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Abstract

The spectral observations and analysis for the W80 region are presented by using the data of Medium-Resolution
Spectroscopic Survey of Nebulae (MRS-N) with the Large Sky Area Multi-Object Fiber Spectroscopic Telescope
(LAMOST). A total of 2982 high-quality nebular spectra have been obtained in the 20 square degree field of view
which covers the W80 complex, and the largest sample of spectral data has been established for the first time. The
relative intensities, radial velocities (RVs), and full widths at half maximum (FWHMs) are measured with the high
spectral resolution of LAMOST MRS-N, for Ha 6563 A, [N1I] A\6548 A, 6584 A, and [SII] A\6716 A,
6731 A emission lines. In the field of view of the whole W80 region, the strongest line emissions are found to be
consistent with the bright nebulae NGC 7000, IC 5070, and LBN 391, and weak line emissions also exist in the Middle
Region, where no bright nebulae are detected by the wide-band optical observations. The large-scale spectral
observations of the W80 region reveal the systematic spatial variations of RVs and FWHMs, and several unique
structural features. A “curved feature” to the east of NGC 7000, and a “‘jet feature” to the west of LBN 391 are detected
to be showing larger RVs. A “wider FWHM region” is identified in the eastern part of NGC 7000. The variations of
[S ] /Ha ratios display a gradient from southwest to northeast in the NGC 7000 region, and manifest a ring shape
around the “W80 bubble” ionized by an O-type star in L935. Further spectral and multi-band observations are
guaranteed to investigate in detail the structural features.

https://doi.org/10.1088/1674-4527 /ac6b90

CrossMark

Rui Zhuangé,

4cas Key Laboratory of Space Astronomy and Technology, National Astronomical Observatories, Chinese Academy of Sciences, Beijing 100101, China

Nanjlng Institute of Astronomical Optlcs & Technology, National Astronomical Observatories, Chinese Academy of Sciences, Nanjing 210042, China

Key words: surveys — (ISM:) HII regions — ISM: molecules — ISM: bubbles — methods: statistical

1. Introduction

Ionized hydrogen is generated when the ultraviolet light
emitted by a massive star ionizes the surrounding gas. Previous
work has shown that about 14% to 22% of the new generation
of massive young stars are produced by the interaction of
ionized hydrogen regions with surrounding molecular clouds
(Hausen et al. 2002). The study of ionized hydrogen is of great
significance to our understanding of the interactions between
massive stars and the surrounding molecular clouds.

The W80 complex is a classical HII region located in the
Cygnus region. The nebular complex contains the North
America Nebula (NGC 7000) and the Pelican Nebula (IC
5070) (hereafter NAP nebulae), and a large dust cloud L935
(Westerhout 1958; Cersosimo et al. 2007). There is an O-type
star, 2MASS J20555125 + 4352246, embedded in the region as
the ionizing source (Comerdn and Pasquali 2005). The central
ionizing star is surrounded by a bubble with a radius of 20 pc,
and the distance of the NAP region is about 800 pc (Zucker et al.

2020). The mass of the NAP nebulae is measured to be from
3% 10* M. to 5 x 10* M., (Feldt & Wendker 1993; Bally &
Scoville 1980). T-Tauri star associations (Herbig 1958) and a
large number of outflow activities have been observed in the
NAP nebulae, such as Herbig-Haro objects (HH objects),
molecular hydrogen emission-line objects (MHOs), and H,O
masers (Bally & Reipurth 2003; Armond et al. 2011). Molecular
gas spectra, like NH3, 12CO, 13CO, C180, and HCO™, have been
observed toward the 1.935 dust cloud (Zhang et al. 2014). Using
the Spitzer MIPS data, Guieu et al. (2009) identified more than
2000 candidates of young stellar objects (YSOs) inside the NAP
nebulae. Thus the W80 complex is an ideal target to study the
interactions of ionized hydrogen regions with molecular clouds
in the process of star formation and early evolution.

Figure 1 displays the Digitized Sky Survey (DSS) optical
image of the NAP nebulae, with the positions of the ionizing
source, YSOs, and T-Tauri star associations marked. The
positions of three stellar clusters, N6996, N6997, and Col428
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Figure 1. The DSS (red band) image of the W80 region covering NGC 7000 (North America Nebula), IC 5070 (Pelican Nebula), the dark cloud 1935, and the W80 bubble
(the cyan ellipse). Blue crosses show the positions of T-Tauri type stars. The orange star marks the position of the O-type star (2MASS J20555125+4352246). The yellow
dots are YSOs identified by Guieu et al. (2009). The red circles display the positions of three stellar clusters. The black lines signify the outer contours of bright nebulae.

(Collinder 1931), are also marked. The outer contours of the
bright nebulae are superimposed on the optical image for a
better view.

