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ABSTRACT

Simeis 57 (HS 191) is an optically bright nebula in the Cygnus X region with a peculiar appearance that suggests
an outflow from a rotating source. Newly obtained observations and archival data reveal Simeis 57 as a low-density
(ne ~ 100 cm73) nebula with an east-to-west excitation gradient. The extinction of the nebula is Ay < 2 mag. The
nebula is recognizable but not prominent in mid- and far-infrared images. In its direction, half a dozen small CO clouds
have been identified at Visr = + 5 km s~ !. One of these coincides with both the optical nebula and a second CO
cloud at the nebular velocity Visr =~ -10 km ~1. No luminous stars are embedded in these molecular clouds, nor are
any obscured by them and no sufficiently luminous stars are found in the immediate vicinity of the nebula. Instead,
all available data points to the evolved star HD 193793 = WR 140 (an O4-5 supergiant and WC7 Wolf-Rayet binary)
as the source of excitation, notwithstanding its large separation of 50, about 25 pc at the stellar distance of 1.7 kpc.

©ESO 2021

1. Introduction

The Galactic nebula Simeis 57, also known as HS 191 (Gaze
& Shajn (1951), (Gaze & Shajn| (1955)) is a very bright
emission nebula of peculiar shape in the constellation of
Cygnus (cf. [Parker et al|[1979). Often referred to as the
«— Propeller Nebula, this nebula is a popular object for ama-
= teur astrophotographers. Its major features are two curved
nebulosities (DWB 111 and DWB 119, Dickel et al. 1969).
The center of this nebula is cut by a long dust filament that
continues adjacent to the nebular patch DWB 118. Other
= = nearby nebulae are DWB 126 to the north and DWB 108

and DWB 107 to the south; the latter has the appearance
->2 of a bright rim. At a Galactic longitude of 80.3°, Simeis 57

is inside the solar circle but its actual distance is unknown.
a In this direction, the Galactic line of sight is tangential to
the Orion-Cygnus spiral arm and several kiloparsecs long.
The relatively high Galactic latitude of +4.7° and the large
angular extent (~ 20") suggest, however, that it is not very
distant.
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Simeis 57 is located near the edge of a large (18° x 13°)
X-ray structure known as the Cygnus superbubble (Cash
et al.||1980) but none of the large-scale X-ray or radio con-
tinuum maps presented by [Uyaniker et al.[(2001]) show any-
thing remarkable concerning its position. Simeis 57 is far
away from the nearest OB associations (Cyg OB2 and Cyg

Simeis 57 appears to be a part of a larger structure surrounding the HI void centered on HD 193793.
Key words. Simeis 57 — DWB 111 — Propeller nebula — HD 193793 — WR 140 — ISM excitation

OBS at heliocentric distances of 1.4 kpc and 1.9 kpc, cf.
Ryel et al.|[2012; [Mahy et al.|2015).

In an earlier paper, |Israel et al.| (2003) presented high-
resolution radio continuum maps from which they con-
cluded that the radio emission of Simeis 57 is free-free ther-
mal emission originating in a gas of moderate electron den-
sities with S and N2 spectra that extend a modest fore-
ground extinction. All of this points to excitation by a star
that is sufficiently bright to be easily identified, but the lack
of an obvious candidate meant that the nature of Simeis 57
was left a mystery.

In this work, we investigate the ionized gas, dust, and
stars in the field of Simeis 57 in a further attempt to identify
its nature and the source of its excitation. Fig.[I]shows part
of the Isaac Newton Telescope Photometric H-Alpha Survey
(IPHAS, Drew et al.[2005) combined with the new Ho data
described below. Simeis 57 stands out in brightness and
shape among the filaments at the outskirts of the Cygnus-X
region. Fig.[2] shows the division of the nebula into subre-
gions A, B, C, and D (cf. [Israel et al.||2003]) with respective
surface areas of 45, 30, 10, and 15 arcmin® within the low-
est contour. Regions A (DWB 111) and B (DWB 119) form
the S-shaped nebula, region C is a spur that extends north-
ward from region B, and region D (DWB 118) is a separate
filament to the southeast.

Article number, page 1 of 13
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Fig. 1. Mosaic of Ha line emission in the 3° x3° region surround-
ing Simeis 57, centered on o = 20"17™50.4°, § = +43°01'48”.
The white box indicates the region studied in this paper, which
is enlarged in Fig[2]
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Fig. 2. Ha line emission map of Simeis 57 with the subregions A,
B, C, and D. The black contours correspond to DRAO 1420 MHz

radio continuum flux densities of 20, 25, and 30 mJy arcmin 2.
The red crosses denote the central positions of the IDS long-slit

spectra from Table 1 and Fig[3]

2. Observations
2.1. Long-slit spectra

We extracted archival spectra taken on July 22, 1990 and
May 6, 2007 and obtained new spectra on May 22-24, 2017
(Fig. Table with the Intermediate Dispersion Spectro-
graph (IDS) on the Isaac Newton Telescope (INT) The INT
is a 2.54m telescope located at the Observatorio del Roque
de los Muchachos on the island of La Palma (Spain). The
IDS is a long-slit spectrograph located at the Cassegrain
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focus that has a full slit-length of 3.3’ and a spatial scale of
0.4” /pix. The 2007 and 2017 spectroscopy used the R300V,
R400V, and R600R gratings, which have spectral resolu-
tions of 1.87A /pix, 1.41A /pix, and 0.94A /pix, respectively,
and a wavelength coverage correspondingly decreasing. The
1990 spectroscopy used Grating 10, which has a spectral
resolution of 1.03A/ pix. The positions are shown in Fig.
We note that the northernmost spectrum (N2) is right at
the edge of DWB 111.

Table 1. Observing log of the INT-IDS spectroscopy.

