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Abstract—New optical and X-ray observations of the supernova remnant (SNR) G78.2+2.1 are presented.
CCD Ho observations with a Fabry—Perot interferometer attached to the 125-cm reflector at the Crimean Sta-
tion of the Sternberg Astronomical Institute are used to obtain the radial-velocity field toward the SNR and in
its vicinity. The brightness distribution and X-ray spectrum of the SNR are obtained from archival ROSAT and
ASCA X-ray data. The X-ray image of G78.2+2.1 exhibits a shell structure (AR/R = 0.3) and is generally sim-
ilar to its radio image; a comparison with the radio map at v = 1.4 GHz constructed from archival VLA data
reveals the coincidence of features on scales of several arcminutes at the eastern boundary of G78.2+2.1. Weak
X-ray emission (an outer shell or a halo of size =2°) has been identified for the first time far outside G78.2+2.1.
The X-ray emission from G78.2+2.1 is shown to characterize a young adiabatic SNR [Mx _ray = 100Mg,
Vo =10 km s, t = (5-6) x 10% years], which probably expands inside the cavity swept up by the progenitor’s
stellar wind. Searches for the corresponding radio structure are required to elucidate the nature of the outer X-

ray shell or halo. © 2000 MAIK “Nauka/Interperiodica”.

1. INTRODUCTION

The supernova remnant (SNR) G78.2+2.1 (see [1-4]
and references therein) lies in the sky area toward the
Cyg X complex that is most difficult to study. Since this
area has a complex structure, where more than forty
H II regions and a large number of shell structures of var-
ious scales are concentrated, the SNR G78.2+2.1 was not
identified immediately; there is still a confusion of
names in present-day literature. The brightest radio
source DR4 in the complex and the associated 3" nebula
near Y Cygni [5] were originally believed to be the SNR.

However, the spectroscopic and interferometric
observations of the nebula near y Cygni by Lozinskaya
[6] and Johnson [7] showed this to be an H II region
rather than a SNR; the ionizing star was also found at
its center [8, 9]. To explain the nonthermal radio emis-
sion from an “ordinary” H II region, Lozinskaya [10]
suggested that it was overrun by an expanding shell, the
remnant of a supernova exploded nearby. Higgs et al.
[1] and Baars et al. [11] actually found a ~1° radio shell
of G78.242.1 with a synchrotron spectrum. The source
DR4 constitutes the brightest southeastern part of
G78.2+2.1, and its radio emission consists of two com-
ponents, thermal and nonthermal.

Here, we present our Ho Fabry—Perot observations
of the region and reduce the archival ROSAT and
ASCA X-ray data for G78.2+2.1. We also use the archi-
val VLA data for the eastern part of G78.2+2.1.

Section 2 describes the technique of interferometric
observations and presents the results of our study of the

radial-velocity field toward the SNR and in its vicinity.
The X-ray observations of G78.2+2.1 are reduced in
Sect. 3. The data and the conclusions concerning the
SNR nature that follow from them are discussed in
Sect. 4.

2. INTERFEROMETRIC Ho. OBSERVATIONS
2.1. Observing and Reduction Techniques

We studied the radial-velocity field in Ho by using
a Fabry—Perot interferometer with a CCD at the Cas-
segrain focus of the 125-cm reflector at the Crimean
Station of the Sternberg Astronomical Institute. The
pre-monochromatization was carried out by means of
an interference filter witha FWHM of =20 A. The field
of view and the angular resolution were, respectively,
10" and 3-4”; the actual spectral resolution corre-
sponded to =15 km s~!. The free dispersion region (the
radial-velocity range free from the overlapping of adja-
cent interference orders) was ~800 km s7!; the [N II]
6584 A line was in the middle of this range and was
clearly separated from Ho, whose largest zero-level
width did not exceed 200 km s™! everywhere in the
region under study.

The line profile was fitted with one or more Gauss-
ians by assuming that the FWHM of each component
was larger than the FWHM of the instrumental profile
and that the signal-to-noise ratio was >5. In 1997-1998,
we obtained 23 interferograms in a large area including
the SNR G78.2+21. We also used the observations of
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the bright nebula near y Cygni performed by Lozin-
skaya [6] with the same Fabry—Perot interferometer at
the focus of the 125-cm reflector; the only difference
was the use of an image intensifier instead of a CCD
array as the light detector. In 1974, a total of eight Ho
interferograms and five [N II] interferograms were
taken; the total number of previous velocity measure-
ments exceeds 100.

