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Abstract—We report HoO maser line observations of the bright-rimmed globule IC 1396 N using a
ground-space interferometer with the 10-m RadioAstron radio telescope as the space-based element. The
source was not detected on projected baselines >2.3. Earth diameters, which indicates a lower limit on the
maser size of L > 0.03 AU and an upper limit on the brightness temperature of 6.25 x 1012 K. Fringe-rate
maps are prepared based on data from ground-ground baselines. Positions, velocities and flux densities of
maser spots were determined. Multiple low-velocity features from —4.5 km/s to +0.7 km/s are seen, and
two high-velocity features of Vi sg = —9.4 km/s and Vi sp = +4.4 km/s are found at projected distances of
157 AU and 70 AU, respectively, from the strongest low-velocity feature at Vi sg = ~+0.3 km/s. Maser
components from the central part of the spectrum fall into four velocity groups but into three spatial groups.
Three spatial groups of low-velocity features detected in the 2014 observations are arranged in a linear
structure about ~200 AU in length. Two of these groups were not detected in 1996 and possibly are jets
which formed between 1996 and 2014. The putative jet seems to have changed direction in 18 years,
which we explain by the precession of the jet under the influence of the gravity of material surrounding
the globule. The jet collimation can be provided by a circumstellar protoplanetary disk. There is a straight
line orientation in the “V; sg-Right Ascension” diagram between the jet and the maser group at Visg =
~+0.3 km/s. However, the central group with the same position but at the velocity Vi sg ~ —3.4 km/s falls
on a straight line between two high-velocity components detected in 2014. Comparison of the low-velocity
positions from 2014 and 1996, based on the same Vj sg-Right Ascension diagram for low-velocity features,
shows that the majority of the masers maintain their positions near the central velocity Vi sg = ~0.3 km/s

during the 18 year period.

DOI: 10.1134/31063772917060026
1. INTRODUCTION
1.1. General Information

[C 1396 N is a cometary, bright-rimmed globule
in the northern part of the HII region IC 1396 located
at a distance of 750 pc [1]. There is the brightest
source among the 25 IRAS point sources embed-
ded in the nebula, with a far infrared luminosity of
440 Lo [2]. Tt is the intermediate-mass protostar
IRAS 21391+5802. Multiple young stellar objects
(YSO) at different evolutionary stages are located in
the globule, and have been detected by their millime-
ter continuum emission [3, 4]. The BIMA-2 molec-
ular core, the most prominent source at 3.1 mm, is
the center of several bipolar molecular flows observed
in wings of many thermal lines (see [2, 3, 5, 6] and
references therein).

* . . .
E-mail: bayandina@asc.rssi.ru

1.2 Masers

HO maser emission in the region was first re-
ported by [7]. Although IC 1396 N/BIMA-2 has
been searched for OH emission various times, no
such masers have been found. OH emission in
IC 1396 N was not found with the Nangay radio
telescope (France) in 2002—2003 [8]. We also
observed I1C 1396 N in the OH lines at irequencies
1665 and 1667 MHz at the velocity range Visgr =
—35...435 km/s with the Nancay radio telescope
in 2007 with null results at a 3o level of 0.1 Jy.
Methanol class II maser emission at 6.7 GHz [9],
commonly found in accretion disks, is not present,
but there is Class I methanol maser emission at
44 GHz [10], which indicates a very early stage
of the compression of protostellar matter. No in-
formation is available about possible association
with Infrared Dark Clouds [11] or Spitzer Dark
Clouds [12] (IRDC/SDC) or with Extended Green
Objects (EGO)[13].
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1.3. VLA and VLBA Studies

In 1992 IC 1396 N was mapped in the HoO maser
line using the VLA with an angular resolution of
0.1” [14]: they found a group of three maser spots
within 0.18” (135 AU) of one another and a separate
component at a distance of 13.3” (10* AU). Their
monitoring program showed that the HoO masers
in IC 1396 N are variable in both velocity and flux
density.

In June 1996 the HoO masers in IC 1396 N were
observed with the VLBA as part of the prelaunch
VSOP survey; the angular resolution was of order
0.3 mas [15]. A more complete analysis of the VSOP
survey data was presented by [16]. Their image,
made with a 1.0 x 0.3 mas restoring beam, shows
an aligned chain of maser spots about 15 AU in
extent. The strongest maser component, at Vi gp =
+0.5 km/s, was unresolved on the shortest baseline,
with a correlated flux density of about 150 Jy. This
was the strongest HoO maser flux density ever ob-
served from [C 1396 N since its discovery in 1988 [7].
The VLBA observations also revealed two high-
velocity features at —14.1 km/s and at +9.3 km/s
were observed at distances of 410 AU and 10000 AU
from the center of the cluster, respectively.

