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ABSTRACT
We present the results of our UBVRI polarimetric observations of a dozen stars located close
to the well-studied Bok globule Barnard 5 (B5), with several of the stars being seen through its
outer layers (with AV up to ∼3 mag). Using recent astrometric, spectroscopic and photometric
surveys, we estimate the distance, spectral class and visual extinction for the observed stars
and find that the results are in a good agreement with the available 3D extinction maps. We
use a two-layer dust model of interstellar polarization towards B5, in which the layer closer to
us is an extension of the Taurus cloud complex, and the farther one (including B5 and its halo)
is related to the Perseus cloud complex (d ≈ 280–350 pc). Using spectral, photometric and
polarimetric data on about 30 additional stars, we estimate the parameters of the former layer
as λmax ≈ 0.56 µm, Pmax ≈ 0.7 per cent, θ ≈ 50◦, AV ≈ 0.7 mag, and show that the observed
wavelength dependence of the position angle for the stars observed generally agrees with the
two-layer model. We find that when the stars are seen through the globule layers with AV = 2–
3 mag, λmax ≈ 0.6–0.8 µm, which differs significantly from the λmax = 0.52–0.58 µm obtained
by us for the diffuse interstellar medium in the direction of B5. We discuss the correlation of
λmax with the optical thickness into the globule as well as other correlations of the extinction
and polarization parameters.
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1 IN T RO D U C T I O N

Some details of the star-formation process are still unclear; in partic-
ular, the physical conditions in small molecular clouds (globules)
where low-mass stars are formed are not well understood. Dust
is closely related to other components of the interstellar medium
(ISM), and therefore the study of its properties in globules could
further our understanding.

It is widely believed that the dust grains in dense clouds differ
considerably from those located in the diffuse ISM. For instance,
Foster et al. (2013) found a correlation between the slope of the
extinction law (RV) and the visual extinction (AV) at moderate op-
tical depths and interpreted this as evidence for the growth of the
grains. Furthermore, scattered light (observed as the core-shine phe-
nomenon, see e.g. Steinacker et al. 2010; Lefèvre et al. 2014) and the
submm thermal emission of dust (e.g. Stepnik et al. 2003; Chen et al.
2016) indicate variations in dust properties (including an increase
in the mean size of dust grains) with increasing optical depth inside
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molecular clouds. Larger grains in molecular clouds are manifested
by an albedo observed in the range from the U to the I band (Togi,
Witt & St. John 2017). The near-infrared polarization observed for
stars behind the cloud IC 5146 suggests a significant growth of the
grains in the layers with AV > 2.5 mag (Wang et al. 2017). Grain
evolution in molecular clouds is also necessary to explain the po-
larization observed in the visual and submm ranges (Fanciullo et al.
2017). These and many other observational works have been sup-
plemented with theoretical studies of the evolution of dust in dense
clouds (see e.g. Wong, Hirashita & Li 2016; Ysard et al. 2016 and
references therein).

The above-mentioned manifestations of the dust evolution do not
depend only on the size distribution of the grains. The mean size
of particles could be the main parameter, but other parameters may
also be significant (see e.g. Fanciullo et al. 2017). Therefore, more
observational constraints are required. One of them could be the
wavelength at which the interstellar polarization degree reaches its
maximum λmax, which could be affected by the mean particle size.

Over the last decade, however, there have been very few new
measurements of this parameter for molecular clouds (Fanciullo
et al. 2017 considered the visual polarization data of Andersson &
Potter 2007, who mostly used earlier observations by other authors).
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5536 V. B. Il’in et al.

Table 1. List of objects.

Star Other names V [mag] This work Data in other works

S1 Joshi 18, Cer 110, HD 281155 9.2 UBVRI GRI (1), R (2)
S2 Per 85, HD 281156 11.1 UBVRI I (3)
S3 Joshi 17 13.0 - I (1), BVRI (4)
S4 Joshi 16, Per 86 14.0 VRI RI (1), I (3)
S5 Joshi 1, IRAS 03443+3259 11.7 BVRI RI (1), BVRI (4)
S6 Joshi 2 13.1 BVRI GRI (1)
S7 Cer 116, HD 278995 11.1 UBVRI
S8 Joshi 23, HD 281224 11.2 UBVRI GRI (1), B (4)
S9 Joshi 24, TYC 2360-688-1 10.7 BVRI RI (1), BVR (4)
S10 Joshi 11, HD 281217, Per 87 11.0 UBVRI RI (1), I (3)
S11 Joshi 10 14.3 - GRI (1)
S12 Joshi 6 14.0 BVRI GRI (1), B (5)

Reference: (i) Joshi NN are the Simbad names for stars observed by Joshi et al. (1985), Per NN means
the Simbad name [GBM90] Per NN from Goodman et al. (1990), Cer NNN does [C93] NNN from Černis
(1993); (1) Joshi et al. (1985); (2) Andersson & Wannier (1997); (3) Goodman et al. (1990); (4) Il’in et al.
(1994); (5) Bhatt (1986).

This is mainly because λmax can be reliably estimated only for stars
with a low extinction AV resulting from a cloud; that is, it cannot
provide much-needed information about denser regions. The pa-
rameter has been derived previously for many lines of sight through
various molecular clouds and the diffuse ISM (see e.g. Voshchin-
nikov, Il’in & Das 2016). The observational data obtained have
demonstrated some correlation of λmax with the optical depth into
the clouds (related to the extinction AV), but for different clouds
these dependences are similar and differ by a constant (for more
details see Andersson, Lazarian & Vaillancourt 2015).

Because globules differ in some respects from the molecular
clouds where λmax has been studied (globules are smaller, more iso-
lated and form only low-mass stars), the study of the parameter λmax

in globules is of interest. This parameter can be reliably estimated
only for the halo and outer layers of globules (their central parts are
too small and opaque), but there are some signs that the properties
of dust in these layers should be different from those typical of other
globule parts (e.g. Wong et al. 2016; Togi et al. 2017). To date the
only study is that by Joshi et al. (1985), who used the data obtained
in 2–3 bands by Bhatt (1986) to derive high values of λmax in glob-
ule B5 and suggested that these high values could be a result of
dust-grain segregation (see also Il’in, Khudyakova & Reshetnikov
1994).

Indeed, globule B5 in the Perseus cloud complex is a good candi-
date for such a study as it is relatively large (of size 45 arcmin), suffi-
ciently close (d ∼ 300 pc) and at a high latitude (l = 161◦, b =−17◦):
as a result it has been extensively observed and modelled in a va-
riety of ways (e.g. Bally et al. 2008; Zapata et al. 2014; Wirström
et al. 2014; Taqu et al. 2017). There is, however, a problem in that
the distance of B5 (d ∼ 300 pc) assumes that there is absorbing
material located between the globule and an observer in the form
of an extension of the Taurus cloud complex (for details see Bally
et al. 2008). The globule possesses an extended neutral halo (see
e.g. Bensch 2006) and a patchy core that contains several clumps,
protostellar objects and outflows (e.g. Fuller et al. 1991; Pineda et al.
2015). There are, though, enough stars seen through B5 and its halo
to perform successful multicolour polarimetric observations.

It is worth noting that the recent Gaia, LAMOST and photometric
(APASS, TASS, etc.) surveys make polarimetric studies much more
informative regarding the properties of dust in the local ISM, as
now it is often possible to supplement the polarization data with

good estimates of extinction and distance to the stars observed
polarimetrically.

In this paper we present the results of our study of the outer
layers and vicinity of globule B5 using multicolour polarimetric
observations and data available from various sources while taking
into account the effects of the dust foreground to B5. In Section 2 we
describe our polarimetric observations of several stars seen through
B5 and its periphery. In Section 3 we use available astrometric,
spectral and photometric data to estimate the distance and extinction
to the stars observed. In Section 4 we summarize the information on
the distance to B5, on the distribution of dust and on the interstellar
polarization in the direction to the part of the Perseus molecular
cloud complex containing B5. In Section 5 we describe a two-layer
model that is used to analyse the interstellar polarization towards
B5 and estimate the parameters of the layer in the foreground of
B5. We discuss the results obtained with this model and compare
them with earlier studies reported in the literature, with the primary
focus being on the correlation between λmax and AV. We test our
model by considering the observational and theoretical wavelength
dependences of the position angle. The conclusions are given in
Section 6.

2 PO L A R I M E T R I C O B S E RVAT I O N S

Multicolour polarimetric observations of 10 stars in a region of
globule B5 were performed with the 2.6-m ZTS and 1.25-m AZT-
11 telescopes of the Crimea Astrophysical Observatory in 1990–
1992. Table 1 contains a list of our targets supplemented with two
additional stars observed by other authors. For all the stars in the
table, we give references for available polarimetric data.

Our observations at ZTS were made in the UBVR bands in two
sets: on 1991 October 4–7 and 1992 October 19–24. We used the
standard one-channel polarimeter described by Shakhovskoy & Efi-
mov (1972, 1976); the UBVR bands were close to the standard
Johnson ones.

The instrumental polarization of the ZTS instrument was esti-
mated from UBVR polarimetric observations made by us for four
stars: HD 18803 (V = 6.6 mag, spectral class G8V, distance 21 pc),
HD 42618 (6.8 mag, G4V, 24 pc), HD 154345 (6.7 mag, G8V, 19 pc)
and HD 188326 (7.6 mag, G8IV, 56 pc) with zero polarization
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Dust in the outer layers of globule B5 5537

according to Appenzeller (1966), Gehrels (1974) and Clayton &
Martin (1981).