Grating  Obs. RA(2000) DEC(2000) Pos. Teap

date hh:mm:ss.s dd:mm:ss sec
R600R 2017-05-23  20:15:45.2 +43:35:52 S 600
R400V 2017-05-25  20:15:45.2 +43:35:52 S 600
R600R 2017-05-24  20:16:08.0 +43:40:50 C 600
R300V 2007-05-06  20:16:35.0 +43:46:34 N2 300
Gr. 10 1990-07-22  20:16:26.1 +43:44:18 N1 4500

The wavelength solutions were derived from arc lamp
spectra and cosmic rays were removed with the L.A.Cosmic
package by van Dokkum et al.| (2012). For the flux calibra-
tion of the spectra obtained in 2017 we used the standard
star SP15504330. The R300V grating spectrum was cali-
brated with the standard star Kopff27. The spectra were
spatially integrated over the aperture, excluding the outer
25 pixels on either side. The two spectra taken at the south-
ern position (S) were concatenated to yield a single spec-
trum.

2.2. WFC Images

In 2016 April and 2017 April we obtained several images
of Simeis 57 (Fig.[d) with the Wide-Field Camera (WFC)
at the prime focus of the INT. With four CCDs that have
2048 x 4096 pixels each, the WFC is a mosaic camera with a
CCD pixel scale of 0.33” and a field of view of 34.2’ x 34.2".
Inter-chip gaps are about 1’ in size.

For the line emission we used the standard INT nar-
rowband filters (Ho, FWHM 95A; [SII](6716+6730), 80A;
HpA 30A; [OII1]5007, 100A) and for the continuum from
stars and sky the broadband filters (R, FWHM 1347A, G,
FWHM 1285A). We made multiple exposures in each fil-
ter. Total exposure times varied from 850 s for R to 6400
s for [OIII]5007. Most lines were exposed for about 3000 s.
While taking the [SII] and [OIII] images in 2017, we ap-
plied a random dither of a few arcmin to fill the inter-chip
gaps. No dithering was applied to the 2016 Ha and HS im-
ages. We eliminated the inter-chip gaps in the Haimage by
combining our own five Ho images with multiple exposures
from the IPHAS Ha survey . The average
seeing of our observations is 1.7”, with the exception of Hj3
(2.3") and Ha (1.3").

The individual exposures were debiased, flat-fielded,
and combined using THELI (Schirmer|2013; Erben et al|
. The observations were made during bright moon and
suffered from significant sky brightness. We estimated sky
levels by taking the median of selected regions outside the
nebula after masking objects using SExtractor
Arnouts| [1996]). We computed astrometric solutions using
SCAMP (Bertin|2006) with the Gaia DR2 catalog (see Sect.
2.4). The astrometry should be better than 0.5”.
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Fig. 3. Spatially integrated long slit spectra at the positions indicated in Fig. Fluxes are in units of 10~ 1%erg em~2s7AT
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Fig. 4. Continuum-subtracted line images of Simeis 57 in identical fields of view. From left to right: ;SH](6716+6730), Ho+[NI1],
Hp, and [OIIT]5007. In these images, the first contour corresponds to I = (5.6,18,5,1.4) x 1077 ergs ™' cm ™2 arcsec ™2, respectively.
Subsequent contours increase by factors of 1.5. The contours in the Ha +[NII] map represent the pure Ho flux. The HS image was
not dithered and suffers from camera artifacts and gaps between the CCDs.

No spectrophotometric calibration stars were recorded
during the observations. Instead, Ha and r images are di-
rectly calibrated with the INT/WFC Photometric Ha sur-
vey of the Northern Milky Way (IPHAS DR2,
release, which was made with the same instrument.
This dataset has i, r, and Ha magnitudes for nearly 5000
objects in our field of view. Using SExtractor, we extracted
magnitudes of all sources with S/N> 7. We used aperture
photometry with the same diameter as the IPHAS database
(2.3”, or 7 pixels). Local background subtraction was done
with a rectangular mesh of 16 pixels around the star. The
magnitude zero-points have errors less than 0.15 mag in r
and Ha.

No calibrators nor reference catalogs are available for
the continuum-subtracted [SII], [OIII] and HS images. In-
stead, we calibrated the relative fluxes of the images with
the absolute fluxes from the spectra in Fig.[3] at the four
position sampled. For Ha, the two methods agree within
20%.

2.3. UV data: Swift and GALEX

We obtained a new UV image of the Simeis 57 field with the
NASA Neil Gehrels Swift Observatory, a multiwavelength
space observatory launched in 2004. The onboard Ultra-
violet/Optical Telescope (UVOT) is a modified Ritchey-
Chrétien telescope with an aperture of 30 cm and an {/2.0
primary reimaged to f/13. Its 2048 x2048 pixel detection
array combines a pixel scale of 0.5” with a 17" x 17’ field
of view (Poole et al.2008). The observations were made
between 2012 March and 2013 January in the UVW2 filter,
which has a maximum efficiency at Apenter = 2000A. At
this wavelength, the resolution is about 1.5”.

We also retrieved near-UV (\.;; = 2310A) observa-
tions of the region surrounding DWB 111 from the archive
of the NASA GALEX space observatory (2003-2012). The
GALEX observatory is equipped with a 50 cm aperture
telescope with a field of view of 1.2 degrees wide. We used
MOSAIX (Armengot et al.|2014) to stack the retrieved im-
ages. In Fig.[5| we show both UV images.
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Fig. 5. UV, optical, and infrared images of Simeis 57. Each image shows the same region of 0.4 x 0.4 deg centered on o = 304.04,
8 = 43.69. The UV images comprise SWIFT UVOT (Aesy = 1928 A) and GALEX near-UV (A.s; = 2310 A) exposures. Optical
broadband images include those from our INT WFC observations with the filters sloan g (Ao = 4846 A) and sloan r (Ao = 6240 A).
Near-infrared images are 2MASS J and K band at wavelengths of 1.25 ym and 2.2 ym and WISE band 2 to 4 images at
wavelengths of 4.6, 12, and 22 pm. Far-infrared images are AKARI 65, enhanced TRAS 100, and AKARI 160 gm. The point source
IRAS 2014544333 is denoted by a red cross in the HIRES 100pm map. Contours correspond to DRAO 1420MHz radio continuum