The localization of the interferometric rings of the
Hou and [N II] lines in the G78.2+2.1 image is shown in
Fig. 1. Also shown in this figure is the localization of
rings for the nearby Cygnus X region, which mainly
falls within the X-ray shell we identified (see Subsect.
3.2). For a comparison with velocities in the extended
Cygnus X region, we used about 40 more Ho images
outside the boundaries of Fig. 1.

2.2. Results of the Ha Observations

The H II velocity measurements based on the 1997—
1998 observations are shown in Fig. 2 in the form of
radial-velocity histograms for the Ho. components. Fig-
ures 2a and 2b correspond, respectively, to the SNR
G78.2+2.1 and to the nearby regions of the Cygnus X
complex outside the bright SNR but inside the weak
outer X-ray shell identified in Subsect. 3.2.

We see from Fig. 2a that the characteristic H II
radial velocity toward G78.242.1 lies in the range
V(LSR) = 0-10 km s! at half maximum of the histo-
gram. At the same time, a group of negative radial
velocities, V(LSR) = —(45-20) km s7!, is clearly identi-
fied. The mean velocities corresponding to the two
peaks in the histogram are V, = 2.6 + 4.3 km s! (for
109 measurements) and V, = -34.7 £ 7.9 (for 21 mea-
surements).

A comparison of the velocity distributions for the
bright SNR (Fig. 2a) and for the weak outer X-ray shell
(Fig. 2b) reveals no statistically significant differences.
Velocities from V(LSR) =-5 to V(LSR) = +15 km s™! at
half maximum of the histogram are observed in the outer
region; the mean velocity is V(LSR) = 6.0 + 4.2 km s
A component at V(LSR) = —(50-20) km s! with a
mean velocity of —34 km s7! is also distinguished in the
histogram of Fig. 2b.

The Ho and [N II] profiles for the bright nebula near
Y Cygni turned out to be single. The mean velocity of
the nebula is V(LSR) =9 + 3 km s7!; the mean velocity
of the nearby bright H II regions of the radio
source DR4 (at distances no larger than 10" from the
nebular boundary) is V(LSR) = -2 £ 2 km s™!. These
measurements agree, within the error limits, with
V(LSR) = 5 km s~! obtained by Johnson [7] from a sin-
gle interferogram of the y Cygni nebula. The velocities
near the radio source DR4 and the y Cygni nebula are
seen to match those of the main component in the dia-
gram of Fig. 2a for the extended SNR G78.2+2.1.

When making a comparison with the velocity field
in the Cygnus X complex outside G78.2+2.1 and the

weak outer shell, we made sure that a single line was
manly observed in the east and in the west in the veloc-
ity range from 2.5 to 17. 5 km s~! with a mean velocity
of 10 £ 4.2 km s~'. The corresponding histogram for
distances between 2° and 4° from the SNR center is
shown in Fig. 2c. At the same time, local regions with
high-velocity gas motions are encountered east and
north of G78.242.1, i.e., closer to the Cygnus X center.
They are probably associated with additional sources of
mechanical energy or with large-scale motions of a dif-
ferent origin; their discussion is beyond the scope of
our study. We therefore collected the velocities of these
“peculiar” regions in the histogram of Fig. 2d solely to
emphasize that high velocities in the range from —-35 to
+35 km s7! are observed not only toward the SNR. Sim-
ilar mean velocities were obtained for Cygnus X from
radio recombination-line observations: The group of
sources DR 18, 20, 21, 22, and 23 has the mean velocity
V166 = 6 km s71; and the group of IC 1318b, ¢, DR 6, 9,
12, 13, and 15 has the mean velocity Vg, = -5 km s7!
[12]. The mean velocity of the Cygnus X complex as
inferred from the H,,,, measurements by Piepenbrink
and Wendker [13] is —2.9 km s~! (see also [14]).

Thus, our Ho. measurements have shown that there
is agreement between the velocities toward the
G78.2+2.1 shell, for its bright southeastern part near
Y Cygni, and for the outer weak X-ray shell.

