image (north is up, east is left).

3.4 Foreground R-band polarization component

Polarization measurements of sources towards the region under
study are affected by a foreground component in the direction of the
cloud that hosts RCW121. Therefore, in order to subtract this com-
ponent from the results, it is necessary to quantify it properly. Stel-
lar groups can be separate in different ways, for example Martinez,
Vergne & Feinstein (2004) used the distribution of polarization po-
sition angle to distinguish between Hogg 22 and NGC 5204 open
cluster stars, which show different mean polarization angles. In the
case of having foreground sources at different distances, photometry
is introduced: the colour distribution and its relation to polarization
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Figure 10. (J versus J — Ks) colour—magnitude diagram (CMD) of sources
in the direction of RCW121. The blue vertical sequence seen in this diagram
is populated mainly by main-sequence foreground disc stars.

degree and angle can be used to separate these groups (e.g Santos
et al. (2014)). We investigated the colours and related polarization
degree values of stars in the direction of RCW121. We did this
for all sources in the Two Micron All-Sky Survey (2MASS) Point
Source Catalog (PSC) found in the R-band field of view, presenting
magnitude errors smaller than 0.15 mag in the J, H and K bands.
In Fig. 10, we show the (J versus J — Kg) colour—magnitude di-
agram (CMD) obtained from the 2MASS point sources found in
the area studied. There we can see the vertical blue sequence of
low-reddened stars that belong mainly to main-sequence Galactic
disc population. Moreover, in Fig. 11 we present the histogram of
polarization degree values for all sources (in red) with good po-
larimetric measurements in the associated field of view, together
with a second histogram constructed with sources restricted to the
(blue) vertical foreground sequence seen in Fig. 10. While the for-
mer presents an approximate Gaussian distribution for the observed
P values, the histogram made from the restricted sample shows a
different form. Indeed, in this case N(P) grows with P until P ~
2.5 per cent is reached, dropping suddenly after this value. We inter-
pret this brake on the observed distribution as corresponding to the
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Figure 11. Histogram of polarization degree values for all sources (in
red) with good polarimetric measurements in the R-band field of view,
together with a second histogram built with sources restricted to the (blue)
vertical foreground sequence seen in the CMD (Fig. 10). While the former
presents an approximate Gaussian distribution, the histogram made from the
restricted sample shows a different form. Indeed, in this case N(P) grows
with P until reaching P ~2.5 per cent, dropping suddenly after this value.
We interpret this brake on the observed distribution as corresponding to the
maximum value of P generated by the intervening ISM between the observer
and the RCW121 molecular cloud region.

maximum value of P generated by the intervening ISM between the
observer and the RCW121 molecular cloud region. In order to ver-
ify the consistency of this result, we also obtained another estimate
for the maximum value for the foreground component by analysing
the results obtained in a control field. From a theoretical point of
view, an ideal control area would be one that enables us to derive
the foreground component of the polarization without the effects
generated by the presence of the molecular cloud associated with
RCW121. As mentioned before, in Fig. 5 the 8-um Spitzer contour
plot in the direction of RCW121 is shown. It can be seen there that
the southwest region is apparently free of dust emission, suggesting
that the associated line of sight could be used as a control field.
Therefore we studied the polarization degree distribution (shown
in the right panel of Fig. 12), which for the foreground control
component (selected from the CMD diagram presented in the left
panel of 12) has a peak at ~2.0-2.5 per cent, a value consistent with
that determined from the foreground sources found in the previous
paragraph (Figure 11). Indeed, both results are consistent with the
polarization degree values (between ~1.5 and 2.5) of field stars
towards the direction of RCW121 and at its distance published by
Heiles (2000). Also, the mean polarization angle can be estimated

MNRAS 462, 2266-2274 (2016)

€202 1aquialdas || UO Jasn SIeJag) Seul op [elapa apepisisAlun Aq G0¥6852/9922/2/291/e1onie/seiuwl/woo dnoolwapese//:sdiy woll papeojumod



2272  J. C. Seron Navarrete et al.

* Foreground B Foreground

J-Ks P(%)

Figure 12. Left: colour—magnitude diagram for sources in the control area,
with the foreground stars indicated in blue (to the upper left group). Right:
histograms of the polarization angle of sources in the control area, with the
distribution from foreground sources corresponding to the blue one.

from the observed distribution in area C (shown in Fig. 3), which
peaks at § ~ —25°. Therefore this is the value of 6 associated with
the polarization angle of the foreground component that is used to
correct our results from this component.