In order to calibrate the polarization position angle, we made
UBVR observations of four stars with a high polarization degree:
HD 4768 (7.6 mag, B5Ib, ∼1 kpc), HD 25914 (8.1 mag, B6Ia,
∼0.7 kpc), HD 183143 (6.9 mag, B7Iae, ∼2 kpc) and HD 204827
(7.9 mag, B0V, ∼2 kpc). The results obtained and the data from
other authors are given in Table 2. Note that the UBG1O bands used
in all three works cited in the table are not the standard Johnson
UBVR bands (see e.g. Coyne & Gehrels 1967), and therefore a com-
parison of the results should be done with care. Hereafter, we give
the position angle in the equatorial system.

Our observations at AZT-11 were performed in a couple of sea-
sons: 1990 December 14–19; and 1992 November 13–14 and De-
cember 26. We used the photometer-polarimeter of Helsinki Uni-
veristy (Piirola 1975; Kerhonen, Piirola & Reiz 1984). Polarization
measurements were talen simultaneously in five bands close to the
Johnson ones: U (λeff = 0.36 µm), B (0.44 µm), V (0.53 µm), R
(0.69 µm) and I (0.83 µm). The reduction method and error anal-
ysis were standard (see e.g. Huovelin et al. 1989). At least one
polarimetric standard star was observed each night. The instrumen-
tal polarization redetermined monthly was found to be as small as
∼0.17 per cent and stable (Valtaoja et al. 1991). The mean accuracy
of such polarimetric observations was about 0.04 per cent in the U
band and about 0.02 per cent in the BVRI bands (Jetsu et al. 1990).

The results of our polarimetric observations are presented in
Table 3, where the star numbers are as in Table 1. When it was pos-
sible to compare our data with those obtained by other authors (such
cases can be found in Table 1), we found a reasonable agreement.

Our observational data and the results of other authors are shown
in Fig. 1. The effective wavelengths of the bands used in the
works cited in Table 1 are as follows. Joshi et al. (1985) and Bhatt
(1986) take B (λeff = 0.445 µm), G (0.525 µm), R (old) (0.76 µm),
I (0.955 µm), all according to Coyne, Gehrels & Serkowski (1974);
Andersson & Wannier (1997) take R (0.65 µm); Goodman et al.
(1990) take I (λeff = 0.763 µm with a passband of about 0.25 µm);
Il’in et al. (1994) take AZT14 bands close to the standard Johnson
(1966) ones, namely B (0.44 µm), V (0.55 µm), R (0.69 µm), and
the AZT-11 bands as given above.

The collected data on the wavelength dependences of polarization
were fitted with the Serkowski curve:

P (λ) = Pmax exp[−K ln2(λmax/λ)], (1)

where Pmax, λmax and K are the parameters. For most stars, we did
not have good enough data to estimate all three parameters and used
the relationship K = 1.7 λmax (Whittet et al. 1992).

Our fitting was made using the Levenberg–Marquardt method
(Press et al. 2007), and the results are presented in Table 4, where we
also show χ2 normalized by the degrees of freedom to characterize
the fits.

Note that Bhatt (1986) used the polarimetric data obtained in 2–3
bands to estimate the values of Pmax and λmax for several stars in the
vicinity of B5. Considering his results, we see that our observations
supplemented with the data obtained by other authors reduce the
uncertainties of λmax in 2–4 times (bringing them mostly to the
level of 0.02–0.04 µm) and significantly correct the values of λmax

for some reddened stars (in particular, S5, S6, S8, S11, S12). This
improvement made a deeper analysis of the polarimetric data pos-
sible.

Note also that for several stars we detected small systematic
changes of the position angle with the wavelength. These variations
are discussed in Section 5.2.4.

3 D I S TA N C E A N D E X T I N C T I O N
TO T H E STA R S O B S E RV E D

We use various astrometric, photometric and spectroscopic surveys
to estimate the distance and extinction to the stars in Table 1.

The spectral types of the stars were compiled from spectral (HDE,
Nesterov et al. 1995; LAMOST DR2, Luo et al. 2016) data or Vilnius
photometry (Černis 1993), and when such data were not available
from JHK (2MASS, Skrutskie et al. 2006) data following the ap-
proach of Maheswar et al. (2010). In the latter case, we used the
intrinsic colours (J − H)0, (H − Ks)0 from Straižys & Lazauskaite
(2009), and E(J − H)/E(H − Ks) = 1.77 and E(H − Ks) = 0.061AV

according to the mean Galactic extinction curve from Cardelli, Clay-
ton & Mathis (1989). There are different estimates of the ratio vary-
ing from 1.9–2.0 to 1.6 (see e.g. Naoi et al. 2006; Wang & Jiang
2014; Damineli et al. 2016), but this does not have much of an
effect on our estimates. The relationship between Teff, log g and the
spectral type was taken from Straižys (1992).

The distance d was calculated from the Gaia DR1 parallax (Gaia
collaboration 2016), when available, and otherwise from the rela-
tionship X = MV − (V − X)0 + 5log d/10, where X = V or K when V
was unknown, while the intrinsic colour (V − K)0 and the absolute
stellar magnitude in visual MV were taken from Straižys (1992).

The visual extinction was estimated using the
relationship (e.g. Voshchinnikov & Il’in 1987)
AV = 1.1E(V − Ks) = 1.1[(V − Ks) − (V − Ks)0], where
(V − Ks)0 was from Straižys & Lazauskaite (2009). The constant
in the relationship is known to depend weakly on the parameters
(Whittet et al. 2008), and the accuracy of AV is limited by the
classification errors rather than by the uncertainty of the intrinsic
colour. The colour excess E(B − V) and the ratio RV = AV/E(B − V)
were not considered by us, because for our stars the data available
in the B band are mostly unreliable.

The photometric data in the V band were compiled from APASS
DR9 (Henden et al. 2016), Tycho 2 (Hog et al. 2000) and TASS
Mark IV (Droege, Richmond & Sallman 2006), and those in the J,
H, Ks bands from 2MASS.

Other observational data were also used if available. We consider
all the stars in some detail in Appendix A and present our estimates
of visual extinction and distance in Table 4. Note that for some stars
the available data are controversial, and the uncertainties of d and
AV could not be evaluated accurately.

The described approach can be called the intrinsic colour method,
in contrast to the more accurate method based on fitting the spectral
energy distribution (see e.g. McDonald, Zijlstra & Watson 2017).
Our use of the simplified approach is motivated by the low accuracy
of the photometric data in the B and V bands (2MASS J, H, K data
are not sufficient for accurate stellar classification) and by the desire
to include as much available data as possible.

4 IN T E R S T E L L A R E X T I N C T I O N A N D
P O L A R I Z AT I O N I N T H E D I R E C T I O N O F B 5

It is important to note that it is not only the dust in the globule that
contributes to the extinction and polarization measured for our stars.
In order to estimate the contribution of the globule, it is necessary
to consider the distribution of the absorbing material along the lines
of sight towards B5, to estimate the distance to the globule, and to
analyse the interstellar polarization distribution.

In Appendix B we consider the information on the interstellar
extinction in the area of B5 provided by recent extinction surveys, as
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5538 V. B. Il’in et al.

Table 2. Observations of standard stars.

PU θU PB θB PV θV PR θR Data
Star [per cent] [◦] [per cent] [◦] [per cent] [◦] [per cent] [◦] source

HD 4768 2.07 ± 0.04 81.0 2.15 ± 0.04 80.7 2.11 ± 0.04 80.3 1.94 ± 0.04 81.3 Z91
HD 4768 2.30 ± 0.05 81.2 2.36 ± 0.03 81.7 2.37 ± 0.03 82.7 2.37 ± 0.08 79.1 (1)
HD 4768 2.15 ± 0.04 79.9 2.39 ± 0.02 80.6 2.50 ± 0.08 81.5 2.33 ± 0.09 82.9 (1)
HD 25914 4.15 ± 0.07 141.3 4.72 ± 0.06 141.4 4.85 ± 0.05 141.2 4.30 ± 0.07 138.8 Z91
HD 25914 4.08 ± 0.06 139.4 4.56 ± 0.02 141.2 4.65 ± 0.03 141.2 4.34 ± 0.08 139.5 (1)
HD 25914 4.08 ± 0.07 140.5 4.27 ± 0.03 139.3 4.58 ± 0.04 139.9 4.45 ± 0.09 137.4 (1)
HD 183143 4.59 ± 0.05 179.1 5.28 ± 0.03 178.4 5.81 ± 0.04 179.0 5.25 ± 0.03 179.4 Z92
HD 183143 4.92 ± 0.06 180.1 5.89 ± 0.08 178.7 6.09 ± 0.08 179.5 5.82 ± 0.03 177.8 (2)
HD 183143 4.79 ± 0.05 178.7 5.65 ± 0.01 178.8 6.05 ± 0.02 179.2 5.73 ± 0.06 179.0 (2)
HD 204827 5.45 ± 0.08 57.0 5.67 ± 0.05 58.5 5.37 ± 0.03 59.0 4.46 ± 0.04 58.9 Z91
HD 204827 5.64 ± 0.05 59.1 5.78 ± 0.03 60.4 5.59 ± 0.04 60.2 4.59 ± 0.05 60.5 Z92
HD 204827 5.49 ± 0.20 59.4 5.56 ± 0.10 60.6 5.50 ± 0.10 60.4 4.79 ± 0.10 62.0 (3)

References: Z91 denotes this work (1991 set); Z92, this work (1992 set); (1) Coyne & Gehrels (1967); (2) Coyne & Wickramasinghe (1969); (3) Serkowski,
Gehrels & Wisniewski (1969).