Our measured high H II velocities toward the SNR
are confirmed by 21-cm observations: Landecker et al.
[15] and Braun and Strom [16] detected high-velocity
H I clouds of small angular sizes here. The high veloc-
ity of the shock triggered by the SNR expansion is also
suggested by the X-ray observations presented in Sect. 3.
Nevertheless, since high H II velocities are observed
not only toward the SNR but also outside it in the cen-
tral region of Cygnus X, we cannot unequivocally
relate the detected high velocities to G78.2+2.1.

3. X-RAY EMISSION
FROM THE SUPERNOVA REMNANT

X-ray emission from the bright southeastern part
of G78.2+2.1 was observed from the Einstein Obser-
vatory [17]. The ROSAT images of G78.2+2.1
were published in [18, 19] but without quantitative
estimates, only to localize the gamma-ray source
2EG J2020+4026 and the associated compact X-ray
source.

3.1. The Archival ROSAT and ASCA Data
and Their Reduction

We analyzed the archival data for G78.2+2.1 from
two X-ray observatories: ROSAT [20] and ASCA [21].
The PSPC instrument of the ROSAT Observatory has
an angular resolution of 0”5 and a spectral energy res-
olution E/AE = 0.4 at 1 keV. The SISO and SIS1 instru-
ments (CCD arrays) of the ASCA Observatory have a
spectral resolution E/AE ~ 50 at energies 6 keV. The

ASTRONOMY LETTERS Vol 26

No. 2 2000

© MAHUK Hayxka/Interperiodica Publishing ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/2000AstL...26...77L

THE SUPERNOVA REMNANT G78.2+2.1 79

Dec(2000)

41°30'1

41°00"+

40°30'|-

40°00' |

39°30"-

1 1 1 ] 1
20"26™00°  20M24™M00°  20M22M00°  20M20M00°  20"18™00° RA(2000)

Fig. 1. Localization of interferometric rings of the Hot and [N I1] 6584 A lines superimposed on radio isophotes of G78.2+2.1 from [1].

point response function of the telescopes is character-
ized by a central peak with a FWHM of ~1” and broad
(~3’) wings. When all the four CCD arrays are used, the
SIS field of view is 20" x 20’". The SIS detectors are
described in detail in [22].

We used the software package described in [23] to
reduce the ROSAT data. Based on this packet, we chose
exposure intervals with a minimum background, esti-
mated the background level, and obtained exposure
maps.

X-ray spectra were constructed from the ROSAT
observations by using the XRAY package in the IRAF
data-reduction system. Determination of the PSPC
background in this package is based on [24]. We per-
formed a spectral analysis in the recommended 0.2—
2.0-keV energy band.

We used the 0.5-2.0-keV energy band, where the
background effect is at a minimum, to analyze the
images. The images were processed by wavelet trans-
form analysis [25, 26].

The SNR G78.242.1 was observed in five
PSPC/ROSAT pointings; the entire region correspond-
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ing to the bright radio source G78.2+2.1 was observed
in the central part of the field of view, where the back-
ground effect is negligible. When weaker X-ray fea-
tures far outside the radio SNR (the outer weak shell;
see Subsect. 3.2) are analyzed, it should be borne in
mind that these features can result in part from an
enhancement of the PSPC background at the edge of
the field of view. One of the pointings was centered on
the SNR northern region, which simplified appreciably
the background-subtraction procedure in this observa-
tion.

We analyzed the ASCA data by using the standard
FTOOLS V4.1 software package for initial data reduc-
tion. This reduction involves choosing exposure inter-
vals with a minimum background, estimating the back-
ground level, removing “hot pixels” of the SISO and
SIS1 detectors, constructing the detector response
matrix for the epoch of observation, and calibrating the
instrumental energy scale.