Three models were proposed by [16]: (i) a Kep-
lerian disk, (ii) a stellar wind, and (iii) a molecular
outflow. A combination of these models was also
discussed by [16]. They suggest that the low-velocity
features arise in the Keplerian disk with maser emis-
sion excited by shock waves, while the high-velocity
features arise at the root of the molecular outflow
originating from the central 4 Mg, young star or pro-
tostar. The mass of the disk and its angular mo-
mentum are similar to those of the Solar System. It
is suggested that it is a circumstellar accretion disk
accumulating the excess angular momentum of the
collapsing molecular core, which may give rise to the
formation of a protoplanetary system.

In [17] the HyO masers were observed with both
single-dish telescopes and interferometers. Their
VLBA observations had a synthesized beam of 0.8 x
0.4 mas (0.6 x 0.3 AU). These observations were
made in 1996 in three epochs—March, April, and
May, with 1 month interval. l.e. just before the
observations of [15, 16], but the paper [17] was pub-
lished later than [16]. The authors found a loop of
maser spots within 1 AU and a few higher velocity
components moving away from the loop; the average
proper motion of the masers was 2 mas per year. They
interpreted this picture as a bipolar outflow rather
than a large-scale disk, though the disk model could
be valid for the features closest to the central star.
It was concluded that additional observations may
still reveal some rotation or even “infall” toward the
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source. In [17] a strong variability of the maser in
1995—1996 was also observed.

Of particular interest is the model proposed in
[18—20], in which “curved” and “twisted” filaments
of HoO masers can be found, formed as a result of the
circumstellar protoplanetary disk precession. This
model assumes that a small gas-dust disk is sur-
rounded by a massive near-star torus, which remains
from the protostar clusters and from which a new star
is forming. The axis of the disk is inclined at some
angle to the torus, making the disc precess. The
outflow is collimated by the disc and carries away
material from the internal walls of the torus, exciting
masers where the material strikes the torus walls. A
large-scale bipolar flow is directed through the polar
regions of the torus. An example of this model is the
spiral nebula NGC 2261 (the Hubble Nebula)[21].

Using the model of the precessing disk, along
with the estimated size and mass of the system, it
can be shown that the precession period is of the
order of decades. Under the influence of the shock
wave, maser spots’ proper motion can reach 1—
2 mas per year and may be traced over short time
intervals in observations with a resolution of (0.1—
0.01) mas.

The relatively close distance of this source as well
as the presence of several YSOs, outflows, and possi-
bly a protoplanetary disk or protostellar wind, make it
an ideal laboratory for the study of the general aspects
of the process of star formation.

We have monitored the HoO masers in IC 1396 N
with the RT-22 radio telescope in Pushchino
(Moscow region) for more than twenty years. Al-
though these observations cannot resolve the masers’
spatial structure, they do provide a long history of
the spectral behavior. Our observations show that
the peak flux density can reach values of 100 Jy,
while the spectral features appear and disappear at
different radial velocities. These fluctuations mean
that any study of the maser spots’ proper motions
should be done on relatively short timescales to
ensure the unique identification of each maser spot
being followed.

Positions of maser spots in multiple epochs can be
obtained to a high accuracy from VLBI observations
with baselines larger than the diameter of the Earth.
With this goal, an experiment has been made using
the spaceborne RadioAstron telescope and a network
of ground-based radio telescopes. The results are re-
ported in this paper. In these observations proper mo-
tions can be detected on timescales of a few months,
allowing us to determine the spatial structure of the
masers and to trace the dynamics of the maser spots
for comparison with the models discussed in [16, 17].
Furthermore, observations with high spatial reso-
lution using RadioaAstron can provide information

ASTRONOMY REPORTS Vol.61 No.6 2017
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Table 1. Baseline length and effective resolution implemented in the observations at the ground-space baselines
Sessi Average Average Average Effective Effective
esskl)on Month projected projected projected resolution, resolution,
number baseline, ED baseline, km baseline, 109\ 1079 radian mas
| July 2.3 29310 2.2 0.46 95
2 October 3.8 48420 3.6 0.28 58
3 November 5.9 75178 5.6 0.18 37
4 December 5.1 64984 4.8 0.21 43
5 December 3.8 48420 3.6 0.28 58
Table 2. List of radio telescopes participating in HoO maser observations of IC 1396 N in 2014
Session Session . X Session . Flux
number Date duration, hours Radio telescopes beginning Session end density,** Jy
| 2014-07-26 3 Ys, Nt, Sr, Tr, KI, RA 04:00:00 07:00:00 4.840.2
2 2014-10-10 4 Ys, Kl, Ef, Tr, RA 20:30:00 00:30:00 12.240.8
3 2014-11-23 | Ef, Tr, KI, Sv, RA 05:00:00 06:00:00 20.2+0.8
4 2014-12-01 | Ef, Sr, KI, RA 21:00:00 22:00:00 51.3+0.8
5 2014-12-10 1 Sr, Tr, Sv, Zc¢, RA 10:00:00 11:00:00 28.440.8

* RA—space radio telescope RadioAstron (international project); Ef—Effelsberg (Germany), 100-m; Sr—Sardinia (Italy), 65-m;
Kl—Kalyazin, Moscow Region (Russia), 64-m; Ys —Yebes (Spain), 40-m; Nt—Noto, Sicily (Italy), 32-m; Tr—Torun (Poland),
32-m; Sv—Svetloye, Leningrad Region (Russia), 32-m; Sc—Zelenchuk, Karachay-Cherkess Republic (Russia), 32-m.