In order to remove the foreground component from each star with
good polarization values in the R-band polarimetric catalogue asso-
ciated with the RCW121 cloud, we applied the Stokes’ parameters
superposition principle, in which the measured g and u values must
be equal to the foreground component (gr and ug) obtained from the
known relations ¢ = P cos (20) and u = P sin (20), gr = —0.011 and
up = 0.017, plus the parameters associated with RCW121 (grcwi21
and ugcwi21):

q = gr + grewizl,

U = Ug + URCWI21- 2

This procedure was applied to selected sources associated with
the cloud—-H 1 region area. A total of 19 stars (with good polarimetric
values in the R band and in the 2MASS catalogue) classified as
background sources plus 39 stars identified as cluster candidates
from Roman-Lopes & Abraham (2006) and 38 stars present in
Tapia et al. (2014), with 14 sources repeated in the last 2 catalogues,
were used; the results are shown in Fig. 13. There we can see the
polarization map from the sources in the direction of RCW121,
already corrected for the contribution of the foreground component.
The main tendency of the orientation of the polarization angles
remains approximately the same, preferentially aligned close to
the north—south direction, with a slight tendency to deviate in the
inner parts of the H 1 region. The position angle distribution for
these sources obtained from a Gaussian fit is —12° 4 7°; this value
represents the mean value for the orientation of the sky-projected
magnetic field associated with RCW121.

Fig. 13 also shows three dense cores identified by Tapia et al.
(2014) as young stellar objects, core I being the youngest unde-
tected at A < 100 wm, while cores II and III are more evolved and
have NIR counterparts. None of these has a match in our polari-
metric catalogue, nor do we see a different trend around them, but
our resolution is not as deep; for the same reason, other sources
identified as having NIR excess (in table 5 and figs 13 and 15 of
Tapia et al. 2014) are not present in our data either, with the excep-
tion of B2, identified as 401001917, which has a decontaminated
polarization degree in the R band of 2.4 per cent and position angle
18°, values that fall within the overall distribution. Objects with
characteristic pre-main sequence colours also have values within
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Figure 13. Polarization map of sources associated with RCW 121 corrected
from the foreground component. The cyan lines correspond to the polariza-
tion vectors of sources in the R-band polarimetric catalogue, restricted to the
science area and fulfilling the background colour criteria (19 stars). Yellow
lines correspond to sources presented in the catalogue for stellar cluster
candidates of Roman-Lopes & Abraham (2006) (37 stars) and orchid lines
belong to sources in Tapia et al. (2014) (38 stars), of which 14 sources
overlap with the Roman-Lopes & Abraham (2006) catalogue, marked with
dark red star symbols. The three cores identified as young stellar objects
by Tapia et al. (2014) are shown in green, as described by the bottom right
caption legend. The orientation shows a tendency close to north—south, with
some deviations that can be related to the cloud structure. Contours are from
the Spitzer 8-pum image. The background colour image is from JHK bands
from the VVV survey. North is up and east left.

the general distributions of P and 6, therefore we did not detect
intrinsic polarization. The presence of near-infrared excess does
not necessarily imply measurable levels of intrinsic polarization. In
general, intrinsic polarization levels due to radiation scattering by
dust in a circumstellar disc depend on several factors, such as how
evolved the disc is (density and structure), its inclination relative to
the line of sight and its distribution of grain sizes. In this case, it
is clear from the comparison of polarization degree and the angle
between sources with near-infrared excess and surrounding objects
that, even if some intrinsic polarization is present, the interstellar
component is probably dominant.

4 CONCLUSIONS

In this work, we performed a polarimetric study of the RCW121 star-
forming region. We derived the magnetic field orientation traced by
the polarization vectors, obtaining the polarization component as-
sociated with RCW121 (corrected from the associated maximum
foreground component), and also studied the wavelength depen-
dence of the polarization degree (using Serkowski’s relation) to
derive the total-to-selective extinction ratio (Ry) distribution and
associated mean value. The main results obtained are as follows.

(1) In general, the mean polarization angles obtained for each
star in all bands present agreeable values within the quoted errors.
From the statistical study of position-angle values in the direction
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of the RCW121 H nregion, a broad distribution with many different
orientations was found.