The SIS/ASCA observations (three pointings) cover
only the central part of G78.2+2.1 (R £ 15’) and the
region north of the SNR center (0" < R < 30).
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100F @) a shell morphology; in general, there is agreement
between the large-scale radio and X-ray structures of
5ok the SNR.
Figure 4 compares the fine X-ray emission features
0 . e ' with the radio brightness distribution at 1.4 GHz as
100 -80 —-60 —40 =20 40 inferred from VLA aperture-synthesis observations.
150F The radio isophotes were constructed from archival
(b) NRAO VLA Sky Survey (NVSS) data; the NVSS sur-
vey is described in detail in [27]. As follows from
100 Fig. 4, there is a correlation between the features of the
i X-ray and radio images on scales of several arcminutes.
50+ } i This correlation is most noticeable at the eastern
L boundary, where the SNR most likely collides with a
ol—, . ' rﬂ[ jl'l!‘ll—lﬁi—l i 4 _l.— . . dense cloud of interstellar gas. In other regions, there is
-100 -80 -60 -40 -20 0 20 40 no one-to-one correspondence: Bright X-ray knots
1000 correspond to all compact bright radio features, but
(©) there are X-ray knots with no corresponding radio
2001 brightening.
The two elongated regions of reduced X-ray bright-
| _ ness, a wide band in the south (from RA =20"19™ D =
600 39°40’ to RA =20"26™, D = 39°40’) and a narrow band
at the eastern boundary of G78.2+2.1 (RA = 20M24™,
4001 D =40°0"-41°20"), are probably attributable to absorp-
tion; dust lanes are seen here on Palomar Atlas red
2001 maps.
. . - l’ The outer region of weak X-ray emission far outside
0b—rermolnerad I0nenl L EL the synchrotron source G78.2+2.1 and the bright X-ray
-100 -80 -60 -40 -20 0 20 40 SNR is clearly seen in Fig. 3a. This outer X-ray region
250F is symmetric about G78.2+2.1; its geometrical center
B (d) coincides with the SNR center, and the size is ~2°,
200k s which is twice the size of the bright shell.
) The outer X-ray shell has been identified here for
150+ the first time. As was noted in Subsect. 3.1, weak fea-
tures of the outer shell were observed at the edge of the
field of view in four of the five telescope pointings and
100F . may partly result from an enhancement of the back-
Al ground toward the detector edge. One pointing was
S0F L _ centered on the northern part of the SNR; the bright
i H[H o il ’ | G78.2+2.1 shell, and the weak outer shell were
sepen ALY AL KI5 by observed at the center of the field of view. We therefore
-100 -80 -60 -40 -20 O 20 40

V(LSR), km s7!

Fig. 2. Radial-velocity histograms for the Ho components:
(a) in the SNR G78.2+2.1; (b) in the nearby region of the
Cygnus complex X outside the bright SNR but inside the
weak outer X-ray shell (see the text in Subsect. 3.2); (c) in
the Cygnus X complex south and west of G78.2+2.1 at 2°—
4° from the SNR center; (d) in the Cygnus X complex east
and north of G78.2+2.1 (see text).

3.2. X-ray Image of the SNR

The X-ray (0.5-2.0 keV) brightness distribution of
the SNR constructed by reducing the ROSAT data is
shown in Fig. 3a. For comparison, Fig. 3b shows the
distribution of synchrotron radio emission at a fre-
quency of 1.4 GHz from [1] on the same scale. The
X-ray image of the SNR G78.2+2.1 is characterized by

believe the reality of the northern part of the outer shell
to be beyond question.

Figure 5 shows the SNR surface-brightness profiles.
The SNR-averaged profile and the cuts in the north-
ward and southward directions are presented. The pro-
files were constructed from three independent
PSPC/ROSAT observations. The PSPC background
effect does not change with radius in this figure,
because we applied a correction for the instrument sen-
sitivity. The difference in the background levels
between the three observations can be easily deter-
mined from the flux in the central region R < 5’, where
the sky areas under study coincide. For comparison, the
figure also shows the temperature profiles obtained in
spectral analysis (see Subsect. 3.3).

Based on Figs. 3a and 5, we cannot unambiguously
determine whether the detected outer weak emission is
a shell or halo structure, because, as was pointed out
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Fig. 3. (a) X-ray (0.5-2.0 keV) brightness distribution of the SNR as constructed from ROSAT data; (b) radio brightness distribution
at 1.4 GHz from [1] on the same scale.
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Fig. 4. X-ray (0.5-2.0 keV) brightness distribution as constructed from ROSAT data (black-and-white image) superimposed on the
radio (1.4 GHz) isophotes constructed from archival NRAO VLA Sky Survey (NVSS) data.
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Fig. 5. (a) SNR surface-brightness profiles constructed from
three independent PSPC/ROSAT observations: averaged over
the remnant (solid line), in the northward (dotted line) and
southward (dashed line) directions. (b) The temperature vari-
ation with distance from the SNR center; the lines designations
are the same as those in (a). The data in the northward direction
within 25’ were obtained from SIS/ASCA observations;
the remaining values were obtained from PSPC/ROSAT
observations.

above, the most pronounced dip in the eastern cut can
be produced by the interstellar absorption, and the con-
tribution of this cut to the average profile is significant.