intensities of 20, 25, 30 mJy arcmin 2.
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Fig. 6. Undersampled J=1-0 >CO (left panels) and **CO (right panels) maps of molecular clouds in the field of Simeis 57, whose

center is denoted by a cross. The emission at +5 km s+
interval), and the central two panels show the emission at -10 km s~! (averaged over a 4 km s~

is shown in the leftmost two panels

gaveraged over a 5 km s~ velocity
interval). In the *>CO panels, the

regions with improved sampling are indicated by a solid-line boundary. The rightmost two panels show the position-velocity map
along the dashed line in the "*CO map. Position offsets are relative to a = 20"16™16.7%, § = +43°47'54” (J=2000)
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Fig. 7. Fully sampled J=2-1 *CO maps in the field centered on Simeis 57 (offset relative to a = 20"16™08.2°, § = 43°41'02.4")
smoothed to a resolution of 30”. At left is the emission at +5 km s™' (averaged over a 6 km s™* velocity interval), in the center

the emission at -10 km s™! (averaged over a 10 km s™' interval), and at right the position-velocity distribution.

2.4. Optical data: Gaia

Gaia (Gaia Collaboration et al|[2018b) is an European
Space Agency (ESA) space observatory that was launched
in 2013. It uses two telescopes to perform astrometry, pho-
tometry, and spectrometry of stars with very high precision
down to a visual magnitude of 20. In the absence of visual
extinction, it should thus see OB stars across the entire
Galaxy. It was designed to provide position, parallax, and
annual proper motion with accuracies of 0.025 mas at V
-15 mag to 0.6 mas at V=20 mag, and distances accurate
to < 1%, and < 10%, respectively.

From the second data release (DR2) in 2018, we ex-
tracted 218136 stars within a radius of one degree from
the nebula and selected the 13381 stars (6%) with high-
quality data (RUWE < 1.40) shown in Fig.rgll Because
stars associated with the ionization of Simeis 57 should
be hot, we specifically considered the 49 bright, blue stars

! We verified that the improvements in the more recent Gaia
eDR3 do not discernibly change the results described in this
work

with Mg < 3 and Ggp — Grp < 0.4. This sample defines
the peak of the main-sequence region in the Hertzsprung-
Russell (HR) diagram of the Simeis 57 region. Many of these
stars are visible in the NASA GALEX and ESO Digitized
Sky Survey (DSS2) data, and this includes a few close to
the propeller nebula itself.

2.5. Infrared data: IRAS, 2MASS, WISE, and Akari

We used the public databases kept at the NASA /TIPAC In-
frared Science Archive (IRSA) to investigate the infrared
properties of Simeis 57 and surroundings. Far-infrared maps
were constructed from the IRAS and the Akari data, near-
and mid-infrared maps from the WISE data, and near-
infrared maps from the 2MASS data.

We used enhanced resolution JRAS (Neugebauer et al.|
infrared continuum maps at 12, 25, 60, and 100 um
from the Infrared Processing and Analysis Center (IPAC).
The HIRES enhancements employs the maximum corre-
lation method (MCM) (Aumann et al||1990) in 20 itera-
tions to construct resolution-enhanced coadded IRAS im-
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ages. The original TRAS resolutions vary between 0.5" at
12 pm to about 2’ at 100 pum. The HIRES enhancements
provided a roughly five-fold increase in resolution, but the
actual resolution varies over the map. A tilted plane was
fitted to the background and subtracted. The IRAS map in
Fig.[f|is dominated by diffuse extended emission from warm
dust.

Between 1997 and 2001, the University of Massachus-
setts carried out an all-sky survey in the J 1.25 ym, H 1.65
pm, and K¢ 2.17 pum bands (Skrutskie et al.|[2006]). The
resulting digital 2MASS sky atlas has a resolution of 4”7 in
each of the three bands. In Fig.[f] we show the J and Kg
band images centered on Simeis 57. These images do not
show emission from either nebula or dust but are dominated
by the stars in the field.

We downloaded NASA Wide-Field Infrared Survey Ex-
plorer (WISE, 2009-2011) archival images with a field of
view of 47" and a resolution of 6” in four bands at 3.4, 4.6,
12, and 22um. The last two have a much higher sensitivity
than the corresponding IRAS bands. In Fig.[5] the near-
infrared (4.6 pm) image is dominated by the stars in the
field, but the two mid-infrared (12 pm and 22 pm) images
show emission from hot dust associated with the nebula.
Unlike the TRAS images, these very sensitive WISE images
still show the brightest stars.

The Akariinfrared observatory, developed by the Japan
Aerospace Exploration Agency (JAXA) with ESA partici-
pation, conducted an all-sky survey (2006-2007) in four F
bands at 65, 90, 140, and 160 pm. This instrument has a
resolution of 1’ to 1.5" (Doi et al.|[2015) comparable to that
of HIRES, with the advantage of being constant across the
field. The data were released in 2014 as 6° x 6° FITS im-
ages covering the whole sky. Like the TRAS images, the
Akari images at 65 and 160 ym in Fig[f] are dominated by
the diffuse thermal emission from warm dust.

