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ABSTRACT

We present a comprehensive investigation of the Balmer-dominated northeast limb of the Cygnus Loop
supernova remnant. Data presented include Ho, [O 1], and X-ray images, UV and visible spectrophotometry,
and high-resolution spectroscopy. The two relatively bright Balmer-dominated filaments visible on the POSS
prints are seen to be part of a very smooth and regular complex of filaments. These filaments mark the
current location of the blast wave and are seen to bound the sharply limb-brightened X-ray emission, includ-
ing the previously reported X-ray “halo.” The [O m]/Hf ratio throughout the region is ~0.1, except for
regions in which the shock is undergoing a transition from nonradiative to incomplete radiative conditions. At
these locations [O m1] emission from the cooling region is quite strong, while collisionally excited Balmer-line
emission can be weak because of photoionization of the preshock medium by UV from the nascent cooling
region. As a result [O m]J/Hf > 100 in some locations. The nonradiative/radiative transition is best studied
along the length of the northwestern of the two brightest filaments, where the shock velocity and swept-up
column go from ~180 km s~* and 10'7 cm~2 at one end to ~140 km s~! and 8 x 10'7 cm~2 at the other.
There are also a number of locations of such incomplete radiative emission where the shock has recently
encountered denser regions with characteristic sizes of ~10'® cm.

There is a considerable amount of evidence that the shock has decelerated from ~400 km s~ ! to less than
200 km s™' in the last 1000 yr. We interpret this as the result of the blast wave hitting the wall of a cavity
which surrounded the supernova precursor and succeed in matching a wide range of data with a reflected
shock model in which the density of the cavity wall is ~1.2 cm ™3 and the density in the interior of the cavity
is about 0.09 cm ~3. This analysis supports previous suggestions that the Cygnus Loop was a cavity explosion.
We predict that the X-ray shell will continue to brighten for the next 1000 years or so, during which time the
shock front will become radiative throughout the northeast region. The similarity of the time scales for post-
shock cooling, shock deceleration, and the pressure evolution of the region violates assumptions of steady
flow, and greatly complicates interpretation of shock spectra in the region. This may be a common and
important effect in many supernova remnants.

High-resolution spectroscopy of the Ho line profile shows that the broad component is surprisingly narrow
(~130 km s~ 1!). Consistency between this line width and the shock velocity inferred from spectrophotometry
requires either rapid postshock equilibration of T; and T, or that the shock front has decelerated from 180 km
s™! to 150 km s~ ! in the last ~200 yr. While we cannot unambiguously distinguish between these models,
the required deceleration is consistent with extrapolation of the shock deceleration rate inferred over the last
1000 years. The width of the narrow component of the Ha line profile is ~33 km s~ !, which indicates that
the preshock medium has been heated to ~25,000 K by a shock precursor. The most promising types of
precursor are heating either by fast neutrals which overtake the shock or by cosmic rays. In the latter case the
observed properties of the precursor constrain the cosmic-ray diffusion coefficient to be between about 1023
cm? s™* and 10%° cm? s~ . The characteristics of the precursor seem to be about right to explain the presence
of weak [S 1] and [N 1] emission previously reported by Fesen & Itoh (1985).

Morphologically peculiar emission located between the Balmer-dominated filaments and the radiative
northeast limb consists of radiative shocks which are less well ordered than the Balmer-dominated region.
Interpretation of echelle data gives pv? ~ 4.3 x 1071° dyn, cm~2 for this region, intermediate between the
current pressure inferred for the Balmer-dominated shocks and the pressure prior to the blast wave/cavity wall
encounter. The morphology of the region may be due to dynamical instabilities in the flow around the edges
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of the cloud responsible for the bright radiative northeast limb. Alternatively, it may represent a phase in the
transition of the blast wave from nonradiative to fully radiative during which thermal instabilities are impor-

tant.