3.3. X-ray Spectrum

Since an analysis of the ROSAT spectral data is
complicated by low statistics and interstellar extinc-
tion, we first analyzed the ASCA data. We used the
MEKAL model [28, 29] and the table of relative ele-
mental abundances from [30] for the solar photosphere
(Fe/H = 4.65 x 10~ by the number of atoms).

Figure 6a shows the localization of the field of view
for three ASCA pointings superimposed on the ROSAT
image of the SNR. The average spectrum of this region
is shown in Fig. 6b.

The spectral fit for this part of G78.2+2.1 in the ion-
ization equilibrium plasma model corresponds to the
temperature k7, = 1.4 + 0.1 keV and the heavy-element
abundance Z=0.27 £ 0.1Z,. Here, all confidence inter-
vals correspond to a 68% confidence level. The derived
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Fig. 6. (a) SIS/ASCA image of the central part of the SNR formed from the sum of four pointings superimposed on the surface
brightness isolines as constructed from PSPC/ROSAT data. (b) The average SIS/ASCA spectrum of this region.

abundance agrees with the abundance for the Galactic
thick disk [31]. Note that only the iron abundance affects
the Z determination for solar elemental abundances.

The nonequilibrium ionization model [32], as
applied to the ASCA data, yields a higher temperature

ASTRONOMY LETTERS  Vol. 26 No.2 2000

(kT, = 2.77 £ 0.4 keV), a comparable heavy-element
abundance [Z = (0.24 £ 0.07)Zs], and the ionization
parameter log(nyt;) = 11.06 s cm™; the confidence
interval is (11.00-11.16). The parameter nt, where
n is the ambient density of the interstellar medium and
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t; is the time after the shock passage, characterizes the
advanced stage of ionization equilibrium (ionization
age). The spectrum in Fig. 6b is “nonequilibrium” in
that, in the presence of the iron-line emission peak at
energy 1 keV characteristic of a 1.4-keV temperature,
the continuum emission proves to be harder and corre-
sponds to a temperature of 2.8 keV. Note also that,
when the temperature in the PSPC/ROSAT and
SIS/ASCA experiments is determined, the iron peak at
1 keV is of crucial importance. Under the assumption
of ionization equilibrium, the derived temperatures are
therefore the “ionization” ones.

When analyzing the ROSAT data, we took the ele-
mental abundance that was deduced for the northern
part of the SNR from ASCA measurements. The X-ray
spectrum of the shell’s extended bright features that fits
the ROSAT data best assuming equilibrium plasma of
this chemical composition yields k7, = 1.37 £ 0.12 and
1.00 £ 0.05 keV for the eastern and southern regions,
respectively.

The profile of temperature variation with distance
from the SNR center is shown in Fig. 5. The figure
reveals a temperature constancy within 20" ata 1.3-keV
level and a subsequent drop in temperature, both in the
northward and southward directions and, on average,
over the SNR. The temperature at 60" from the center is
0.5 keV, on average, over the SNR and in the north and
twice as high in the east.

As we see from the figure, the outer X-ray shell (or
the halo) is distinguished not only by its morphology
but also differs from G78.2+2.1 in spectrum, although
there is no sharp temperature drop.

The absorption of X-ray emission from the three
bright SNR regions mentioned above corresponds to
the column density N(H) = (1-3) x 10?! cm™2. The col-
umn density derived from the X-ray data is in close
agreement with that deduced from direct 21-cm mea-
surements: Landecker et al. [15] obtained N(HI) = 1.6 x
10%! cm, on average, over the SNR and a slightly
higher value for its bright southeastern part.

Note that the Einstein observations with a lower
angular resolution and lower sensitivity revealed emis-
sion from the brightest part of the SNR and yielded a
similar temperature (4 x 10° < Ty <5 x 107 K), density

The mean density and mass of X-ray emitting plasma

Region Radius ny, cm™ M, Mg
Entire SNR 0-40 0.05£0.01 47+3
SNR + halo 0-60 0.04 £0.01 95110

Center 0-15 0.08 £0.01 40108
North 15-40 0.05+0.01 11+£0.8
North 15-60 0.04 £0.01 2714
East 15-30 0.08 £0.01 5.9+04
South 15-30 0.084+0.004 | 83104
West 30-60 0.024 £0.003 14£2

(ng =0.1-0.4 cm™), and column density [N(H I) = 3 x
102! — 3 x 102 cm?] (see [17]).