2.6. Millimeterwave CO data: BTL, NRAO, and JCMT

Dense clouds of dust and gas can hide luminous stars from
view and Simeis 57 may be associated with a potentially
much larger molecular cloud complex not seen at optical or
infrared wavelengths. We used the Bell Telephone Labora-
tories (BTL) 7 m telescope in New Jersey in 1983 to ob-
serve the J=1-0 12 CO (115 GHz) and the 13 CO (110 GHz)
transitions in frequency-switched mode with a clean Gaus-
sian beam of 100”. The observing and reduction techniques
were identical to those described by Bally et al.| (1987)). The
undersampled 40’ x 64’ maps reveal five small clouds with
Visr ~ +5kms™!. In four of these clouds we increased the
map sampling to a 2.5 grid. At the map center, a fifth cloud
occurs at a separate velocity Vigr = -10 km s~ ! (Fig.@.
Additional '2CO and '*CO observations, made in 1989 with
the NRAO 12 m telescope, yielded higher-resolution (55”)
12C0/13CO isotopolog ratios at various positions in the
central cloud. Finally, the central cloud was mapped in the
J=2-1 transition with the James Clerk Maxwell Telescope
(JCMT) in various observing runs between 2002 and 2005
at an even higher resolution of 22”. The fully sampled (5" -
10” grid) 3CO map covers an area 420” x 560” (Fig.. In
12C0O two smaller maps were obtained centered on offsets
(0, +200”) and (-80”, -30”), respectively.
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Fig. 8. Reddening with distance based on |Green et al.| (2019).
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the best model.

3. Analysis
3.1. Distance

Israel et al.| (2003) suggested that Simeis 57 is relatively
nearby and found the extinction in front of the nebula to
vary between Ay = 1.0™ and Ay = 2.8™ with a mean of 2.
Recent work based on Gaia, Pan-STARRS 1, and 2MASS
by |Green et al.| (2019)) provides more detail on the redden-
ing E(g—r of field stars in the direction of Simeis 57 as a
function of distance. In Fig.[8] steep increases in reddening
indicate the presence of dust sheets at m — M = 10.5™ )
and m — M = 12™, in which extinction jumps from Ay
= 1.0™ to 2.4™ at 1.3 £ 0.1 kpc and from Ay = 2.5™ to
3.6™ at 2.5+0.2 kpc; this suggests that Simeis 57 is located
between these distances.

The distribution of extinction and parallaxes of the Gaia
sample stars is shown in Fig.[0] in which colored dots de-
note the bright blue stars mentioned earlier. The parallax
distribution has a sharp edge at about 0.35 milli-arcsec.
This corresponds to a distance of about 3 kpc and a height
above the plane of 250 pc. At that point the line of sight
clears the Milky Way disk so that 3 kpc is the upper limit
to the distance of Simeis 57. The subset of bright blue stars
samples a relatively large range of distances between 350 pc
and 1500 pc, but it is not evident that these stars are asso-
ciated with each other or that Simeis 57 is related to any of
them. Although the evidence is still inconclusive, we adopt
a distance of D = 1.7 £ 0.5 kpc, which we substantiate in
more detail in Sect.

3.2. The nature of the nebular gas

In all spectra shown in Fig.[3| the [NII] and [SII] dou-
blets are well resolved, and the relatively weak [OT|6300A
and [OI]6334A lines can be made out. The H34861A and
[OTIT]5007A are seen only in the S and N2 spectra, which
extend sufficiently blueward (recall Fig. |3).

A comparison of the diagnostic line ratios in Table[]
with those of the Galactic HII region IC 1805 (Figs. 12 and

2 For an Ry = 3.1 reddening law, E(B — V) ~ 0.981 E(g —r)
(see |Schlafly & Finkbeiner||2011]).
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Parallax (mas)

Fig. 9. Gaia visual extinction (A4 in mag) vs. parallax (in milli-
arcsec) for all stars with high-quality data within one degree of
Simeis 57. Highlighted in this sample are 49 bright blue stars
moving in predominantly NS (yellow dots) or EW (red dots)
directions.

Table 2. Diagnostic spectroscopic line ratios®

North 2 North 1 Center South
F(Ha)/F(NTI])® 2.240.08 2.04£0.19 1.940.21 1.740.12
F(Ha)/F([SIT))? 4.14£0.12 3.840.14 3.2+0.27 2.540.11
F(Ha)/F(HB)  4.9+0.29 5.840.51
F([OI1I])/F(HB) 0.5+0.03 ... 0.1:£0.05
F([SIT6716/6731) 1.4+0.06  1.5+0.11  1.4+0.21 1.4+0.12

Note: a. Values indicate observed ratios for the positions denoted
in Fig.[2} spectra shown in Fig.[3] b. [SII] and [NII] indicate the
sum of the doublets.

13 in [Lagrois et al.|2012) clearly shows that the Simeis 57
spectra are those of photoionized gas in an HII region at
all positions. Only at the southern position a small amount
of shock-ionized gas may be mixed in as well. The [SII]
doublet ratios of about 1.4 indicate low electron densities
ne ~ 30cm =3 to n, ~ 100cm =2 if T, = 10000 K (Oster-
[brock & Ferland|[2006]). These are very close to the r.m.s.
electron densities < n? >1/2 of 60 + 15cm—> determined
from the radio maps by [Israel et al.| (2003) adapted to
D = 1.7 kpc, implying clumping factors of about unity,
that is, a smooth ionized gas distribution.

Table 3. Area-integrated line fluxes

Region® Flux® (10! ergem=2571)

[SI1] Ha Hp [o111]
A 86+21 30877 56=£14 1.7+£04
A+B 174 £43 579 £145 9925 2506
B 8.8 £ 2.2 271+68 43+11 0902
C 1.6 £04 52+13 09+£02 02=£0.1
D 32+£08 11.3+28 20£05 08+£02

Notes: a. Defined in Fig.2} b. Continuum-subtracted observed
fluxes with residual stellar emission masked; c. Corrected for a
~ 35% contribution by [NII] as suggested by Fig.[§|and Table 2.