For the large-scale W80 region with low nebular brightness,
only a few optical spectral observations have been made. Even
in these observations, the amount of data is very limited. Pedlar
& Matthews (1973) obtained the Ho emission line observations
of the W80 complex, and presented the average radial
velocities (RVs) around —16 km s of IC 5070, NGC 7000,
and W80 complex first. Fountain et al. (1983) made spectral
observations of Ha emission lines in 1983 to about 100
positions of the W80 region with a multi-slit Echelon
spectrograph. Haffner et al. (2003) observed only five positions
with the Wisconsin H-alpha Mapper (WHAM) in 2003. The
most recent spectral observations were made by Aksaker
(2013), and 26 spectra were obtained with the Dual Etalon
Fabry—Perot Optical Spectrometer (DEFPOS). The data men-
tioned above contributed greatly to our understanding of the
physical conditions in the W80 region.

Nowadays, the Large Sky Area Multi-Object Fiber Spectro-
scopic Telescope (LAMOST) Medium-Resolution Spectro-
scopic Survey of Nebulae (MRS-N) project (Su & Cui 2004;
Cui et al. 2012; Zhao et al. 2012; Wu et al. 2021) provides us
with a great opportunity to make spectral observations of the
W80 region. With multiple fibers and the 5 degree wide field of
view (FoV) of LAMOST, almost 4000 spectra can be obtained
by one exposure. The closest spacing between optical fibers is
about 2'. In this study of the W80 region, the 20 square degree
FoV covers not only the W80 complex but also the western
region of the bright nebula LBN 391 (LBN 087.23-03.80).
LBN 391 is also known as the Sharpless 2—-119 Region (SH
2-119) (Dubout-Crillon 1976). In this work, we refer to this
region as the LBN 391 nebula. Based on the large spatial
coverage of LAMOST, we perform an almost complete spectral
investigation for the W80 region.

The electrons in nebular gas are excited or ionized by the
ultraviolet radiation of hot stars. The recombination or de-
excitation of electrons produces Ha line (~6563 A) emission.
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The forbidden lines are usually detected in a low-temperature
and low-density astrophysical environment. The [N II] at 6548
and 6584 A, [STI] at 6716 and 6731 A, [O11] at 3727 A, and
[O 111] at 4959 and 5007 A are several common forbidden lines
(Petrie 1952). By optical spectra, different emission lines can
provide a very useful tool to identify the contributions of
different radiation mechanisms such as photoionization and
shock excitation.

This paper is organized as follows. The observational data
reduction of the W80 region is described in Section 2. The
observational results, including the relative intensity, RV, full
width at half maximum (FWHM), and electron density are
presented in Section 3. In Section 4, some interesting features
are discussed. Section 5 gives a summary.

2. Data Reduction
2.1. Data Selection

The focal plane of LAMOST is circular, and has 4000 fibers
evenly distributed within a diameter of 5°, and each fiber can
move within a radius of 2/. The unique design enables
LAMOST to obtain 4000 spectra by one exposure. By 2017,
LAMOST had completed a five-year regular sky survey with
low spectral resolution (R ~ 1800). In October 2018, the MRS-
N was officially initiated with higher spectral resolution
(R~ 7500, Wu et al. 2021). The MRS-N survey includes both
blue band (from 4950 to 5350 ;A) and red band (from 6300 to
6800 A).

The MRS-N covers about 1,700 square degrees in the range
of 40° <1< 215° and —5 ° < b < 5° along the Galactic plane.
Some bright stars and a large number of Galactic nebulae are
set to be observed. For detailed information about the MRS-N,
refer to Wu et al. (2021), Ren et al. (2021), Zhang et al. (2021),
and Wu et al. (2021b). Wu et al. (2021) presented the survey
plan of LAMOST MRS-N and the detailed scientific goals. Ren
et al. (2021) reported the RV calibrations toward the LAMOST
MRS-N. Zhang et al. (2021) proposed the method for
eliminating geocoronal Ha emissions from the LAMOST
MRS-N spectra. Wu et al. (2021b) described in detail the MRS-
N pipeline with each data processing phase. In this work, we
have made data reduction following the same pipeline.

The W80 region was observed on 2020 November 8§, with
the exposure time of 3 x 900 s. After the standard data
reduction for the MRS-N spectra using the pipeline, the invalid
data with a signal-to-noise ratio (S/N) of 999 were deleted first,
and about 3800 spectra were obtained. In order to ensure that
all the spectra are nebular, the stellar spectra were rejected.
Then Gaussian fitting was applied to all the emission lines, and
only the spectra with high S/N (S/N > 10) for all the He,
[N1], and [S1] emission lines were selected for reliable
analysis accuracy. We finally obtained a total of 2982 spectra
for the W80 region.

Li et al.

Figure 2 presents one typical spectrum as an example of the
2982 spectra, together with the Gaussian fitting (the smallest
variance Xz) for the Ha, [N 1I], and [S II] emission lines. The
spectral fitting provides us with measurements of the RVs,
FWHMs, and relative intensities of the He, [NII], and [S1I]
emission lines. For the Ha line with an S/N ratio of 146, the
Gaussian fitting gives an RV uncertainty of 0.1 km s~ ' and
FWHM,,,, uncertainty of 0.4 km s~!, and for the [N1I] line
with an S/N ratio of 89, RV uncertainty of 0.2 km s~ and
FWHM,,s uncertainty of 0.5 km s~ the [S1] line has a
relatively poor S/N ratio of 71, and its RV uncertainty is
0.3 km s~ and FWHM, uncertainty of 0.8 km s~ !. There was
no further flux calibration made, and we simply performed the
analysis of the intensities relative to those of the A6554 skyline.