Table 3. Results of polarimetric observations.

PU θU PB θB PV θV PR θR PI θ I Obs.
Star [per cent] [◦] [per cent] [◦] [per cent] [◦] [per cent]) [◦] [per cent] [◦] set

S1 0.60 ± 0.06 31.9 0.69 ± 0.46 26.2 0.88 ± 0.07 30.0 0.61 ± 0.05 31.2 0.56 ± 0.05 22.9 A92
S2 1.04 ± 0.14 13.7 1.25 ± 0.05 7.7 1.27 ± 0.09 3.8 1.22 ± 0.05 3.0 1.12 ± 0.05 3.7 A92
S4 1.67 ± 1.14 153.1 1.90 ± 0.14 141.2 2.13 ± 0.19 139.5 A92
S5 1.74 ± 0.27 2.6 2.12 ± 0.09 2.8 2.10 ± 0.11 4.8 Z91
S5 3.12 ± 0.60 172.5 1.88 ± 0.23 5.7 1.95 ± 0.08 5.1 1.90 ± 0.06 2.4 A92
S5 1.24 ± 0.19 6.2 1.97 ± 0.09 7.6 1.87 ± 0.10 5.5 Z92
S6 1.53 ± 0.23 54.7 1.50 ± 0.20 45.3 2.25 ± 0.05 43.0 2.14 ± 0.06 43.8 A92
S6 1.75 ± 0.18 45.9 1.93 ± 0.10 46.2 2.43 ± 0.14 40.6 Z92
S7 0.94 ± 0.15 33.0 1.03 ± 0.05 39.0 1.14 ± 0.12 38.0 0.99 ± 0.07 40.0 0.85 ± 0.10 34.0 A90
S8 0.99 ± 1.07 2.8 2.19 ± 0.10 14.5 2.13 ± 0.07 12.1 2.01 ± 0.15 7.6 Z91
S8 1.08 ± 0.43 20.0 2.07 ± 0.14 11.2 1.92 ± 0.16 10.7 1.90 ± 0.06 9.0 1.52 ± 0.08 6.2 A92
S9 0.67 ± 0.34 17.7 1.30 ± 0.18 16.8 0.96 ± 0.09 14.6 Z91
S9 0.61 ± 0.18 10.9 0.98 ± 0.08 12.1 Z91
S9 1.26 ± 0.55 29.0 1.69 ± 0.12 18.9 0.88 ± 0.07 27.4 0.94 ± 0.04 22.4 A92
S10 0.59 ± 0.16 65.0 0.69 ± 0.09 59.7 0.62 ± 0.12 62.1 0.71 ± 0.03 51.8 0.68 ± 0.07 62.1 A92
S12 3.63 ± 0.44 34.2 3.04 ± 0.58 27.6 3.67 ± 0.26 40.1 3.06 ± 0.18 44.5 A92

Notes: A90 refers to observations from the AZT-11 in 1990; A92 to AZT-11 in 1992; Z91 to ZTS in 1991; and Z92 to ZTS in 1992.

Table 4. Polarization and other parameters of the stars.

Star Pmax [per cent] 〈θ〉 [◦] λmax [µm] χ2/df AV [mag] d [pc] Sp. type Sources

S1 0.717 ± 0.014 30 0.577 ± 0.025 2.0 0.9 ± 0.3 125 ± 20 F0 V Vi,HD
S2 1.301 ± 0.028 5 0.560 ± 0.025 0.6 1.0 ± 0.2 200 ± 20 F5 V Ga,La,HD
S3 1.729 ± 0.111 160 0.654 ± 0.084 4.4 3.2 ± 0.5 660 ± 200 K2 III JHK
S4 2.145 ± 0.188 140 0.920 ± 0.116 0.3 2.8 ± 0.2 1450 ± 200 K3.5 III La
S5 2.098 ± 0.023 5 0.733 ± 0.016 3.6 3.7 ± 0.5 315 ± 150 K1 III JHK
S6 2.250 ± 0.034 45 0.762 ± 0.023 1.6 3.1 ± 0.2 690 ± 100 G9.5 III La
S7 1.063 ± 0.037 35 0.519 ± 0.045 0.2 0.5 ± 0.1 270 ± 25 F4 V Ga,Vi,La,HD
S8 2.066 ± 0.036 10 0.536 ± 0.022 3.1 1.6 ± 0.1 540 ± 95 F4.5 III Ga,La,HD
S9 1.049 ± 0.034 15 0.581 ± 0.037 2.8 2.4 ± 1.2 800 ± 200 M4 III JHK,Sp
S10 0.721 ± 0.031 60 0.584 ± 0.057 0.6 0.6 ± 0.3 330 ± 45 F9 IV Ga,La,HD
S11 3.973 ± 0.737 5 0.574 ± 0.199 2.8 ± 0.5 600 ± 400 G5 IV La
S12 3.691 ± 0.091 35 0.648 ± 0.034 1.9 2.3 ± 0.2 380 ± 90 F5.5 V La

Notes: The sources of parallax and spectral data are as follows: Ga stands for Gaia DR1 data (Gaia collaboration 2016); La for LAMOST DR2 data (Luo et al.
2016); Vi for the Vilnius photometry of Černis (1993); HD for HDE data from Nesterov et al. (1995); JHK for 2MASS photometry (Skrutskie et al. 2006); and
Sp for other spectral data (see text).
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Dust in the outer layers of globule B5 5539

Figure 1. The wavelength dependence of the observed polarization degree
Pobs normalized using the obtained values of Pmax and λmax (see the text and
Table 4). The data derived by us and other authors are presented for all stars
in Table 1. The Serkowski curve (1) is shown for K = 1 (dotted line), 1.2
(dashed line), 1.5 (long-dashed line) to illustrate the effect of the parameter
changes (in this work, K = 1.7λmax is used).

well as by some studies of the Perseus complex. This consideration
allows us to draw the following conclusions.

There are two layers of absorbing material towards B5 and its
surrounding regions: one is located at the distance d ≈ 130–160 pc
(perhaps extending up to about 200 pc) and another at d ∼ 260–
350 pc. The first (closest to the observer) layer related to the Taurus
complex is more or less homogeneous on large scales, with AV

≈ 0.8 − 0.9 mag; the second one is patchy. The latter includes
globule B5 with its extended halo and many other clouds but it is
not observed towards the central parts of the Per OB2 association
(the regions to the north and east of B5). There appears to be no
significant extinction beyond d > 500 pc, and the contribution of
the H I supershell around the association (Bally et al. 2008) seems
to be small.

If globule B5 is physically associated with the IC 348 clouds,
then the distance to it should be d(B5) = 300 ± 15 pc. However, if
the results of Schlafly et al. (2014) are correct, then d(B5) is slightly
larger (∼350 pc).

In order to analyse the interstellar polarization towards B5, we
collected stars with measured polarization located within ∼1.◦5 of
the globule. As we are interested mainly in interstellar polarization
(i.e. polarization not formed in dense clouds), only stars with AV �
2 mag were considered. In total, we found 35 such stars: 6 stars
(S1–2, S7–10) have already been presented in Table 4, and the 29
additional stars are given in Table 5.

Table 5 provides the coordinates, the distance derived nearly for
all stars from the Gaia parallax, the spectral class found in the
literature, the extinction AV estimated as described in Section 3, and
the polarization data with their reference. Note that our estimates
agree within the uncertainties with the values obtained for several
stars by other authors (Neckel et al. 1980; Černis 1993; Wegner
2003).

The general behaviour of the interstellar polarization vectors is
shown in Fig. 2. Its main features are as follows.

(i) The region N located to the north of B5 (δ > 33◦40′) in-
cludes the stars A1, A3, A24, A26 from Table 5. They have
a similar position angle θ = 88◦ ± 12◦, a polarization degree
P = 0.7 ± 0.2 per cent and AV = 0.8 − 1.0 mag, which is in good
agreement with the mean value 〈AV〉 = 0.95 mag expected for the
OB2 association members located in this region (Černis 1993). The
distance to the stars is d = 260–400 pc, and so, indeed, we do not
have significant extinction in the second layer and the interstellar
polarization observed is related to the first layer.

(ii) The region E located to the east of B5 (α > 3h49m, δ < 33◦20′)
includes the stars A15–16, A19–20, A22–23 and A27–28. They
also have a similar (but different) position angle, θ = 53◦ ± 10◦, the
polarization degree is on average higher, P = 0.9 ± 0.2 per cent,
but AV = 0.6 − 1.2 mag is still in agreement with the mean
〈AV〉 = 0.95 mag from Černis (1993).

In both these regions the extinction is low; that is, we observe just
the first layer related to the Taurus complex. The direction of the
polarization vectors agrees well with that measured for the region
with Planck (Planck collaboration XIX 2015): θ submm(N) ≈ 85◦and
θ submm(E) ≈ 60◦. The dispersion of the submm polarization vectors
in the regions N and E is low-to-medium, which also agrees with
our results in the visual bands.

