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ABSTRACT

Ultraviolet images of a 40’ field in the northeast part of the Cygnus Loop were made by the Ultraviolet
Imaging Telescope (UIT) during the Astro-/ mission in 1990 December. This Letter compares the longest
far-UV (B5) exposure with ground-based and X-ray observations and with models. At bright knots observed
by IUE, the BS bandpass includes flux from several lines. However, supernova remnant (SNR) shock models
imply that C 1iv 11550 dominates for more typical conditions in SNRs, and IUE spectra demonstrate a strong
correlation between C 1v 41550 flux and UIT B5 flux. The B5 image resembles images in [O m] 45007, but to
the east of the edge of the [O mi] filaments there is a faint C 1v emission, consistent with nonradiative shocked
material behind the SNR blast wave. Conditions in shocked gases that lead to C 1v emission are similar to
those that produce [O m]. Hence the ratio of the B5 and [O mi] intensities can be used to map the optical
depths of the sheetlike regions that emit the C 1v resonance line. A feature in the BS emission closely follows a
“bow shock” shape in Einstein HRI imagery; its morphology is consistent with an encounter of the SNR
shock with a cloud outlined by a column density enhancement found in H 1 maps.

Subject headings: supernova remnants — ultraviolet: general

1. INTRODUCTION

The Cygnus Loop is the prototypical, middle-aged super-
nova remnant (SNR) (Raymond 1984). During the Astro-1
mission the Ultraviolet Imaging Telescope (UIT) observed two
positions on its northeastern shell. This Letter describes the
results of UIT imagery of a 40’ diameter field centered at R.A.
20"57™30%5, decl. 31°7'36"8 (epoch 2000.0). Simultaneous
observations were made with the Hopkins Ultraviolet Tele-
scope (HUT) (Blair et al. 1991) and the Wisconsin Ultraviolet
Photopolarimetry Experiment (Nordsieck et al. 1992). The
UIT images are the first high-resolution UV imagery of the
Cygnus Loop or similar evolved SNRs, and represent the first
opportunity to compare wide-field UV observations of SNR
shocks with other observations and with model predictions.

2. UIT IMAGES AND SPECTRAL CONTENT

Eight UIT frames of this field were made. The longest expo-
sures in the near-UV (hereafter Al; 127 s; effective wavelength
Aege for flat spectra = 2490 A) and far-UV (hereafter BS; 1279 s;
Agr = 1520 A) are presented here. Descriptions of UIT and its
operations, calibration, and data reduction are given in Stecher
et al. (1992).

Figure la (Plate L3) shows the UIT B5 exposure, which
strongly resembles ground-based ones made in [O mr] 15007
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(see Fig. 3b [Pl. L4]). One important difference is the presence
of faint emission to the east of the filaments in the UIT B5
image, which is absent even in deep [O m] images but appears
in Einstein High-Resolution Imager (HRI) images (see Fig. 5
[PL. LS]). This Letter is concerned primarily with the UIT B5
image and its comparison with visible- and X-ray—bandpass
images.

Figure 1b shows the UIT Al image, which resembles
ground-based ones in Ha and other low-excitation lines.
According to SNR models, many lines (C m] 41909; C ]
A2326; [Ne 1v] A2423; Mg 11 A12799) contribute to A1 flux; this
complicates interpretation of the Al image and probably
causes its less-sharp appearance compared to BS.

2.1. IUE Observations inthe UIT Field

UIT BS fluxes were compared with those derived from IUE
SWP spectra made within the field. UIT fluxes were computed
by summing flux from the UIT image in an appropriately
placed and oriented IUE aperture, minus a sky background.
IUE spectra were integrated over the UIT BS5 bandpass func-
tion and compared with the UIT results. For the 11 IUE SWP
spectra in the field with exposure times longer than 250
minutes, the mean ratio of UIT to IUE flux for the BS5
bandpass is 0.69 + 0.27(s), using the IUE calibration of Bohlin
et al. (1990). This ratio is probably reduced by particle hits and
made noisy by poor overall signal-to-noise ratio in the long
IUE exposures. The equivalent ratio for the single HUT obser-
vations in the field is (UIT/HUT) = 1.29.

