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Abstract 

We carried out polarimetric observations of the bright-rimmed cloud IC 1396E/SFO 38 with SCUBA-2/POL-2 to study the effect of ultraviolet 
( UV) light on its structure and magnetic field. This bright-rimmed cloud appears optically to be one single cloud illuminated by the UV light 
from the exciting star of IC 1396. However our Stokes I image and 13 CO ( J = 3–2) archival data suggest that this cloud is not a simple, single 
structure, but appears to be composed of two parts on first glance; a head part with wings and a tail, and a north-west extension part. Since 
molecular clouds are generally filamentary and it seems likely that the initial structures of bright-rimmed clouds are also expected to be generally 
elongated, we examined the possibility that the structure was created from a single elongated cloud by the UV impact. We compared the cloud 
structure with a simulation study that investigated the evolution of prolate clouds exposed to UV radiation from various directions and found 
that this apparent two-part structure could be reproduced in a situation where a single filamentary cloud is obliquely illuminated by UV light. 
The magnetic field directions of the cloud are different from the ambient field direction, demonstrating the field reconfiguration. A distortion 
or pinch of the magnetic field is seen toward the cloud head, where an intermediate-mass star cluster is located, suggesting gravitational 
contraction. We roughly estimated the magnetic strength and st abilit y in three parts of the cloud and found that the cloud head is most likely to be 
supercritical. 
Keywords: H II regions — ISM: clouds — ISM: magnetic fields — ISM: structure — polarization — stars: formation 

 

 

 

 

 

the simulations, ( nearly) symmetrical configurations with re- 
spect to the incident UV radiation were adapted as the ini- 
tial configuration, e.g., spherical distribution, pillar-like dis- 
tribution parallel to the UV radiation. Kinnear et al. ( 2014 , 
2015 ) conducted radiation-hydrodydamics calculations in or- 
der to investigate the prolate cloud evolution at H ii bound- 
aries. Their trial makes sense, because many molecular clouds 
have been shown to be elongated structures, i.e., filamentary. 
Kinnear et al. ( 2015 ) used a set of four parameters of the sim- 
ulated clouds ( the number density, the prolate ratio of major 
to minor axis, the inclination angle between the cloud major 
axis and the UV incident direction, and the incident UV flux) 
and examined the dependence of these four parameters under 
RDI. They found that many types of asymmetrical BRCs, in- 
cluding those with filamentary structures and irregular horse- 
head structures, could be developed from the initial prolate 
cloud and showed that their simulated structures resemble 
the appearances of BRCs in the optical images. However, 
the density and/or velocity structures of BRCs have not been 

well investigated by observation in term of the asymmetry 
structures of BRCs, and millimeter/submilimeter studies are 
needed. 

Another effect not always considered is the magnetic field 

in most astronomical simulations of BRCs. The magnetic 
field is believed to play an important role in most astro- 
nomical processes, but the magnetic effects are not always 
treated in these simulations for BRCs. Bertoldi ( 1989 ) and 
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1 Introduction 

The ultraviolet ( UV) radiation from OB stars ionizes and de- 
stroys their parent molecular clouds, creating H ii regions.
On the other hand, it also compresses some dense parts 
of the molecular clouds and promote star formation there.
Bright-rimmed clouds ( BRCs) are dense cloudlets, often seen 

at the periphery of extended H ii regions. They have ioniza- 
tion fronts on the side of OB stars that excite H ii regions and 

are considered to be potential sites for induced star formation 

by UV radiation from nearby OB stars ( e.g., Elmegreen 1998 ,
2011 , and references therein) . Many BRCs are relatively iso- 
lated and this situation seems good for studying the UV impact 
on molecular clouds. 

To understand the dynamical evolution of such molec- 
ular clouds by so-called radiation-driven implosion ( RDI) 
and star formation process there, many 2D/3D radiation- 
hydrodynamics calculations have been done ( e.g., Sandford 

et al. 1982 ; Lefloch & Lazareff 1994 ; Williams et al. 2001 ; 
Kessel-Deynet & Burkert 2003 ; Miao et al. 2006 , 2009 ; 
Gritschneder et al. 2009 ; Mackey & Lim 2010 ; Bisbas et al.
2011 ) . Although these simulations did not include all possi- 
ble physical effects that could impact on the cloud evolution 

( e.g., self-gravity, stellar feedback, initial perturbations, etc.) ,
they succeeded in reproducing some of the observed proper- 
ties of BRCs. 

One such effect not always considered is the asymmet- 

ric, geometrical configuration of the initial cloud. In most of 
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ertoldi and McKee ( 1990 ) analytically studied the initial im-
losion and subsequent equilibrium cometary stages of BRCs
y approximately considering the magnetic field. They sug-
ested that the magnetic field is a significant factor of the
loud pressure and gravitational stability in the equilibrium
tage. Motoyama et al. ( 2013 ) carried out numerical model-
ng of one BRC by assuming its equilibrium cometary stage
nd found that its observed density structure cannot be ex-
lained without the magnetic field. Henney et al. ( 2009 ) con-
ucted the first 3D radiation-magnetohydrodynamic ( MHD)
imulations of dense, magnetized molecular globules pho-
oionized by strong UV radiation. Their results showed that
trong magnetic fields ( with magnetic pressure over 100 times
he gas pressure) cause significant deviations from the non-
agnetic evolution. Mackey and Lim ( 2011 ) also conducted
D radiation-MHD simulations to investigate the effects of
nitially uniform magnetic fields on the formation and evo-
ution of elongated clouds, such as the M 16 pillars, at the
oundaries of H ii regions. They suggested that the weak ini-
ial field is altered toward those elongations by the UV light
uring cloud evolution, while the strong field retains its initial
onfiguration. 

To verify these predictions of modeling and simulations of
he role of the magnetic field, it is necessary to reveal the mag-
etic field structures and strength of BRCs by observation.
agnetic fields can be revealed in the visible/near-infrared

 IR) wavelengths by starlight polarization due to interstellar
rain alignment based on radiative processes ( e.g., Andersson
t al. 2015 ) . In the far-IR/submillimeter wavelengths, the po-
arized thermal radiation from the aligned grains enables mag-
etic fields to be probed, the direction of which is perpendic-
lar to the polarization angle. 
At visible wavelengths, polarimetric observations of

ometary globules in the Gum–Vela region ( CG 22, CG 30-
1 complex, CG 12) have been done ( Sridharan et al. 1996 ;
hatt 1999 ; Bhatt et al. 2004 ) . A few more polarimetric ob-
ervations have been reported, e.g., SFO 20 ( Targon et al.
011 ) , LBN 437 ( Soam et al. 2013 ) , and IC 63 and IC 59
 Soam et al. 2017 ) . These optical polarimetric observations
ave shown that the magnetic fields at low column densi-
ies seem to be along the tails or edges of BRCs, but they
ould not probe the denser parts of BRCs. In the near-IR
avelengths, a few polarimetric studies have been reported,

.g., M 16 ( Sugitani et al. 2007 ) , SFO 89 in Sh 2-29 ( Santos
t al. 2014 ) , SFO 74 ( Kusune et al. 2015 ) . These near-IR
bservations could probe rather denser parts of BRCs, but
ot well enough to probe the densest parts where star for-
ation would be expected. In the submillimeter range, Pat-

le et al. ( 2018 ) first presented high-resolution polarimet-
ic observations of the M 16 pillars. They confirmed the
revious report that the magnetic fields of the pillars are
ligned along their elongation and are different from the
lobal field structure in M 16 ( Sugitani et al. 2007 ) and sug-
ested that the pillars have been formed through the com-
ression of weakly magnetized gas based on the field strength
stimate. 