Subject headings: ISM: individual (Cygnus Loop) — ISM: kinematics and dynamics — supernova remnants

1. INTRODUCTION

Nonradiative shock waves seen as faint, pure Balmer line
filaments demarcate the edges of 10 supernova remnants
(SNRs) and the bow shock for the pulsar PSR 1957+20
(Raymond 1991; Kulkarni & Hester 1988; Aldcroft, Romani,
& Cordes 1992). The Ha profiles of these filaments provide
unique diagnostics of the shock velocity and the degree of
electron-ion equilibration in the postshock gas. This comes
about because neutral hydrogen atoms passing through the
shock front find themselves immersed in hot plasma where
they undergo collisional excitation, ionization, and charge
transfer. Excitation of atoms which have not undergone charge
transfer leads to an Ha component whose width reflects pre-
shock temperature, while excitations after charge transfer
produce a broad component with the kinetic temperature of
the postshock ions. The broad component width and the inten-
sity ratio of the broad and narrow components depend on the
shock velocity and electron and ion temperatures (Chevalier &
Raymond 1978; Chevalier, Kirshner, & Raymond 1980; Smith
et al. 1991; Smith, Laming, & Raymond 1993a). When ultra-
violet emission lines can be detected, they provide another
constraint on the electron temperature (Raymond et al. 1983
[hereafter RBFG]; Fesen & Itoh 1985 [hereafter FI]; Long et
al. 1992). This paper and another on Balmer line SNRs in the
LMC (Smith, Raymond, & Laming 1993b) show that the
narrow component is surprisingly broad, and its width strong-
ly constrains the shock precursor required for diffusive acceler-
ation of cosmic rays (Blandford & Eichler 1987).

The Cygnus Loop is an especially advantageous site for the
study of nonradiative shocks. Its large size, high surface bright-
ness, and low reddening make it possible to clearly resolve the
nonradiative filaments, detect weak forbidden lines in the
optical, and study the UV spectrum in detail (Raymond et al.
1980a, b; RBFG; FI; Long et al. 1992). Deep images reveal a
spectacular network of Ha filaments encompassing the north-
ern half of the Cygnus Loop (Hester, Raymond, & Danielson
1986; Hanson & Winkler 1992) as well as other regions in the
remnant (Fesen, Kwitter, & Downes 1992). Particularly bright
filaments on the east and west limbs were the first to show
resolvable narrow components (Treffers 1981; RBFG). Exten-
sive observations from radio (Green 1990) and IR (Braun &
Strom 1986) to UV (Benvenuti, Dopita, & D’Odorico 1980;
Blair et al. 1991a, b) to X-ray wavelengths (Ku et al. 1984)
provide a picture of a 20,000 yr old remnant in a diffuse
medium, encountering clouds that are 10-100 times denser
(Tucker 1971; McKee & Cowie 1975). The Cygnus Loop has
served as a primary test for radiative shock wave models (Cox
1972a; Dopita 1977; Raymond 1979; Shull & McKee 1979;
Boulares & Cox 1988) and for theories of SNR evolution (e.g.,
Cox 1972b) and the interaction between a blast wave and a
cloud (Hester & Cox 1986; Raymond et al. 1988; Teske &
Kirshner 1985; Ballet et al. 1989).

This paper presents deep Ho and [O mi] narrow-band
images, Einstein HRI images, high- and low-resolution optical
spectra, and low-resolution IUE spectra of the two brightest
nonradiative filaments in the northeast Cygnus Loop. One of

these was the subject of ultraviolet investigations (RBFG;
Long et al. 1992), and the other shows a clear progression from
nonradiative to radiative conditions along its length (Hester &
Raymond 1988). We also present new model calculations ana-
logous to those of Smith et al. (1993b) for the line profiles and
those of Long et al. (1992) for the spectra, and we derive analy-
tic estimates for the evolution of temperature, density, and
depth of the X-ray-emitting gas when a blast wave encounters
a large jump in density.

Below in § 2 we present our observations. Models of the line
emission from nonradiative shocks as a function of swept-up
column depth and models of line profiles for collisionally
excited Balmer line emission in the postshock flow are present-
edin§3.

In § 4 we discuss our results and present a new global model
for the evolution of the blast wave/cavity wall encounter in the
Cygnus Loop. Our conclusions are summarized in § 5. Given
the amount of data and model results presented, § 5 may serve
as a good place to start reading the paper.