UV spectral observations of bright knots (Benvenuti,
Dopita, & D’Odorico 1980; Raymond et al. 1980, 1981;
Raymond et al. 1988, hereafter RHCBFG; Blair et al. 1991)
show that the B5 bandpass includes significant flux from C v
21550 and O m1] 41666 as well as some N 1v 11485, He 11
41640, and N 1] 11745. For the brightest examples the O 1]
A1666 UIT contribution is comparable to that of C1v,
although reseau contamination is present in the 1660-1670 A
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FIG. 3—(a) A 20’ portion of the UIT B5 image, displayed with a logarithmic intensity function. (b)) Ground-based image made in the 5007 A [O m] line,
geometrically corrected so that it is coaligned with (a) to within 4” and scaled in intensity so that fluxes in (@) and (b) in the aperture marked “SE” (see [c]) are equal.
The two images are scaled logarithmically in intensity in the same way, smoothed to resolutions of 3"-4". (c) Image in (a) overlaid with the outline of the IUE
apertures for positions SE, M, and NW of RHCBFG, as well as an IUE-sized aperture CL referred to in the text. The “spur” and the “hook,” features at the
positions marked 1, 2, and 3, and part of the apparent bow shock are marked; they are discussed in the text. The aperture for simultaneous observations by the
Hopkins Ultraviolet Telescope is also outlined. (d) Ratio of the UIT BS image to the [O 1] image. Before division, the images were coaligned and smoothed to a
resolution of about 4”; a flat sky flux was subtracted from each image, and pixels with values below “floors ” representing S/N < 4 (for UIT) and S/N < 7 (for the
[O m] image) for single pixels were masked off and are black in this figure. The gray scale at the bottom of the figure shows relative ratio as a function of gray value.

CORNETT et al. (see 395, L9 and L10)
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Fi1G. 5.—Einstein HRI X-ray contours superposed on a linearly displayed UIT B5 image; scale and orientation are the same as in Fig. 1. The HRI image was
smoothed with a Gaussian filter of FWHM 19" before contouring. Successive contour levels are in ratios of . /2. Note the close correspondence of the X-ray and B5
intensity edges over 20’ along the “bow-shock ” feature at the eastern edge of the remnant.

CoRNETT et al. (see 395, L9 and L11)
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wavelength range in all IUE spectra. In more typical locations,
C 1v 41550 dominates the UIT bandpass, contributing more
than twice the flux of any other spectral line. The behavior of
O 11] 41666 and C 1v is as expected: the C 1v resonance line is
intrinsically stronger, but, as column densities increase, the
strength of the (collisionally excited) O 1] line increases, while
C 1v A1550 saturates due to the effects of resonance line scat-
tering.

C 1v flux as measured by IUE is strongly correlated with
UIT BS flux. C 1v fluxes for the 11 IUE spectra used above
were computed by summing flux in the 1540-1560 A wave-
length range, minus an estimated continuum background, and
plotted against UIT B5 flux. A straight-line least-squares fit to
the data has a slope of 0.94 + 0.05(s), an intercept of
0.70 + 0.83, and a correlation coefficient of 0.75. This relation-
ship shows the usefulness of the UIT BS flux as a measure of
C 1v 21550 flux in this field.

2.2. Model Predictions of Image Spectral Content

We have used the models of Hartigan, Raymond, & Hart-
mann (1987, hereafter HRH) and Shull & McKee (1979) to
predict contributions of spectral features in the B5 bandpass
as a function of shock velocity. The models of HRH, while
generated to predict parameters for regions of higher density
than encountered here, produce the correct relative line inten-
sities for the Cygnus region (J. C. Raymond, private
communication). Models of HRH, Shull & McKee (1979), and
others predict that line flux in UIT’s BS bandpass is significant
only for shock velocities above 100 km s~ ! and consists essen-
tially of C 1v 41550 above that velocity. Relative flux from the
two-photon continuum of hydrogen increases with shock
velocity, equaling 50% of the C 1v flux at about 300 km s~ !
according to HRH.