** Calibrated flux density of the strongest spectral feature at the velocity Visg = —9.4 km/s is given only for individual telescopes
obtained from autospectra of individual telescopes—see explanation in the Discussion section.

about the velocity field on scales <1 AU around the
central YSO. Note that in the RadioAstron project the
water maser emission from the star-forming regions
Orion KL and W49 N was detected on the projected
ground-space baselines of ~3.5 and ~9.7 Earth di-
ameters, respectively (for details, see. [22]).

2. OBSERVATIONS

We observed the HoO masers of IC 1396 N in the
period from July to December 2014 with the ground-
space interferometer including the 10-m RadioAs-
tron space telescope and a network of ground-based
telescopes. RadioAstron was launched into orbit on
July 18, 2011, from the Baikonur cosmodrome by a
Zenit-3F rocket, using a Fregat-SB booster. This
is the first ground-space radio interferometer oper-
ating in four radio bands from meter to centimeter
wavelengths; it provides the highest angular resolu-
tion ever achieved of about 10 parcsec. The main
interferometer parameters are described in [23] and
presented in detail on the project website at http:
//www.asc.rssi.ru/radioastron/index.html.
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The observations were performed at a frequency
of 222280 GHz with a frequency resolution of
~7.81 kHz, i.e., a velocity resolution of 0.11 km/s, at
the coordinates of the source RA(2000) =

21140m41.75°%, DEC(2000) = +58°16'11.9". For the
RadioAstron Space Telescope at a wavelength of
1.35 cm the System Equivalent Flux Density (SEFD)
is 37 kJy [24].

IC 1396 N was observed in five sessions, that
fall into three categories according to the size of
the ground-space baselines: short baselines up to
~2.3 Earth diameters (July), medium baselines of
~3.8; Earth diameter (one session in October and
one in December), and long baselines of ~5.9 and
~5.1 Earth diameters (in November and December,
respectively). In Table 1 we list the average projected
baseline lengths and angular resolutions for each of
the five observing sessions. In Table 2 we list the date
and time for each observing session, the participating
radio telescopes and the peak flux density observed for

the Vi.sg = —9.4 km/s maser component.

Observations on the short baselines provide the
highest probability of signal detection at ground-
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Fig. 1. The uv-plane coverage for the ground-space baselines of the 2014 observations (the data for all telescopes participating
in the observations): (a) July, short baselines, session duration is 3 hours (session number 1 in Tables 1 and 2); (b) October,
medium baselines, 4 hours (session number 2); (¢) December, medium baselines, 1 hour (session number 3); (d) November,
long baselines, 1 hour (session number 4); (e) December, long baselines, 1 hour (session number 5).

space baselines, and allow us to establish a lower limit
on the maser size and an upper limit on the maser
brightness temperature for unresolved source. The
inclusion of medium baselines improves the spatial
resolution and image quality compared to that ob-
tained with only the short baselines. The longest
baselines were included to permit the possible mea-
surement of the maser spot size.

Plots of the ground-space uv coverage for each
observing session are shown in Fig. 1 (the data shown
are for all telescopes participating in the observa-
tions), in Fig. 2—we show the uv coverage of the
ground-only baselines (the data shown are for only
one baseline in each session, on which the signal

was detected—the baselines shown are identified in
Fig. b).

3. DATA REDUCTION AND PRESENTATION
OF THE RESULTS

Primary data processing was carried out with
the software correlator at the Astro Space Cen-
ter LPI [25]. The search for fringes on the ground-
space baselines was performed using the software
package PIMA (http://astrogeo.org/pima/).

Subsequent processing of FITS files was done with
the AIPS software package (http://www.aips.
nrao.edu). Amplitude calibration was performed
with the task ANTAB, incorporating the antenna
noise temperature measurements made at the time
of the observations. Due to technical problems,
recording of calibration tables at telescopes Ys, Srand
Nt (for a key to the telescope abbreviations, see Notes
to Table 2) was not performed; in these cases we used
standard values of the noise temperature calculated
on the basis of known antenna parameters (http:
//www.evlbi.org/user_guide/EVNstatus.txt).