At present, the number of magnetic field observations is still
mall and is not sufficient to clearly reveal the field structures
f BRCs, especially for their high-density parts. Thus, more
olarimetric observations need to be made of the high-density
arts of BRCs. 
.1 IC 1396E/SFO 38 

C 396E/SFO 38 is a BRC located toward the periphery of
he H ii region IC 1396 ( Pottasch 1956 ; Sugitani et al. 1991 ) .
his H ii region is a ring-shaped giant H ii region in Cep OB2
ith a size of more than 2◦ ( see figure 1 ) . The main exciting

tar is HD 206267, which is a spectroscopic binary of O6 and
9 ( Crampton & Redman 1975 ; Walborn & Panek 1984 ) .
here are many bright-rimmed globules ( Pottasch 1956 ) in
nd around IC 1396 and molecular cloudlets, including the
lobules, were mapped in the rotational transitions of CO and
ts isotopes ( Patel et al. 1995 ; Weikard et al. 1996 ) . Contreras
t al. ( 2002 ) derived the photometric distance of IC 1396 to be
870 ± 80 pc. Recently, Sicilia-Aguilar et al. ( 2019 ) derived
47+90 

−73 pc from Gaia DR2 ( Gaia Collaboration et al. 2018 )
nd, more recently, Silverberg et al. ( 2021 ) gave 931+151 

−116 from
aia EDR3 ( Gaia Collaboration et al. 2021 ) . These estimated
istances are around 900 pc and seem to be consistent. Here,
or the sake of simplicity, we adopt 900 pc for the distance to
C 1396. 

In IC 1396E/SFO 38, Sugitani et al. ( 1989 ) discovered a
rominent molecular outflow ( IC1396N) associated with the
RAS point source 21391 + 5802 and subsequently more de-
ailed outflow studies with single dishes and interferometers
ave been done in more detail ( e.g., Wilking et al. 1990 , 1993 ;
odella et al. 2001 ; Beltrán et al. 2002 ; Fuente et al. 2009 ) .
he dense part of the cloud was mapped in various molecular

ines ( Serabyn et al. 1983 ; Codella et al. 2001 ; Sugitani et al.
002 ) . The bolometric luminosity of IRAS 21391 + 5802 was
stimated in the range from 235 to 440 L� ( e.g., Wilking et al.
993 ; Saraceno et al. 1996 ; Sugitani et al. 2000 ) on the as-
umption of a distance of 750 pc ( Matthews 1979 ) . This value
f a few hundred solar luminosities and the detection of wa-
er maser emission ( Felli et al. 1992 ; Tofani et al. 1995 ; Slysh
t al. 1999 ; Patel et al. 2000 ) , as well as the prominent outflow,
ndicate that IC 1396E/SFO 38 is an ongoing star-forming
ite for an intermediate-mass star. IRAS 21391 + 5802 was re-
olved into three sources ( BIMA 1–3; Beltrán et al. 2002 ) ,
here BIMA 2 and 3 respectively correspond to Sources A

nd B of Codella et al. ( 2001 ) , and BIMA 2 was shown to be
n intermediate-mass protostar. The structures and kinemat-
cs around the IRAS source were examined in detail ( Beltrán
t al. 2004 ; Neri et al. 2007 ; Fuente et al. 2009 ) . A number of
.12 μm H 2 line emission knots and Herbig–Haro flows were
etected and their exciting sources were found away from the
RAS source position ( Nisini et al. 2001 ; Reipurth et al. 2003 ;
eltrán et al. 2009 , 2012 ) , indicating that ongoing star forma-

ion takes place not only around the IRAS position but also
n other places within the cloud. 

A spatial concentration of H α emission stars, candidates
f pre-main-sequence stars ( PMSs) , just outside the rim of
C 1396E/SFO 38 on the HD 206267 side was shown first
y Ogura, Sugitani, and Pickles ( 2002 ) and subsequently by
akano et al. ( 2012 ) . They pointed out the possibility of trig-

ered star formation of low-mass stars due to the UV radia-
ion from HD 206267. Getman et al. ( 2007 ) made X-ray ob-
ervations and found the elongated spatial distribution of X-
ay sources, for which an age gradient oriented toward HD
06267 was derived, with the aid of near-IR and mid-IR data,
upporting the idea of triggered star formation. On the other
and, Beltrán et al. ( 2009 ) pointed out that from their near-
R imaging no clear evidence for triggered star formation was
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10ʼ

IC 1396E/SFO 38

HD 206267

Fig. 1. False color image of IC 1396 ( red: POSS2 red, green and blue: POSS2 blue) . North is at the top and east to the left. The UV incident direction from 

the main exciting star ( HD 206267) of IC 1396 to IC 1396E/SFO 38 is indicated by an arrow. 
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found because of the non-detection of near-IR excess for the 
sources outside the clouds. However, Choudhury, Mookerjea,
and Bhatt ( 2010 ) showed an evolutionary sequence of YSOs 
from the rim to the dense core of the cloud with the Spitzer 
data and their optical photometry and spectroscopy of YSOs 
and PMSs, again supporting the idea of triggered star forma- 
tion. Although the triggered star formation here is a matter of 
debate, all observations to date indicate that the most recent 
star formation ( i.e., Class 0/I sources and/or outflow power- 
ing sources) is taking place within the dense parts of the cloud 

( e.g., BIMA 1–3, source C, source I, #252, and #331 in Beltrán 

et al. 2012 ) . 
Soam et al. ( 2017 ) measured the magnetic fields toward 

four BRCs in IC 1396 by optical polarimetry and showed 

that the field direction around IC 1396E/SFO 38 is at PA 

∼50◦, where PA is an angle measured counterclockwise from 

the north. However, their optical polarimetry only probed the 
magnetic fields just outside the clouds, not inside. It would 

be very interesting to examine how the magnetic fields are in- 
side and how those have been altered from the original con- 
figurations by the UV radiation. So, we have measured the 
magnetic field of one of these BRCs, IC 1396E /SFO 38, with 

JCMT/POL-2 and studied the effect of the UV on the magnetic 
field as well as the density and velocity structures. 
 Observations and data reduction 

.1 POL-2/SCUBA-2 

e have made 850 μm polarimetric observations of 
C 1396E/SFO 38 with POL-2/SCUBA-2 mounted on JCMT,
n 2019 June 13 and 14. 13 sets of ∼31 min integration were
ade and the atmospheric optical depths at 225 GHz were be-

ween 0.04 and 0.07 during the observations. We fully sam-
led two circular regions 2′ apart in the north–south direc- 
ion with a diameter of 12′ and a resolution of 14 .′′ 1 using the
CUBA-2 DAISY mapping mode ( Holland et al. 2013 ) , which 

s optimized for POL-2 observations. The telescope scan speed 

f the POL-2 DAISY is 8′′ s −1 , with a half-waveplate rotation
peed of 2 Hz ( Friberg 2016 ) . In the POL-2 DAISY scan pat-
ern, an area with a diameter of 3 

′ in the center of the 12 

′ field
s almost uniformly covered, with the noise increasing toward 

he map edge. We observed two adjacent overlapping circular 
egions to fully cover the dense region of the IC 1396E/SFO 38
loud ( Serabyn et al. 1983 ; Codella et al. 2001 ; Sugitani et al.
002 ) . The 450 μm polarimetric data was obtained simultane- 
usly, but not treated in this paper. The output maps of Stokes
 , U, and I are gridded to 4 

′′ pixels. The Stokes I map was
rst calibrated in Jy arcsec −2 , by using the flux conversion fac-
or FCF (850)arcsec of 2.34 Jy pW 

−1 arcsec −2 ( Dempsey et al.
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013 ) and a correction factor of 1.35 for losses from POL-2
 Tutorial 1 on the JCMT web site) , then to Jy sr −1 . The ob-
erved data were reduced by using the pol2map routine of
MURF ( Chapin et al. 2013 ) with a binsize parameter of 12 

′′ 

o derive Stokes I, polarization degree ( P) , polarization an-
le from north ( PA or θ ) , following POL-2 Data Reduction in
utorial 1 on the JCMT web site. The polarization degree is
alculated as 

 =
√ 

Q2 + U2 − 0 . 5(�Q2 + �U2 ) /I × 100% , ( 1) 

ssuming �Q ∼ �U, and the polarization angle as 

= 1 

2 

tan 

−1 U 

Q 

. ( 2) 

 detailed summary of the data reduction with the pol2 map
outine can be seen, e.g., in section 3 of Kwon et al. ( 2018 ) . 