Figure 2 displays the results of HRH for their model E
(equilibrium preionization, preshock density 100 cm~3). The
relative fluxes in the UIT BS5 filter for important components
and the total model flux (the sum of all significant UV line and
continuum fluxes) are shown. Model spectra have been
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FiG. 2—Predicted fluxes of interstellar shock models of Hartigan,
Raymond, & Hartmann (1987). Solid line: Normalized ratio of total model flux
in UIT BS filter to [O mr] 45007 flux. Note that this ratio varies by relatively
small amounts for velocities (V, > 100 km s~ ') where there is significant BS
flux. Short-dashed line: Total model flux in UIT BS filter. Dot-dash line: C 1v
21550 flux in UIT BS filter. Long-dashed line: Hydrogen two-photon contin-
uum flux in UIT BS filter. Dash-dot-dot-dot line: O m] 1665 flux in UIT B5
filter. Dotted line: He 1 A1640 flux in UIT BS filter. Model fluxes in UIT B5
filter are adjusted for relative filter response and reddening so that the plotted
values are relative contributions to UIT BS flux.
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reddened to E(B—V) = 0.08 (RHCBFG) using the reddening
curve of Savage & Mathis (1979) and scaled by the relative B5
filter sensitivity as a function of wavelength.

Applying shock models to observations is complicated by
many effects. Chance superposition of features, multiple shock
velocities, and geometrical effects in resonance lines (Raymond
et al. 1981) contribute to uncertainties. Also, some shocks that
are not modeled may strongly influence the relative contribu-
tion of two-photon continuum emission. Nonradiative shocks
(Raymond et al. 1983) are strong emitters of He 11 411640 and
C 1v 11550 but have weak two-photon continuum contribu-
tions, especially in the preionized case; incomplete shocks
(RHCBFG) also have weaker two-photon contributions than
the models predict. Finally, some of the BS emission may be
nearly pure two-photon emission from very slow (V; < 100 km
s~ 1) shocks.

However, according to the models of HRH, UIT BS images
and ground-based [O mr] 15007 images observe material of
similar excitation. The solid line in Figure 2 compares model
results for the UIT BS filter and [O ] A5007. For shock
velocities greater than 150 km s~ ' the predicted ratio of B5
flux to [O mi] flux varies by only a few percent; except for
V, < 120 km s~ !, where B5 and [O mi] fluxes are small, the
ratio as normalized varies between 1.0 and 1.6.

3. DISCUSSION

3.1. The B5 Image and [O u1] Data

Figures 2 and 3b demonstrate the similar origins of BS flux
and [O 1] 15007 emission. However, the primary contributor
to B5 flux, C 1v emission, is a strong resonance line whose
observed emission is often reduced by scattering in the line and
consequent large optical depths (Raymond et al. 1981). [O mr]
25007 is a collisionally excited forbidden line which is never
optically thick. This suggests a search for the effects of optical
depth and saturation in C 1v by comparing B5 and [O mr]
images in detail. For example, the ratio of B5 flux to [O mr]
flux should be large in regions where resonant scattering and
optical depths have small effect, and vice versa. RHCBFG have
studied C 1v optical depth effects in the “ spur ” region by com-
paring observed IUE line ratios involving C 1v 41550 with
models, and by delineating variations in the spatial structure of
C 1v emission. They conclude that C 1v flux is attenuated by
resonant scattering at the center and the southeast end of the
spur, and less strongly at the northwest end.