Thus, we conclude that the parameters of the interstellar polariza-
tion caused by dust in the first layer vary weakly in the field shown
in Fig. 3. Note, however, the systematic difference of the position
angle by �θ ≈ 30◦ between the N and E regions. This difference,
also observed by Planck, probably reflects large-scale variations of
the magnetic field in the Taurus–Perseus–Auriga complex.

(iii) The south-western (corner) region SW (α < 3h46m,
δ < 32◦30′) is part of the IC 348 cloud, being a place of ac-
tive star formation. However, the position angle of the stars A4–7
and A10 varies weakly (θ = 34◦ ± 11◦), as well as the degree
P = 1.0 ± 0.5 per cent and AV = 1.0 ± 0.3 mag; in particular, for
the well-known star o Per (A4) located at d = 340+120

−70 pc, we have
AV ≈ 0.9 mag, PV ≈ 0.6 per cent and θ = 23◦. Probably, for this and
four other stars the observed extinction and polarization originate
mainly in the first layer.

The interstellar polarization towards the IC 348 cloud and the
Perseus complex was studied by Goodman et al. (1990). They
found a random distribution of about 40 per cent of the polariza-
tion vectors for the complex and a bimodal distribution of other
vectors: smaller-polarization-degree vectors have θ = 71◦ ± 12◦,
while larger-degree ones have θ = 145◦ ± 8◦. A similar bimodal
distribution was found in earlier studies, but the distribution pa-
rameters were different (see Vrba, Ström & Ström 1976; Turnshek,
Turnshek & Craine 1980; Joshi et al. 1985). Keeping in mind that
Goodman et al. (1990) were not concentrating on the IC 348 cloud
and in particular on its northern part, we suggest that our stars better
reproduce the polarization behaviour, namely that in the SW region
the polarization formed mostly in the first layer is fairly regular and
tilted by θ ≈ 20◦ relative to the polarization in the E region.

There is, however, a strange group of four stars, namely A13, S2,
S8–9, located close to the southern border of B5 (hereafter region
S). The position angle for these stars is θ = 2◦ ± 8◦(P = 1.5 ± 0.5
per cent, AV = 1.3 ± 0.3 mag). It differs by about 30◦ from the
angle for several surrounding stars (A8, A10, A15 and S1), which
is equal to θ = 36◦ ± 6◦(P = 1 ± 0.4 per cent, AV = 0.7 ± 0.1 mag).
The reason for this difference is not clear. It could be related to a
contribution from the second layer, as the stars in region S show
a greater extinction (by ∼0.6 mag) and higher polarization degree
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Table 5. Additional stars with measured polarization (AV � 2 mag) in the vicinity of B5.

Star Name α, δ (2000) d [pc] Sp A
(c)
V [mag] P [per cent] θ [◦] Band Ref.

A1 HD 22951 03 42 22.65+33 57 54.1 320+23
−21 B1V 0.8 ± 0.1 0.8 ± 0.03 76 ± 1 R (5)

A2 HD 278934 03 43 14.92+33 35 16.0 310+30
−25 A0V 1.6 ± 0.3 1.5 ± 0.11 49 ± 3 R (5)

A3 HD 23060 03 43 24.01+34 06 58.5 390+55
−43 B2Vp 1.0 ± 0.1 0.5 ± 0.2 82 ± 8 V(d) (1)

A4 HD 23180 03 44 19.13+32 17 17.7 340+120 (a)
−70 B1III 0.9 ± 0.2 0.6 ± 0.2 23 ± 8 V(d) (1)

A5 [GPM90] Per 74 03 44 23.77+32 29 23.6 320 ± 80(a) G4V 1.7 ± 0.2 0.79 ± 0.16 27 ± 6 R(d) (3)

A6 HD 23322 03 45 27.06+32 17 15.5 200+14
−13 K0III 0.8 ± 0.2 0.63 ± 0.06 39 ± 3 R(d) (3)

A7 [C93] 104 03 45 56.68+32 12 43.3 240+18
−15 G2V 0.7 ± 0.2 0.40 ± 0.09 53 ± 7 R(d) (3)

A8 TYC 2360-397-1 03 46 09.65+32 46 41.1 250+38
−30 F8V(b) 0.7 ± 0.3 0.58 ± 0.09 43 ± 5 R(d) (3)

A9 TYC 2360-20-1 03 46 35.46+32 51 48.8 120 ± 4 G8.5V 0.4 ± 0.2 0.11 ± 0.11 – I (2)

A10 HD 23478 03 46 40.87+32 17 24.7 290+48
−36 B3IVe 0.9 ± 0.1 1.45 ± 0.03 28 ± 1 I (4)

A11 HD 278994 03 47 27.77+33 19 29.6 580+124
−87 A0III 1.1 ± 0.2 0.79 ± 0.16 24 ± 6 V (4)

A12 HD 23625 03 47 52.67+33 35 59.5 36083
57 B2.5V 0.9 ± 0.2 0.52 ± 0.06 17 ± 3 V (4)

A13 HD 281226 03 48 29.49+32 18 18.5 360 ± 80(a) A1V 1.5 ± 0.2 1.0 ± 0.11 174 ± 3 V (6)

A14 TYC 2360-7-1 03 49 00.23+33 06 38.9 190+9
−8 G4V 0.7 ± 0.1 0.36 ± 0.13 78 ± 10 I (2)

A15 HD 23802 03 49 07.32+32 15 51.6 260+31
−25 B5Vn 1.0 ± 0.1 1.07 ± 0.07 42 ± 2 V (4)

A16 HD 281218 03 49 09.16+32 48 47.1 250+46
−35 F7.5V 0.6 ± 0.2 0.59 ± 0.10 57 ± 5 R(d) (3)

A17 HD 279065 03 49 24.09+32 58 18.4 1300+3700
−600 K5III 1.7 ± 0.5 0.71 ± 0.02 57 ± 1 V (2)

A18 HD 23848 03 49 32.69+33 05 29.0 90+7 (a)
−6 A3V 0.1 ± 0.1 0.03 ± 0.12 – B(d) (1)

A19 HD 279064 03 49 56.46+33 06 09.7 450+55
−43 F0 1.2 ± 0.3 1.4 ± 0.08 43 ± 2 V (6)

A20 HD 281223 03 50 25.62+32 26 17.0 460+86
−63 A0 0.9 ± 0.3 0.7 ± 0.07 68 ± 3 V (6)

A21 HD 23974 03 50 27.51+31 33 13.0 300+28
−24 B8V 1.0 ± 0.3 1.8 ± 0.04 64 ± 1 R (5)

A22 HD 24039 03 50 58.87+32 10 10.5 190+11
−10 A3IV 1.1 ± 0.2 1.0 ± 0.05 48 ± 1 V (6)

A23 HD 24038 03 51 01.45+32 33 30.2 160+53
−32 A7V 0.8 ± 0.3 0.7 ± 0.03 28 ± 1 V (6)

A24 HD 24131 03 51 53.72+34 21 32.8 260+27
−22 B1V 0.8 ± 0.1 0.9 ± 0.03 94 ± 1 R (5)

A25 HD 279128 03 52 16.28+33 24 22.2 1300+700
−340 A0II 2.2 ± 0.3 1.2 ± 0.05 85 ± 1 R (5)

A26 HD 24190 03 52 18.96+34 13 19.6 400+61
−46 B2V 0.9 ± 0.1 0.5 ± 0.2 100 ± 8 V(d) (1)

A27 HD 279137 03 52 22.93+32 53 44.1 770+270
−160 A1V 0.4 ± 0.2 1.1 ± 0.12 58 ± 3 V (6)

A28 HD 279133 03 52 36.96+33 07 36.0 560+115
−80 A1V 0.6 ± 0.2 1.0 ± 0.09 71 ± 3 V (6)

A29 HD 24398 03 54 07.92+31 53 01.1 230+11
−9 B1Ib 1.0 ± 0.1 1.13 ± 0.03 62 ± 1 B(d) (1)

Notes: (a) the distance is derived not from the Gaia parallax but as described in Section 3; (b) the spectral class, not found in the literature, was estimated
as described in Section 3; (c) AV is derived as suggested in Section 3; (d) not the standard band. References to the polarization data are as follows: (1) early
observations catalogued by Heiles (2000); (2) Joshi et al. (1985); (3) Goodman et al. (1990); (4) Il’in et al. (1994); (5) Andersson & Wannier (1997); (6)
Efimov (1997, private communication).

(by 0.5 per cent), being mostly located at d > 350 pc, while all four
surrounding stars have d = 125–290 pc. However, the star S2 is
certainly at d = 200 pc according to its Gaia parallax. Thus, when
considering the interstellar polarization of stars seen through the
southern part of B5 and its halo, one must keep in mind the noted
effect of unclear nature. Generally, the distribution of the stellar
polarization vectors in the B5 field is typical of that observed for
other dark clouds (see e.g. Sen et al. 2005).

5 D ISCUSSION

To start with, we compare our results with the extinction map of
the B5 region obtained within the COMPLETE project (Ridge
et al. 2006). The comparison made in Fig. 3 reveals a good
correlation of our estimates of the extinction AV to the ob-
served stars with the mapped extinction, and a reasonable corre-

lation between this extinction and the wavelength of maximum
polarization λmax.