The Ha, HB, and [SII] images in Fig.[4]reveal very simi-
lar spatial distributions of ionized hydrogen and ionized sul-
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Fig. 10. Distribution of [SII]/Ha line flux ratios. Only pix-
els with significant emission are included. The observed Ha in-
tensities have been corrected for a 35% contribution from the
nearby [NII] lines. The dark spots, gaps, and a horizontal bar
are artifacts from different seeing conditions and the dithering
procedure. The light gray contours are radio contours as in Fig.

fur, differing only in detail. The peculiar “propeller” shape
of the nebula stands out; the clear break in the middle
is apparently caused by intervening dust. Taking our cue
from the line spectra in Fig.[3] we subtracted a constant
[NII] contribution of 35% from the emission measured in
the Ha filter before constructing the [SII}-to-Ha ratio map
in Fig[I0] Over most of the nebula, this ratio is ~ 0.35, as
expected for thermal emission from HII regions (cf. Fig. 12
from [Lagrois et al[2012). Closer inspection of Fig.[I0 how-
ever, reveals a thin ridge of ratios > 0.4 along the western
edges of both DWB 111 and DWB 119, that is, higher than
expected for pure thermal emission. This is marginal evi-
dence for local shocks occurring at the edge of Simeis 57,
which is consistent with the comment we made above. The
radio continuum spectral index map (Fig. 7 of
does not show any trace of nonthermal radio emission
so that this is at best a minor constituent.

[SII] emission is prominent in region C (the “spur”)
northwest of the obscured center where no oxygen is seen.
The intensities of ionized sulfur [SII] and ionized oxygen
[OIII] are largely anticorrelated as essentially all sulfur is
ionized up to [SIII] or [SIV] in the [OIII] emitting zone. The
distribution of ionized oxygen (|OIII]) is very different from
that of the ionized hydrogen. It is more diffuse and the pro-
peller shape is not prominent. In region A (DWB 111), the
[OIII] emission is in thin ridges east of the northern pro-
peller “blade”. There is virtually no diffuse [OITI] emission
west of it.

The southern propeller region B (DWB 119), which is
bright in the Balmer lines and the radio continuum, does
not show up at all in [OIII]. There is, however, relatively
bright and extended [OIII] emission to its east, also in di-
rections of weak Balmer line emission.

The WISE mid-infrared images and especially the TRAS
and Akari far-infrared images likewise show dust and [OIII]
emission to be anticorrelated. They show diffuse extended
infrared emission west of the propeller but a near lack east
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of the nebula, where the [OIII] emission is prevalent. It
appears that there is a general lack of material in sight lines
east of Simeis 57 and that the ionized gas at the eastern
edges is much more highly excited than the dusty gas to
the west.

3.3. Dust extinction toward Simeis 57

To establish properties of Simeis 57 such as its Ha luminos-
ity, distance, and source of ionization, we need to constrain
the dust extinction toward Simeis 57. This can be done us-
ing the Balmer line and radio continuum intensities. The
Ha and Hp line intensities and the color excess are related
via (see for details [Momcheva et al.|2013))

_ E(HB— Ha)
BBV = 50) — KOwa)
_ 2.5 o [(Ha/Hﬁ)mt] (1)
k(AHB) 7k(>\Ha) (HO‘/HB)obs

where k() is the wavelength-dependent value of the red-
dening curve and (Ha/Hpf)in: and (Ha/HS).bs are the
unreddened and observed line ratios, respectively. Assum-
ing Case B recombination at 7, = 10000K conditions
(Draine|[2011)), we expect (Ha/HfB)nt = 2.86. E(HS — Ho)
is defined analogous to F(B — V). For a standard Milky
Way reddening law (Cardelli et al.||1989) we find

E(HB — Ha) = —2.501og {Egg;gg;:*} = 0.77 + 0.37

E(B-V)=-197log {Egzgggzt} = 0.60 £ 0.29
@)

With

Ay = k(NE(B - V) (3)

we obtain

Ay =3.1x E(B—V)=1.9+0.9mag
Apa = 2.6 x B(B — V) = 1.6 + 0.8 mag. (4)

The extinction implied by the reddening of the Balmer lines
is consistent with the result obtained by [Israel et al.| (2003)
and the average Galactic visual extinction rate of 1.8™ per
kiloparsec (Whittet|2002).

The Ha line and 1420 MHz radio continuum images are
very similar since the emission mechanisms are intimately
related. Unlike the Ha line, the emission at radio frequen-
cies does not suffer extinction and the intensity ratio of the
two images allows for a direct determination of the extinc-
tion across the entire nebula. With the new Ha image, the
earlier attempt by (Israel et al.||2003)) can be improved in
sensitivity and detail; the limiting factor is now the resolu-
tion (58” x 80”) of the 1420 MHz DRAO radio continuum
map. For electron temperatures T, = 10000 K, we expect
optically thin free-free continuum and Ha line emissivities

€120 = 3.9 x 107 n2 ergs™ ' em P Hz ™!
€ = 3.6 x 107 nZergs ™t ecm™?, (5)

yielding an extinction-free ratio

51420

=1.15x 1074 Hz !
F(Ho) 5x 10 z (6)
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which may be compared to observed ratios. In the extinc-
tion map thus constructed (Fig., we masked the regions
with Flgoo < 10mJy arcmin™2 and assumed an extinction
law A(N) ~ A1 so that Ay ~ 1.244,.

In this map, the elongated extinction feature north of
the center of Simeis 57 coincides with part of the long radio
filament mentioned before. Its southern continuation has a
radio counterpart (DBW 118; region D) seemingly suffer-
ing only modest extinction. Most of the bright Ha: emission
associated with the radio source suffers relatively little ex-
tinction and is consistent with dust in the foreground line of
sight. The extinction in Fig.[IT] agrees well with the redden-
ing implied by the Balmer lines alone, leaving little room
for the “gray” extinction that would betray dust internal
to the ionized gas. The strong absorption feature just to
the northeast of the nebula center has an infrared counter-
part cataloged as IRAS PSC 20145+4333, denoted in Fig.[5]
which appears diffuse and resolved.