.2 Archival data 

he JCMT Science Archive at the CADC ( Canadian Astron-
my Data Centre) was used to obtain the processed data of
2 CO, 13 CO, C 

18 O ( J = 3–2) of IC 1396E/SFO 38. These data
ere used to reveal the large-scale cloud structure, molecu-

ar outflow lobes, and velocity structure, respectively, and to
stimate the cloud velocity dispersion. 

Spitzer 8 μm ( Werner et al. 2004 ) and WISE 22 μm ( Wright
t al. 2010 ) archival data were used to indirectly show the
xistence of ionization fronts associated with the cloud ( see
ubsection 3.1 ) . 

Far-IR ( 353 GHz) polarization data from the Planck satel-
ite ( Planck Collaboration et al. 2015 ) was used to examine
he local magnetic field structure around IC 1396E/SFO 38. 

.3 Near-infrared data 

s - and H-band photometric data were obtained with the
IRIUS camera ( Nagashima 1999 ; Nagayama et al. 2003 )
ounted on the 2.2 m telescope of University of Hawaii, dur-

ng the SIRIUS commissioning run. These data were used for
omparison with other data. 

 Results 

.1 Cloud structure 

igure 2 shows the Stokes I map ( 850 μm intensity map)
btained with POL-2/SCUBA-2. In this map, the areas with
ms noise levels of � 1.0 and � 1.5 MJy sr −1 are roughly esti-
ated to be ∼3 .′ 5 and ∼5 .′ 0 from the approximate map center,

 RA, Dec) J2000 . 0 = ( 21h 40m 45s , 58◦17′ 3 ) . 
The Stokes I map shows a head–tail structure with an exten-

ion, i.e., a head with a tail ( here, tail) and ear-like wings, and
n extension part to the north-west ( here, the NW extension)
hat is very faint except for its root ( figure 2 b) . This extension
tructure can be more clearly seen in 

13 CO ( J = 3–2) , as shown
n figure 3 b. The root of the NW extension has a structure that
ay consist of a few cores ( e.g., see Sugitani et al. 2002 ) . The

ar-like wing on the west side of the head ( here, west wing)
s inconspicuous compared with the east side one ( east wing) ,
nd these wing structures can be more clearly seen in the chan-
el maps of the 13 CO data as shown later in figure 4 . A small
oncave surface can be seen toward the cloud tip. 
In figures 3 a, 3 b, and 3 d, the Stokes I contours ( from the
6 σ level of 5 MJy sr −1 up to 640 MJy sr −1 ) are superim-
osed on the images of the WISE band 3, the 13 CO moment 0
ap, and the 13 CO moment 1 map, respectively. In addition,

he 13 CO moment 0 map is superimposed on the WISE band
 image ( figure 3 c) . Polycyclic aromatic hydrocarbon ( PAH)
olecules are considered to be tracers of photodissociation re-

ions ( PDRs; Hollenbach & Tielens 1999 ) , which are neutral
egions of molecular cloud surfaces just behind the ionization
ronts, indicating the ionization fronts laid on their immediate
utside. In the photodissociation regions, PAH molecules are
xcited by far-UV radiation that penetrates into the neutral
urfaces, and give off fluorescent emission in the 3.3, 6.2, 7.7,
.6, and 11.3 μm bands ( e.g., Rathborne et al. 2002 ; Urquhart
t al. 2003 ) . The WISE band 3 with a central wavelength of
11.6 μm would indicate the boundary between the neutral

as and the ionization front of the BRC, because its passband
ontains the 8.6 and 11.3 μm bands of PAH ( Wright et al.
010 ) . As shown in figure 3 a, the dense part of the cloud
 � 5 MJy sr −1 in the Stokes I image) is enclosed by the bright
mission in the 12 μm band emission ( i.e., ionization front)
n the exciting star side; here we refer to this bright emission
n the south side as the S rim. The area with 

13 CO intensity of
 10 K km s −1 in the moment 0 map is similar to the Stokes
image in shape, and is facing the bright 12 μm emission on

he exciting star side. The less dense part of � 10 K km s −1 ,
xtending toward the north-west of the head part, is also fac-
ng the bright 12 μm emission; we refer to this emission as
he NW rim ( figures 3 a and 3 c) . In the NW extension, the
3 CO intensity is higher on the exciting star side than the op-
osite side ( figures 3 b and 3 c) , and the velocity gradient along
he UV direction is seen, particularly from the brightest part
f the NW rim toward the opposite side of the exciting star
 figure 3 d) . A narrow extension toward the north-east from
he east wing is seen in 

13 CO ( figures 3 b and 3 d) . 
In the optical, the whole appearance of IC 1396E/SFO 38

eems to be roughly symmetrical with respect to the UV inci-
ent direction ( figure 1 ) , and its structure appears to consist of
 single object under the UV impact from the exciting star of
C 1396. However, the Stokes I image appears to be not sym-
etric to the UV direction ( figure 2 ) . While the tail of the head

s parallel to the UV direction ( NNE; PA ∼ 17◦) , its north-east
nd gradually curves to the north-west direction ( NW) , i.e.,
ot parallel to the UV direction. Also, as mentioned above, the
ar-like wings are not symmetrical in intensity. In addition, the
hole distribution of 13 CO is much more asymmetrical with

espect to the UV direction. It is much stronger on the west
ide along the NW rim than on the east side ( figures 3 b and
 c) . 
To further examine the asymmetry and the velocity struc-

ure of the cloud, we made velocity channel maps of 13 CO
 J = 3–2) ( figure 4 ) . In this figure, the velocity structure also
hows asymmetry as a whole with respect to the UV direction,
lthough the head–tail structure with ear-like wings, which is
een in the higher-intensity area in panel e ( VLSR 

= 0.8 km s −1 )
nd in panel f ( VLSR 

= 1.8 km s −1 ) , is fairly symmetrical. Such
 head–tail structure could be expected in a radiatively im-
loded cloud, where the converging flow caused by the ioniza-
ion front advances toward the symmetry axis of the spherical
loud ( e.g., Lefloch & Lazareff 1994 ; Miao et al. 2009 ; Bis-
as et al. 2009 , 2011 ; Kinnear et al. 2014 , 2015 ) , though the
orphology of the imploded cloud would depend on its ini-

ial condition and evolutional stage. The concave structure of
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(MJy sr   )-1(MJy sr   )-1

(a) (b)

Fig. 2. Stokes I image of IC 1396E/SFO 38 obtained by the JCMT with SCUBA-2/POL-2. The beam size is 14 .′′ 1 , which corresponds to ∼0.062 pc at the 
adopted distance of 900 pc. The intensity color scale in MJy sr −1 is shown on the right side of each image. The positions of the three continuum sources 
( BIMA 1–3; Beltrán et al. 2002 ) are shown with plus marks. ( a) The UV incident direction from the main exciting star ( HD 206267) of IC 1396 is indicated 
by an arrow. ( b) An enlargement of panel ( a) with contours of 5, 10, 20, 40, 80, 160, 320, and 640 MJy sr −1 . 
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the cloud tip is clearly seen in panel e ( VLSR 

= 0 . 8 km s −1 ) ,
and would also be expected for some initial condition and 

evolutional stage ( for more details on the concave structure 
formation, see subsection 3.2 of Miao et al. 2010 . See also 

figure 12 of Miao et al. 2009 ) . The velocity of this head–tail 
structure is redshifted relative to the ionized gas velocity by 
∼2 km s −1 or more ( Pedlar 1980 ) , suggesting that the cloud 

is accelerated toward the far side of the H ii region by the 
UV impact. The narrow 