4. DISCUSSION

The distance d ~ 1.8 kpc to G78.2+2.1 and its linear
size of ~33 pc were determined from the dependence of
surface radio brightness on SNR diameter [the so-
called X(D) dependence] by Higgs et al. [1] and Lan-
decker et al. [15]. Using a more complete £(D) depen-
dence, which included a number of extragalactic cali-
bration sources [3, 33], we obtained a similar SNR
diameter of 29.4 pc and distance of 1.7 kpc from the
flux density S (1 GHz) =340 Jy [34]. At such a distance,
the expected mean shell velocity in the Galactic rota-
tion model by Dambis et al. [35] is =6-7 km s71; i.e., it
agrees with the observed H II velocities in G78.2+2.1.

Since the error in the distance estimated from the
(D) dependence can reach 30% and since the kine-
matic distances toward the Galactic longitudes [ = 70—
80° are unreliable, we take d = 1.7 kpc as the most
probable value. The masses and mean densities esti-
mated for different parts of the SNR (the corresponding
radii are indicated) by analyzing in detail the X-ray
spectra with a radial-step width of 5'~10" are given in
the table. When calculating the “exact” mass, we deter-
mined the density, temperature, and absorption distri-
butions in the plane of the sky. As we see from the table,
the mass of the outer shell or the halo is approximately
equal to the mass of the bright SNR G78.2+2.1.

For comparison, note that the masses estimated
from the total SNR luminosity by assuming spherical
and shell (AR/R = 0.3) models are 140 and 110M,
respectively. For such a mass estimate, we took the
coefficient of volume luminosity in accordance with the
temperature kT = 1.4 keV and metallicity Z = 0.27Z
derived above; the MEKAL model was used. The SNR
shell model is seen to yield the estimate that is closest
to the exact value in the table: 95 £ 10M,.

The temperatures Tx = 1.6 x 107 K (for ionization
equilibrium plasma) and Tx = 3.2 x 10’ K (in the
absence of ionization equilibrium) deduced from the X-
ray spectrum of the bright shell are typical of the gas
behind an adiabatic shock front. The corresponding
shock velocity is V= (1-1.5) x 103 km s\,

The mass of the postshock gas in a SNR is the prin-
cipal parameter that characterizes its evolutionary sta-
tus [3]; the X-ray plasma mass M = 50-100M, suggests
a transition from the phase of free expansion to the
phase of adiabatic expansion (Sedov phase). Our mass
estimate for the hot plasma in the entire G78.2+2.1
shell agrees with the mass determined from IRAS
observations; Saken et al. [36] identified a spherical
infrared shell with the SNR and estimated the total
mass of its gas to be M = 100M,.

Assuming the radius R = 15 pc and the post-shock
temperature T, =(1.6-3.2) x 107 K for the standard
explosion kinetic energy E = 10°! erg, we obtain an age
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of (4-6) x 103 years and the ambient gas density
1y = 0.14-0.3 cm™? for the SNR at the adiabatic phase
in a homogeneous medium. This density is in agree-
ment with the initial density (1) = 0.32 cm™) indepen-
dently estimated from the mass of the infrared shell by
assuming that the gas swept up from the inner volume
concentrates in it.

Thus, the X-ray observations of the bright source
G78.2+2.1 lead to a self-consistent model for a young
SNR at an early stage of adiabatic expansion in a
medium of relatively low density.

At this stage, the optical emission from the SNR
must be weak: Intense radiative cooling in a homoge-
neous medium of density n, = 0.3 cm™ begins consid-
erably later, when the SNR radius, expansion velocity,
and age are, respectively, R. = 30 pc, v, = 250 km s7!,
and 1, = 5 x 10* years.