The quasar  J2137+510 (RA(2000) =
21"37M01.0015°, DEC(2000) = +51°01/36.079" ) was
used as the calibration source, and was observed
for five minutes in each observing session at all
ground telescopes. The primary calibration of the
group delay signal and phase rate were performed
with the task FRING, using J2137+510. Bandpass
calibration was done using the same quasar. The ab-
solute J2000 coordinates RA(2000) = 21"40m41.81°,
DEC(2000) = +58°16'12.0” of the brightest spectral
feature at Visgp = —9.4 km/s (seli-calibration was
performed using this maser feature) were determined

ASTRONOMY REPORTS Vol.61 No.6 2017



H,O MASERS AND PROTOPLANETARY DISK DYNAMICS 491
<=
B 500 50F s0F"
(]
E 7
§ 0r 0r s
5 -
é’ 50 -50F =50 e
—100} ~100} — —100}
100 50 0 =50 -100 100 50 0 =50 -100 100 50 0 -50 -100
Mega wavelength Mega wavelength Mega wavelength

b=

2 50+ 50+

2

g

s 0Of 0F \ \

<

2 50t 50}

=

—100 —100
100 50 0 -50 -100 100 50 0 =50 -100
Mega wavelength Mega wavelength

Fig. 2. Same as in Fig. 1, but for ground-ground baselines (data are shown for only one baseline in each session, on which the
signal was detected—the corresponding baselines for each session are indicated in Fig. 5).

from fringe-rate mapping. Fringe rate (i.e. Doppler
shift between signals received by antennas of an in-
terferometer) is the function of the source coordinates
and in the case of a single spectral line obtained
on a single baseline is described by a straight line
equation—crossing of several lines from different
baselines indicates the position of the maser source
on the map (method is discussed in detail in [26, 27]).

Figure 3 present uncalibrated (flux density in rela-
tive units) auto-correlation spectra for each session,
i.e. spectra from each telescope participated in the
observations. These spectra are used to diagnose the
presence of the signal and to test the receiving equip-
ment operability and the primary data quality. Fig-
ure 4 present the calibrated (flux density in Jy) auto-
correlation spectra for the individual telescopes that
were used to determine the flux density of the source
for each session. Figure 5 present calibrated cross-
correlation spectra (i.e. the result of multiplying of
complex spectra received on individual telescopes) for
only one baseline in each session on which the signal
was detected. All spectra were constructed using the
task POSSM, and the calibrated spectra were scaled
using SETJY.

Positions and flux densities of maser spots relative
to the reference spectral feature (Vi g = —9.4 km/s)
were determined by iringe rate mapping

ASTRONOMY REPORTS Vol.61 No.6 2017

(task FRMAP). All observing sessions had a reliable
detection on the ground baselines of the two high-
velocity maser features at Visp = —9.4 km/s and

Visg = +4.4 km/s. For the low-velocity features,
only the second epoch (October) resulted in detec-
tions at the 4o level or higher.

In Fig. 6 we present fringe rate maps for the low-
velocity features observed in the October 2014 ses-
sion, covering multiple components from about —4.6
to +1 km/s. These features roughly separate into
four groups consisting of maser spots nearby to one
another on the sky—see Table 3 for their coordinates
and the Discussion section for a description of the
four groups. The figure illustrates the convergence of
the solutions obtained by the fringe rate analysis. In
Table 3 for the central part of the spectrum (displayed
as an example in Fig. 7 in channels and velocities
for second observation session) we list the derived
positional offset on a channel-by-channel basis for
those channels that had emission above a 4o level.

4. RESULTS OF THE ANALYSIS

Fringes from IC 1396 N on the ground-space
baselines were not detected in any of the observing
sessions. This could have two causes: either the Ra-
dio Astron sensitivity was insufficient or the source is
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Table 3. Maser component parameters derived from fringe-rate maps analysis for each channel from the central part of
H5O spectrum of [C 1396 N observed in the second session of 2014 observations (duration 4 hours)*