13 CO extension toward the north- 
east from the east wing has its velocity mostly at ∼0.8 km s −1 

and faintly at 1.8 km s −1 , indicating the UV impact from the 
exciting star. The extended structure toward the NW from the 
head part ( NW extension) has a velocity of mainly ∼−1.7 to 

+0 . 2 km s −1 that is slightly redshifted relative to the ionized 

gas velocity ( panels c and d of figure 4 ) . On the other hand, this 
velocity range is blueshifted relative to that of the head region.
There is a possibility that this velocity difference is due to ac- 
cretion from the NW extension on to the head region and/or 
rotation of the NW extension along its elongation. Within the 
NW extension, the area with higher 13 CO intensity on the side 
facing the ionization front ( NW rim) has a larger redshifted ve- 
locity than the lower-intensity side and this velocity gradient 
is along the UV direction ( NNE–SSW) ( figure 3 d) . Consider- 
ing these changes of the velocity and 

13 CO intensity within the 
NW extension, NW extensions are most likely to be affected 

by UV, although the possibility of accretion/rotation cannot 
be completely ruled out. 

3.2 Magnetic field structure 

In figure 5 , the polarization vectors rotated by 90 

◦, i.e., the 
directions of magnetic fields, are shown superimposed on en- 
larged images for the dense part of the cloud of the Stokes I
and the WISE band 3, respectively. Here, we included the data 
with 3 > P/ �P > 2 and �P < 4% ( see the criteria for inclu- 
sion in subsection 4.4 of Kwon et al. 2018 ) in addition to those 
ith P/ �P > 3 . A polarization map for a more limited area,
uperimposed on the pseudo-color image made from the Ks - 
nd H-band data, and the Spitzer band 4 data, is also shown
n figure 6 . The Spitzer band 4 with a central wavelength of
7 . 9 μm indicates the boundary between the neutral gas and

he ionization front of the BRC, because its passband contains 
he 7.7 and 8.6 μm bands of PAH ( Hora et al. 2008 ) . 

The optical polarization vectors of the peripheral stars 
 Soam et al. 2017 ) and the field vectors from the Planck data
re shown for comparison with our POL-2 polarization vec- 
ors rotated by 90 

◦ ( figure 7 ) . The magnetic field orientation
nside the cloud seems inconsistent with those of the outside 
rom the optical and Planck polarimetry. The global field di-
ection around the IC 1396E/SFO 38 cloud is estimated to
e 29 .◦8 ± 4 .◦6 on average from the Planck data within the
mage of figure 7 . The angle distribution in the optical ( i.e.,
he ambient field direction) with a peak between 40 

◦ and 50 

◦

s slightly larger than that of Planck, but the field orientation
ppears to have a tendency to get closer to that of Planck as
he data point moves away from the cloud; i.e., the field an-
le tends to slightly increase as the data point approaches the
loud. The optical distribution is narrower than that of the 
OL-2 observation with a peak between 70 

◦ and 80 

◦. These
ifferences of the magnetic fields would also suggest, at least
n part, that the UV radiation may affect the magnetic fields of
he cloud. A similar difference has also been seen in the IC 59
loud, which is the nearest BRC in the vicinity of the B-type
tar Gamma Cas ( Soam et al. 2017 ) . 

In the east wing that faces the S rim, the field vectors ap-
ear to be along this wing or the rim, except its easternmost
oint ( figures 5 and 6 ) . The magnetic field direction along the
ast wing is PA ∼ 50◦ on average, similar to the polarization 

ngles of the periphery stars, ∼40◦–50◦, i.e., the ambient mag-
etic field. A little north of this east wing area, blueshifted and
edshifted outflow lobes are extended from the central part of
he head ( figure 8 ) . In this lobe area, the field vectors have a
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(km s  )-1

Fig. 3. Comparison with the WISE band 3 and 13 CO ( J = 3–2) moment 0/1 maps. The UV incident direction from HD 206267 is shown by an arrow on 
each panel. ( a) The contours of the Stokes I intensity map are superimposed on the WISE band 3 image. The contour levels at a doubling scale-up rate 
are 5, 10, 20, 40, 80, 160, 320, and 640 MJy sr −1 . The flux density scale of the WISE band 3 is shown on the right side of the figure in image pixel units 
( DN) . ( b) The contours of the Stokes I intensity map are superposed on the 13 CO ( J = 3–2) moment 0 map, of which the LSR velocity range is −5.0 to 
6.0 km s −1 . The contour of 2.5 K km s −1 is shown by dotted lines. ( c) The contours of the moment 0 maps are superposed on the the WISE image, where 
the contours of 5, 10, 15, 20, 25, and 30 K km s −1 are shown by solid lines and those of 2.5 K km s −1 by dotted lines. ( d) The contours of the Stokes I
intensity map is superposed on the 13 CO ( J = 3–2) moment 1 map. The velocity scale is shown on the right side in units of km s −1 . 
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ean PA of ∼70◦, slightly different from that of the east wing,
ith polarization degrees a few times larger. This PA value of
70◦ is almost same as the directions of the outflow lobes. 
Around the head part where the three BIMA sources are

ocated, the field vectors appear to show an orderly pinched
r hourglass pattern ( figure 6 ) . This field distortion is likely to
e due to the gravitational contraction of the head part, be-
ause the center of this pattern seems to be coincident with
he peak of the Stokes I intensity, i.e., the possible center of
ravity of the head part. Note that the axis of the hourglass
attern seems to be nearly perpendicular to the UV direction.
oward a small protrusion on the south side of the head part
 see figures 2 b and 6 ) , the field vectors appear to run along
his protrusion that faces a small concave structure at the head
ip, which might have been created by the RDI mechanism
 e.g., due to compression/erosion stronger at the tip than its
urroundings; Miao et al. 2009 , 2010 ) . On the west side of
he head part, there is an area where the polarization is not
etected, though the Stokes I intensity is rather strong there
 figure 6 ) . In this undetected area with low polarization de-
rees, a redshifted outflow lobe is seen and appears to be en-
losed by the Spitzer 8 μm emission inside the S rim ( figure 8 ) .
he non-detection is likely to be due to either the field direc-

ion being almost in the line of sight or a chaotic field. Just to
he north and south sides of this undetected area, the field di-
ections seem close to that of the ambient magnetic field. The
eld vectors on this south side vertically cross the S rim. Be-
ween the tail stretched from the head part ( tail) and the root
f the NW extension, the field vectors also have PAs close to
he ambient magnetic field. On the other hand, in the more
orthern part of the root of the NW extension, which faces
he NW rim, the field vectors seem to run parallel to the NW
im, i.e., perpendicular to the UV incident direction ( figures 5
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(K km s  )-1

Fig. 4. Channel maps of 13 CO ( J = 3–2) . The central velocity is shown at the top left of each panel. The intensity scale is shown in K km s −1 at the bottom 

right of the figure. The UV incident direction from HD 206267 is indicated by an arrow on panel e. The positions of BIMA 1–3 are shown by white/black 
plus marks. 
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4 Estimation of magnetic field parameters 

As shown in the previous section, the field direction differs in 

each area, but each field seems ordered in some degree. An 

ordered field implies an ( at least) moderately strong field. So,
we tried to roughly estimate the magnetic field strength and 

magnetic stability in three selected areas; the head part where 
the three BIMA sources are located ( head) , the east wing, and 

the root of the NW extension, in order to examine the role of 
the magnetic field in terms of cloud support ( figure 9 ) . 