Indeed, as yet no bright optical shell that could be
unambiguously correlated with G78.2+2.1 (or with the
outer X-ray shell) has been detected. The optical emis-
sion from the SNR may be represented by weak fila-
ments in the west with the /(Ho)/I([S I]) ratio typical
of SNRs [37]. However, filaments emitting in [S II]
6717/6731 A are clearly seen on photographs from the
atlas of Parker er al. [38] far outside G78.2+2.1 and the
weak outer shell. To reach a more definitive conclusion,
we need the relative line intensities in the spectra of
these filaments inside and outside the SNR. As we
made sure in Subsect. 2.2, the Ho emission toward
G78.2+2.1, including the filaments mentioned above,
does not differ significantly in radial velocities from the
emission of the nearby part of Cygnus X.

We therefore cannot rule out the possibility that the
optical nebulae toward G78.2+2.1 are H II regions.
This is consistent with the radio spectrum of
G78.2+2.1, which exhibits variations in the spectral
index attributable to the superposition of two compo-
nents: Synchrotron radiation of the SNR and thermal
radiation of the H II regions [4]. The contribution of
thermal radio emission is largest in the region of DR4
and the bright nebula near y Cygni [1, 11]. Here, the
expanding G78.2+2.1 shell most likely collides with a
dense cloud, as suggested by the sharp brightness gra-
dient and the nonspherical plane boundary of the bright
X-ray and radio shells (Fig. 4). This is also evidenced
by the two small CO knots detected by Fukui and
Tatematsu [39] at V(LSR) = —(3-1) and +(1-3) km s7!,
which closely coincide with the regions of local bright-
ening of the radio shell and anticorrelate with the X-ray
brightness.

H I observations revealed a geometrically thick,
slowly expanding shell around the SNR [14, 15] and
high-velocity cloudlets [15, 16]. The mean velocity of
the H I'shell is V(LSR) = +3 km s~!, the probable expan-
sion velocity is ~10 km s~!, the mass is 8 X 10°M, the
mean density is =2.5 cm™, and the kinetic energy does
not exceed a few percent of the energy of a standard
supernova explosion (103! erg) [14]. As was pointed out
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by Gosachinskii et al. [14], judging by the energetics,
the outer H I shell could be produced both by the super-
nova explosion and by the stellar wind from the super-
nova progenitor. Since the X-ray emission from
G78.2+2.1 suggests an early adiabatic phase, the latter
currently seems more justified.

The existence of an outer weak X-ray shell far out-
side the synchrotron radio source G78.2+2.1 and the
bright X-ray SNR undoubtedly requires an observa-
tional confirmation. If the reality of the weak X-ray
shell (or the halo) is confirmed, then the question of its
nature and relationship to the H I shell will arise.

The coexistence of a cold H I shell and a weak outer
X-ray shell of virtually the same size could be
explained in principle by the fact that the supernova
explosion occurred at the boundary of an extended
dense cloud with a sharp density gradient. In this case,
the SNR has the peculiar shape of two connected hemi-
spheres of different sizes at different evolutionary
stages because of the difference in initial ambient den-
sity. The part of the SNR in the dense gas may be rep-
resented by the bright X-ray source G78.2+2.1 and the
extended H I shell produced by the progenitor’s stellar
wind in the cloud, while the part of the SNR in the low-
density intercloud medium may be represented by the
outer X-ray shell. The SNR VR0O42.05.01 [40] is an
example of such a structure for the direction of density
gradient perpendicular to the line of sight, which is
“favorable” for the observer.

If the line of sight is directed along the density gra-
dient, we will see the X-ray and H I shells coinciding
“by chance” in projection onto the plane of the sky.
However, the fact that the outer X-ray shell has a lower
temperature than the bright G78.2+2.1 shell is in poor
agreement with this model.