(ii) From the study of the observed spatial distribution of polar-
ization degree and angle values, we found that the mean polarization
degree increases towards the south, perhaps because the dust col-
umn density is larger there or maybe the magnetic field lines are
better aligned with the sky in this particular area. On the other hand,
the orientation of the lines tends to follow the cloud elongated struc-
ture; this shape is perhaps due to the magnetic pressure that opposes
H 1 region expansion, which would be greater in the perpendicular
direction to the magnetic field lines. Indeed, for each star with po-
larimetric measurements in more than one band, we computed the
associated weighted mean, concluding that the orientation of the
vectors in the inner parts of the region tends to follow the shape
of the H 1 region (projected on to the sky plane), following the
behaviour predicted by the simulations of expanding H 1 regions
discussed by Arthur et al. (2011).

(iii) From the individual values of total-to-selective extinction
ratio Ry, for 103 stars (with good chi-squared reduced values), we
derived the final Ry, weighted averaged value in the direction of
RCW121 as Ry = 3.17 £ 0.05, a result slightly above but not so
different from the Galactic canonical value Ry ~ 3.09 £ 0.03 (Ricke
& Lebofsky 1985).

(iv) We derived the foreground component of the polarization de-
gree from the study of associated values from field stars towards the
RCW121 region and found that it corresponds to ~2.0-2.5 per cent,
a result consistent with that found by Heiles (2000). We deter-
mined the orientation of the sky-projected magnetic field associated
with RCW121 (shown in Fig. 13); the mean value is —12° £ 7°,
obtained from a Gaussian fit to the distribution of position-angle
values.
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APPENDIX A: TABLES

The catalogue for stars in all bands (V, R, I, H) is presented in
Table Al.

Table Al. Catalogue of the stars present in all bands (VRIH) with P/o > 3. The first column is the unique index given to each star, columns 2 and 3 are
right ascension and declination (J2000), columns 4, 6, 8 and 10 are the polarization degree with its error in parentheses and columns 5, 7, 9 and 11 are the
polarization angle with its error, for V, R, I and H bands, respectively.

Index RA Dec. Py (ov) Oy (efy) Pr (0R) Or (eR) Pr(op) 01(edr) Py (om) On(edn)
(deg) (deg) (per cent) ©) (per cent) @) (per cent) ©) (per cent) ©)

411110010  259.6459  —39.3145  1.80(0.52) 3.3(8.2)  1.44(0.19) —7.3(3.7)  2.03(0.58) 11.2(8.1)  1.22(0.23) —3.2(5.5)
411110013 259.6432  —39.3498  1.45(0.19)  18.8(3.7)  1.96(0.06) 16.9(0.8)  1.36(0.25) 12.5(5.3)  0.75(0.15) 12.3(5.8)
411110017  259.6405  —39.3368  3.60(0.39) 0.4(3.1)  3.38(0.15) 3.1(1.3)  2.67(0.14) 3.4(1.6) 1.05(0.10) 8.8(2.8)
411110019  259.6383  —39.3388  3.49(0.20) -2.7(1.6)  3.74(0.16) 3.3(1.2)  2.70(0.18) 2.1(1.9)  1.10(0.15) 6.8(4.0)
411110029  259.6299  —39.3437  3.36(0.63) 11.9(5.4) 3.64(0.22) 8.5(1.7)  3.49(0.80) 2.4(6.6)  0.97(0.29) —10.1(8.7)
411110032  259.6286  —39.3619  2.12(0.48)  12.7(6.5)  2.46(0.10) 0.8(1.1)  1.78(0.36) 13.4(5.8)  0.62(0.16) —5.5(7.3)
411110037  259.6261  —39.2985  3.69(0.47) 8.8(3.6)  3.20(0.10) 10.9(0.9)  2.78(0.07) 7.9(0.8)  1.25(0.33) 15.9(7.5)
411110039  259.6224  —39.2988  2.73(0.32) -2.2(3.3)  2.55(0.05) 0.8(0.5)  2.43(0.15) 2.9(1.8)  0.61(0.16) —5.5(7.6)
411110042  259.6197  —39.3210  1.84(0.04) 9.9(0.7)  1.75(0.05) 12.1(0.8)  1.23(0.11) 11.42.6)  0.78(0.12) 18.4(4.5)
411110051  259.6088  —39.3460  2.07(0.26) 2.4(3.6)  2.08(0.16) 9.2(2.2)  1.56(0.21) 13.2(3.9)  0.91(0.12) 18.3(3.9)
411110053  259.6068  —39.3391  2.29(0.29)  31.3(3.7)  2.71(0.08) 33.9(0.8)  1.90(0.26) 35.7(3.9)  1.14(0.07) 39.7(1.8)
411110057  259.6034  —39.3436  1.59(0.42) 17.9(7.5)  0.95(0.11) 11.7(3.3)  1.54(0.14) 21.7(2.6)  0.52(0.10) 27.5(5.7)
411110059  259.6018  —39.3276  1.29(0.07) 9.8(1.5)  1.10(0.06) 11.6(1.6)  0.63(0.11) 4.5(4.9)  0.52(0.10) 19.3(5.2)
411110060  259.6018  —39.3515  1.61(0.07) 8.0(1.3)  1.69(0.01) 13.6(0.2)  1.32(0.21) 23.4(4.6)  0.61(0.06) 16.3(2.9)
411110064  259.5992  —39.3178  2.04(0.67)  35.0(9.5) 4.31(0.18) 34.0(1.2)  2.63(0.68) 33.5(7.4)  1.58(0.29) 30.7(5.3)
411110067  259.5971 —39.3520  1.35(0.18) 9.8(3.9)  1.85(0.07) 10.8(1.1)  2.14(0.51) 23.6(6.9)  0.65(0.07) 11.4(3.0)
411110068  259.5965  —39.3486  1.75(0.25) 12.9(4.2)  1.75(0.21) 11.8(3.4)  1.68(0.23) 8.0(3.9) 0.88(0.23) 12.8(7.6)