G Gm s A e L0
number number

| l 115 0.7 75.9+1.5 —59.1+2.1 0.3

2 116 0.6 85.6 + 2.2 —50.8+£2.9 0.5

3 117 0.5 749+14 —59.2+2.0 0.7

4 118 0.3 79.0+ 0.6 —49.6 £ 0.9 0.8

5 119 0.2 76.7 £ 0.3 —58.8+0.4 0.7

6 120 0.1 87.4+1.2 —55.9+1.38 0.6

7 121 0.0 84.1+1.0 —61.6+1.6 0.5

8 122 -0.1 81.6 £0.5 —49.44+0.9 0.5

9 123 —-0.2 82.9+£0.8 —-50.7+£1.2 0.5
10 124 -0.3 81.0+ 0.4 —57.9+£0.6 0.4
11 2 133 —-1.2 163.1+1.3 —23.5+£18 0.5
12 134 —-1.3 163.0+ 0.2 —14.6 £0.3 0.5
13 135 —-14 166.1 + 0.3 —14.8£0.5 0.6
14 136 —-1.5 1706 £ 14 —13.8+1.8 0.7
15 137 —1.7 170.0+ 1.0 —-175+£14 0.6
16 138 —1.8 173.2+£04 —11.3+£0.5 0.5
17 139 —-1.9 175.6 £ 0.5 —-13.2+£0.7 0.4
18 3 142 -2.1 297.5+£1.2 793+ 1.6 0.3
19 143 —-2.3 293.2£0.8 85.4+1.2 0.4
20 144 —24 2928 £0.3 77.8£0.3 0.5
21 145 —2.5 288.4+1.3 76.5+1.9 0.4
22 4 150 -3.0 72.8+£0.5 —52.6£0.6 0.4
23 151 -3.1 73.0+1.3 —55.6£14 0.5
24 152 —-3.2 747£1.1 —546+£14 0.6
25 153 -3.3 79.4£0.7 —43.5+0.8 0.5
26 154 —-34 71.8+£04 —-59.1+£0.5 0.5
27 155 —-3.6 75.9+£0.5 —-53.5£0.7 0.4
28 156 —-3.7 83.2+13 —48.1+£1.6 0.4
29 163 —4.4 84.14+0.8 —43.8+0.9 0.3
30 164 —4.5 75.9+5.3 —56.1£7.6 0.3

* The reference high-velocity feature (ARA = 0, ADec = 0) is at Visg = —9.4 km/s, flux density 5.5 Jy. The position of the second
high-velocity feature at Visg = +4.4 km/s with flux density 1.7 Jy is ARA = 153.2, ADec = 146.3.
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Fig. 3. Initial uncalibrated auto-correlation spectra for all telescopes participating in the 5 observing sessions. For a key to the

telescope abbreviations, see Notes to Table 2.

larger than can be detected with such high resolution.
We explore these two options below.

First, we consider the flux calibration of the data,
and the resulting measured values for the maser flux
densities. The Effelsberg 100-m telescope (Ef) par-
ticipated in three observing sessions (the second,
third, and fourth). Moreover, for this telescope we
have ANTAB tables that contain information on an-
tenna temperatures and antenna gain curves; thus
an accurate flux calibration is possible for these three
sessions. In the first session, the Sardinia 65-m radio
telescope (Sr) was the only telescope with a detection.
It lacked an ANTAB table, so the default SEFD

ASTRONOMY REPORTS Vol.61 No.6 2017

was used. In the fifth session, several telescopes
detected emission, with Sardinia being the largest of
these. Nevertheless, we based the calibration on the
spectrum of the Torun 32-m telescope (Tr), because
it had an ANTAB table, so its flux density could be
determined more reliably than by using the default
SEFD of the Sardinia telescope.

In Table 2 the flux density of the strongest spectral
feature at the velocity of —9.4 km/s, derived from the
auto-correlation spectra (see Fig. 4) is presented

for each session. These values were determined us-
ing the ORIGIN package (http://www.originlab.
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Fig. 4. Calibrated auto-correlation spectra for individual telescopes that were used to determine the source flux density in each
session of the observations. The telescope and the date are indicated in the upper right corner.

com/) by a procedure of the Fit Gaussian program
task.

From the auto-correlation spectra (Fig. 4) strong
source variability is evident. The strongest flux den-
sity of ~51 Jy was during the fourth observing session
(Fig. 4d); the weakest flux density (~5 Jy) was in the
first session (Fig. 4a).

If we adopt the 5 Jy flux density as a lower limit,
then the lack of correlations with the space-telescope
indicates that the source brightness temperature at
the time of the observations was lower than 6.25 x

1012 K. The lack of correlation on the shortest base-
line of 2.3 ED means that the linear source size is
L >0.03 AU.

[n each session of the observations maser emission
was detected on a single ground-ground baseline, as
indicated in Fig. 5. The telescopes not involved in the
detection were flagged before further processing with
FRMAP. In these detections, HoO maser emission
at the 4o level is present over a range of velocities
from about —10 km/s to +5 km/s. There is no high-
velocity blue feature at Visg = —14.1 km/s [16], or
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Fig. 5. Calibrated cross-correlation spectra (Stokes I') for only one baseline (indicated in the upper right corner)in each session

for which the signal was detected.

at Visg = —14.6 km/s [17]. Nor is there a high-
velocity red feature at Vi sg = +9.3 km/s, as observed
by [16]. Rather, there are two new and bright features:
a blue one at Visg = —9.4 km/s and a red one at
Visr = +4.4 km/s.

The central, low-velocity part of the spectrum is
much fainter than in the observations reported by [16],
but it covers a broader range from Vi sg = —4.5 km/s
to Visg = 4+0.7 km/s. The feature at +1.32 km/s,
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used for the self-calibration in [16], is not present in
our spectra.