An explanation of the coexistence of the H I shell
and the two X-ray shells in the model of a supernova
explosion in the cavity swept up by the supernova pro-
genitor wind is of greater interest. The evolution of a
SNR in a cavity has long been analyzed by many
authors (see [41] and references therein). The key point
here is the collision of the SNR with the dense cavity
walls (before the collision, the supernova shell expands
virtually without deceleration; after the collision, the
radiative phase of the postshock gas sets in very rap-
idly). Depending on the mass ratio of the supernova
shell and the shell swept up by the wind, as well as on
the velocity at which the shock triggered by the super-
nova impinges on the cavity walls, one might expect the
formation of a double X-ray shell at least in two stages.
X-ray emission from the gas heated by the blast wave
in the swept-up shell and from the gas behind the
reflected shock in the SN ejecta can be observed at the
early stage, until the mass of the postshock gas in the
swept-up shell does not exceed the ejected mass by
more than a factor of 40-50. In this case, the inner shell
must be hotter and, under certain conditions, can be
brighter than the outer one.
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Subsequently, the H I shell swept up by the wind is
fragmented because of the Rayleigh—Taylor instability
at the contact surface between the gas behind the direct
shock front and that behind the reflected shock front.
As a result, an outer X-ray shell representing the gas
behind the direct shock front, which has mainly passed
the H I shell through breaks between its individual frag-
ments, can be formed. The neutral hydrogen associated
with the SNR G78.2+2.1 actually exhibits a distinct
clumpy structure, as suggested by the small-scale
(=6-10’) high-velocity HI cloudlets detected by Braun
and Strom [16] and Landecker et al. [15].

Observations of the SNR W44 provide evidence that
the H I shell swept up by the wind may turn out to be
inside the SNR. Koo and Heiles [42] explained an
expanding H I shell (of radius 9 pc) inside a synchro-
tron radio shell (of radius 15 pc) in terms of this
model. The age of the pulsar associated with W44 is
=3 x 10* years; W44 exhibits a more “advanced” stage
of interaction with the swept-up shell than does
G78.2+2.1. Here, there are all the signatures of the radi-
ative phase: bright optical filaments and X-ray emis-
sion with a relatively low temperature of 7T, = (4-8) X
10° K enhanced toward the center.

5. CONCLUSION

Our optical and X-ray observations of G78.2+2.1
and their comparison with radio-continuum studies and
IRAS data provide evidence for a young adiabatic SNR
My oy = 95 £ 10Mg, V, = 10° km 57!, t = (5-6) X
10° years).

In general, there is agreement between the large-scale
X-ray and radio structures of G78.2+2.1; the X-ray
image exhibits a shell structure (AR/R = 0.3). A com-
parison with the radio map at v = 1.4 GHz constructed
from archival VLA data reveals the coincidence of fea-
tures at the eastern SNR boundary on scales of several
arcminutes.

A weak X-ray emission (an outer shell or halo) has
been detected far outside the synchrotron radio source
G78.2+2.1 for the first time. The outer shell size of =2°
is twice the size of the bright source G78.2+2.1.

We conclude that the previously identified [14, 15],
slowly expanding massive H I shell around G78.2+2.1
was produced by the stellar wind from the supernova
progenitor. The SNR expansion mainly took place
inside the cavity swept up by the wind; the interaction
with the dense walls of the swept-up shell has begun rel-
atively recently. The formation of the weak outer X-ray
shell we detected can be explained in terms of the the-
ory of SNR evolution in the cavity swept up by the pro-
genitor’s stellar wind [41].

We emphasize that both alternatives considered in
Sect. 4 to account for the outer X-ray shell and its coex-
istence with the H I shell are speculative so far. To elu-
cidate the nature of the outer shell or the halo and to

determine the evolutionary status of the SNR requires
the following:

First, a confirmation of the existence of outer weak
X-ray emission and determination of its structure: a
shell or a plateau.

Second, a confirmation of the existence of an H 1
shell. Recall that Landecker et al. [15] detected an
expanding H I ring around G78.2+2.1 only by observ-
ing two clouds with markedly differing radial veloci-
ties, one in emission and the other in absorption. The H I
ring structure identified by Gosachinskii e al. [14], into
which the SNR fits well in the plane of the sky, is also
ambiguous. The authors pointed out that the distribu-
tion of 21-cm emission in the vicinity of G78.2+2.1 is
extremely nonuniform; the western part of this shell is
identified unreliably, because it is projected onto the
large shell around the entire Cygnus X complex; the
pattern is distorted by the emission from the bright
source Cygnus A in the beam wing.

Third, special observations aimed at searching for
optical emission from the SNR are required. The lower
temperature of the outer X-ray shell suggests that the
radiative cooling in this region may be already signifi-
cant, and the optical emission can be noticeable at least
in the outer region outside G78.2+2.1, if not in the SNR
itself.

Fourth, and this is the key point, searches for the
corresponding outer radio-continuum structure are
required. Only after the radio spectrum associated with
the outer X-ray shell has been determined can we elu-
cidate its nature and, accordingly, the evolutionary sta-
tus of the SNR.
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