UIT BS5 data support this conclusion. Figure 3a (Plate L4) is
a 20’ part of the UIT BS5 image; Figure 3b is a coaligned [O 1]
A5007 image. Figure 3c is identical to Figure 3a but has been
overlaid with outlines of IUE apertures at the “SE,” “M,” and
“NM ” positions of RHCBFG, an IUE-sized aperture “CL”
in the bright clump northwest of the end of the spur, and other
features. The UIT image has been geometrically corrected to
align with the [O m] image within 3"-4", slightly larger than
the UIT image’s resolution; the [O mr] image has been
smoothed to 374 resolution. In Figures 3a and 3¢ the UIT BS
image has been scaled so that aperture SE of RHCBFG in
Figure 3c has the same apparent integrated brightness as the
corresponding position in the [O 11] image, in Figure 3b.

Position SE is relatively weak in C 1v; the apertures marked
“SE,” “M,” “NW,” and “CL” have B5/[O m1] ratios of 1.00,
0.95, 1.22, and 2.7, respectively, as scaled here. This implies that
scattering effects cause a decrease in the C 1v line intensity in
the southeast end of the spur filament, in agreement with
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F1G. 3—a) A 20’ portion of the UIT B5 image, displayed with a logarithmic intensity function. (b) Ground-based image made in the 5007 A [O ui] line,
geometrically corrected so that it is coaligned with (a) to within 4” and scaled in intensity so that fluxes in (a) and (b) in the aperture marked “ SE ” (see [c]) are equal.
The two images are scaled logarithmically in intensity in the same way, smoothed to resolutions of 3"—4". (c) Image in (a) overlaid with the outline of the IUE
apertures for positions SE, M, and NW of RHCBFG, as well as an IUE-sized aperture CL referred to in the text. The “spur” and the “hook,” features at the
positions marked 1, 2, and 3, and part of the apparent bow shock are marked; they are discussed in the text. The aperture for simultaneous observations by the
Hopkins Ultraviolet Telescope is also outlined. (d) Ratio of the UIT BS5 image to the [O 1] image. Before division, the images were coaligned and smoothed to a
resolution of about 4”; a flat sky flux was subtracted from each image, and pixels with values below “floors " representing S/N < 4 (for UIT) and S/N < 7 (for the
[O 1] image) for single pixels were masked off and are black in this figure. The gray scale at the bottom of the figure shows relative ratio as a function of gray value.

CORNETT et al. (see 395, L9 and L10)
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RHCBFG. The effect is smaller than that seen in comparisons
of spectral measurements of C 1v strength with model results
because other emission (e.g., O m} 41666 and two-photon
continuum) contributes to the B5 bandpass, diluting optical
depth effects.

Figure 3d is the ratio of the UIT B5 image to the [O mr]
image. Before division, a flat sky flux was subtracted from each
image, and pixels with values below “floors ” of good signal-to-
noise ratio were masked off; masked-off pixels are black in this
figure and generally lie outside the region of the filaments.
Dark areas in filaments mark small ratios of B5/[O 1] and
therefore regions of large optical depth in C 1v. Light areas
denote large ratios and small optical depths. Because the BS
image has a smaller dynamic range than the [O mr] image,
owing to the smaller dynamic range of C 1v emission, large
C 1v optical depths are selectively located at sharp [O 1] fea-
tures. Some remarkable examples are the spur filament and
several of the sharper features (e.g., the ones marked 1 and 2 in
Fig. 3c) at the east side of the [O m] emission. Small C 1v
optical depths are present in the diffuse material surrounding
the sharper filaments, which may represent sheets of emitting
material nearly normal to the line of sight. There are also
notable regions of small C 1v depth, including the one at “CL”
(Fig. 3c), the diffuse east-west filament that is the end of the
southern leg of the “hook,” and the large diffuse region to the
east of the knot marked 3 in Figure 3c as well as the knot itself.
While multiple shock velocities and other complications are
present, the pattern of relative B5 and [O 1] intensities and
BS5/[O m1] ratios is consistent with resonance line scattering
due to large C 1v optical depths as the primary cause.