Figure 3 presents the spatial distribution of the selected 2982
nebular spectra of Ha emission lines, with all the points
satisfying S/N > 10. We note that the spectral data points are
more evenly distributed over the W80 region, and the data are
much more than the previous spectral observations. The areas of
bright nebulae NGC 7000, IC 5070 and LBN 391 have higher
S/N ratios. The two magenta dashed lines divide the LBN 391
nebula region, the W80 complex, and the Middle Region.

Figure 4 plots the RV uncertainties of the three emission lines
with the S/N ratios for the selected 2982 spectra. There are
99.8% RV uncertainties less than 1.0 km s~! for the Ha lines,
99.3% RV uncertainties less than 1.5 km s ™! for the [N 11] lines,
and for the [SII] lines, 99.3% RV uncertainties less than
2.0 km s~'. It is reasonable for data analysis to take the RV
uncertainties less than 2 km s~ for the three emission lines.

2.2. Calibration of FWHM

The broadening of emission lines is generally caused by a
natural broadening of particles, elastic collisions between
particles, energy disturbances, and thermal motion of radiating
particles. Besides these physical broadenings, instrumental
broadening is another important factor. We need to subtract the
instrumental broadening effect from the observed FWHMs.

For spectral observations, the standard arc lines and skylines
are commonly used to estimate the instrumental broadening.
Zhang et al. (2021) separately compared the line dispersion of the
arc lines with the A\6554 skyline of LAMOST MRS-N spectra,
and found that the line dispersion of A6554 is identical with that
of the arc line. Because the values of line dispersion are different
for different fibers, in this work, the instrumental broadening of
each spectrum has been removed with its own A6554 skyline.

The FWHM correction has been made according to Equation
(1) (Reynolds et al. 1977), and the FWHM uncertainties are
calculated by using the error propagation equation.

FWHM?,. = FWHM2, | + FWHMZ,, (1)

where FWHM,,,, is the observed FWHMs, FWHM,,,,; is the
instrumental FWHMs, and FWHM,.,; is the corrected FWHMs,
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Figure 2. One example of the selected 2982 nebular spectra toward the W80 region, showing the Gaussian fitting results of Ha, [N 1], and [S II] emission lines.
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Figure 3. The spatial distribution of the selected 2982 nebular spectra of the
Ha emission lines toward the W80 region, with point colors representing the
S/N ratios (S/N > 10). The color bar shows the range of S/N ratios from 10 to
320. The four blank circles are the guider positions on the LAMOST focal
plane that lack data. The two magenta dashed lines divide the LBN 391 nebula
region, the W80 complex, and the Middle Region.

with the unit of FWHM being km s~'. With no more specific
notes, all the FWHMs in this work represent the corrected
FWHMs (FWHM; a1, OrwnM,,, 1S the uncertainty of FWHM
and orwnm,, 1s the uncertainty of FWHM;,y). Because the
A6554 skyline is a little far from the [STI] A\ 6716,
6731 Alines, which could induce larger uncertainties, we

present the FWHM results and related analysis only for the Ha
and [N II] emission lines.

Further criteria have been set to control the analysis accuracy
to avoid contamination by the spectra with larger FWHM
uncertainties. First, we selected the spectra such that the
FWHM,,,s values were greater than the FWHM;,, that is,
FWHM, s — 0rwHM,,, “FWHMingt + OFWHM,,» NETE OFWHM,,, 18
the uncertainty of FWHM,s, 95.7% orwnm,,, of Ha lines are
less than 1.5 km s~ ', and 95.4% OFWHM,,, Of [N II] lines are less
than 2.5 km s~ '; and OFWHM,,, 15 the uncertainty of FWHM;,,
96.6% 0w, are less than 2 km s~ '. Then, we selected the
spectra satisfying FWHM,e,i >3 0rwhm,,» Where opwhm,., 1S
the uncertainty of FWHM,.,;. We finally obtained 1903 spectra
for FWHM analysis in the whole region, for both the Ha and
[N 11] emission lines. For the 1903 spectra, we find that 99.1%
FWHM uncertainties of Hoa lines are less than 4 km s,
and 94.3% FWHM uncertainties of [NII] lines are less than
5km s~ '. It is reasonable for us to take the FWHM uncertainty
of 5 km s for further analysis.

3. Results

The LAMOST MRS-N project provides us with an effective
method to understand the whole nebula region in detail. As
shown in Figure 3, the 2982 spectra we obtained for the He,
[N 1], and [S 1] emission lines all have high S/N ratios and
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Figure 4. The relation of RV uncertainties of Ha (left panel), [N 11] (middle panel), and [S 11] (right panel) emission lines with the S/N ratios for the selected 2982

spectra.

reasonable spatial distribution, confirming the existence of
emission lines in the whole region.

The relative intensities, RVs, and FWHMs of the Ho, [N 1I],
and [S 1] emission lines are measured for the W80 region. To
make the presentation clear, the following sections begin with
the spatial distribution, followed by the histogram analysis of
the W80 complex. The electron density is calculated with the
intensity ratios of double [S II] emission lines.