The most commonly used way to estimate the magnetic 
field strength so far is the Davis–Chandrasekhar–Fermi ( DCF) 
method ( Davis 1951 ; Chandrasekhar & Fermi 1953 ) using the 
polarization data. With the DCF method, the strength of the 
plane-of-sky ( POS) component of the magnetic field can be 
estimated as 

Bpos = f
√ 

4 πρ
σv 

σθ

, ( 3) 
here ρ is the mean volume density of the cloud, σv is the
ine-of-sight velocity dispersion, σθ is the angular dispersion 

f the polarization vectors, and f is a correction factor. As a
orrection factor, f ∼ 0 . 5 has often been used for σθ � 25◦

 Ostriker et al. 2001 ) . 
As shown in figure 9 , the field vectors are not necessarily

ligned straight, but are curved to some degree. In the curved
ase, we would overestimate the angular dispersion if we were
o simply calculate it. Thus, it is necessary to remove the con-
ribution from the curved field by assuming the field shape ob-
ained by fitting the curved field data or by using the angular
ispersion function method ( ADF method; Hildebrand et al.
009 ; Houde et al. 2009 ) . For the angular dispersion estimate
ere, we used the ADF method, in which there is no need to as-
ume the field shape. While the method of Houde et al. ( 2009 )
s the improved version of Hildebrand et al. ( 2009 ) , which can 

stimate the turbulent correlation length as well as the angular
ispersion, it needs more data points than that of Hildebrand 
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(MJy sr  )-1 (DN)

(a) (b)

Fig. 5. Magnetic field orientation vectors superimposed on the Stokes I and WISE band 3 images. The vectors show magnetic field orientations by rotating 
the measured polarization angles by 90 ◦. The vector lengths indicate the polarization degree P and the legend of 10% polarization is shown at the bottom 

right of each panel. The polarization measurements with P/ �P > 3 . 0 and 3 . 0 ≥ P/ �P > 2 . 0 are shown by white and magenta vectors, respectively. The 
UV incident direction from HD 206267 is indicated by a black arrow on each panel. ( a) The Stokes I image with contours of 5, 10, 20, 40, 80, 160, 320, and 
640 MJy sr −1 . ( b) The WISE band 3 image with the contours of the Stokes I image. The scale level is shown in image pixel units ( DN) . 
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t al. ( 2009 ) . Unfortunately, the number of data points in each
rea seems to be not enough to apply the method of Houde
t al. ( 2009 ) . Therefore, we used that of Hildebrand et al.
 2009 ) . The averaged square of the differences in θ ( PA) be-
ween the N(l ) pairs of vectors separated by displacements l,
.e., θ (l ) ≡ θ (X ) − θ (X + l ) , can be calculated as 

 �θ (l )2 〉 = 1 

N(l ) 
�

N(l ) 
i =1 [ θ (X ) − θ (X + l )]2 , ( 4)

here 〈 〉 denotes an average, X denotes the position of the
olarization vector, and l = | l | . In the case that the displace-
ent l exceeds the correlation length δ, which characterizes a

urbulent component Bt , and is smaller than the scale d, which
s the typical length scale for variations in the curved magnetic
eld B0 , i.e., if δ < l < d, the square of the total measured dis-
ersion function is expected to become 

 �θ (l )2 〉tot 
 b2 + m2 l2 + σ 2 
M 

(l ) , ( 5)

here m is a coefficient that indicates the contribution from
0 , σM 

(l ) is a measurement uncertainty, and b2 is the intercept
f the squared function at l = 0 . We have applied this formula
o the three selected areas and the fitting results are shown in
he Appendix. Here, b is linked to Bt and B0 as 

〈 B2 
t 〉1 / 2 

B0 
= b √ 

2 − b2 
, ( 6) 

here the total magnetic field B consists of deterministic ( B0 )
nd turbulent ( Bt ) components. We derived the dispersion an-
le σθ as σθ = 〈 B2 

t 〉1 / 2 /B0 ( Hildebrand et al. 2009 ) . 
The velocity dispersion, σv , was derived from the C 

18 O ( J =
–2) data of the JCMT archive, since the distribution of C 

18 O
 J = 3–2) seems similar to that of the Stokes I. However, the
ntensity of C 

18 O ( J = 3–2) is fairly weak compared with that
f 13 CO ( J = 3–2) . So, we made averaged profiles of C 

18 O ( J
 3–2) for the three selected areas and obtained the velocity
ispersion by Gaussian fitting. To examine the effect of the
elocity gradient within each area, we also obtained velocity
ispersions of every data point within each selected area by
sing the convolved data with a Gaussian kernel ( stddev = 1;
0.056 km s −1 ) and averaged them. As a result, we found that

he values of both methods are almost the same, so we used
hose obtained with the former method. To obtain the mean
olumn density of molecular hydrogen from the Stokes I flux,
e adopted the dust temperatures of Td = 23 and 18 K for

he head part and the root of the NW extension, respectively,
y referring to the temperatures derived from the NH 3 obser-
ation of SFO 38 ( figure 3 of Serabyn et al. 1983 ) . For the
ast wing, no temperature data are available, but this area can
e expected to have a somewhat higher temperature because
f its direct contact with the ionization front ( S rim) , like the
emperature of the head tip of � 25 K in the NH 3 observa-
ion. So we adopted Td = 25 K for the east wing. The column
ensity of each area was derived as follows: 

(H2 ) = Iν

Bν (Td ) κνμmH 

, ( 7)

here Iν is the observed surface brightness at frequency ν,
ν (Td ) is the Planck function, κν is the dust opacity per
nit ( dust + gas) mass, μ is the mean molecular weight
f 2.8, and mH 

is the hydrogen mass. We adopted κν =
 . 1(ν/ 1000 GHz )β cm 

2 g −1 and a dust emissivity index of β
 2, as in Könyves et al. ( 2010 ) . The averaged column den-

ity of each area was obtained and the volume number density
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Fig. 6. Magnetic field orientation vectors superimposed on the pseudo-color image made from the image data at Ks , H, and 8 μm ( Spitzer/IRAC channel 
4) , where red, Ks ; green, H; blue, 8 μm ( the left panel) . The passband of IRAC channel 4 contains the 7.7 and 8.6 μm PAH emissions ( Wright et al. 2010 ) . 
The Stokes I contours are also shown in the same way as in figure 5 . The polarization measurements with P/ �P > 3 . 0 and 3 . 0 ≥ P/ �P > 2 . 0 are shown 
by solid- and dashed-line vectors, respectively. The three BIMA sources are shown by numbered plus marks. Three more young stellar sources that are 
driving outflows ( source C, source I, and #331, Codella et al. 2001 ; Beltrán et al. 2009 ) are also shown. Note that the IRAC channel 4 data are absent in the 
upper right and left corners. The field vectors around the peak intensity position of the Stokes I appear to show an orderly pinched or hourglass pattern 
( see the magenta lines on the right panel) . 
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was derived by dividing it by the width/diameter of each area 
( table 1 ) . 

As mentioned above, f ∼ 0 . 5 has often been used for σθ � 

25◦ as a correction factor for the DCF method ( Ostriker et al.
2001 ) . Houde et al. ( 2009 ) showed an underestimate of the 
measured angular dispersion due to the signal integration 

through the thickness of the cloud and the area of the tele- 
scope beam. So, they suggested that the correction factor is 
f ∼ 1 /

√ 

N , where N is the number of independent turbulent 
cells contained within the gas/dust column probed by the tele- 
scope beam. They defined N as follows: 

N = (δ2 + 2 W2 )�′ 
√ 

2 πδ3 
, ( 8) 

where W is the telescope beam radius, δ is the turbulence cor- 
relation length, and �′ is the effective depth of the cloud. The 
telescope beam radius is ∼7′′ ( 0.031 pc at 900 pc) . To eval- 
uate the correction factor, we need to know the correlation 

length and the effective depth of the cloud, but these are un- 
known for the IC 1396E/SFO 38 cloud. So, we adopted plau- 
sible values for these unknowns as follows. Liu, Zhang, and 