In particular, it can be seen that the stars in the background
of B5 (S3–6, S11–12) according to their distance (also S5, if
d(B5) < 315 ± 150 pc) have an extinction AV of about 3 mag, in
good agreement with the map. The remaining stars (S1–2, S7–10)
are either foreground according to their distance (S1–S2, S7, and
S10 if d(B5) > 330 ± 45 pc) or are distant from B5 (S8, S9). The
foreground stars have low extinction, AV = 0.6 − 1 mag, and for
the more distant stars S9, S10, AV � 1.5 mag. It should be noted
that the agreement of our results with the map becomes even better
if we take into account that the lines of equal AV values in Fig. 3
are too smoothed as seen from a more detailed extinction map of
Foster et al. (2013).

More important, however, is the relationship between λmax values
and the position of the stars. The figure shows that for stars back-
ground to B5 (AV ∼ 3 mag, i.e. the contribution of B5 to extinction is
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Dust in the outer layers of globule B5 5541

Figure 2. Interstellar polarization in the vicinity of globule B5. The vectors show the direction of linear polarization for stars from Tables 4 and 5; the length
of the vectors is proportional to the polarization degree. Open circles refer to stars that are certainly in the foreground of B5 (d < 270 pc). The COMPLETE
extinction map of the B5 region is from (Bensch 2006). The line labelled b = −15◦ is parallel to the Galactic plane.

significant) we derive λmax ≈ 0.7–0.9 µm. For the foreground stars
and stars away from B5, we have with good accuracy (∼0.035 µm)
values of λmax = 0.52 − 0.58µm, which are typical of the diffuse
ISM. This relationship needs a more accurate consideration, as given
below.

5.1 Dust foreground to B5

Using the knowledge on the interstellar extinction and polariza-
tion gained in Section 4, we can consider the results of our
observations in more detail. The stars foreground to or located
away from B5 according to Table 4 and the stars from Table 5
can be used to define the parameters of interstellar polarization
caused by dust in the Taurus complex (hereafter the first layer of
dust). Then by subtracting the contribution of this layer we can
estimate the parameters of extinction and polarization produced
by dust in the globule from the data for the stars background
to B5.

In Tables 4–5, there are 14 stars at a distance 100 < d < 260 pc,
that is, certainly located foreground to B5 and the nearby part of
the Perseus complex. For these stars, we obtain the mean value

〈AV〉 = 0.8 ± 0.2 mag, in very good agreement with the esti-
mate in Appendix B (AV = 0.7–0.95 mag). The stars are dis-
tributed in a region of radius of about 1.◦4. When considering
a smaller region (a radius of about 0.◦4) centred at B5, we find
seven stars (S1, S2, S7, S10, A8, A14, A16) and a slightly
smaller value of 〈AV〉 = 0.7 ± 0.2 mag. The stars observed and
seen through B5 are separated by less than 30 arcmin (1.4 pc at
d = 160 pc), and we assume that they have the same extinction,
which is the first parameter of the dust layer in the foreground
of B5.

For four stars (S1, S2, S7, S10) in the 0.◦4 radius region, we have
estimates of the wavelength of maximum polarization varying from
0.52 to 0.58 µm with a mean value of 〈λmax〉 = 0.56 ± 0.03 µm,
which is typical of the diffuse ISM. The stars S8, S9, which do not
project on B5, are slightly more reddened, but still have λmax = 0.54
and 0.58 µm.

Estimates of the maximum polarization degree in the foreground
layer are less reliable. From seven stars within the 0.◦4 region, we
excluded one (S2) as it is in the strange region S (see the end of Sec-
tion 4). For stars A8, A14 and A16, the polarization was observed in
the R and I bands, but using the Serkowski law with λmax = 0.56 µm
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5542 V. B. Il’in et al.

Figure 3. Position of the stars from Table 1 on a stellar map. The cross indicates the centre of the B5 image. The solid (red) lines show the contour lines of
extinction AV = 3 and 5 mag, and the dashed line illustrates the 13CO(1 − 0) integrated intensity distribution according to the COMPLETE results (Ridge et al.
2006). Numbers at the stars give the obtained values of AV, λmax, and distance d (see Table 4), and the vectors show the stellar polarization.

(see above) we can estimate Pmax. So, for the remaining six stars in
the 0.◦4 region, we derive Pmax in the range 0.5–1.1 per cent with
the mean value 〈Pmax〉 = 0.75 ± 0.25 per cent.

With the assumption that the magnetic field in the foreground
layer does not change significantly at the distance of 1.4 pc in the
sky plane, we obtain the following estimates of the position angle
θ . Using the six stars (S1, S7, S10, A8, A14, A16) mentioned in
the previous paragraph, we obtain a mean position angle in the
visual of 〈θV〉 = 50◦ ± 20◦. This value coincides with the mean
position angle in region E (see Section 4). Note the systematic
change of the position angle (the orientation of the magnetic field
in the foreground layer) from region N (θ ≈ 90◦) to region E and
B5 (θ ≈ 50◦) to region SW (θ ≈ 35◦).

5.2 Dust in globule B5

5.2.1 Correction for the foreground material

We apply the following two-layer model of polarization forma-
tion in the direction of B5. The first (nearest to the observer) dust
layer causes polarization P1(λ), described by the Serkowski law

(1) with the parameters Pmax, 1 and λmax, 1. The layer is homoge-
neous and uniform; that is, for all stars seen through it alone, the
extinction AV, 1, the polarization degree P(λ) and the position an-
gle θ (λ) ≡ θ1 are constant. Based on the considerations above,
we adopt AV, 1 = 0.7 ± 0.2 mag, Pmax, 1 = 0.75 ± 0.25 per cent,
λmax,1 = 0.56 ± 0.03 µm and θ1 = 50◦ ± 20◦. The second layer is
inhomogeneous; that is, the extinction AV, 2 and the polarization pa-
rameters Pmax, 2, θV, 2 vary from one line of sight to another. Because
this layer is associated with the globule, we assume that AV, 2 and
Pmax, 2 are significantly larger than AV, 1 and Pmax, 1, respectively.

If a star is seen through both layers, the observed extinction and
linear polarization are (see e.g. Martin 1978):

Aobs
V = AV ,1 + AV ,2, Pobs(λ) = P1(λ) + P2(λ), (2)

where the polarization vector P has length equal to the polarization
degree P and direction defined by the double position angle θ ; that
is, the components of P are as usual Px = Pcos 2θ , Py = Psin 2θ ,
being the normalized Stokes parameters.

Using equations (2), we can derive the parameters of the sec-
ond layer if we know the polarization observed for a star seen
through both layers (Pobs(λ), θobs(λ)) and the parameters of the first
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Dust in the outer layers of globule B5 5543

layer (Pmax, 1, λmax, 1, θ1). We obtain equations for the polarization
degree,

P2(λ) = P obs(λ)
(
1 − 2r cos 2�θ + r2

)1/2
, (3)

and the position angle,

θ2(λ) = 1

2
arctan

sin 2θobs(λ) − r sin 2θ1

cos 2θobs(λ) − r cos 2θ1
, (4)

where r = P1(λ)/Pobs(λ), �θ = θobs(λ) − θ1. A similar approach has
been used by, for example, Messinger, Whittet & Roberge (1997).

Furthermore, from P2, θ2 derived at different wavelengths,
P2, x(λ), P2, y(λ) should be calculated and these dependences fit-
ted with Serkowski curves. However, a number of factors make
it reasonable to assume that the first layer weakly affects the
maximum wavelength of the second layer, that is, λmax,2 ≈ λobs

max.
First, for most stars we have Pmax, 2/Pmax, 1 < 3. Second, we have
λmax, 2 ∼ 0.7 µm and hence the first layer mainly affects the polar-
ization observed in the B and V bands, where for reddened stars the
uncertainties of Pobs are in any case large (see Table 3). Third, the
subtraction of the first layer contribution introduces an additional
inaccuracy in the results, as to some extent θ1 (and Pmax, 1) should
vary from one star to another.

In order to check the accuracy of the approximation, we have
calculated Pobs(λ) from equation (2) for various values of the pa-
rameters (Pmax, 1, λmax, 1, Pmax, 2, λmax, 2) in the cases of �θ = 0◦

and 90◦ and fitted the derived dependences with the Serkowski
curve. We found that for Pmax, 1 = 0.75 per cent, λmax, 1 = 0.56 µm,
Pmax, 2 = 2.0 per cent, λmax, 2 = 0.7 µm, which are typical of our
reddened stars, the relative difference of λmax, 2 and λobs

max is less than
5 per cent for �θ = 0◦ and 10 per cent for �θ = 90◦. For other
values of �θ , the effect should be of the same order, while the
apparent rotation of the position angle with a changing wavelength
is too weak in comparison with the observational errors, as can be
seen in Section 5.2.4.

We applied our two-layer model with the discussed approxi-
mation to the polarization data for six stars (S3–6, S11–12) seen
through B5 and for the star S8 seen through the periphery (rather
diffuse) region of B5 (AV, 2 ∼ 1 mag) and having some extra extinc-
tion (Aobs

V ∼ 1.6 mag). As a result, we obtain estimates of AV, 2 and
Pmax, 2, which are presented in Figs 4–6, where for simplicity we
use the following notation: AV, Pmax for the observed (initial) values
Aobs

V , P obs
max, and A′

V , P ′
max for the corrected ones AV, 2, Pmax, 2, respec-

tively. The application of our model is considered as a correction of
the initial values for the foreground material.

5.2.2 Relationship between λmax and AV

Fig. 4 presents the dependence of the wavelength of maximum
polarization λmax on the extinction inside B5, A′

V , for several stars
seen through this globule. We cross-hatch a region of the values
typical of the diffuse ISM and note that the parameters obtained by
us for dust foreground to B5 (an extension of the Taurus complex)
are inside this region. Within it is also the additional (to foreground)
extinction and polarization for the star S8.