3.1. The Relative Intensity

The intensities discussed in this work are the relative
intensities corrected by the simultaneously observed 6554
skylines of each fiber, for all the Ha, [N 1], and [S II] emission
lines.

Figure 5 features the spatial distribution of relative
intensities, with colors ranging from blue to red indicating
weak to strong intensity. The western part of the FoV is the
W80 complex, which contains the NGC 7000, L935 and IC
5070 regions. The eastern part of the FoV is the bright nebula
LBN 391. The area between the LBN 391 nebula and the W80
complex in this work is called the Middle Region.

It is worth noting that Ha emission in the NGC 7000 region
is mainly concentrated in the central part, while the stronger
[N 11] and [S II] emissions are spread at the northeastern edge.
This feature is particularly evident for the [S IT] emissions.

Figure 6 displays histograms of relative intensities for the
three regions. The left panel is for NGC 7000, the middle is IC
5070 and the right is the W80 complex. The intensities of IC
5070 are the weakest in the three regions, and a peak in Ha
emission appears in the range of 30 to 40. The intensities of
NGC 7000 and the W80 complex are basically consistent, and
the maximum intensity values of He, [N 1I] and [S II] emission
are 100, 40 and 20, respectively.

Figure 7 presents histograms of relative intensities for three
emission lines. The left panel is the intensity distribution of
Ha, the middle is [N II] and the right is [S II] emission lines.

The Ha emissions have the strongest intensity and [SII]
emissions are the weakest.

3.2. The Radial Velocity

All the RVs presented in this work are corrected to be
heliocentric. A positive RV value means the target is moving
away from us, while a negative RV means moving toward us.

The RV spatial distributions of all spectra are presented in
Figure 8. Figure 8(al) shows the RV distributions of the Ha
emission lines. The bright nebulae within the W80 complex
have a velocity range from —25 to —15 km s ', and the
velocity range of —10 to 0 km s~ ' can be seen in the
Middle Region, in which some velocity components of —5 to
+5 km s~ are visible in the northern part. The LBN 391
nebula has obviously different velocity regions; its northern
region mainly has velocities between —10 to 0 km s ',
while the southern region shows velocity values from —25 to
—15 km s~', indicating that the two regions must have
different velocity components.

Figure 8(a2) further shows the interpolated map of RVs for
the Hoa emission line, in order to reveal the RV features in each
region more clearly. For the W80 complex, the RVs of NGC
7000 and IC 5070 are merged together, not being separated as
in the intensity map, indicating that the two nebulae are moving
toward us at a uniform velocity. Wendker (1968), Wendker
et al. (1983) pointed out the NAP nebulae are all part of the
same extended HII region, and Bally & Scoville (1980)
deduced from CO observations that the NAP complex may be a
huge molecular cloud being destroyed by early-type stars.

It is worth noting that there is a high-speed “curved feature”
extending to the east from the bright nebula NGC 7000, and the
RVs of this feature are concentrated at —30 to —25 km s~ ' (see
Figure 8(a2), red arrow line). This feature extends further to the
northeast beyond NGC 7000. To the LBN 391 nebula, there is
also a “jet feature” extending along the east—west direction,
which is also beyond the intensity scope of the LBN 391
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Figure 5. The spatial distributions of the relative intensities of (a) He, (b) [N 1I] and (c) [S II] emission lines. The magenta dashed lines in (a) indicate the LBN 391
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nebula. Considering the 2 km s ' uncertainty of the RV

measurements and relatively shaped structures, we believe
these large RV features are real. The similar RV values of —30
to —25 km s~ ' can be also seen associated with the bright
nebula IC 5070 and dark cloud L935.

In order to study the RV distributions, we present two sets of
histograms. Figure 9 features the histograms for the three
regions; the left panel is NGC 7000, the middle is IC 5070 and
the right is the W80 complex. Among the three regions,
IC 5070 has the largest RV values; the peak RV of Ha
emission lines is at —20.1 km s, the [N IT] emission lines at
—19.9 km s~ ', and the [S 1] emission lines at —16.1 km s~
The range of the RV distribution of NGC 7000 is basically
similar to that of the W80 complex, and the RVs of Ha
emission lines are concentrated at —16.0 km s~ ', the [N1I]
emission lines at —16.0 km s~ ', and the [S II] emission lines at
—13.9 km s~ '. We have noticed the fact that our FoV (see
Figure 3) does not fully cover the entire IC 5070 nebula.

Compared to the RVs of the Ha, [N 1I] emission lines, the
RVs of the [STI] emission lines display inconsistencies, and
there is about a 5 km s~ difference between the RV peaks. We
have in fact checked the RV uncertainties for those bright
nebular regions, in which the RV uncertainties of the [SII]
emission lines are all distributed below 0.5 km s~ '. So, the RV
inconsistencies are real and may indicate different components
detected along the line of sight. Kewley et al. (2019) pointed
out that different ionization lines of different species probe
different zones of a nebula. The [S II] emission lines may trace
the very outer edge of the nebula.