Qiu ( 2022 ) showed that the correlation lengths from the liter- 
ature with the ADF method have a wide range of values ( see 
their figure 2) , and suggested a correlation trend between the 
urbulence correlation length and the telescope spatial reso- 
ution. They also suggested that the cloud scale/density may 
ffect the local turbulence. We searched for observations with 

 spatial resolution similar to ours for regions with densities
imilar to the IC 1396E/SFO 38 cloud. In OMC-1HII ( see 
gure 8 of Chuss et al. 2019 ) , which has similar scale and
olumn density, the turbulence correlation length of 19 mpc 
as estimated at 214 μm ( HAWC +) with spatial resolution 

hat is slightly better than ours; see both table 1 of Liu et al.
 2022 ) and table 4 of Chuss et al. ( 2019 ) . Also, in OMC-
Bar, which has similar scale and slightly large column den- 
ity, as well as in OMC-1HII, the values of 15–19 mpc were
stimated at shorter wavelengths ( with higher resolution) , ex- 
ept at 53 μm in OMC-1HII ( 7.4 mpc) . Although the cor- 
elation trend was suggested above, most of the analysis re-
ults appear to show that the estimated correlation lengths are
istributed around about 20 mpc in figure 2 of Liu, Zhang,
nd Qiu ( 2022 ) . Here, we adopted δ = 20 mpc as the turbu-
ence correlation length. A method that approximately derives 
he effective cloud depth using the normalized autocorrelation 

unction of the integrated polarized flux was introduced; see 
quation ( 51) and figure 1 of Houde et al. ( 2009 ) . We first tried
o apply this method for the head part and obtained a distance
 � 0.1 pc) where the autocorrelation function becomes half. If 
e adopt this or twice this value as the cloud depth, it would
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(DN)

Fig. 7. Comparison between the polarization angles measured in this work ( rotated by 90 ◦) , those of the peripheral stars measured in the optical ( Soam 

et al. 2017 ) , and the global magnetic field around IC 1396E/SFO 38 from the Planck data. All the vectors of each data are of equal length ( i.e., independent 
of the polarization degree) to make it easier to understand the direction change of the field. The left panel is the WISE band 3 image with a contour of 
5 MJy sr −1 of the Stokes I intensity. The polarization angles of the data selected in this work ( see subsection 3.2) are shown by white vectors on the left 
image and by black lines on the right histogram. Those of the optical polarimetry are shown by red vectors ( P/ �P > 2 ) on the left image and by red lines 
on the right histogram. The magnetic field directions of Planck are shown by cyan vectors on the left image, and their average and one sigma deviation 
by a cyan line and a light cyan band on the right histogram. 
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e ∼0.1–0.2 pc . Unfortunately, this method is not valid for
he other two areas, due to the asymmetry structure and/or
nsufficient data points. The widths of the three areas shown
n figure 9 are ∼0.14–0.31 pc with an average of ∼0.21 pc and
he widths of the half intensity are ∼0.1 pc in all three areas.
o, we adopt an effective depth of ∼0.1–0.2 pc and obtain a
orrection factor of ∼0.2–0.3. Here, we estimated the mag-
etic strength by adopting a correction factor of 0.25 ( table
 ) . 
We also evaluate the magnetic stability of each area with

he estimated field strength. The mass-to-flux ratio normalized
y the critical mass-to-flux ratio for the magnetic stability is
alculated as follows: 

obs =
μmH 

N(H2 ) 
λcrit Bpos 

. ( 9) 

he critical ratio for the magnetic stability was given by
akano and Nakamura ( 1978 ) , λcrit = 1 /

√ 

4 π2 G , where G
s the gravitational constant. The evaluated normalized ratios
re also presented in table 1 . 

The Alfvén Mach number was also calculated for each area
s follows: 

A 

= σv 

VA 

=
√ 

4 πρ
σv 

Bpos 
. ( 10) 

his number is a criterion for whether the cloud is super-
lfvénic ( MA 

> 1 ) or sub-Alfvénic ( MA 

< 1 ) . Although the
alculated values indicate sub-Alfvénic ( table 1 ) , they would
ecome MA 

> 1 by taking into account the 3D correction fac-
or for the velocity dispersion of 

√ 

3 . On the other hand, these
umbers would decrease by taking the 3D field structure into
ccount. 

 Discussions 

.1 Magnetic field 

he magnetic field strengths were estimated in three areas
 table 1 ) , although these estimates might have certain ambigu-
ties due to the telescope resolution, which is not always high
nough to resolve the cloud structures, i.e., a small number
f the field vectors. In the head, our rough estimates indicate
eld strengths of BPOS ∼ 120 μG and a mass-to-flux ratio of
obs ∼ 3 . 0 that is normalized by the critical mass-to-flux ratio
 Nakano & Nakamura 1978 ) . In the root of the NW exten-
ion, BPOS ∼ 70 μG and λobs ∼ 1 . 1 are calculated. In the east
ing, BPOS ∼ 30 μG and λobs ∼ 1 . 6 are estimated. These re-

ults do not take into account the magnetic field of the line-
f-sight component, but may show a tendency for the head to
e more likely to be magnetically supercritical than the others,
hus indicating that the head area is most likely to form stars.
n fact, signs of active star formation have been detected in the
ead. In the root of the NW extension, star formation signs
ave been reported ( e.g., Beltrán et al. 2012 ) , but the mass-
o-flux ratio is not as high as in the head. This lower value
ay be due to the averaging effect that is cased by its internal

tructure ( e.g., a few cores and their low-density envelopes) , as
een in the Stokes I image of this area. The mass-to-flux ratio
f the east wing is higher than that of the root of the NW ex-
ension. Within our selected area of the east wing, there is only
ne Class I/II candidate ( MIR-80) , where Class I/II sources are
efined as those that have Spitzer color ranges of [5.8] –[8.0]
 1.1 and [3.6] –[4.5] � 0.7 by Choudhury, Mookerjea, and
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Fig. 8. Comparison of the magnetic field orientations with the CO ( J = 3–2) outflow lobes. The background image is same as that of figure 6 . The 
integration ranges of the blue- and redshifted emission are from −22.5 to −5.5 km s −1 and from 5.5 to 22.5 km s −1 , respectively. The dashed lines are 
contours of 2.5 K km s −1 ( ∼3 σ ) , and the solid lines are contours of every 10.0 K km s −1 from 5.0 K km s −1 . The UV incident direction from HD 206267 is 
indicated by a cyan arrow. 

(MJy sr  )-1

Fig. 9. Three selected areas to estimate the magnetic field strength on 
the Stokes I map. The field vectors that are used for the estimate are 
presented, enclosed by black lines. The intensity color scale in MJy sr −1 

is shown on the right side of the image. The intensity contours and the 
polarization vectors are shown in the same way as in figure 5 . 
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Bhatt ( 2010 ) . If this source is really associated with the east 
wing, the higher value of the mass-to-flux ratio does not con- 
tradict it, but if not, the higher value may indicate future star 
formation. The field strength of the east wing of BPOS ∼ 30 μG 

is not so high compared with that of the Galactic regular field 

( B � 10 μG; e.g., sub-subsection 7.3.2 of Grieder 2001 ) and 

indicates that the ambient field strength seems to be less than 

∼30 μG. Given that the IC 1396E/SFO 38 cloud is located in 
 star formation site, the ambient field strength is expected to
e somewhat higher than that of the regular field value. If the
mbient field strength is ∼10–20 μG, the field of the east wing
ight not have been so intensified by the UV impact. 
Mackey and Lim ( 2011 ) have conducted 3D MHD simu- 

ations to investigate the effects of initially uniform magnetic 
elds on the formation and evolution of elongated globules at
he boundaries of H ii regions. They found that a field initially
erpendicular to the incident UV light is swept into alignment
ith the cloud elongation direction during cloud evolution for 

he cases of weak and medium field strengths. On the other
and, they found that a strong field would retain its origi-
al direction. These results indicate that the weak, initial field 

irection is altered by the UV light during cloud evolution.
iven the difference between the internal and ambient mag- 
etic fields of the IC 1396E/SF O38 cloud, a similar change
n the field direction due to the UV impact can be expected
lthough the physical conditions may not be the same as in
heir simulations. In addition, cloud compression due to the 
V impact might enhance the field strength. 
Motoyama et al. ( 2013 ) conducted numerical modeling of 

 photoevaporative spherical cloud in two cases where the ini-
ial direction of the magnetic field is perpendicular or paral-
el to the UV incident direction, taking into account the mag-
etic pressure and heating by UV from the exciting star. In
his modeling, they approximately evaluated field strength B 

n a quasi-stationary equilibrium state after compression by 
he UV impact as follows: 

 = B0 

(
ρ

ρ0 

)α

( 11) 

here ρ is the density after compression, and B0 and ρ0 are the 
agnetic field strength and density of the initial state before 

ompression. For the case of the initial field perpendicular 
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Table 1. Approximate sizes and averaged physical/magnetic parameters for selected areas. 