Features like those at positions 1 and 2 in Figure 3c are
characterized by a decrease in the C 1v/[O 1] ratio approach-
ing scalloped arcs formed by [O 1r] rims. This suggests a geo-
metrical explanation: large optical depths, due to resonant
scattering in relatively narrow lines, are expected if sharp fila-
ments are actually sheets of emitting material viewed nearly
edge-on (Hester 1987). Conversely, amorphous clumps prob-
ably reflect chaotic velocity and spatial structure, broad lines,
and small attenuation of C 1v flux by resonant scattering.

This may be explored analytically for simple cases. We
model a filament as the limb of a purely absorbing, expanding
spherical shell of radius R. We approximate the velocity profile
of the postshock emitting gas as a rectangle of width Av and
define the parameter 7, = nt/Av, where n is the volume density
and t is the shell thickness, in units so that t, is the true optical
depth of the face-on shell material. In this case, the emission
intensity from the shell may be expressed as a function of (I/R),
where [ is the projected distance from the sphere’s center on the
sky to the part of the shell being considered:

I(I/R) ) (1)2]”2 l—e"

10) R 1—e ™’
where 7 = 14[1 — (I/R)*] ™. We expect 1, < 1 for [O m] and
79 ~ 1 for C v (RHCBFG find 7 = 0.5 for a face-on shock in
the spur from SNR models). In Figure 4 we plot I(I/R)/I(0) for a
range of values of 7,; we also plot the ratio of I(I/R; 1, = 0.5) to
I(/R; 14 = 0.01), simulating the behavior of BS/[O m], to
compare with Figure 3c. Although the three-dimensional
geometry is uncertain, there are many locations in Figure 3¢
whose ratio profiles resemble this plot. (The apparent diver-
gence for I/R = 1 is in fact relieved by the 1” projected width of
the cooling zone.)
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This simple picture has potential complications. For
example, the velocity width of the postshock gas may be deter-
mined by thermal Doppler broadening; which is an appre-
ciable fraction (~0.5) of the maximum Av=V/4 to be
expected if emission from shocked material persists through
cooling and recombination. If thermal broadening dominates,
the above expression for intensity will revert to the usual
curve-of-growth expressions for a saturated Gaussian profile,
with optical depth replaced by 7o/[1 — (I/R)*]*/2.

3.2. The B5 Image and Einstein HRI Data

The Cygnus Loop is a well-known source of soft X-rays
(Gorenstein et al. 1971). High spatial resolution observations
(Ku et al. 1984, hereafter KKPL) are consistent with the
“standard” picture of evolved SNRs: the X-ray emission
apparently arises from a limb-brightened shell of hot gas pro-
duced by the expansion of a blast wave into an inhomogeneous
interstellar medium. However, controversy remains over the
relationship of regions of bright X-ray emission to optical fila-
ments and density enhancements in the interstellar medium
(Hester & Cox 1986, hereafter HC). The presence of coincident
UV and X-ray emission east of the optical SNR’s edge suggests
using UIT images to study this relationship.

KKPL have observed the Cygnus Loop with HRI and
Imaging Proportional Counter (IPC) instruments on the Ein-
stein Observatory. HRI images, with 5” resolution and energy
range 0.15-4 keV, are well suited to comparison with UIT
imagery. Figure 5 (Plate LS) shows Einstein HRI X-ray con-
tours superposed on the UIT B5 image, which is displayed as
in Figure 1. The HRI image was smoothed with a Gaussian
filter of FWHM 19” to reduce noise before contouring. Suc-
cessive contours are in ratios of /2.