Figure 10 presents three histograms of RVs for three
emission lines; the left panel is Ha, the middle is [N II] and
the right is the [S II] emission lines. It can be seen that the [S II]
emission lines have the lowest RV values in NGC 7000, IC

5070, and the W80 complex, and their RVs peak at —13.9,
—16.9, and —14.0 km s~ respectively. The RV distributions of
Ha emission lines peak at —15.6, —20.2, and —16.4 km sfl,
and the [NI] emission lines peak at —15.6, —19.9, and
—16.0 km s~ !, respectively. The RV distributions of the Ha

emission lines and the [N II] emission lines are consistent.

3.3. The FWHM

The FWHMs can provide us with information such as
temperature, gas pressure, and star rotational velocity (Michel-
son 1895). The FWHMs allow us to learn more about nebular
properties. Figure 11 depicts the spatial distributions of
FWHMs. Figure 11(a) and (b) is the full FoV distributions
for the W80 region of Hav and [N IT], respectively. Figure 11(c)
and (d) shows a close view for the NGC 7000 region. The
FWHMs in the regions covered by bright nebulae are narrow,
mainly below 20 km s~!'. In the Middle Region, which is not
covered by bright nebulae, we have discovered that the
FWHMs are generally wider and the values over 30 km s~ .
In particular, Figure 11(a) shows the blue dashed ovals in
the Middle Region have the widest FWHMs, reaching
40 ~ 50 km s~ '. We have labeled “M1” to “M4” denominating
the blue dashed ovals from north to south respectively in
Figure 11(a), in which the position and direction of “M3” are
consistent with the larger RV “jet feature”.

In addition, we noticed a “wider FWHM region” in the
eastern part of bright nebula NGC 7000 (see the orange circle
in Figure 11), signified by both Ha and [N II] emission lines.
The region has higher FWHM values than the other parts in
NGC 7000. Figure 11(c) and (d) displays the close view for
only the NGC 7000 region, and is clearer with only the 529
data points associated. This “wider FWHM region” in fact
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coincides with the location of the Col428 cluster, and we
discuss more about the association in Section 4.3.

We present two sets of histograms to investigate the
FWHM distributions. Figure 12 shows two FWHM histo-
grams for Ha and [N II] emission lines; the left panel is Ha
and the right is the [NII] emission lines. The FWHMs of
[N1] for NGC 7000, IC 5070, and the W80 complex are
18.4 km sfl, 15.8 km sfl, and 18.1 km s' respectively.
The FWHMs of Ha lines are distributed in a range of
20~40 km s !, and FWHMs of [N 1] lines in a range of
10 ~30 km s '; the FWHMs of Ha are about 10 km s~}
larger than those of [N II]. We may understand the differences
for nitrogen which is heavier than hydrogen. The histograms
for the three regions are displayed in Figure 13; the left panel
is NGC 7000, the middle panel is IC 5070, and the right panel
is the W80 complex. The FWHMs of the IC 5070 region
are the narrowest, with a peak for Ha emission lines at

219 km s ', and a peak for [NII] emission lines at
15.8 km s~ !. In the NGC 7000 and W80 complex, the
FWHM distributions of the Ha and [N 1I] emission lines are
nearly identical, with peaks at 26 km s and 18 km s !,
respectively.

3.4. The Electron Density (n,)

The electron density n. can be calculated using a pair of
nearly metastable lines. There is seldom a collision between
ions and electrons in thin media, therefore the line ratio is
exclusively determined by the Einstein coefficient. Saraph &
Seaton (1970) used line ratios as an indicator for density, to
calculate electron densities in planetary nebulae. Danks (1970)
relied on the [S 1I] line or [O I1] line as a parameter to calculate
the electron densities in H II regions. We employed the updated
formula (see Equation (2) and (3)) proposed by Proxauf et al.
(2014) to calculate the electron densities by utilizing [S 1] A\
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6716 A, 6731 A intensity ratios.

R— Is716 , @)

Is732
log (n.) = 0.0543 tan(—3.0553R + 2.8506)
+ 6.98 — 10.6905R + 9.9186R? — 3.5442R3,
3)

where Ig71¢ and Ig73, are the intensities of A\6716 A and
\6732 A lines respectively, and R is the ratio. With the electron
temperature of 10000 K and the constraint of R < 1.42 (Proxauf
et al. 2014), we obtain an average n. of 29.7 cm 2 in NGC
7000 with 121 spectral points, and 40.0 cm ™ in IC 5070 with

22 data points. For the whole W80 complex, the average n, is
estimated to be 43.2 cm >, with 171 spectral points. Kewley
et al. (2019) obtained the electron densities of ionized nebulae
in a range of 40-50,000 cm >, with a new self-consistent [S I1]
doublet model. The electron densities of the W80 complex
could be around lower values to be probed by the [S IT] doublet.

4. Discussion
4.1. Emission Line Measurements in the W80 Region

The large FoV of LAMOST observations provides a
powerful tool to reveal large-scale variations and unique
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structures in nebulae. This section summarizes the spectral
observations targeting the W80 region with statistics for each
region and some structural features. The average values of
RVs, relative intensities, and FWHMs for each corresponding
regions are presented in Table 1.