The six stars (S3–6, S11–12) seen through B5 display the well-
known trend – an increase of λmax with AV (see e.g. Andersson &
Potter 2007; Andersson et al. 2015). It is likely that the highest
value of λmax for the star S4 is caused by errors; the other objects
are in a region occupied by stars seen through dense clouds (see e.g.
Andersson & Potter 2007; Whittet et al. 2008).

Figure 4. Dependence of the wavelength of maximum polarization λmax

on extinction corrected for the foreground, A′
V , for the stars located behind

B5. The cross-hatched (magenta) region shows the values typical of the
diffuse ISM, the horizontal (green) and vertical (blue) regions indicate the
values observed for several molecular clouds (Andersson & Potter 2007)
and Taurus field stars (Whittet et al. 2008), respectively, and the thick line
presents the mean dependence λmax(AV) from the latter paper. S8* shows
the parameters of dust in the Perseus complex (B5 halo) along the line of
sight to the star S8.

Figure 5. Dependence of the polarizing efficiency on the parameter λmax

The uncorrected (Pmax/AV) and corrected (P ′
max/A

′
V ) values are denoted

by open and filled circles, respectively. Horizontal (magenta) hatching in-
dicates values typical of the diffuse ISM; vertical (green) hatching and the
broad (gray) band show the position of stars in various molecular clouds
(Voshchinnikov & Hirashita 2014) and Taurus field stars (Whittet et al.
2001), respectively.
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5544 V. B. Il’in et al.

Figure 6. Dependence of the polarizing efficiency on extinction AV (or
A′

V ). The initial (Pmax/AV) and foreground-corrected (P ′
max/A

′
V ) values

are given by open and filled circles, respectively. The curves illustrate the
often-mentioned theoretical dependences (see the text for more details).

Fitting the data for these six stars with and without S4 gives
the trends λmax = 0.506 + 0.088AV and λmax = 0.470 + 0.086AV,
respectively. The slope (∼0.09) agrees with that found for Taurus
field stars by Whittet et al. (2008) and is significantly larger than the
slope (equal to 0.01–0.05) found for several star-forming regions by
Andersson & Potter (2007). Note that the slope is usually related to
variations of the degree of grain alignment with changing depth into
a cloud, while the value of λmax(AV) at AV = 0 is then associated with
a difference in the grain size distribution in the clouds (for more
details see Andersson & Potter 2007). After vertical shifts of the
trends λmax(AV) for different clouds by �λmax = λmax(AV = 0) −
0.54 ≈ RV /6 − 0.54 µm, where RV = AV/E(B − V), the extended
region of the parameter values becomes much more compact (see
e.g. Andersson et al. 2015).

Unfortunately, because of large uncertainties in the APASS B
photometry we cannot properly evaluate RV for our stars: for S3–S6
we obtained RV ≈ 3.4 ± 1, and for S12, RV = 2.4 ± 0.7 (no B
data for S11). Formally, we have 〈RV〉 = 3.3, which gives a negligi-
ble vertical shift �λmax ≈ −0.01 µm, according to the relationship
of Andersson et al. (2015), but its uncertainty can be as large as
0.15 µm.

The stars S3–S6 are sufficiently bright (V = 12–14 mag) for
good photometry in the B and V bands. If this photometry confirms
our value of 〈RV〉, then for AV � 2.2 mag we would find λmax �
0.65 µm, which would point to a significant increase of the mean
grain size occurring before the formation of the ice mantles at
AV > 3.2 ± 0.1 mag (e.g. Boogert, Gerakines & Whittet 2015).

In relation to this, it would be interesting to see in Fig. 4 also sev-
eral stars seen through the extended (AV ∼ 1 mag) B5 halo studied,
for example those by Bensch (2006). Unfortunately, there are only
two such stars (S8, S9), and, moreover, the star S9 is a variable M
giant with a very uncertain estimate of AV. The position of S8 (its
extinction in the B5 halo, A′

V < 0.9 ± 0.3 mag, is comparable to
the foreground extinction, AV, 1 = 0.7 ± 0.2 mag) in Fig. 4 shows

that the value of λmax in the halo (and the mean grain size) may not
strongly differ from that typical of the diffuse ISM (which generally
agrees with �λmax ≈ 0 µm). Therefore, the multicolour polarimetry
of stars seen through the halo of B5 is of interest as at the moment it
cannot be excluded that large dust grains will occur in the halo too.

Note that the substraction of the foreground extinction (�AV =
AV − A′

V = 0.7 mag) weakly affects the slope of the trend λmax(AV),
but shifts it horizontally, which is in our case equivalent to a verti-
cal shift �λmax ≈ 0.7 × 0.09 ≈ 0.06 µm, which is significant. So,
accounting for the foreground extinction (and the background one
if possible in other cases) can be important for a correct joint con-
sideration of the trend in different clouds.

Finally, we can formulate the main result given by our data — for
the extinction in B5 A′

V > 2 mag, we found λmax ≈ 0.7 µm, which
differs considerably from the λmax = 0.52 − 0.58 µm derived by us
for the diffuse medium in the direction of B5. It should be added
that Wang et al. (2017) have recently measured polarization of
about 2000 stars background to the filamentary cloud IC 5146 in
the Rc, i′, H, K bands. They found that the grain properties changed
significantly at AV ∼ 3 mag, and λmax ≈ 0.6–0.9 µm already for
AV > 2.5 mag. Their results agree well with our conclusion for
globule B5.

5.2.3 Correlation of Pmax/AV with λmax and AV

Another important parameter of a dusty medium is its polarizing
efficiency Pmax/AV. Fig. 5 presents the dependence of this parameter
on λmax for the stars seen through B5. We also show a region of the
parameter values obtained for a large set of stars observed though
the diffuse ISM and some molecular clouds (for more details see
Voshchinnikov et al. 2016).

The correction of the parameters for the effect of foreground
is shown by arrows. Note that this correction always decreases
the extinction; however, it can increase the polarization degree, as
follows from equation (3), provided that �θ0 < �θ < 2π − �θ0,
where �θ0 = arccos(r/2)/2, and decrease it otherwise. As a result,
the correction can slightly decrease the parameter Pmax/AV (as in
the case of the star S6) or increase it significantly (as for all other
stars) – this increase can be as large as 100 per cent (the case of
S3). This may be of some importance for comparisons with the
theoretical results. In our case, the correction brings our results into
better agreement (except for the questionable star S4) with the data
collected by Whittet et al. (2001) and later by Voshchinnikov et al.
(2016), namely the stars S3, S5, S6 move to the region typical of
dense clouds, and the star S12 seen rather through the B5 halo has
a higher value of Pmax/AV typical of diffuse ISM (see for example,
S8, S11).

An analysis of the relationship between Pmax/AV and λmax has
recently been performed by Voshchinnikov et al. (2016). They found
that both quantities are determined mainly by two parameters: the
threshold on the size of aligned silicate grains and the time of grain
processing in a cloud. Obviously, more observations are required
to apply such an analysis or even more detailed models (see e.g.
Siebenmorgen et al. 2017) to the data on B5.

A systematic decline of the polarizing efficiency with optical
depth in dense molecular clouds is a well-known observational
fact (see e.g. Whittet et al. 2008). This trend is interesting from a
theoretical point of view and is considered in Fig. 6.

It can be seen that the correction for the foreground moves the
stars to the left, top, namely nearly along the trend usually pre-
sented as Pmax/AV ∝ A−b

V with b � 0.5 (Andersson et al. 2015).
Therefore, the correction affects the trend rather weakly.
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Our points better agree with the case of b � 1, in contrast, for
example, to the results of Whittet et al. (2001), who found a trend
with b ≈ 0.7 for the field stars behind the Taurus complex. Obvi-
ously, our estimate of b requires confirmation from more accurate
and extensive observations.

5.2.4 Wavelength dependence of the position angle

The two-layer model predicts that such a dependence will be bet-
ter seen when the polarization maximum wavelengths in the lay-
ers λmax, 1 and λmax, 2 differ significantly, the polarization degrees
Pmax, 1 and Pmax, 2 are comparable, and the position angle differ-
ence �θ = θ2 − θ1 deviates from 0◦and 90◦. For the stars seen
through B5, these conditions are fulfilled to only a small extent,
and a strong wavelength dependence of the position angle should
not be expected. However, as the observational data show some
position angle variations, it is worthwhile to compare them with the
predictions of the model used.

We adopt the polarization characteristics of the foreground layer
from Section 5.1 and the parameters Pmax,2 ≡ P ′

max and θ2 derived
by applying our model to the stars (S3–S6, S12). The star S11 is
excluded as its polarization position angle was accurately measured
at only two wavelengths. Using equations (2), we calculate the
model dependences θ (λ) and compare them with the observational
data obtained in this and other works in Fig. 7, in which a couple of
erroneous values are not shown as they are outside the plots.

Obviously, the data are too noisy (in particular in the B and V
bands) for a reliable comparison of the theory with observations.
At first glance, we can merely conclude that the observational data
generally do not contradict the predictions of the two-layer model.

