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Abstract We study the polarization efficiency (defined as the ratio afpzation
to extinction) of stars in the background of the small, neagherical and isolated
Bok globule CB4 to understand the grain alignment procestedease in polariza-
tion efficiency with an increase in visual extinction is metl. This suggests that the
observed polarization in lines of sight which intercept & Bobule tends to show
dominance of dust grains in the outer layers of the globutés finding is consistent
with the results obtained for other clouds in the past. Werdehed the distance to
the cloud CB4 using near-infrared photometry (2MASB K s colors) of moderately
obscured stars located at the periphery of the cloud. Freraxtinction-distance plot,
the distance to this cloud is estimated to b8+ 85) pc.

Key words: polarization — ISM: clouds — dust, extinction — ISM: individl ob-
jects: CB4

1 INTRODUCTION

Linear polarization measurement of background field staesstar forming cloud has been used to
study the large scale structure of the interstellar magriietid (Heiles 2000; Fosalba et al. 2002;
Bertrang et al. 2014). The efficiency with which polarizatis produced by dust grains is sensi-
tive to the physical conditions of the cloud, with a tendetwyrop systematically with increasing
extinction or optical depth inside interstellar clouds @man et al. 1995; Gerakines et al. 1995;
Whittet et al. 2008; Chakraborty et al. 2014). This obséovesuggests that the observed polariza-
tion in a particular direction or line of sight which intefte a dark cloud shows dominance by dust
grains in the outer layers of the cloud. However, backgraiacs observed through a dense region
of the cloud show a smaller degree of polarization which sstggmuch lower dust columns in the
observed lines of sight. This also suggests that the paléoizstudies of background stars in a cloud
can explain the external magnetic field well, but it cannotjite information on the magnetic field
structure within the cloud (Whittet 2005).

To model the observed variation in polarization with extioic along different lines of sight,
Jones (1989) and Jones et al. (1992) studied this in termsabaetic field with distinct random and
uniform components. It has been observed by different igat®rs that the polarization efficiency
decreases with an increase in extinction (Tamura et al.;198@dman et al. 1992; Gerakines et al.
1995; Whittet et al. 2008; Chakraborty et al. 2014). Thisloamepresented by a power lagid,
A* for some power law index. From the study of dust grain alignment in the Taurus Darku@lo
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Complex, Gerakines et al. (1995) found a strong correldbetween polarization efficiency and
extinction, which was fitted by power lawy' Ay oc A;,%-°% in the magnitude regio)(< Ay < 25).
Whittet et al. (2008) also studied the polarization efficietoward molecular clouds with an aim of
understanding grain alignment mechanisms in dense regiothe interstellar medium and found
an empirical relatiom, /7, o [Ay]~%52 (wherer, is the optical depth). They did not find any
significant change in the behavior in the transition regietween the diffuse outer layers and dense
inner regions of clouds. Recently, Chakraborty et al. (3&tddied the polarization efficiencies in
three selected Bok globules: CB56, CB60 and CB69. They fautmend of decreasing polarization
efficiency with increasing extinction which can be well repented by a power lawy /Ay oc A%,
wherea = —0.56+0.36, —0.59+0.51 and—0.52+0.49 for CB56, CB60 and CB69, respectively. To
study the alignment of grains, a radiative torque mechahissrbeen used by researchers to calculate
the expected relationship between polarization efficieswegt extinction through a homogeneous
cloud (Dolginov & Mitrofanov 1976; Draine & Weingartner 1891997; Lazarian & Hoang 2007;
Whittet et al. 2008; Hoang & Lazarian 2014). Hoang & Lazar{a@14) studied grain alignment
by radiative torques for various environmental conditiansluding the interstellar medium, dense
molecular clouds and accretion disks.

The determination of the distance to interstellar cloudpsigesearchers to obtain luminosities
of the protostars embedded in the clouds (Yun & Clemens 1880)o estimate the sizes, masses
and densities of the clouds (Clemens et al. 1991). Severtilade have been adopted to estimate
the distance to a cloud. These are the Wolf diagram methodf A9@3), star count method (Bok
& Bok 1941), spectroscopic method (Hobbs et al. 1986; Heeirigl. 2000), photometric method
(Snell 1981; Peterson & Clemens 1998; Maheswar & Bhatt 200fh)eswar et al. 2004, 2010),
etc. Maheswar & Bhatt (2006) determined the distances te dark globules by a method which
uses optical and near-infrared (NIR) photometry of stacgguted towards the field containing the
globules. Recently, Eswaraiah et al. (2013) determinedligtance to the starless dark cloud LDN
1570 using NIR photometry from 2MASS.