Viewed at coarse (~ 2) resolution, several features correlate
well, including the northeast end of the “hook” (see Fig. 3c),
with the X-ray feature called “XC” by HC; the sharp eastern
edge of HC’s feature “ XA ” with an edge in the BS image; and
the highest X-ray contours with UV-bright knots in XA. The
most remarkable correlation, however, is the sharp edge in
both B5 and X-ray emission which extends beyond the north-
east tip of a bright [O mr] (and BS5) filament near the field
center. [O 1] emission is restricted to the center 10’ of this
edge; however, in both B5 and X-rays, the edge is twice that
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F1G. 4—Solid lines: relative line emission intensity as a function of /R, the
projected distance in radii from the center of an expanding sphere with a
rectangular velocity distribution profile. Plots are marked with values of 7,
the face-on optical depth. Dashed line: relative ratio of the intensity for 7, = 0.5
(~C1v) to the intensity for 1, = 0.01 (~[O m]), which approximates the
behavior of Fig. 2¢ across several bright filaments.
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F1G. 5—Einstein HRI X-ray contours superposed on a linearly displayed UIT B5 image; scale and orientation are the same as in Fig. 1. The HRI image was
smoothed with a Gaussian filter of FWHM 19" before contouring. Successive contour levels are in ratios of ﬁ Note the close correspondence of the X-ray and B5
intensity edges over 20" along the “ bow-shock ” feature at the eastern edge of the remnant.

CORNETT et al. (see 395, L9 and L11)
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long and forms a complete bow-shock shape. Faint BS and
fainter X-ray emission extend to the east past the sharp edge.
This material is seen in very deep Ha images and in C 1v, but
not in very deep [O 1] 45007 images, and shows the signature
of a nonradiative shock (Raymond et al. 1983).

This morphology reinforces the suggestion of HC that the
enhanced X-ray emission at XA is caused by a reflected shock
resulting from the collision of the blast wave with a cloud. Such
a collision causes deceleration of the blast wave and pressure
enhancement behind the blast wave; the increased pressure
results in higher densities at a given temperature in the X-ray—
emitting zone and enhanced X-ray emission.

The H 1 observations of DeNoyer (1975, Figs. le and 2)
show an enhanced H 1 emission feature with a size and loca-
tion consistent with the above interpretation, within the
resolution limits of the H 1 observations (10'). The feature is at
a radial velocity of 0-7 km s~ ! compared with central velocity
33 km s~ ! and expansion velocity 116 km s~ * for the Cygnus
Loop measured by Minkowski (1958). Depending on the con-
tours and geometry chosen to define the cloud, we compute
sizes and densities in the range 5-10 pc and 10-20 cm ~ 3. In this
interpretation, the coincident sharp edges of BS and HRI emis-
sion mark the edge of the cloud; to the east there is a sharp
transition from enhanced-pressure, doubly shocked (by the
blast wave and subsequently the reflected shock) material to
cold cloud material. Shocked material extends three-
dimensionally from the apex in a paraboloid whose surface is
seen edge-on at the sharp eastern edge of bright BS and X-ray
emission, and obliquely farther east as faint B5 emission,
perhaps from a nonradiative shock. Nonradiative shocks are
to be expected behind the blast wave near the X-ray bound-
aries of SNRs in recently overrun material.

The apparently coherent large feature described by the HRI
and UIT images requires a longer time to form than the

smaller one pointed out by HC. The size of the feature, as well
as the faint B5 emission extending east from it, show the blast
wave to have traveled 0.7 pc past the initial encounter with the
cloud (about twice the result of HC), requiring 1700 yr at 400
km s~ . This is considerably longer than the expected time for
shocked cloud material to cool past the stage of strong [O 111]
emission, as pointed out by HC. It is therefore in apparent
conflict with a simple geometrical model for the cloud-shock
interaction, where one would expect to see progressive cooling
stages represented by appropriate emission types (X-ray, C 1v/
[O m1], Ha/[S 11]) downstream from the shock front. However,
even in the simple model proposed by HC and reinforced here,
the material between the bow shock and the cloud has been
shocked twice, and the precise location of the reflected shock
front is not clear. Probably more important, the effects on
X-ray, [O 1], and C 1v emission of the successive passing of a
400 km s~ ! blast wave and a reflected shock of about half that
velocity are uncertain.

UIT imagery provides a unique two-dimensional view of
UV emission from SNRs. Further study of both the B5 and the
Al images may provide insight into the overall energetics of
radiative shocks through comparison with IRAS and X-ray
data; detailed comparison of the images with other optical-
bandpass lines may provide the basis for studies of the three-
dimensional structure of SNR filaments.
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