We used the mean extinction Agx,= 1.6™ to convert
the Ha flux of region A+B in Table [3]into the intrinsic Ho
luminosity

Lpo = AnD?Fp, 100441

= (9+2) x 10% ( )2 ergs™! (7)

For case B recombination, 7= 10000 K and n ~ 102 cm ™3,
the number of absorbed (stellar) Lyman continuum photons
Npye is related to Ly, via (cf. Kennicutt et al.||1995)

1700 pe

Nrye =71 x 10" L(Ha)

D 2
= (6+1. 10%7 -1 8
(6 5) x 10 (1700pc> s (8)

3.4. Infrared emission from dust

In Fig.[f] emission from hot dust is seen at 12 ym and 12 pm
tracing the linear filament separating regions A and B. It
is unrelated to the nebula itself and has no far-infrared
counterpart from cooler dust.

The propeller-shaped nebula is seen at wavelengths from
22 pm to 100 g m. In the WISE 22 yy m image, the emission
from hot dust traces the northern DWB 111 blade, whereas
warm dust in the southern DWB 119 blade is more promi-
nent in the Akari 65um image . The compact dusty re-
gion TRAS 20145+4333 (see IRAS 100 m image) is clearly
present longward of 22 yym. It does not have the appearance
of an embedded stellar object. In comparison with other
Galactic sources, the infrared emission from Simeis 57 is
insignificant. Unlike its optical counterpart, the object does
not stand out in infrared images at any wavelength.

We extracted the infrared brightnesses available from
the TRAS and Akari databases, estimating the infrared
background from the empty region east of the object. We
derived the area-integrated infrared fluxes of the central
compact object IRAS 2014544333 and the whole nebula
(Table. The infrared luminosity of the compact region is
only Ltir(compact) ~ 1.9 x 10® x (D/1700pc)? L, (using
Lee et al.[[1996)). Its spectral shape matches that of an em-
bedded OB star (Wood & Churchwell/[1989) but the lumi-
nosity is orders of magnitude below that expected for such
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Table 4. Area-integrated infrared fluxes.

Mission A v Flux® Flux®
(pm) (THz) (Jy) (Jy)

IRAS 12 25 13+4 56442
IRAS 25 12 357 13683
IRAS 60 5 32667 1350+781
AKARI 60 5 275167 1265+657
AKARI 90 3  251+£18 12594578
IRAS 100 3 511£100 2368£1265
AKARI 140 2 173441 8074431

Notes: a. PSC IRAS 20145+4333, integrated over a solid
angle of 76 arcmin?. b. Entire nebula, integrated over a solid
angle of 550 arcmin?.

a star. Even when integrated over the much larger area of
550 arcmin?, the infrared luminosity of the entire nebula re-
mains low at Ltir(Si57) ~ 9 x 103 x (D/1700pc)? L. By
fitting a modified blackbody (Battersby et al.|2011) to the
AKARI and IRAS data with a 8 = 1.6 emissivity, we find
a model dust temperature Tp ~ 36 K.

At the assumed distance of 1.7 kpc, the above value
of Lrir corresponds to the luminosity of an embedded
~B1.5V star with an absolute visual magnitude My =
—2.8mag (Panagia, |1973; |Crowther|2005). This is only a
minimum estimate as the radiating dust may subtend a
solid angle as seen from the star substantially less than 4.
For instance, if only 10% of the sky were blocked by dust, an
O7 star with My = —4.2mag would be needed, and with a
blockage of only 1% an O4/05 star with My = —5.8 mag.
The analysis of the observed radio continuum or Balmer
line emission leads to similar results.

3.5. Molecular clouds and Simeis 57

The observations show surprisingly little CO emission to-
ward Simeis 57. Unlike typical HII regions, the optical neb-
ula is much larger than the associated molecular cloud. The
surrounding field lacks major molecular clouds and only
contains a number of isolated small molecular clouds in a
narrow velocity range (Visg = +4 to +6 km ~!) Fig.@
These “red” clouds, of 3 to 8 pc in size, coincide with
undistinguished far-infrared features (Fig.. None of these
clouds show signs of external or internal heating, for in-
stance by an embedded star.

Peak line intensities are modest and line profiles are
narrow (line widths 0.7 to 1.3 kms™!), which is character-
istic of relatively cold, quiescent molecular gas. The J=1-0
12C0/13CO isotopolog ratios Rig range from 4.5 & 0.5 to
7.0 £0.8. The small “blue” cloud at the center of Simeis 57
has a negative velocity Visg = —10.9 km s=1 (cf. Fig.@,
which is the same as the recombination line velocity of the
ionized gas Visp = —12kms™! (Pipenbrink & Wendker
1988). Its isotopolog ratio is higher (Rig = 11.0 £ 0.3),
which suggests a lower CO optical depth.

The more detailed JCMT maps show (Fig.[) the CO
clouds coinciding closely with individual absorption patches
in the visual image (Fig.. Especially, the blue cloudlets
at the same radial velocity as the optical nebula have
clear counterparts in well-defined extinction patches. The

elongated red cloud coincides with the extinction feature
extending from the nebular center to the south along
DWB 119. This cloud is also in front of the nebula, but
given its different velocity, it may be at an intervening dis-
tance.