2. OBSERVATIONS
2.1. Imaging

Images of the vicinity of the brightest Balmer-dominated
emission in the northeast Cygnus Loop were obtained in 1986
August using a focal reducing camera on the 1.5 m telescope at
Palomar Observatory. The focal reducing system uses a 306
mm collimator and a 58 mm camera lens to reimage a 16" x 16’
field onto a 800 x 800 Texas Instruments CCD at ~172
pixel ! and a speed of f/1.65. Figure 1a and 1b (Plates 14 and
15) show the Ha and [O 1r] 45007 images, respectively. The Ha
image was obtained through a 15 A (FWHM) filter; the [O mi]
image through a 32 A (FWHM) filter. The Ha image is a single
3000 s exposure. The [O mi] image is a composite of two
exposures, for a total exposure time of 16,000 s.

The images were obtained using narrow-band interference
filters placed in the collimated beam. This has two effects on
the data. The first is that light reflected from the CCD is recolli-
mated by the camera lens, partially reflected by the filter, and
then refocused on the chip at a point which is the reflection
through the optical axis of the position of the original image.
Thus all of the bright stars have associated ghost images. The
fact that these images are not themselves pointlike shows that
the collimator was not perfectly focused. The very faint
“filaments” in the extreme northeast corner of Figures 1a and
1b are likewise ghosts of the bright emission in the southwest.
Ghosts of stars have been largely removed from the [O m]
image during combination of the two slightly offset [O 1]
exposures.

The second effect of placing interference filters in the colli-
mated beam is that the filter bandpass changes with distance
from the center of the field (just as in an imaging Fabry-Perot).
This effect is very pronounced in the Ho image, where the filter
bandpass shifts completely off the line in the corners of the
field. (The emission in the southwest corner of the field is [N 11]
46548 which is coming through the blueshifted response of the
tilted Ha filter.) The flatness of both frames, especially the
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F16. 1.—(a) An Ha image of a field in the Balmer-dominated northeast limb of the Cygnus Loop supernova remnant. The field shown is 16’ x 16’ and has a
sensitivity (3 ¢in a 3 x 3 pixel box) of 4.5 x 1077 ergs cm ™2 s~ * sr~'. The display is logarithmic and goes from below sky to saturation at 2.8 x 10~3 ergscm ~2s~!
st~ '. North is at the top of the field and east is to the left. The numerous bubble-like structures are ghosts of star images. The faint “filaments” in the extreme
northeast corner of the field are likewise reflections of the bright emission in the southwest. The two brightest filaments, located in the southeast and central portions
of the field, are referred to in the text as filaments 1 and 2, respectively. (b) An [O 1] 15007 image of the same field as Fig. 1a. The sensitivity of the image is
1.7 x 1077 ergscm =2 s~ ! st The display is logarithmic, with saturation at 6 x 10~ %ergscm~2s~!sr™ 1.
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[O mr], is compromised by vertical and horizontal charge
transfer effects from the bright star in the northern part of the
frame.

The individual images were aligned with respect to each
other using measured positions of a large grid of stars. The
images were calibrated by reconstructing the object and sky
apertures used by RBFG on our data. A check on the cali-
bration was obtained from comparison with the MMT FOGS
spectrum discussed in § 2.3. The detection thresholds in the
final images (3 cina 3 x 3 pixel box) are 4.5 x 107 ergs cm 2
s 1sr ! for Hoand 1.7 x 10”7 ergsecm™2s~ ! sr™! for [O mi].
Positions of 16 stars in the field were obtained from the HST
Guide Star Catalog and used in a least-squares fit to deter-
mine the mapping of the images onto absolute coordinates.
The resulting fit, which has a rms residual of 1”, gave 17188
pixel ~ 1 with the positive Y axis oriented 0°4 east of north.

Of the Balmer-dominated emission in these images, only the
two brightest filaments are visible on the POSS prints. We
refer to the filament in the southeast corner of the field as
filament 1 and the filament just to the south of the field center
as filament 2.

A mosaic of the Einstein HRI data for this field was obtained
from the Einstein archives. These data were discussed by Ku et
al. (1984). The HRI data were resampled to match the optical
field. The X-ray image is shown in Figure 2 (Plate 16). No data
were available for the wedge in the northern portion of the
frame. Intercomparison of the X-ray and visible data is facili-
tated by Figure 3 (Plate 17) which shows a color composite
image of the field; [O m1] is shown as green, Ha is shown as red,
and the X-ray data are shown as blue.