5. DISCUSSION

5.1. Analysis of the Maps and Position- Velocity
Diagrams

Figure 8 presents a map of the HoO maser spots
for the central part of the spectrum in the velocity
range —4.5 km/s to +0.7 km/s and also of the two
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high-velocity features at Visg = —9.4 km/s and at
Visg = +4.4 km/s. The fitted maser positions in
each velocity channel are listed in Table 3. The map
was produced from data taken during the second
observing session. The maps are in Dec—RA offset
coordinates, given relative to the strongest maser
feature at the velocity Vi sp = —9.4 km/s (Fig. 8a);
on Fig. 8b positions are given relative to maser feature
at the velocity Vi.sgr = +0.3 km/s (see explanations
below).

The maser components given in Table 3 are divided
into 4 groups, according to their velocities. The Ist
and 4th groups are very close to one another on the
sky (see Fig. 8); i.e., dynamically there are four
groups, but spatially there are only three groups.
The central spatial cluster has a spread less than

about 20 mas and includes the Ist and 4th maser
groups with velocities in the —4.5 to +0.7 km/s
range. Two other spatial clusters—the 2nd and 3rd
maser groups—also with spreads each ~20 mas,
have velocities in the —2.5 to —1.2 km/s range. Two
high-velocity masers are isolated in position and are
found at projected distances of 157 AU and 70 AU,
respectively, from the central spatial cluster. These
three maser clusters fall in a straight line, about
200 AU in length, as shown in Fig. 8.

In the analysis of [17] the reference feature for
all maser spots was the high-velocity blue compo-
nent at Vjsgp = —14.6 km/s. This component was
detected by [16] (albeit with a velocity difference of
~0.5 km/s), but was not used as their reference
maser. Rather, their reference component was at
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Visgr = +1.32 km/s in the central range of the
spectrum. [16] report the relative coordinates of the
Visgr = —14.1 km/s component, which permits us
to recalculate the coordinates of this feature in the
reference frame of [16] and hence to compare the
two observations. This recalculation shows that the
differences in the velocities and in the absolute coor-
dinates of this component between the two surveys
does not exceed the uncertainties from both obser-
vations: the features observed in [16] coincide with
the group “B” in [17]. According to the conclusions
of [16], 8 maser spots of this group form a disk of
size 15 AU, while according to [17] the masers in the
central part “L of this group form a loop with a radius
of <1 AU; they suggest that the loop is associated
with a circumstellar shell of outflowing stellar-wind
material.

The same conversion can be made for the co-
ordinates of the spectral feature from the reference
maser at Vi gg = —9.4 km/s, re-scaling to the frame

of the feature at V{ sgp = +0.3 km/s in our observa-
tions (see Fig. 8b). This velocity feature is the only
one common to all three spectra: ours, and those
of [17] and [16]. By this coordinate conversion we
can compare all three data sets and hence arrive at
more robust conclusions. Although the other features
(besides the feature at Vi s = 40.3 km/s) detected
in 1996 by [16, 17] were not present at the 2014
epoch, we include these masers in our analysis.

In Fig. 9 we show the maser positions of all three
epochs (this paper, [16, 17]), calculated relative to
the velocity feature at +0.3 km/s. Included in Fig. 9
are the masers from the central part of the spec-
trum and also the high-velocity components. The
positions from our observations correspond to the
second session of 2014 and are shown as blue circles
(numbers on the map correspond to maser groups
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from Table 3). The features from [17], are from the
central and the more distant “A position” (letters in
Fig. 9 correspond to maser groups from [17]) at the
velocity Vi sp = —14.6 km/s, and are shown as green
circles. Finally, the masers from [16], including the
high-velocity feature at V; s = —14.1 km/s but not
the most distant red feature at Vi sp = +9.3 km/s, are
shown as red circles.

In Fig. 10a relative to the velocity +0.3 km/s
the Velocity-Right Ascension diagram (Vi sg-RA)is
shown for the same session for the central part and
two distant spots Visg = —9.4 km/s and Visg =
+4.4 km/s. Two linear structures are evident in
Fig. 10a: one consisting of the features with veloci-
ties more positive than Vj gsg = +0.3 km/s (the first,
second, and third groups; see Table 3), and a second
linear structure consisting of the two high-velocity
components and the fourth maser group centered at
velocity Vi.sgp = —3.4 km/s.

In the combined distribution in Fig. 9 and 10b the
same linear structures are seen. Also evident is the
loop structure observed in 1996 [17] and the putative
Keplerian disk, also observed in 1996 [16], which
corresponds to group one, as observed in 2014 (see
Table 3). In other words, over an 18-year period, the
spatial structure of the maser spots in the central part
of the IC 1396 N globule are confined to the velocity
interval £1.5 km/s around Vi sg = +0.3 km/s, on a

scale less than 20 mas or 15 AU at a distance of
750 pe.