The multiple-transition CO data allow for the derivation
of the physical conditions of the molecular gas with the ra-
diative transfer code RADEX (van der Tak et al.[2007). We
assume an intrinsic isotopolog ratio ['*CO|/|**CO]| of 60,
a carbon abundance [C]/[H] = 8.45 (cf. |Arellano-Cordoval
et al.|[2020), and a carbon gas-phase depletion factor of a
third. The blue cloud core then represents a relatively large
column (Ng, = 2 x 102! m~2) of rather warm (Tj;, > 30
K) molecular gas with a low density (ng, = 100 cm™3) that
is close to the nebular gas density (Sect. 3.2). The dust and
molecular gas of this cloud appears to be integral part of
the nebula. In contrast, the more extended red cloud core
has a higher density (1000 cm™3) but a lower column den-
sity (~ 1 x 10?! cm™?) with a temperature unconstrained
by the observations. With standard gas-to-extinction ratios
(Zhu et al.|[2017)) the blue cloud has an Ay =~ 2™ and the
red cloud Ay = 1™. Most of the molecular gas and dust
traced by the CO clouds is in front of the nebula. There are
no signs of embedded sources of excitation and the molec-
ular gas column densities imply extinctions much too low
for the obscuration of luminous stars. Thus, the Simeis 57
complex is not hiding its source of excitation and we must
look for it in the much larger surrounding field of fragmen-
tary molecular cloudlets, nebular filaments, and scattered
stars.

3.6. Stars in the Simeis 57 field

The ultraviolet and optical images in Figs.[5] and [I1] might
suggest that Simeis 57 is associated with a small group of
luminous blue stars. It should be noted that several of the
stars seen in the UV images can be recognized at longer
wavelengths up to 4.6um in the near-infrared image and
some can even be seen in the mid-infrared at 12um and
22pum. Because the wavelength-dependent interstellar ex-
tinction increases steeply toward the ultraviolet, the stars
in the UV images are unlikely to suffer much extinction
either locally or in the foreground.

Appendix A shows the continuum spectra and associ-
ated data of 20 prominent stars near Simeis 57 (13 of which
can be identified in Fig.. As argued there, most of these
stars are ruled out as a source of excitation for Simeis 57
on grounds of spectral type, brightness, or distance. No ex-
citing star can be identified close to the nebula. Only the
star HD 193793 = WR 140 also known as the variable star
V1687 Cyg or the spectroscopic binary SBC9 1232 (Pour-
baix et al.|2004) emerges as a suitable candidate, albeit at
the large projected distance 50’ to the east of the nebula
(cf. Figs.[1] and [A.1)). At the stellar distance of 1.71 + 0.11
kpc (Smith et al][2012; [Rate & Crowther|2020)), this corre-
sponds to a projected linear separation of about 23 pc. If
this star and Simeis 57 are associated, they are roughly in
the same plane on the sky because Simeis 57 is seen pro-
jected close to the edge of the shell surrounding HD 193793
in the radio and dust maps shown by |Arnal (2001)).

HD 193793 consists of an evolved O4-5 star (My =
—6.9™) and a WC7p Wolf-Rayet star (My = —6.3™)
with respective luminosities log L(O5T) /L = 6.20 and log
L(WCT)/Lg = 5.34 (Williams|2011)). It is located in a void
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Fig. 11. Visual extinction map and millimeter CO data of Simeis 57. Left: Extinction expressed in visual magnitudes across

Simeis 57. Radio continuum contours S1420 = 20, 25,30 mJy arcmin™

2 are superposed. The box indicates the outline of the two

panels to the right. Center: JCMT **CO contours (45 km/s component) superposed on the blue digital Palomar Sky Survey (DSS)
image. Right: JCMT "*CO contours (-10 km/s component) superposed on blue DSS image.

in the HI distribution (Arnal |2001) and suffers a line-of-
sight extinction Ay = 2.9 (Williams|[2011). If Simeis 57 is
at the same distance as HD 193793, its gas depth as de-
fined by the radio emission would be d = EM/n? ~ 2 pc
(uncertain by a factor of about two).

In that case it covers a solid angle of ~ 0.06 steradian.
This corresponds to blocking 0.5% of the sky, also with
a factor of two uncertainty. We took the model Lyman
continuum photon fluxes of a WC7 star from [Crowther
2007) and those of an OS5I star from |Sternberg et al.
2003)) and scaled them with the corresponding observed-
to-model luminosity ratios. We find a combined produc-
tion rate log Np,.(star) = 50.12phs~!. There appears to
be little or no absorbing gas and dust between the star
and the nebula 2001), so that an intercept rate
lec (neb) = 1047% phs is predlcted for the nebula. This
is practlcally identical to the rate derived from the Ha ob-
servations in Sect. 3.3. The intercepted infrared luminosity
should be about Ly ~ 10% Lo, that is, about equal to the
total luminosity of the nebula. If Simeis 57 is either closer or
more distant than WR140, the numbers change somewhat
but remain comfortably within the uncertainty limits. A
significant difference, for instance by an amount equal to
its projected distance, is unlikely because this would place
the nebula well beyond the limits of the shell marking the
sphere of influence of the star.

The binary HD 193793 = WR140 is thus the most likely
source for the excitation of the nebula. In particular, the
UV Lyman continuum output of the WR star is consis-
tent with the strong [OIII] emission in the eastern half
of the nebula and the expected output of the system is
in excellent agreement with the ionization rate implied by
the observations of the nebula. In several aspects, such as
the evolved nature of the exciting star, its outside location,
the [OIII] /Ha emission line asymmetry, and the filamentary
appearance, Simeis 57 much resembles the California Neb-
ula (NGC 1499) excited by the hot runaway star ¢ Persei
(O7.511T). An investigation into the dynamics of the neb-
ular gas might be rewarding in studies of the interstellar
medium of the region and the evolution of an early O/WC
binary such as HD 193793.
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4. Conclusions

In the previous paper on Simeis 57, [Israel et al.| (2003]) found
that the emission of the nebula is thermal, ruling out that
it is a supernova remnant. Its peculiar shape is suggestive
of a rotating outflow from either an evolving young object
such as an HII region or an old evolved object such as a
planetary nebula. In either case, we would expect to find a
centrally located source of excitation.