2.2. Echelle Spectroscopy

2.2.1. Observations and Instrumental Configuration

High-resolution spectroscopy of several positions was
obtained using the echelle spectrograph on the National
Optical Astronomy Observatories 4 m telescope on Kitt Peak
during two runs in 1986 September and 1988 September. The
spectrograph was used in a long-slit mode, with the cross dis-
perser replaced with a flat mirror. Order separation was
accomplished using a narrow-band filter. The spectra were
recorded on an 800 x 800 TI CCD. A 79 g mm ! grating was
used on both runs, giving a resolution of 5 km s~ ! pixel "%
On-chip binning (2 pixels in the slit dimenson by 1 pixel in the
dispersion dimension) was used to reduce read noise contribu-
tions. The chip was preflashed before each exposure to reduce
the effects of deferred charge.

During the 1986 September run, spectrograms of three posi-
tions were obtaining using a 200 um slit, which gave an instru-
mental resolution of 20 km s~ . Table 1 gives exposure data for
the echelle data. Figure 4 (Plate 18) shows the positions of the

TABLE 1
KPNO 4 m ECHELLE OBSERVATIONS

Exposure
Position o(1950) 6(1950) PA* Date (UT) (s)
20"53™5952  +31°45'07"  50° 1985 Sep 6 1800
20 53 59.0 +314507 50 1985 Sep 6 1800
2053 442 4314712 90 1985 Sep 6 3600
20 53 58.2  +314523 425 1988 Sep 3 3600
20 53 334 +314520 90 1988 Sep 1 3000

* PA measured W of N.

CYGNUS LOOP SNR 723

echelle slits (along with apertures used for optical and UV
spectrophotometry) overlaid onto the Hax and [O 1] images.
These positions included two pointings on and just to the
southwest of filament 1, running parallel to the filament (E1
and E2, respectively), as well as a position running east-west
across filament 2 (E2). These data appeared to confirm earlier
suggestions that the narrow component of the Ha line profile
was unexpectedly broad (RBFG; Treffers 1981), so an addi-
tional observation of filament 1 (E4) was obtained in 1988
September using a 100 um slit, giving an instrumental
resolution of 12 km s~ !. A spectrogram was also obtained in
1988 of the morphologically peculiar emission in the southwest
part of the field imaged (ES5).

2.2.2. Data Reduction and Analysis

The data were bias and preflash subtracted using stacked
preflash frames and flattened against dome flats. Cosmic rays
were removed from the frames using an iterative high-pass
filter rejection and interpolation algorithm. Geometrical dis-
tortion corrections and wavelength linearization were achieved
using fits to lines from a ThA comparison source. Figure 5
shows the 1988 spectrogram of filament 1 (E4) following sky
subtraction using data from the ends of the slit, which did not
fall on bright emission. Figure 6 shows the spectrogram of the
morphologically peculiar emission at E5.

One-dimensional spectra were then extracted from the
reduced spectrograms of the Balmer-dominated emission. Ho
line profiles were fitted using nonlinear least-squares tech-
niques assuming a linear baseline and a two-component
Gaussian profile. Table 2 gives a list of the line widths and
formal uncertainties for the narrow and broad components of
the echelle spectra of Balmer-dominated emission. The spec-
trum at E1 is split into two sections corresponding to the
northern and southern ends of filament 1. The spectrum at E3
is split into two sections corresponding to the northern and
southern ends of filament 1. The spectrum at E3 is split into
two sections as well. These correspond to the eastern portion
of filament 2, which has little [O 11] emission, and the western
portion of filament 2, where the [O 111] emission is significantly
stronger. Where possible, spectra were measured both with
and without sky subtraction, with very little effect on the mea-
sured width of the narrow component. Because the increased
noise in the sky-subtracted spectra degraded the reliability of
the fit to the broad component, we report widths taken from
the unsubtracted spectra for all but the 100 um slit spectrum at
E4. All of the widths reported in Table 2 have had the instru-
mental resolution (12 km s ™! for the 100 um slit and 200 km
s~ ! for the 200 um slit) removed in quadrature from the mea-
sured widths.