5.2. Possible Models of the Source

Slysh et al. [16] considered a combined model of a
Keplerian disk surrounding a YSO along with a stellar
wind from the central object; indeed, it is possible that
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At Fig. 8a coordinates are given relative to the reference high-velocity blue feature at the velocity Visg = —9.4 km/s (a color
scale of the flux density), at Fig. 8b coordinates are re-scaled to the frame of the feature at Vi.sg = 4-0.3 km/s (a color scale of
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different mechanisms may be simultaneously involved
in the formation of the observed pattern.

Groups 2 and 3, are spatially separated from the
central (groups 1, 4) cluster and were first detected
onlyin 2014. They might be caused by a high-velocity
jet from the central object/cluster. As seen from the
map (Fig. 8b), groups 2 and 3 are located almost
along a straight line with respect to the central cluster
at a distance of 200 AU. The putative jet in Fig. 8 is
collimated to a narrow opening angle not exceeding

5°. These distant features were not detected in [17];
see the combined map in Fig. 9.

In [17] there are two features that we did not
detect in 2014. These are shown as green circles
in Fig. 9—one labeled as C (hv1996) and the other
as D (hvl1996). These masers may correspond to
the two high-velocity compenents that we mention
in the footnote of Table 3. The presence of high-
velocity masers suggests the action of a collimated
outflow from the vicinity of the central object. The
increase of velocity along the line connecting these

ASTRONOMY REPORTS Vol.61 No.6 2017



H2O MASERS AND PROTOPLANETARY DISK DYNAMICS

499

200 - e D ? (hv2014)
D (hv1996) ®
&
w 100+ 3 (Iv2014)
<
g
g C (v1996) e ° C? (hv2014)
E 2 (1v2014)~ .
= 0F
B (Iv1996
8 (IVI996) O, 4 (va014)
2
g
[}
R _100 |-
A (hv1996) ®
=200 | | | | | | | |
300 200 100 0 -100 -200 -300 —400 -500

Relative right ascension, mas

Fig. 9. Combined map of the H2O maser spots in IC 1396 N obtained in 2014—the blue circles and numbers on the map
correspond to maser groups from Table 3; 1996—the green circles and letters correspond to maser groups from [17]; and also
1996—red circles from [16] (without the distant red feature at velocity Visg = +9.3 km/s, which is incompatible with the scale
of the map). High-velocity components from the observations of 2014 are indicated with “hv2014”, from [17] are indicated by
“hv1996”. Similarly, we denote the low-velocity components: 2014—*“Iv2014”,[17]—"“Iv1996”. Coordinates were recalculated
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details could arise from the progressive acceleration of
the flow by, say, a stellar wind from the central object.
[t can be assumed that in the 18 years since the
1996 observations of [17] (green circles C(hv1996)
and D(hv1996) in Fig. 9) and our observations (blue
circles C?(hv2014) and D?(hv2014) in Fig. 9), the
direction of the outflow has changed by about 30° (see
calculations below); this is illustrated by the curved
arrows in Fig. 9.

The outflow velocity carrying maser features to a
distance of nearly 200 AU in 18 years must be fairly
high—about 56 km/s. This velocity is sufficient to
ionize ambient hydrogen gas and to produce free-
free radio continuum. There are some centimeter and
millimeter continuum studies of IRAS 2193145802,
e.g., at BIMA by [3]. However, their angular reso-
lution [3] (a few arcseconds) is not high enough to
definitely associate the observed radio structures with
the above-mentioned putative jet exciting the maser
features. A higher resolution radio continuum study
of the jet region would be valuable.

A variety of mechanisms have been proposed to
explain the collimation of outflows from young stellar
objects (e.g., [28—31]): (1) collimation near the stel-
lar surface related to infalling circumstellar material;
(2) collimation by a circumstellar structure (a disk
or torus); (3) self-focusing of the stellar wind in the
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surrounding interstellar medium; and (4) magnetohy-
drodynamic mechanisms in the vicinity of the star. In
the case of IC 1396 N, no data on the stellar magnetic
field are available, so nothing can be said about the
effect of mechanism (4). In particular, no emission
from the magneto-sensitive hydroxyl molecule has
been detected.

In view of the evidence for a circumstellar disk in
IC 1396 N, we focus here on mechanism (2). An
interesting phenomenon is the change in direction of
the putative outflow with time.

A possibile cause is the precession of a protoplane-
tary disk by the influence of the secondary component
of a binary system. Such a case is discussed in detail,
for example, in [32], who report an expression for
the angular velocity of the disk precession. Applying
their expression, however, yields precession periods
of several thousand years for stellar masses of a few
solar masses and a semi-major orbital axis of a few
astronomical units.