This paper establishes that the nebula has a relatively
low density on the order of 100 cm™> and suffers an ex-
tinction of not much more than 2™. Optical spectroscopy
reveals an excitation gradient with significant [OIII] emis-
sion east of the main body and very little [OIII] emission
to the west. The nebula is recognizable but not prominent
in mid-infrared and far-infrared images. There is no ma-
jor CO cloud complex but small (4-8 pc) CO clouds, all at
Visr =~ +5 km s™!, are scattered across the field. One of
these clouds coincides with the nebula and another frag-
mentary cloud at the nebular velocity of Vysg =~ —10 km
s~1. They do not appear to be physically connected and
both are smaller than the ionized nebula. They have sub-
stantial substructure. The CO data suggest molecular gas
densities of 1000 cm™2 and 100 cm ™ and modest column
densities N(Hz) = 1-2 x 10?! cm™2. These data clearly es-
tablish that Simeis 57 is not part of a larger star-forming
complex, but is an isolated object in a larger field filled
with fragmentary gas and dust clouds. No luminous stars
are embedded in the dust nor are any hidden by it; there
are no central objects.

The larger field surrounding the nebula reveals only
one probable excitation source. This is the evolved binary
HD 193793 consisting of an O4-5 supergiant and a WC7
Wolf-Rayet star (WR 140) at a well-established distance
of D = 1.71 kpc and with a projected distance of 23 pc
to the nebula. Both its luminosity and the hardness of its
UV radiation appear sufficient to explain the excitation of
Simeis 57. Moreover, its location to the east of the nebula
fits well with the observed [OIII] emission asymmetry. It
thus appears that the nebula Simeis 57 consists of sepa-
rate filaments and diffuse emission that together only for-
tuitously produce the remarkably coherent appearance of
an outflow object.
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Appendix A: Stellar neighborhood

The continuum spectra of 20 relatively prominent stars near
Simeis 57, identified in Fig[A] are shown in Fig.[A72] Thir-
teen of these stars are also contained in the UV-to-FIR
images from Fig.[5] The stellar fluxes were taken from Sim-
bad (Wenger et al.|[2000), which was accessed through the
CDS portal. Photometric measurements are mostly part of
all-sky surveys. Catalogs and instruments included in the
data are as follows: the Sloan Digital Sky Survey (SDSS)
(Aguado et al|[2019), the 2MASS All-Sky Catalog of Point
Sources (Cutri et al.|2003)), WISE (Wright et al.|2010; [Jar-|
rett et al.[[2011), Tycho-2 and the Tycho Input Catalogue
Pickles & Depagne| (2010); Egret et al.| (1992)); Ofek] (2008),
the MSX6C Infrared Point Source Catalog (Egan et al.
2003), AKARI (Takita et al.[2010), Pan-STARRS (Magnier
et al.|2013), GAIA (Gaia Collaboration et al.||2016} 2018a)),
the All-Sky Compiled Catalogue (Kharchenko & Roeser|
2009), Hipparcos (Perryman et al[1997), The AAVSO Pho-
tometric All-Sky Survey (APASS) (Henden et al.[2009), the
IRAS PSC/FSC Combined Catalogue (Abrahamyan et al.
2015)), the IPHAS DR2 Source Catalogue (Barentsen et al.
2014), the (Second-Generation) Guide Star Catalog (Lasker;
et al.[[2008)), the Catalogue of new Herbig Ae/Be and classi-
cal Be stars (Vioque, M. et al.[2020), DIRBE Near-infrared
Stellar Light Curves (Price et al.[2010), the U.S. Naval Ob-
servatory Catalog of Positions of Infrared Stellar Sources
(Hindsley & Harrington![1994), and Parameters and IR ex-
cesses of Gaia DRI stars (McDonald et al.2017).

For many stars, a small fraction of the photometric
fluxes returned by CDS portal fall significantly below the
stellar spectrum. In almost all cases, these photometric data
points are part of the Pan-STARRS catalog. For the same
wavelength, multiple (up to four) photometric data points
are returned with different fluxes. For each of the Pan-
STARRS filters, one of the photometric points is consistent
with the stellar spectrum as defined by data from other cat-
alogs and GAIA. In these cases, we deleted the other points.
For two stars, the photometric fluxes in the IPHAS Source
Catalogue were significantly below those other compilations
at similar wavelengths, and in particular below the Gaia
measurements. Since the accuracy of Gaia is higher than
that of the IPHAS catalog, we also removed the IPHAS
data points for these two stars.

Four of the stars (Nos. 7, 16, 19, and 20) are at distances
close to the estimated distance of Simeis 57, whereas the
distance of two stars (Nos. 1 and 18) is unknown. Stars Nos.
2,3,9,10, 11, 12, 13, 15, and 17 are all too nearby and have
spectral types too late to be of interest here. Stars Nos. 5,
6, 8, and 14 are relatively luminous stars of early type A0,
but their output of ionizing UV photons is still too small to
matter nor are they sufficiently distant. The spectral type
of stars Nos. 1, 4, 7, 18, 19, and 20 is unknown. The IRAS
PSC stars Nos. 18 and 19, prominent in the WISE images
of Fig.[fl appear to be dust-embedded stars of relatively
low luminosity. This leaves for consideration stars Nos. 1,
4,7,16, and 20. Only star No. 16 (HD 193793) seems bright

enough. As the spectroscopic binary SBC9 1232 (Pourbaix!

2004)), it consists of an evolved 04/05 supergiant and
the WCTp Wolf-Rayet star WR, 140 at a distance of 1.7 kpc

with a combined luminosity of about 2 x 10° L.
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Fig. A.1. Identification chart of bright stars near Simeis 57 for
which continuum spectra are shown in Fig[A-2] The red cross
denotes star No. 16 (HD 193793/WR140 aka the spectroscopic
binary SBC9 1232 (Pourbaix et al.|2004)), which is the most
likely candidate for the exciting star of Simeis 57. Background
map is as in Fig. [T
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Fig. A.2. Continuum spectra of stars identified in Fig[A.1] The distanced are as available in Simbad (Wenger et al.[2000)
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