In this work, we plan to study the polarization efficiency atkground field stars of the isolated
Bok globule CB4. We also determine the distance to the cldBd @sing a technique developed by
Maheswar et al. (2010) which usg$/ K NIR photometry.

The paper is organized as follows. In Section 2, a brief disicun on cloud CB4 is presented.
The polarimetric and photometric data collected from ditare survey are presented in Section 3.
Our results are discussed in Section 4. Finally, we conohittea summary in Section 5.

2 OBJECT
2.1 CB4

CB4 is a small, nearly spherical and isolated Bok globulgaséd at a distance of 600 pc (Dickman
& Clemens 1983). CB4 is situated far away from the Galacaoplp ~ —10°). The angular size of
this cloud on the Palomar Observatory Sky Survey (POSS) im&ps 1’ and the position angle (PA)
of the major axis (measured east from north)is. An IRAS point source is located at the southern
edge of the cloud which is detected onlylab um (Clemens & Barvainis 1988). No further evidence
of an embedded source has been observed up tpd6@B4 has been spectroscopically studied in
CO and its isotopes (Dickman & Clemens 1983; Clemens et 8L 1T he observations have shown
that the velocity of the globule is about11.3 km s! with a velocity dispersion of 0.57 knTs.
Furthermore, the study of deep IRAS aperture photometrynaolécular line observations showed
that CB4 is cold £ 7K) and does not contain a dense catex 10* cm~2) (Clemens et al. 1991;
Kane et al. 1994; Turner et al. 1997).
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3 DATA
3.1 Polarimetric Data

The polarimetric data of 80 field stars in CB4 at thieband have been taken from Kane et al.
(1995). Four fields were initially observed by them to coveegion of~ 8 x 8 surrounding the
cloud CB4. Two other fields were also observed again withghsii larger pixel size and using
longer integrations. The histogram of polarization PAs 0ffeld stars displayed a strong peak
around the mean PA of 8&with a dispersion of 13 This PA represents the preferred magnetic field
direction and the narrow width of the peak indicates a lgrgeiform field. The unweighted mean
polarization and weighted mean polarization were caledlaly Kane et al. to be (2.84.25)% and
(0.96+0.07)% which indicate a largely uniform magnetic field.

3.2 Photometric Data

The NIR photometric data/(; H and K s) of the field stars of CB4 have been taken from the 2MASS
All-Sky Catalog of Point Sources (Cutri et al. 2003) whicltisfges the following criteria:

(1) photometric uncertainty;, op, ok, < 0.035in all three filters,
(2) signal-to-noise ratio (SNR} 10 which is shown by the photometric quality flag of “AAA” in
all three filters.

The positions of 80 stars are shown by RA(2000) and Dec(2808ple 2 of Kane et al. (1995).
It can be noted that we will designate all field stars by theired number used in Kane et al. (1995)’s
paper and this numbering has been shown in column numberftihabde 1.

Table 1 The J, H and K5 magnitudes of 20 stars along with spectral type, absolute
magnitude {/x ) and extinction /). The second column refers to the star number
which corresponds to the serial number in table 2 of Kane. €18985).