For the W80 region on the whole, the bright nebulae in NGC
7000, IC 5070 and LBN935 systematically possess larger RV
values than the Middle Region; the mean RV of Ha emission
lines in the W80 complex is —16.7 km sfl, and —11.2 km s™!
in the Middle Region. Considering the large scale of detection,
we speculate that the systematical difference of the RVs could
indicate an overall property of the local molecular clouds; in
fact, the filamentary molecular clouds in this region are just
distributed along the north-south direction (Zhang et al. 2014;
Kong et al. 2021).

10

The overall spatial distribution of FWHMSs also shows the
bright nebular regions have narrower FWHMs than the Middle
Region; the mean FWHM of Ha lines in the W80 complex is
26.2, and 35.8 km s~ ' in the Middle Region. For the bright
nebulae the emission lines are observing a relatively short
physical scale of the H II regions, while the weak line emissions
in the Middle Region may indicate optical thinness and so longer
distances along the line of sight. More velocity components along
the long path could easily lead to relatively larger FWHMs.

As for different emission lines, the RVs of the Ho emission
lines are basically the same as those of the [N II] emission lines
and slightly larger than those of the [SII] emission lines. The
mean RVs of the Ha and [N1I] emission lines for the W80
complex are both about —16 and —14.2 km s ! of the [STI]
emission lines respectively. The FWHMs of Ha emission lines



Research in Astronomy and Astrophysics, 22:075010 (15pp), 2022 July Li et al.

NGC7000 IC5070 The W80 complex
504 B Ha 6 Bl Ha B Ha
= [N = [NN] 100 A = [N
5_
40

Number
w
o

N
o
L

10 1

0 0-
10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
FWHM (km s71) FWHM (km s~1) FWHM (km s71)

Figure 12. The histograms of FWHMs for three regions.

Ha [NII]
s NGC7000 I NGC7000
. 1C5070 [ 1C5070
== W80 801 == W80
80 -
60 -
_ 601
9,
o
1S
= 40
40 1
20 201
0- 0
0 10 20 30 40 50 0 10 20 30 40 50
FWHM (km s~1) FWHM (km s™)
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are generally wider than the [N 1I] emission lines. The FWHMs The southern and northern regions of LBN 391 possess
of the two emission lines for the W80 complex are 26.2 and obviously different RVs, with the RVs of Ha emission lines
17.8 km s~ ', respectively. of —16.6 km s~ ' and —9.2 km s™' , respectively. The RV
In NGC 7000, the “curved feature” shows an RV value about difference of the two regions is about 7 km s_l, but their
2 km s~ ' larger than the entire NGC 7000 region, and the FWHMs are quite similar.
“wider FWHM region” has FWHM about 3 km s~ wider than Several components in the Middle Region are also worth
other regions. noting; the mean RV in the northern region (M1) is —7.2 km s~

11
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Table 1
Emission Line Measurements in the W80 Region

Region RVs (km s Relative Intensity FWHM (km s~}
Ha [N 11] [S 1] Ha [N 11] [S 1] Ha [N 1]
W80 complex —16.7 £ 0.1 —16.2 £0.2 —142+£0.3 21.0 8.4 3.8 26.2 +2.0 17.8 +£ 3.1
IC 5070 —-20.3 £0.1 —20.1 £0.1 —17.1 £0.2 29.8 9.2 3.8 26.6 + 1.8 16.5 + 3.1
NGC 7000 —16.1 £ 0.1 —157+£0.2 —142+0.3 24.4 7.5 4.6 26.7+1.9 18.0 +2.9
-curved feature —189+0.2 —18.7+0.2 —17.1£0.3 30.0 13.0 5.8 29.2 +2.0 21.1 +£2.9
-wider FWHM —18.6 £0.2 —183+0.2 —16.8 £0.2 37.7 17.1 7.6 289 +2.2 20.9 +3.2
LBN 391 —13.6 £0.2 —12.7+£0.3 —11.1 £04 8.2 3.6 1.9 26.7 + 1.8 16.5 + 3.1
-Northern (LBN-N) -92+0.1 —82+02 —6.8+04 12.8 53 2.5 26.1 + 1.8 16.5 + 3.1
-Southern (LBN-S) —16.6 £0.2 —158+£0.2 —142 £0.5 8.1 3.5 1.7 249 +2.1 155+ 3.6
-jet feature —18.8 +£0.3 —164 +£04 —15.6 £0.7 5.3 2.0 14 37.0+ 1.7 30.0 +2.8
Middle Region —11.2+04 —10.2 £0.5 —8.8+0.8 33 1.6 1.1 358+1.9 253 +3.3
-Northern (M1) -72+03 —64+04 —6.0£0.5 3.9 1.9 1.5 36.6 1.9 242 +3.0
-Southern (M4) —13.0+04 —12.1 £ 0.7 —-104+1.0 3.0 14 0.9 36.8 £2.2 26.9 +4.1
Table 2
The RVs and FWHMs for the Hoe Emission Line in the Literature

Literature 1C 5070 NGC 7000 W30

RVs (km s™!) FWHM (km s~} RVs (km s FWHM (km s~} RVs (km s 1) FWHM (km s~ 1)
PM73% —16.4 28.7 —15.7 ~ —16.8 23.3
F80° —14.8 £4.1 37.8 +12.7 —154 +£3.7 225+3.6 —15.1£5.5 28.6 £ 0.6
DEFPOS® —8.8+0.9 49.7+2.8 —7.4+0.6 50.2+ 1.8 —7.8+0.7 50.0 +2.1
MRS-N —20.1 £0.1 26.6 + 1.8 —15.8 £0.1 267+ 19 —16.4 £ 0.1 26.2 +2.0
Notes.