Area name N ( H 2 ) n ( H 2 ) σv σθ Bpos λobs MA 

( ×1021 cm 

−2 ) ×104 cm 

−3 ) ( km s −1 ) ( deg.) ( μG) 

Head 47.2 4.9 0.93 ±0.02 19 ±4 120 ±27 3.0 ±0.7 0.8 
Root of NW ext. 9.9 1.8 0.54 ±0.03 11 ±3 70 ±20 1.1 ±0.3 0.6 
East wing 7.0 1.6 0.47 ±0.04 19 ±1 32 ±3 1.6 ±0.2 0.8 

t  

a  

s  

c  

o  

t  

i  

w  

s

5

A  

n  

a  

w  

(  

s
t

5
F  

a  

l  

s  

s  

f  

e  

t  

n  

t  

U  

t  

b  

s  

e  

8  

a  

t  

p  

a  

t  

(

5
S  

t  

p  

c  

fi  

g  

f  

O  

c  

t  

g  

u  

2  

i  

i  

t  

i  

a  

o  

s
 

t  

a  

t  

r  

i  

b  

0  

s  

a  

F  

i  

d
o  

c  

i
 

l
g  

s  

(  

o  

t  

c  

a  

t  

d  

o  

(  

c  

c  

p  

o  

d  

d  

u  

a  

h  

t  

d  

l  

2  

d  

i  

D
ow

nloaded from
 https://academ

ic.oup.com
/pasj/article/78/1/151/8346543 by Indian Institute of Astrophysics user on 01 April 2026
o the UV direction, they mentioned that α is close to 1 at
round the cloud tip with high density after reaching a quasi-
tationary equilibrium state, while α is close to 0 at around the
loud tail with low density. This means that the field strength
f the tip is high due to the field remaining perpendicular to
he UV direction and that the field strength of the tail ( wings)
s low due to the field being parallel to the UV direction. The
eak field strength of the east wing can be explained by a

imilar process. 

.2 Cloud structure 

s described in subsection 3.1 , the IC 1396E/SFO 38 cloud is
ot symmetric about the UV light from the exciting star and
ppears to consist of two parts on first glance, i.e., a head part
ith wings and a NW extension, from the SCUBA-2 and 

13 CO
 J = 3–2) data. Here, we wonder whether these two parts are
eparate ( independent) or continuous ( dependent) on site. In 

he following, we try to consider two cases. 

.2.1 Separate case 
irst we consider the case that these two parts are separate
nd not continuous. In this case, they could be partly over-
apping between the head–tail and the root of the NW exten-
ion just on the line of sight. The UV light from the exciting
tar would reach each surface separately, forming ionization
ronts and photodissociation regions on each surface on the
xciting star side. The head part is enclosed by the S rim on
he exciting star side, but the root of the NW extension seems
ot to entirely border the NW rim, only the northern part of
he root of the NW extension ( figures 3 a, 5 b, and 6 ) . If the
V light toward the southern part of the root of the NW ex-

ension is blocked by the head part, the southern part would
e just behind the head part when viewed from the exciting
tar. However, such a coincidental situation may not be easily
xpected and no sign of their separation is evident from the
50 μ continuum emission that traces higher density. The sep-
ration cannot be seen from the WISE data either. In addition,
he 13 CO line-of-sight velocity appears to vary from the head
art to the root of the NW extension smoothly, not abruptly
nd the difference in velocities is also small. The only thing is
hat the head is redshifted and the NW extension is blueshifted
 figure 3 d) . 

.2.2 Continuous case 
econdly, we consider the case that these two parts are con-
inuous and not separate. In this continuous case, the two-
art-like structure might have been created from a single
loud. As is widely known, molecular clouds are generally
lamentary and those located in the peripheries of H ii re-
ions are generally expected to be illuminated by UV light
rom OB stars and have bright rims on the surfaces on the
B star sides. It would be expected that the IC 1396E/SFO 38

loud is such a case. So, we consider the possibility that this
wo-part-like structure have been made from a single elon-
ated cloud by referring to the radiation-hydrodynamic sim-
lations of prolate clouds at H ii boundaries ( Kinnear et al.
015 ) . They conducted radiation-hydrostatic simulations to
nvestigate how uniform-density prolate clouds evolve when
lluminated by UV radiation from different incident direc-
ions. They successfully reproduced a variety of morpholog-
cal structures of BRCs. Since some of their simulated BRCs
ppear to resemble the IC 1396E/SFO 38 cloud in morphol-
gy, we try to closely examine our results by referring to their
imulations. 

Kinnear et al. ( 2015 ) defined the ratio of the physical ioniza-
ion penetration depth to the characteristic depth of the cloud
s dEUV 

( equation 8 of Kinnear et al. 2015 ) and expected that
he prolate clouds are in the RDI-triggered shock-dominant
egions when dEUV 

� 1 . For the IC 1396E/SFO 38 cloud, an
onizing flux ( FEUV 

) of 1 . 33 × 109 cm 

−2 s −1 was predicted
y the equation of the ionizing photon flux, while FEUV 

=
 . 28 × 109 cm 

−2 s −1 was measured based on the NVSS snap-
hot observation ( Morgan et al. 2004 ) . This difference may be
ttributed to the filter-out effect of the interferometer, and so
EUV 

∼ 1 × 109 cm 

−2 s −1 may be appropriate. Using this ion-
zing flux and other possible initial parameters ( e.g., a number
ensity of a few ×103 cm 

−3 , a major-to-minor axial ratio γ

f less than five, an incident angle of ∼30◦–60◦) , dEUV 

of �1
an be expected, suggesting that the IC 1396E/SFO 38 cloud
s in the RDI-triggered shock-dominant region. 

Kinnear et al. ( 2015 ) conducted three sets of SPH simu-
ations for prolate clouds with different initial parameters—
eometry shapes ( γ : the ratio of the semiminor axis to the
emimajor axis) , UV inclination angles ( ϕ) , initial densities
 n ) , and ionizing fluxes—in order to examine the variations
f the cloud evolution. For all the simulations, an initial cloud
emperature of 60 K and an incident UV photon flux at the
loud, F0 = 1 . 0 × 109 cm 

−2 s −1 ( or 2 . 0 × 109 cm 

−2 s −1 ) were
dopted. They found that many asymmetrical BRCs, filamen-
ary structures, and irregular horse-head structures could be
eveloped with various initial conditions at the peripheries
f H ii regions. The simulations with initial higher density
 G1200 series) revealed the formation of a single high-density
ore at the prolate cloud edge on the star-facing side of the
loud, except for the case where the incident angle of UV is
arallel to the minor axis of the cloud ( e.g., figures 3, 4, and 6
f Kinnear et al. 2015 ) . In the parallel case ( in which the inci-
ent angle is perpendicular to the cloud elongation) , two high-
ensity cores were formed at both cloud edges. In some partic-
lar case where the incident angle of UV is oblique ( 45 

◦, 60 

◦,
nd 75 

◦) to the minor axis of the cloud, the initial density is
igher ( 700–1200 cm 

−3 ) , and the initial γ is 2–3, a nose struc-
ure with a high-density core appears at the tip of a higher-
ensity filamentary region that is an elongated compression
ayer on the star-facing side ( figures 6 and 10 of Kinnear et al.
015 ) . The shocked velocity direction of the compressed gas
ue to the rocket effect by the evaporating gas would differ
n the nose and filamentary regions. The velocity pattern of
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Fig. 10. Schematic drawing of the current and potential initial states of the IC 1396E/SFO 38 cloud. The correspondence to Kinnear et al. ( 2015 ) is noted 
in parentheses. 
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the nose seems to resemble the convergence velocity pattern 

of RDI for the spherical cloud, while the velocity direction of 
the filamentary region is perpendicular to the filament elon- 
gation/edge ( e.g., figure 18 of Kinnear et al. 2015 ) . Although 

their figure 18 is for the low-density case, the velocity structure 
difference would be similar even in the higher-density case by 
considering the similar “nose + filament” structure. 