SIN  Star J H Kg SpType Mg, Ay
(mag) (mag) (mag)
1 1 10.942t0.021 10.6040.018 10.5330.018 G4V 3.45 0
2 9  11.026:0.021 10.46%0.019 10.305:0.018 Kav 422 0.40
3 11 11.8880.021 11.412:0.019 11.282-0.018 K2v 415 023
4 14  11.5550.021 11.1850.018 11.099-0.018  G9V 4.03 0
5 17  11.6530.021 11.186:0.019  11.%0.018 K1V 4.13 0
6 18  12.7150.022 12.5150.023 12.396:0.023 A8V 1.64 1.05
7 23 13.0830.021 12.702:0.023 12.60%0.025 KoV 415 1.34
8 26 11.52:0.021 11.206:0.019 11.108:0.018  G3V 334 0.24
9 32 12.9780.022 12.552:0.023 12.382:0.023 G2V 329 144
10 35 10.3330.021 10.199:0.021 10.12%0.018 FOV 1.86 0.16
11 36 13.3320.022 13.036:0.029  12.98:0.031 G2v 3.29 0
12 41 12.89%0.026 12.3540.029 12.268:0.029 K3V 4.15 0
13 52 11.05%0.021 10.863:0.019  10.773:0.02 F1v 2.00 0.45
14 61 12.69%0.021 12.4180.021 12.32340.025 F7V 275 0.44
15 62 13.0380.025 12.693:0.027 12.566:0.029 GOV 319 o081
16 66  13.190.025 12.865:0.031 12.789-0.034 G4V 3.45 0
17 71  12.09%0.021 11.88%0.021 11.783:0.023 F1v 2.00 0.59
18 76  12.55%0.022 12.238:0.023 12.104-0.024 F6V 2.62 0.98
19 77 13.3:0.024 12.9:0.027 12.784-0.03 GV 4.03 0.35
20 79 13.4830.026 13.103:0.026 13.03%0.032  G9V 4.03 0
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The photometric magnitude of each field star has been sahvéh€DS’s VizieR service, using
2" search radii as a query. The H and Ks magnitudes of 80 stars are available in the catalogue.
We also checked the SIMBAD astronomical database to searadni variable star out of 80 field
stars, but we could not find any variable star. We found that 6@ stars satisfy the above criteria
and our analysis is restricted to only these stars. Furtherme could not find the uncertainties in
magnitudes of six stars in the 2MASS catalog which are starbaus 4, 20, 27, 50, 51 and 74. So,
we discarded them from our analysis. Thus the total numbstao$ considered in our analysis is 54.

4 RESULTS
4.1 Spectral Types andAy

We used the technique developed by Maheswar et al. (20 1ffgicsipectral type, and hence absolute
magnitude and intrinsic colors of normal main sequence stad giants from NIR photometry. This
method gives distances to globules that are relativelyedgss00 pc) with a precision of 20%. In
this technique, the fields containing the cores are divideziamall sub-fields to avoid complications
created by the wrong classifications of giants into dwartguAlly, the increase in extinction caused
by a cloud should occur at almost the same distance in alletdsfiif the whole cloud were located
at the same distance, the wrongly classified stars in thdislds-would show high extinction not
at the same but at random distances (Maheswar et al. 2010joBsmall and isolated clouds, it
would be difficult to divide the field containing the cloudargub-fields with a sufficient number of
stars projected on to them. Therefore, the distance meaasutés rather hard for cloud CB4 as it is
a small, nearly spherical and isolated Bok globule. It wdwgddifficult to subdivide the field with
only a limited number of stars. So, we consider a single fietdoginding the core of the cloud CB4.

In this technique, stars with/J — Kg) < 0.75 were selected from the fields containing the
cloud to eliminate M-type stars from the analysis. Then eo$etereddened colors/ — H), and
(H — Kgs), was produced for each star from their observed cdldrs H) and(H — Kg) using
trial values of Ay and a normal interstellar extinction law (i.e., total-&Elextive extinction value,
Ry = 3.1) in the equations (Rieke & Lebofsky 1985):

(J—H), = (J— H)—0.107 x Ay, (1)
(H—-Ks)o = (H—Kg)—0.063 x Ay. )

The maximum extinction that could be computed using thishoetis limited toAy ~ 4
mag. The trial values ofly are chosen in the range— 10 mag with a step size of 0.01 mag. The
calculated set of dereddened color indices is then compétedhe intrinsic color indice$J — H )i,
and(H — Kg)in of normal main sequence stars and giants, produced usimgdhedures discussed
in Maheswar et al. (2010). The best fit of the dereddened satothe intrinsic colors that yield a
minimum value ofy? then give the corresponding spectral type ahdfor the star. The solutions
which givex? ;. < 0.1 are considered for this analysis.

The uncertainty iy is given by

O(Av) = \JAT2 - 03 + 797 0he, +2 x 3T x cov(JH, HE), 3)

whereo?,; = 05+ 0%, 04, = 0f +0k, andcov(JH, HKs) = 15 X 0 1m0 1 ks - The Spearman
rank-order correlation coefficient) is calculated from uncertainties (¥ — H) and(H — Kg)
colors and shows a strong correlation between them. Thermamiuncertainty imdy, in our case is
estimated to b6.5 mag.