4 Pedlar & Matthews (1973);
® Fountain et al. (1983);
¢ Aksaker (2013).

and the mean FWHM is 36.6 km s~ !, and —13.0 km s~ ! and
36.8 km s~ in the southern region (M4) respectively. The RV
difference is about 6 km s~ between the southern and northern
components, and their FWHMs are similar.

Table 2 compares the results of the previous literature
mentioned in the Introduction with this work. The big
differences appear only in the DEFPOS observations (Aksaker
2013). Aksaker et al. (2011) statistically analyzed the spectra of
10 nebulae with DEFPOS, and stated that the FWHMs in
DEFPOS are 10 km s~ wider than those in other literature, and

the RV values differ approximately by 3 km s ".

4.2. Features Revealed by Radial Velocity

Based on the results of RV spatial distributions (see Section
3.2), we have discovered a “curved feature” in the eastern
extension of NGC 7000, and a “jet feature” extending from the
LBN 391 nebula. Both the larger RV features are located
beyond their bright nebulae and appear as narrow strips with
uniform velocity components.

We have noticed that the larger RVs appear in the regions
associated with outflow activities in bright nebula IC 5070 and
dark cloud L935. Bally & Reipurth (2003) and Armond et al.
(2011) discovered many HH objects in IC 5070, and Bally
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et al. (2014) also detected the MHOs in L.935; a comparison of
these multi-band observations may provide a hint for under-
standing the larger RV structures. All the features require more
observations in the infrared and submillimeter wavelengths to
explain their existence.

There are other notable features in the LBN 391 nebula. The
position and direction of the “jet feature” in the RV map are
consistent with the widest FWHM region (“M3”) in the
FWHM map, and this “jet feature” appears at the boundary of
the velocity differences between the northern and southern
regions of LBN 391, but the “curved feature” extending to the
east of NGC 7000 does not show wider FWHMs. All of these
newly discovered characteristic structures require more obser-
vations and verification, and more comprehensive spectral
observations of the LBN 391 nebula have been planned.

4.3. The “Wider FWHM Region” of NGC 7000

Based on the observational results of the FWHM distribu-
tions in Section 3.3, we have noticed an anomalous “wider
FWHM region” in the eastern part of NGC 7000, consistent
with the location of the Col428 cluster. The Col428 stellar
cluster was first discovered by Collinder (1931) and classified
as an open cluster. But later, Laugalys et al. (2007) concluded
that Col428 is probably not a stellar cluster demonstrated
through the distance and color-magnitude diagram, and Rebull
et al. (2011) further pointed out that Col428 could not be a real
young cluster because of a low disk fraction; both of them
proposed that Col428 could not be taken as an independent
entity but be a “window” in the molecular cloud. In this
scenario, the “wider FWHM region” may be understood in that
we are observing an optically thin region, and more
components deeply detected in the HII region contribute to
the line emissions.

For understanding the cause of “wider FWHM region”, we
have tried to calculate further the gas temperature and non-
thermal motion velocity. Based on the measured FWHMs
toward HII regions, Reynolds et al. (1977) established a
relationship between gas temperature and non-thermal motion
(see Equations (4) and 5).

W2
T(K) = 23.5W§( - —};) “)
Wi
w2 )72
V(kms™!) = 1.04WN(1 - 0.071#;) : 5)
N

where Wy and Wy are the FWHMs of Ha and [N 1] emission
lines, T is gas temperature, and V is non-thermal velocity.
The non-thermal motion velocities and gas temperatures
have been calculated for the spectral points inside and outside
the “wider FWHM region”, respectively. We note that, for the
195 statistical spectral points, 76 inside and 119 outside
the “wider FWHM region”, the FWHM uncertainties are

Li et al.

1.6 km s~! for He, and 2.5 km s~ for [N 1I] emission lines,
and all the calculated T and V are selected to be greater than
three times the standard deviations. The uncertainties of 7" and
V are calculated by following the usual error propagation
equation. The results affirm that the “wider FWHM region” has
a mean non-thermal velocity of 20.54-2.9 km s~ ' and a mean
temperature of 10,269 £ 3551 K, while the outside region of
16.8 +2.7km s ' and 9134 + 2794 K. Because the differences
of non-thermal motion velocities and gas temperature are both
not much bigger than the uncertainties, it seems hard to be sure
which could be responsible for the “wider FWHM region”.