Looking at the simulated “nose + filament” structure, the 
IC 1396E/SFO 38 appears to resemble their oblique cases 
in morphology. The head of IC 1396E/SFO 38 may corre- 
spond to the nose structure and the NW extension to the 
higher-density filamentary region, although the initial condi- 
tions might not be the same as those adopted in the simu- 
lations. Soam et al. ( 2017 ) have already shown another ex- 
ample ( SFO 39) of the oblique case in the eastern periphery 
of IC 1396. They mentioned that the SFO 39 cloud might 
have formed from an initial inclined prolate cloud, i.e., a cloud 

obliquely illuminated by the exciting star of IC 1396, under 
the RDI effect. They found that the magnetic field direction 

on the star-facing side of the cloud is different from the global 
field, but not different on the other side. They suggested that 
this change was due to the compression on the star-facing side 
during the RDI process. 

Kinnear et al. ( 2015 ) did not take into account the magnetic 
field and stopped their calculations just before star forma- 
tion occurred; i.e., magnetic effects and feedback from formed 

stars were not considered in their simulations. In the early 
evolution stage of UV-illuminated clouds with weak magnetic 
fields, the UV impact may be much more dominant than the 
magnetic effects and the cloud evolution may proceed in a 
similar way to non-magnetized clouds, given the weak field 

simulations of Mackey and Lim ( 2011 ) . If so, a similar “nose 
+ filament” structure could form and then shift toward a late 
quasi-stationary equilibrium state where the magnetic field is 
important ( Bertoldi & McKee 1990 ; Mackey & Lim 2011 ) .
In the IC 1396E/SFO 38 cloud, star formation has already 
occurred and the magnetic field with moderate strength is de- 
tected, indicating that the cloud situations differ from their 
simulations. However, the weak initial magnetic field may not 
have had much effect on the early evolution of the cloud, and 

the field might have been strengthened during the UV interac- 
tion. Furthermore, the feedback from the formed stars appears 
to be confined to part of the cloud and might not change the 
overall cloud morphology in large scale. Thus, the fundamen- 
al physical processes could be expected to be similar to those
f Kinnear et al. ( 2015 ) and we speculate that the two-part- 
ike structure has been created from a single filamentary cloud 

bliquely illuminated by UV light ( see figure 10 ) . However, full
HD simulations are required for more detailed studies. 

 Summary 

e carried out 850 μm polarimetric observations for the 
right-rimmed cloud IC 1396E/SFO 38 with SCUBA-2/POL- 
. In addition to these POL-2 data, we used the JCMT archival
ata of 12 CO, 13 CO, and C 

18 O ( J = 3–2) , the Spitzer 8 μm
nd WISE 22 μm image data, and the H- and Ks -band data
o study the UV impact on the magnetic field as well as the
ensity and velocity structures of the cloud. The main results
re summarized as follows: 

( 1) The Stokes I map shows that the bright-rimmed cloud 

appears to consist of two parts: a dense head part
with a tail and ear-like wings, and a part extending 
to the north-west that is very faint except for its root,
while it appears as one single cloud in the optical. The
13 CO channel maps more clearly show the two-part- 
like structure, including the faint area of the north- 
west extension. The dense head part and its wings are
enclosed by an ionization front on the exciting star 
side, and the north-west extension is also facing an 

ionization front in parallel. The whole cloud struc- 
ture appears to be asymmetrical to the UV incident 
direction, while the head part appears to have a struc-
ture nearly symmetrical to the UV direction and to be
similar to the structure of the radiation-driven implo- 
sion, expected for a spherical cloud. These would indi- 
cate that the initial shape of the clouds is not close to
spherical. 

( 2) The polarization vectors of POL-2, rotated by 90 

◦,
show that the angle distribution of the magnetic field 

inside the cloud with a peak of ∼70◦–80◦ is wider 
than that of the outside with a peak of ∼40◦–50◦ ( i.e.,
an ambient field direction) . Given the outside field an- 
gle measured in the optical and with Planck might be
the initial field of the cloud, this difference/change in 

the angle distribution may be due to the UV impact
on the magnetic field of the cloud during its evolu- 
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Fig. 11. Square of the total measured dispersion function versus displacement for the three selected areas. The square of the measurement uncert aint y 
σ 2 

M 

is subtracted from the square of the the total measured dispersion function. The best-fitting power-law line is shown by a solid line in each panel and 
b2 is estimated at the intercept point of the displacement of l = 0 . 
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tion. The change in the field angle distribution within
and outside the cloud might suggest that the initial
field was weak and has been altered in direction dur-
ing the cloud evolution, by referring to the previous
3D MHD simulations of globules at the boundaries of
H ii regions ( Mackey & Lim 2011 ) . In the head part
where three BIMA continuum sources are located, an
orderly hourglass pattern of the field centered at the
peak of the Stokes I intensity with its axis perpendicu-
lar to the UV incident direction is seen, suggesting the
gravitational contraction of the head part. In the east
wing extending from the head part and the root of the
north-west extension, the fields along the ionization
fronts are seen. 

( 3) We estimated the field strength and magnetic stabil-
ity of three areas within the cloud, using the Davis–
Chandrasekhar–Fermi method. The average plane-of- 
sky field strengths for the head part, the root of the
north-west extension, and the east wing were esti-
mated to be ∼120 , ∼70 , and ∼32 μG, respectively.
The larger field value for the head part and the lower
field value for the wing could be explained by the con-
figuration between the field direction and the UV in-
cident direction ( e.g., near parallel or perpendicular) ,
considering the results of the numerical modeling of
bright-rimmed clouds in quasi-stationary equilibrium
after compression by the UV impact ( Motoyama et al.
2013 ) . The mass-to-flux ratios normalized by the crit-
ical mass-to-flux ratio for the magnetic stability were
also calculated to be ∼3.0, ∼1.1, and ∼1.6 in these
three areas, respectively. These values indicate that
the head part is more likely to be supercritical than
the other two areas, consistent with the fact that ac-
tive star formation has already occurred in the head
part. 

( 4) We consider the possibility that the two-part-like struc-
ture of the cloud has been made from a single elongated
cloud by referring to the radiation-hydrodynamic sim-
ulations of prolate clouds at H ii boundaries when
illuminated by UV radiation from different incident
directions ( Kinnear et al. 2015 ) . We found that the
hydrostatic simulations successfully reproduced sev-
eral structures similar to the IC 1396E/SFO 38 cloud
in morphology when the UV incidence direction was
oblique to the cloud elongation ( i.e., head + extension
= nose + filament) . The simulations did not take the
magnetic field effects into account, but given the weak,
initial field strength of the cloud, the early evolution of
weakly magnetized prolate clouds could be expected
to be similar to that of non-magnetized ones, by con-
sidering the above 3D MHD simulation results. 
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