We found that 14 stars hayd — Kg) > 0.75, so we also discarded them from our analysis.
We used this technique to estimate the and absolute magnitudes for 40 stars. It has been found
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Fig.1 Plot of theB — V versusV — R color — color diagram of 19 field stars in CB4. Diagonally
clustered points represent stars that are in the main segqu&he stars that do not belong to the
main sequence are represented by their serial numbers @i®nsehin Table 1.

that only 20 stars have?,;, < 0.1 for which it is possible to infer the spectral type and the. The

results are shown in Table 1.

In Maheswar et al. (2010)’s technique, the field stars in fobe are assumed to be normal
main sequence stars and therefore the luminosity class Wéws assigned to all stars. However,
the presence of non main sequence stars may result in thg\distance to these stars. The intrinsic
color and luminosity may be reliable if the spectral typeasrectly determined and happens to be
a main sequence star. For this we need to plot(fBe- V') vs. (V. — R) color — color diagram.
The photometric dataKV R) of the field stars of CB4 have been taken from the VizieR datab
of astronomical catalogues, namely, UCAC4 (Zacharias.éX(dl3) and NOMAD (Zacharias et al.
2005). TheB, V andR data of the star with serial number 79 are not available irglvatalogues.

In Figure 1, the color — color diagram along with error bans1® field stars of CB4 has been
plotted. It can be seen from the graph that most of the fields stee clustered together along a
diagonal locus. These diagonally clustered stars in thercelcolor diagram represent the main-
sequence stars, while the scattered ones (Stars 32, 66 ameprésent non-main-sequence stars.
So, we discarded these three stars from our analysis. Talatdes, we plotted uncertainties in
(J — H)and(H — Kg) colors for 16 stars which are shown in Figure 2. The valueisiébto be
0.95. The results obtained from this technique are showlier2.

4.2 Polarization Efficiency

The study of the variation of background star polarizatiathvextinction (4y/) and polarization
efficiency (defined as the ratio pfto Ay) can provide useful information regarding the nature of
dust and the magnetic field associated with the cloud (Geeslet al. 1995; Arce et al. 1998). The
polarization efficiency depends on both the propertiesefiist grains and the degree of alignment
of the grains. Whittet (2003) calculated the theoreticgerdimit which is given byp/Ay < 14%
mag'. However, the observational upper limit pf Ay is found to be~ 3% mag™!, a factor of
four less than the predicted value for the ideal scenario.
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Fig. 2 The relation betweear x, ando ;g of the 16 stars. Thes value indicates a strong correla-
tion between the uncertainties of the two colors.

Table 2 Polarization p), extinction (Av/), polarization efficiencyy{/ Av) and distance
(in pc) of 16 background stars in CB4. The second column sefethe star number
which corresponds to the serial number in table 2 of Kane. €18985).

S/IN Star P Ay p/AV d
(%) (% mag!) (po)
1 1 0.3Qt0.05 0 - 26148
2 1.66+0.41 0.40 4.150.53 16130
3 11 1.26+0.38 0.23 5.480.51 264+49
4 14 0.49t0.08 0 - 25948
5 17 2.85+0.38 0 - 24846
6 18 1.52£0.06 1.05 1.450.41 1342:249
7 23 1.3#0.12 1.34 1.02:0.43 45985
8 26 1.040.04 0.24 4.460.34 353:65
9 35 0.27#0.07 0.16 1.69-0.36 446+83
10 36 1.16:0.15 0 - 8674162
11 41 1.94:0.23 0 - 426-78
12 52 0.97-0.12 0.45 2.16:0.37 555103
13 61 0.4%70.08 0.44 1.0#£0.40 802-149
14 62 1.14:-0.27 0.81 1.430.55 72G:134
15 71 0.55-0.12 0.59 0.930.40 878:163
16 7 1.5%#0.25 0.35 4.310.54 553103

In this work, we will study the polarization efficiency of bayound field stars of CB4 to inves-
tigate the alignment of non spherical dust grains. It candtedthat we designated all field stars
by their serial number used in Kane et al. (1995)’s paper hrsdniumbering is shown in column
number two of Table 1. The extinction value and polarizatdficiency of background stars are
shown in Table 2. In Figure 3(a), we pldt, versusp for all the field stars in cloud CB4. The solid
line in the figure represents the optimum alignment in theegarinterstellar medium according to
Serkowski et al. (1975)imax/Ay = 3% mag !, whereRy = 3.1. It can be seen that only four stars
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Fig.3 (a) Plot of Ay versusp for 11 field stars. The solid line in the figure represents {htammum
alignment in the general ISM according to Serkowski et @78): pmax/Av = 3% mag *, where
Ry = 3.1. It can be seen that four stars are located outside the ({p)iplot of Ay versusp/Ay
(whereRy = 3.1) for 11 background stars (see Table 2).

are located outside the limit and the majority of stars liloWwethe solid line which suggests that
the characteristics of material composing CB4 are congigtih those of the material found in the
diffuse interstellar medium (ISM).