4.4. Features of the W80 Complex

The Ha emission represents photoionization with dense
ultraviolet photons in H II regions, and the [S 1] forbidden line
emission is commonly observed at the outer edge of nebulae.
The nebular structures can be further revealed by comparing
the intensities of [S II] and the Ha emission lines.

Figure 14 presents the distributions of the log ([S 11]/He)
ratios in the W80 region. There are two interesting features
associated with the W80 complex. First, the minimum ratios
are found to be distributed around the “W80 bubble”,
appearing as a ring shape. The “W80 bubble” appears as an
ionized bubble observed at radio wavelengths (Westerhout
1958), and its ionizing source is an 03.5 star (2ZMASS
J20555125+4-4352246) (Comerén and Pasquali 2005).

A low [S II] /He intensity ratio indicates relatively strong Ha
emissions, whereas a high ratio means relatively strong [SII]
emissions. The ultraviolet photons from the central excitation
source of a massive star ionize the surrounding gas to form
stronger Ha emission lines in the “W80 bubble” region, which
results in a significant decrease of [S II]/H « ratios. Moreover,
due to the occlusion of the high-density molecular cloud in the
foreground, it shows a ring-shaped distribution centered on the
excitable O-type star. Therefore, the ring-shape with low [S 1]/
Ha ratios revealed by our spectral observations in the optical
actually supports the “W80 bubble” structure observed by radio
wavelengths.

In the western part of NGC 7000, there is also a region with
low [S11]/Ha ratios, associated with N6997, a dense young
stellar cluster. The feature could provide evidence of abundant
ultraviolet photons toward the direction of N6997.

Second, an increasing gradient of [S1I]/Ha ratios can be
found from southwest to northeast in the NGC 7000 region.
The increase of [S 1] /Ha ratios indicates enhancement of [S 11]
emission and the weakening of photoionization. We note that
the strongest [S II] emissions at the northeastern edge of NGC
7000 (Figure 5) are consistent with the highest [S II] /He ratios
in Figure 14. The variations of the [S II]/Ha ratios have been
commonly observed, both in the ionization structure (Kewley
et al. 2019) and in diffuse ionized gas (Otte et al. 2002). It is
generally acknowledged that the hard ionizing radiation field
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that escaped out of H1I regions could produce strong [S I1] line
emissions (Kewley et al. 2019).

In addition, high [S1]/Ha ratios are prominent in the
Middle Region. Blanc et al. (2009) pointed out that [S IT] /Hev is
observed to be greatly enhanced in diffuse ionized gas, and
provided a mean [S 1] /Ha ratio of 0.34, that is, —0.46 in log
[S1]/Ha. The ratio seems just consistent with the measure-
ments in the Middle Region in Figure 14.

5. Summary

The large-scale spectral observations of the HII regions are
important for us to understand the star formation process and
help study the environment of the whole W80 region. With
LAMOST’s higher spectral resolution and wider FoV of 20
square degrees, we have built an almost complete spectral
sample of the W80 emission nebulae. The results of this study
are summarized as follows.

1. In the W80 region, based on the 3800 spectra by the
LAMOST MRS-N, we obtain a total of 2982 nebular
spectra with high enough S/N values, establishing the
largest sample of spectral data up to date. We have
measured the relative intensities, RVs, and FWHMs of
the Ha, [NII], and [S1I] emission lines for the W80
region, and have estimated as far as possible the electron
densities for the W80 complex.

2. The spatial distributions of relative intensities in the
W80 region show that the strongest line emissions are
found in the bright nebular regions, like NGC 7000, IC
5070, and LBN 391; the weak line emissions also exist

in the Middle Region, where no bright nebulae are
detected in the wide-band optical observations. The
strongest Ha emission in NGC 7000 is concentrated
mainly in the central part, while the stronger [N II] and
[S1I] emissions tend to be distributed at the north-
eastern edge.

. The spatial distributions of RVs in the W80 region show

overall RV differences. The bright nebulae display RVs
moving toward us, with the velocities mainly around
—25 to —15 km s~ '. The Middle Region has RVs
ranging from —10 to 0 km s ', and some velocity
components in the northern part are far away from us,

with velocities ranging from 0 to +5 km s~ '.

. The spatial distributions of FWHMs in the W80 region

also show overall differences, revealing that the FWHMs
in the areas covered by the bright nebulae are narrower,
mainly below 20 km s~!: the FWHMs in the Middle
Region are wider, above 30 km s~ '. In the Middle Region
there exist several parts with the widest FWHM values
ranging from 40 to 50 km s~ .

. The large-scale spectral observations toward the W80

region also reveal some unique structural features. A
“curved feature” to the east of NGC 7000, and a “jet
feature” to the west of LBN 391 are detected to be
featuring larger approaching RVs. A “wider FWHM
region” is identified in the eastern part of NGC 7000.
The variations of [S1II]/Ha ratios display a gradient
from southwest to northeast in the NGC 7000 region,
and manifest a ring shape around the “W80 bubble”
in L935.
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The new scientific findings by MRS-N provide useful
information for researching the large-scale properties of HII
regions. For complete data sets for the W80 region, we will
conduct further spectral observations, and combine multi-band
observations to investigate in detail the structural features.
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