Although the linear approximation of the dependence θ (λ)
can be applied only in a limited range of wavelengths, we
use it in a wider region to make the comparison slightly more
quantitative. For stars S3, S4, S5 and S6, we obtained the
slope |(dθ/dλ)obs| = 5–6.5 deg µm−1, while our model gives
|(dθ/dλ)calc| = 2.5–8.5 deg µm−1 (for S12, the model predicts θ (λ)
≈ const). Bearing in mind the large uncertainties of the data, this
agreement seems satisfactory.

We note that a consideration of θ (λ) can become really constrain-
ing, provided that the accuracy of polarization measurements in the
B band can be made as small as δP < 0.1 per cent (giving δθ ∼ 1◦),
which does not look impossible for the stars S4, S5 and S6 with
V = 12–14 mag.

6 C O N C L U S I O N S

We made UBVRI polarimetric observations of 10 stars in the B5 re-
gion, some of which are seen through the outer layers of this globule
with an optical thickness of τV ∼ 3, and significantly improved the
estimates of the polarization parameters λmax and Pmax. Recent sur-
veys (Gaia, LAMOST, APASS, etc.) enabled us to estimate the
distance and visual extinction to the stars observed.

Using data from the literature, we also found the distance and
visual extinction to 29 additional stars around B5. The information
on these stars and the stars observed enabled us to estimate the
parameters of the extinction and polarization arising in the Taurus
complex, which is foreground to B5: AV = 0.7 ± 0.2 mag, Pmax =
0.75 ± 0.25 per cent, θ = 50◦ ± 20◦ and λmax = 0.56 ± 0.03 µm.

We applied a two-layer model with the parameters of the first
(foreground) layer given above (the second layer is B5 and its halo)
to the data for several stars behind B5 and evaluated the contribution

Figure 7. Dependence of the position angle θ on the wavelength λ for stars
S3, S4, S5, S6 and S12 located behind B5. The filled and open circles present
the observational data obtained in this and other works, respectively. The
curves show the predictions of the two-layer model used.

of the globule to the measured extinction and polarization. We
considered the effects of such a correcting approach (including the
changes of the position angle with wavelength) and noted that it
should be applied to many other stars polarimetrically observed
through the Perseus cloud complex before a comparison with the
theory is made.

We also discussed the relationship between the extinction (AV)
and polarization (Pmax, λmax) formed in the outer layers of B5 and
noted that after our correction they became more similar to those
typical of larger molecular clouds. We found a good correlation
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between the position of the observed stars in 3D extinction maps,
the extinction to them and their value of λmax. It is worth noting that
for the stars seen through the globule layers with AV = 2–3 mag,
we derived λmax = 0.6–0.8 µm, which differs significantly from the
value of λmax = 0.52–0.58 µm obtained by us for the diffuse ISM
towards B5. This difference indicates that the dust in the very outer
parts of this globule has very specific properties and is in agreement
with results reported for other molecular clouds.
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APPENDIX A : C LASSIFICATION OF STARS,
E XTINCTION AND DISTANCE ESTIMATE S

S1: This star is an ecliptic binary with an amplitude of about
0.13 mag in the R band and a period of about 0.7 d (Watson
et al. 2014). We took V = 9.21 mag at maximum using the val-
ues from Tycho 2, TASS, and APASS DR6 included in UCAC4
(Zacharias, Finch & Girard 2013), as DR9 contains an incorrect
value, V = 10.14 mag.

Spectral data indicate the types A7 (HDE, Nesterov et al. 1995)
and F0 (SAO, Ochsenbein 1980), while the Vilnius photometry
gives F2V with d = 132 ± 30 pc, AV = 0.77 ± 0.1 mag and
MV = 2.9 mag (Černis 1993).

The proper motion is relatively large (−27.0 ± 0.7, −7.1 ± 0.9
mas yr−1 from Zacharias et al. 2013), as is the radial velocity vr ≈
30–40 km s−1 (Cottaar et al. 2015). However, the star is not very
close to us as the interstellar polarization degree is P ≈ 0.7 per cent
(Joshi et al. 1985); that is, AV > P/3 = 0.24 mag and on average
AV ∼ 0.5 mag, which usually means a distance greater than 70–
100 pc.

The equivalent width of the diffuse interstellar band observed at
1.527 µm is E(1.527) = 44 ± 5 mA (Elyajouri et al. 2016), which
on average corresponds to AV ∼ 0.44 mag (Zasowski et al. 2015).
An inspection of fig. 11 in Elyajouri et al. (2016) shows that AV

should be in the interval 0.25–0.7 mag, and cannot be larger than
1.1 mag.

The spectral type A7V gives AV ∼ 1.3 mag, which disagrees with
E(1.527), while the Vilnius photometric type F2 V does not quite
agree with observed spectra. So, we assume that the type of this
star should be about F0V and then obtain AV = 0.9 ± 0.3 mag and
d = 125 ± 20 pc.

S2: HDE gives F8, while LAMOST DR2 gives
Teff = 6593 ± 86 K and log g = 4.187 ± 0.374, corre-
sponding to F4.5 III–V according to Straižys (1992). The Gaia
DR1 parallax is 5.06±0.50 mas, the UCAC4 proper motion
is 13.4 ± 0.8, −14.6 ± 0.9 mas yr−1, Tycho 2 and TASS give
V = 11.1 ± 0.1 mag.

The LAMOST type F4.5 agrees much better with the V, Ks pho-
tometry and the parallax values than does F8 from HDE. So, we
take the F5 V class, which corresponds to d = 200 pc, and obtain
AV = 1.0 ± 0.2 mag.

S3: The 2MASS J, H, Ks data agree best with the type K0 III
and AV ≈ 3.6 mag. The measured photospheric carbon and nitrogen
abundances predict Teff = 4115 K and log g = 2.0 (Martig, Foues-
neau & Rix 2016), corresponding to the type K4 III, which gives d
≈ 1000 pc and AV ≈ 2.5 mag for the B, V values from APASS and
TASS.

Although the proper motion is relatively large (10.1 ± 2.7,
−8.1 ± 5.3 mas yr−1 from UCAC4), we incline towards the
mean case of K2 III, which for available V, Ks magnitudes gives
AV = 3.2 ± 0.5 mag and d = 660 ± 200 pc.

S4: LAMOST DR2 gives Teff = 4195 ± 47 K and
log g = 1.90 ± 0.46, which corresponds to K3.5 III and is in good
agreement with the C and N abundance predictions from Mar-
tig et al. (2016): Teff = 4108 K and log g = 1.8. So, we obtain
d = 1450 ± 200 pc and AV = 2.8 ± 0.2 mag.

S5: The 2MASS J, H, Ks data correspond to type K1 III and
AV ≈ 3.6 mag. Using V = 11.68 ± 0.07 from APASS DR9, it is
possible to refine this to AV ≈ 3.7 mag and to estimate d ≈ 315 pc.
However, the accuracy of the JHKs classification is so low that
within 1σ of the JHKs values is the solution K3 III, d ≈ 480 pc, AV

≈ 3.3 mag. So, we can take approximate values of d = 315 ± 150 pc
and AV = 3.7 ± 0.5 mag.

S6: LAMOST DR2 gives Teff = 4840 ± 90 K and
log g = 2.5 ± 0.50, which corresponds to G9.5 III. Using
V = 13.05 ± 0.06 mag (APASS DR9) and K = 7.93 ± 0.02 mag
(2MASS), we obtain d = 690 ± 100 pc and AV = 3.1 ± 0.2 mag.

S7: Černis (1993) gives the type F5 V, with d = 255 ± 60 pc,
AV = 0.48 ± 0.1 mag and MV = 3.6 mag. HDE gives F5, and
LAMOST DR2 gives Teff = 6750 ± 80 K and log g = 4.12 ± 0.35,
which corresponds to F3.5 V (Straižys 1992).

The Gaia parallax is 3.68 ± 0.31 mas. Using TASS and Ty-
cho 2 photometry (V = 11.11 ± 0.04 mag), for F4 V we obtain
d = 270 ± 25 pc and AV = 0.5 ± 0.1 mag, in very good agreement
with Černis (1993).
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S8: HDE gives A7, while LAMOST DR2 gives
Teff = 6570 ± 100 K and log g = 4.0 ± 0.4, corresponding
to F4.5 III–V.

The Gaia parallax is 1.855 ± 0.39 mas; the radial velocity
(vr = 21 ± 2 km s−1 from Cottaar et al. 2015) and proper mo-
tion (2.8 ± 2, −11.9 ± 0.8 mas yr−1 from UCAC4) are relatively
large.

If we assume the type F4.5 IV, then, having reliable photometry
(V = 11.26 ± 0.03 mag from TASS; K = 8.72 ± 0.02 mag from
2MASS), we derive AV = 1.6 ± 0.1 mag and d = 260 ± 100 pc. The
contradiction with the Gaia distance d = 540 ± 95 pc is significant.
A better solution could be type F4.5 III, giving d = 350 ± 100 pc
and the use of MV = 1.0 mag instead of the mean value for this type
MV = 2.0 mag (Straižys 1992). Variations of the spectral type do
not lead to a better agreement.

S9: This star is a variable M2 or later-class star with B, V ampli-
tudes of about 0.3–0.4 mag (Il’in et al. 1994) and the TASS index
WS =−4.7. The 2MASS J, H, Ks data correspond to the type M4
III and AV ≈ 2.1 mag. Using the mean V = 11.1 mag from Il’in et al.
(1994) and Ks = 3.54 ± 0.24 mag from 2MASS, it is possible to
derive AV = 2.4 ± 1.2 mag and d = 800 ± 200 pc. The JHK classifi-
cation is in particular unreliable for this star because of large errors
in the J, H, Ks values, and hence the corresponding uncertainty of
(V − K)0 does not allow us to accurately estimate AV. For instance,
taking the M5 III class, one obtains AV = 1.5 mag and d = 900 pc.