In Figure 3(b), we plotdy vs. p/Ay for CB4. The plot shows that the polarization drops
with increasing extinction. Thus background stars obsktheough the dense region of the cloud
show a smaller degree of polarization, suggesting muchrlolst columns in the observed lines
of sight. This suggests that the observed polarization etfbtical region in a particular line of
sight which intercepts a dark cloud shows a dominance by ghasihs in the outer layers of the
cloud. Recently, Chakraborty et al. (2014) found a trendemxfrdasing polarization efficiency with
increasing extinction which can be well represented by agudaw, py /Ay o« A%, where
a = —0.56 £+ 0.36,—0.59 + 0.51 and —0.52 4+ 0.49 for Bok globules CB56, CB60 and CB69,
respectively. It can be noted that the study of polarizagifficiency at the optical region can give us
information about the grain alignment in outer layers ofdtoaid. The alignment of grains by radia-
tive torque has been used by researchers to calculate tieetexrelationship between polarization
efficiency and extinction through a homogeneous cloud (IDolg& Mitrofanov 1976; Draine &
Weingartner 1996, 1997; Lazarian & Hoang 2007; Hoang & Liare?2014).

4.3 Estimation of Distance
The photometric distanaéto a star is estimated using equation
d (in pc) = 10K~ M5 +5-Ars)/5, (4)

whereKg, Mk, and Ak, are the apparent magnitude, absolute magnitude and éatinotspec-
tively. The distance to the cloud is typically estimatedrthe first star that shows a sharp peak in
extinction in andy vs.d plot. It can be noted that x, = 0.112 x Ay .

The uncertainty in distance is estimated using the expre¢Maheswar et al. 2010),

o4 = \/(a‘;;S + 03, 0%, ) X (d/2.17)2, (5)
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Fig. 4 Extinction (Av) versus distance to stars in the vicinity of CB4. The aveegimction (Av ))
of all the field stars is 0.36 and is shown by the solid line. Visical dashed line is drawn at a
distance of 459 pc where a sudden rise intheoccurs.

whereo g is the uncertainty in thés band,aMKs is the uncertainty in the estimation of the ab-
solute magnitude andly,  is the uncertainty in thel  ; estimated by the method. The uncertainty
in the o, is assumed to be 0.4 while calculatiag in the distances to all the stars. The typical
errors in our distance estimates for the field stars in CB4-.at6%.

The extinction @y/) versus distancel] plot has been extensively used by several investigators
(Dickman & Clemens 1983; Kenyon et al. 1994; Peterson & Clesr998; Maheswar et al. 2004,
2010 etc.) to determine the distance to globules. It can Heatbthat the extinction of stars located
in front of the dark globule shows a reddening value of almaesd. The presence of the cloud causes
a sudden rise in extinction at a certain distance. The distémthe cloud is typically estimated from
the first star that shows a sharp peakdin. We notice from Figure 4 that star number 23 shows a
sudden rise in extinction and then a fall in extinction isetved. Thus the distance to the cloud is
(459 £ 85) pc. Using the foreground star method and color excess appes, Dickman & Clemens
(1983) estimated the distance to CB4 to~b&00 — 700 pc. They therefore adopted 600 pc as the
distance to this globule. The distance determination ugiid< NIR photometry is slightly smaller
than the distance derived by Dickman & Clemens (1983). Heweklie present analysis is restricted
to a limited number of data points.

5 SUMMARY

(1) The polarization efficiency of CB4 is studied and showsardase in polarization efficiency
with an increase in extinction along the observed line ofisighis finding is consistent with
the results obtained for other clouds in the past.

(2) The method for determining distances to Bok globulesgitie NIR photometric technique has
been described. The plot dffy, versusd has been made and the distance at whighshows a
sudden rise of extinction is taken as the distance to thedclerom the study of the distribution
of reddening, we estimate a value @69 + 85) pc for the distance to CB4.
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