411110071 259.5953  —39.3280  3.83(0.77)  38.7(5.7)  4.36(0.21) 40.2(1.4)  4.17(0.51) 37.7(3.5)  0.91(0.23) 37.7(7.4)
411110075  259.5909  —39.2996  2.21(0.43)  23.3(5.6)  0.80(0.12) 38.8(4.5)  4.04(1.21) 45.8(8.6)  1.38(0.30) 13.2(6.2)

411110077 259.5906  —39.3133  2.65(0.36)  -7.8(3.9)  2.11(0.11)  —=0.9(1.5) 1.03(0.21)  —38.7(5.9)  0.90(0.27) 8.2(8.5)
411110078  259.5884  —39.3378  2.57(0.26)  10.1(2.9)  2.17(0.06) 7.4(0.7)  1.85(0.31) 9.4(4.9)  0.60(0.08) 11.7(3.8)
411110082 259.5857  —39.3035  1.21(0.08) 4.9(2.0)  1.40(0.09) 1.1(1.9)  1.02(0.16) 5.7(4.4)  0.58(0.06) 3.2(2.9)
411110083  259.5846  —39.3532  1.63(0.10)  -0.9(1.8)  1.68(0.06)  —1.0(1.0)  1.43(0.20) 4.1(4.1)  0.59(0.08) 9.7(3.8)
411110088  259.5831  —39.3522  2.27(0.30)  16.3(3.8)  2.08(0.17) 13.6(2.4) 5.92(0.86) —352(4.2) 1.39(0.20) 32.4(4.1)
411110094  259.5783  —39.3575  2.15(0.34) 4.9(4.6)  2.18(0.04) 3.6(0.5)  1.59(0.16) 7.1(2.9)  0.88(0.04) 8.8(1.4)
411110096  259.5779  —39.3030  2.82(0.45) 13.1(4.6)  2.33(0.08) 19.0(1.0)  1.27(0.34) 20.0(7.8)  1.12(0.29) 12.2(7.4)
411110102 259.5757  —39.3407  2.45(0.39)  -0.7(4.6) 2.57(0.10) —1.5(1.2)  2.38(0.18) 3.3(2.1)  0.88(0.05) 3.1(1.7)

411110103 259.5757  —39.3368  2.61(0.50)  27.9(5.5)  1.64(0.10) 14.1(1.7) ~ 1.29(0.25) 21.3(5.6)  0.99(0.16) 23.0(4.7)
411110109  259.5705  —39.3038  2.49(0.31)  15.4(3.5)  1.80(0.04) 16.1(0.6)  1.62(0.10) 16.2(1.8)  0.70(0.16) 28.0(6.6)
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