[t seems more likely that the collimation and the
precession of the outflow are driven by a larger cir-
cumstellar structure—a torus inside the globule [18—
20], see Fig. 11. This torus is clearly visible in
molecular emission (e.g., NoH™ and CH3CN [2])
as a structure perpendicular to the direction of the
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bipolar outflow. Molecular line data for the circum-
stellar structure around IRAS 2139145802 [33] yield
a virial mass in the range of 83—186 M. Molecular
data indicate that the density in clumps is decreas-
ing outward as p o r=%, where a ~ 1, see [20] and
references therein. Adopting for the circumstellar
torus a mass of 134 My and sizes of 0.06—0.14 pc
(~2—4 x 10'7 cm) [33], imply that the inner cavity
radius (see Fig. 11)is Ry = H = 3 x 10 c¢m, while
the “effective” outer radius (with & = 1) is Ry = 3 X
10" ecm. We then find from the formula in [18] a
disk precession period T}, ~ 160 years. Thus, in the

18 years between Patel et al.’s and our observations
the disk could have precessed by about one tenth of
360°, in fair agreement with the ~30° we see in Fig. 9.

5.3. Is IC 1396 N Losing Its Protoplanetary Disk?

Another peculiarity of IC 1396 N is a continu-
ous decline of its HoO maser emission seen in our
Pushchino monitoring during the last 10 years [34].
Throughout the first half of the 2000—2010 period the
maximum HsO line flux density Fiax in IC 1396 N
was maintained at a level of hundreds of janskys.
On December 19, 2014, the closest date to epoch
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Fig. 11. Sketch of the model of the source with a precess-
ing disk [18];, /—star, 2—protoplanetary disk, 3—jets,
4—-circumstellar torus, 5—bright maser spot.

No. 5 of our RadioAstron observations, it was about
50 Jy; by June 2016 it fell to 20 Jy, and it is con-
tinuing to decrease at the time of submission of this
paper. If the observed trend persists, this may imply
the disappearance of the protoplanetary disk in IC
1396N, which hosted the main features of HoO maser
emission. Such a rapid evolution of the circumstel-
lar structure in IC 1396 N seems plausible. Rapid
changes on a timescale of a few years were observed
in the infrared spectrum of the young solar-like star
TYC 8241 2652 1. From 2008 to 2012 the flux of its
emission between 3 and 300 ym decreased by a factor
of about 30 [35]. This decrease is interpreted by the
loss of the dust component of the circumstellar proto-
planetary disk because of its concentration into larger
bodies (planetesimals). Thus, the formation of plan-
ets in circumstellar disks may be much more rapid
than previously thought. Perhaps we have managed
to catch IC 1396 N just at the stage when a drastic
restructuring of the protoplanetary disk results in the
decay of HoO maser emission. A follow-up monitor-
ing program of the HoO maser in IC 1396 N would
confirm or reject this hypothesis.

6. CONCLUSIONS

(1) During observations of HoO masers in the
IC 1396 N globule using the ground-space interfer-
ometer with the 10-m space radio telescope RadioAs-
tron, no response from the source was detected on
projected baselines >2.3 ED. A lower limit on the size
of the masers is L > 0.03 AU; an upper limit on the
brightness temperature is Tg = 6.25 x 1012 K.
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(2) An analysis of the maps obtained by fringe
rate mapping for the session with the longest ob-
serving time (4 hours) on the ground baselines was
performed. Parameters of maser spots—positions,
velocities, and flux densities—were determined for
those maser features with SNR > 4o.

(3) Maser groups at low velocities (in the interval
from —4.5 km/s to +0.7 km/s) were detected, as were
two high-velocity features at V; gg = —9.4 km/s and
Visr = +4.4 km/s. The latter two are spatially offset
from the strongest feature at ~0.3 km/s at distances
of 157 AU and 70 AU, respectively.

(4) Maser components of the central part of the
spectrum can be divided into four groups based on
their velocities. However, two groups (the first, with a
Visr of about +0.3 km/s, and the fourth, with a V; sg
of about —3.4 km/s) spatially coincide.

(5) On the (RA—Dec) maps, four groups of central
components form a chain of maser spots, which is
nearly a straight line of about ~200 AU in extent.
Two groups—the second (~—1.5 km/s) and the third
(~—2.4 km/s)—were not detected in 1996 and per-
haps trace a jet that formed during the 18 year period
between 1996 and 2014.

(6) The appearance of the high-velocity features
“C” and “D” in 2014 at the different from 1996 [17]
spatial coordinates might be explained by the preces-
sion of the collimated outflow under the influence of
gravity from the YSO.

(7) There is a straight line orientation (Visg-
distance) seen in the (Vi sgr-Right Ascension) dia-
gram between the jet and the first low-velocity group
at Visgr ~ +0.3 km/s, whereas the high-velocity
components are aligned with the 4th group at Vi gg ~
-3.4.

(8) The (Vi sr-Right Ascension) diagram shows
that the low-velocity maser spots of 1996 and 2014
maintain their positions near the central velocity
Visr ~ +0.3 km/s during the 18 year period.

(9) The observed continuous decline of the HoO
maser emission in IC 1396 N, especially conspicuous
from 2014 to 2016, may indicate a drastic restructur-
ing of the circumstellar protoplanetary disk due to the
rapid formation of planets within it.
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