S10: LAMOST DR2 gives Teff = 5870 ± 100 K and
log g = 3.95 ± 0.54, corresponding to F9 III–V. The Gaia par-
allax is 3.03 ± 0.48 mas; the radial velocity (vR ≈ 28 km s−1 from
LAMOST) and the proper motion (∼22 mas yr−1 from UCAC4) are
large.

Using V ≈ 11.05 mag from TASS and Tycho2, it is found
that the class F9 IV agrees with the Gaia parallax. So, we have
AV = 0.6 ± 0.25 mag and d = 330 ± 45 pc.

S11: LAMOST DR2 gives Teff = 5148 ± 120 K and
log g = 3.61 ± 0.55, corresponding to G5 III–IV. As the giant should
be at a distance of about 1800 pc, a more probable solution looks to
be G5 IV with AV = 2.8 ± 0.5 mag and d = 600 ± 400 pc. The limits
are large because the luminosity class is not very certain (class III
cannot be excluded).

S12: LAMOST DR2 gives Teff = 6426 ± 215 K and
log g = 4.20 ± 0.45, corresponding to F5.5 V. The proper mo-
tion is relatively large (∼22 km s−1 UCAC4), but the polarization
degree P ∼ 3.7 per cent is large too; that is, the star should be nei-
ther too distant, nor too close. With V = 13.97 ± 0.14 mag (APASS
DR9) we obtain AV = 2.3 ± 0.2 mag (in good agreement with JHK
colours) and d = 380 ± 90 pc.

A P P E N D I X B: D I S TA N C E A N D
I N T E R S T E L L A R EX T I N C T I O N TO TH E
P E R S E U S C O M P L E X A N D G L O BU L E B5

The Perseus molecular cloud complex is part of the Taurus–Perseus–
Auriga (TPA) star-formation region that also includes the Perseus
OB2 association, the Taurus cloud complex, and the California
nebula and molecular cloud, etc. (see fig. 3 d in Lim, Min &
Seon 2013). Globule B5 as well as the clouds around the young
open cluster IC 348 and the reflection nebula NGC 1333 belong
to the Perseus complex described in detail by Bally et al. (2008).
The distance to the above-mentioned objects and their position in
the TPA region are given in Table B1.

Note that the distance to the NGC 1333 clouds is the most reliable
as it was derived from the parallax of a maser measured with VLBI

Table B1. Some objects in the Taurus–Perseus–Auriga complex.

Object TPA part d [pc] Ref.

NGC 1333 clouds (PMC) Western 230–235 (1)
IC 348 clouds (PMC) Central 300 ± 15 (2)
B5 (PMC) Central 300, 350 (2,3)
Per OB2 association Central 300 ± 17 (4,5)
California nebula Northern 300 ± 75 (6)
California molecular cloud Northern ∼450 (7)
Taurus cloud complex Eastern 130–160 (1)

Notes: PMC refers to the Perseus molecular cloud complex.
References for the distances: (1) Loinard (2013); (2) Herbst (2008); (3)
Schlafly et al. (2014); (4) de Zeeuw, Hoogerwerf & de Bruijne (1999); (5)
Belikov et al. (2002); (6) Straižys, Černis & Bartašūite (2001); (7) Lada,
Lomdardi & Alves (2009).

(Hirota et al. 2008). The distance to the IC 348 clouds is less certain:
Černis (1993) and Scholz et al. (1999) give 260±65 and 260±25 pc,
respectively, while Ripepi et al. (2002) and an analysis of Herbst
(2008) suggest 320 and 300±15 pc, respectively. The distance to B5
is deduced mainly from the assumption that the globule is related
to the IC 348 clouds and is discussed below in some detail. From
Hipparcos data, de Zeeuw et al. (1999) derived the mean distances
to the early-type members of the association and to all its members
to be equal to 318±27 and 296±17 pc, respectively. The California
nebula is excited by ξ Per located at the Hipparcos distance of
380±60 pc. The estimates of the distance to the California molecular
cloud are controversial (see the discussion in Lada et al. 2009); for
example, the western part of this cloud was studied by Straižys et al.
(2001) and found to be at a distance of about 300 pc.

The mean distance to the Taurus complex is assumed to be 135–
140 pc (Elias 1978; Kenyon, Dobrzycka & Hartman 1994), but the
clouds are probably spread between 130 and 180 pc (Straižys et al.
2001). The VBLI observations give the distance to several T-Tau
stars as about 130 pc (with an error of ∼1 pc) and also show that
two such stars are at 147 and 162 pc (Loinard 2013).

Note that the NGC 1333 and IC 348 regions are probably not
physically related: in addition to the distance difference of about
70 pc, these regions have a difference of several kilometres per
second in the gas velocity (Bally et al. 2008).

The interstellar extinction towards the objects from Table B1
has been studied in several works. The main common conclusion
is that there are two layers of dust: the first one at a distance of
about 130–160 pc (probably related to an extension of the Taurus
complex), and the second one at about 200–300 pc (related to the
Perseus complex) (e.g. Straižys et al. 2001). An exception is part of
the Per OB2 association, where the second layer seems to be absent
(e.g. Straižys et al. 2001; Lim et al. 2013). The two-layer extinction
model is also supported by polarimetric and spectral data (Loren
1976; Goodman et al. 1990; Černis & Straižys 2003).

Such a large extension of the Taurus complex (over 25◦) was
unexpected, as was the fact that the extinction AV, 1 in the first
layer varies weakly across the central part of the TPA region. In
particular, Černis (1990) found 〈AV, 1〉 ≈ 0.4 mag at the distance
d = 160 ± 20 pc for NGC 1333; Černis & Straižys (2003) obtained
〈AV, 1〉 ≈ 0.3 mag at the distance d ∼ 150 pc for the B1 cloud located
close to NGC 1333; Černis (1993) derived 〈AV, 1〉 ≈ 0.7 mag at the
distance d ∼ 160 pc for IC 348 and 〈AV, 1〉 ≈ 0.95 mag at the distance
d ∼ 170 pc for Per OB2; and Straižys et al. (2001) found 〈AV, 1〉 ≈
0.3 mag at the distance d ∼ 160 pc for the California nebula. Thus,
we can assume that for B5 the foreground extinction in the Taurus
complex should be about 0.8 mag.
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Further information is provided by special studies and recent
surveys of extinction. Using the photometric observations of about
400 stars in the Vilnius system as described by Černis (1987),
a 3D distribution of the visual extinction in the TPA region was
considered by Černis (1990, 1993); Černis & Straižys (2003). For
the eastern part of the Perseus complex, Černis (1993) confirmed the
presence of two layers of dust: the first one with AV ≈ 0.7–0.9 mag,
d ≈ 160 pc and the second one at d = 220–260 pc. The second-layer
parameters cannot be adopted for globule B5, as only a few stars
close to it (with none seen through B5) were considered. Note that
the material more distant than 500 pc could not be studied with this
approach.

Various detailed 2D maps of the Perseus complex were obtained
within the COMPLETE survey (Ridge et al. 2006). It is well known
that the extinction map derived from the 2MASS data using the
NICER method (Lombardi & Alves 2001) is a better tracer of the
dust density than the extinction maps based on far-IR data because
of a warm dust shell around the Perseus complex. A detailed 2D
map of the B5 globule was obtained by Foster et al. (2013) from
UKIDSS JHK data and deep riz-photometry made with the 6.5-m
MMT. This map indicates that the extinction at the periphery of B5
is about 1.5 mag.

A recent 3D extinction map (Lallement et al. 2014) obtained
from Strömgren photometry and Hipparcos parallaxes to some ex-
tent agrees with the results of Černis (1993) – the map shows
two layers (d = 90–110 and 160–280 pc) that may be physically

related. The Galactic Anticentre 3D map (Chen et al. 2014) based
on gri, 2MASS and WISE photometry indicates some extinction at
d = 400–800 pc behind IC 348 and NGC 133 (at greater distances
there is no significant extinction in this direction). The most recent
and detailed 3D extinction map constructed by Green et al. (2015)
from 2MASS and Pan-STARR 1 data for 800 million stars shows
that extinction towards PMC and B5 occurs mainly at d < 316 pc.

The distance to globule B5 needs further discussion. If this glob-
ule is physically related to the IC 348 clouds, then we can adopt
the estimate of Herbst (2008): d = 300 ± 17 pc. However, several
authors have suggested that the Perseus complex may consist of
clouds located at different distances that are actually not related
(see e.g. Bally et al. 2008).

It is worth noting that, using the Pan-STARR 1 data, Schlafly et al.
(2014) have also estimated the distances to many molecular clouds,
including one projecting on B5, namely Per l = 160.d4, b = −16.d7
with 〈E(B − V)〉 ≈ 1.1 mag and d = 352 + 53/ − 50 pc. The
distance obtained is in even better agreement with the estimate of
Herbst (2008) when we note that for several clouds in the NGC
1333 region these authors found a mean distance of 〈d〉 = 260 pc
(with a deviation ∼35 pc), while 〈d〉 = 230 pc was expected (see
Table B1).

This paper has been typeset from a TEX/LATEX file prepared by the author.
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