To assess the reliability of a fit we began by estimating the
deviance of the data as the rms residual of a linear fit to a
line-free portion of the spectrum, and used this value to
convert the rms residual of the Gaussian fit to a reduced y>. We
then constructed a 2 surface in the Avy,o,q — AVparrow Plane by
recomputing the best fit and associated residuals while forcing
the two widths to values on a grid. The contours of the
resulting surface then formally denote regions of equal reli-
ability for the fit. Figure 7 shows equal reliability contours for
the fit to the spectrum at E4.

Figure 8a shows the extracted one-dimensional spectrum,
together with the best fit and the individual components
making up this fit. Also shown are the residuals to the fit.
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FIG. 2—Soft X-ray image of the field shown in Fig. 1. The image is a composite of exposures taken with the Einstein High Resolution Imager. The missing wedge
in the northern part of the frame is due to missing data. The data are displayed logarithmically.
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PLATE 17

FiG. 3.—Color composite image of the field shown in Fig. 1. The Ha data are shown as red, the [O 1] data are shown as green, and the X-ray data are shown as
blue. The image shows, in particular, the relationship between the Ha filaments which show the current location of the blast wave, and the hot X-ray emitting gas
which is trapped behind the shock.
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F1G. 4—Positions of spectrograph slits and apertures. All figures are displayed at the same scale. For filament 1 the apertures displayed include the IIDS (circle)
and IUE positions discussed by RBFG, and echelle positions E1, E2, and E4 presented in the current paper. For filament 2 the positions of six IUE apertures are
shown, together with the slit position of the MMT FOGS spectrum and echelle position E3. The field of “intermediate ” radiative emission shows echelle position
ES. For echelle positions E1-E4, the central 150" of the ~ 200" slit is shown. For position E5 the central 140” of the slit is shown.
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FiG. 5—Echelle spectrogram of Ha emission from filament 1 along position E4. The spectrogram has been distortion corrected and placed on a linear wavelength
scale, then sky-subtracted using emisson from the ends of the slit, which lie off the bright filament. The resolution of the spectrum, measured from night sky lines, is 12

km s~ 1. The bars indicate the spatial and velocity scales.

Figure 8b shows the same spectrum with a fit in which the
narrow component has been forced to a value at the 90%
reliability contour. Direct examination of the residuals to the
profile fits suggests that the formal uncertainties estimated
above are conservative. The residuals in Figure 8b are clearly
not random, but rather show a well-organized three-peaked
structure characteristic of a systematic error in the model.

2.3. Optical Spectrophotometry

Low-dispersion spectra were obtained with the FOGS spec-
trograph on the Multiple Mirror Telescope using the aperture

plate system designed by D. Fabricant. This device made it
possible to obtain spectra of positions within a 2’ x 4’ field. Set
star positions, as well as spectrograph entrance slits, are
machined onto the aperture plate, so that the positioning is
good to an arcsecond. The aperture plate made for these obser-
vations had a 2" x 116" slit at the center and two 58" slits at
positions chosen to cover fainter filaments. Because of the
faintness of these positions and the vignetting of the MMT, the
spectra from these secondary positions are of lower quality
than the spectrum from the central slit and will not be dis-
cussed further. The position of the slit is shown in Figure 4.

TABLE 2
Ho LINe WIDTHS (km s %)

Position Slit (um) Broad (68%) Broad (90%) Narrow (68%) Narrow (90%)

Filament 1:

E1I(NWend) ............. 200 132+ 14 134 + 20 3342 33+3

E1(SEend)............... 122+ 8 123 + 11 30+ 1 3042

E2. i 200 112 + 26 117 + 39 28+ 3 28+4
Filament 2:

E3(Eend) ..............t. 200 168 + 12 166 + 24 3242 3242

E3(Wend) ............... 118 + 38 129 + 56 36+ 6 35+10
Filament 1:

E4° o 100 130 + 10 130 + 15 33+2 3343

» After quadratic deconvolution with measured width of night sky line.
® Obtained during 1989 September. Instrumental resolution determined from sky lines = 12 km s~ *. All 200 um slit

observations had 20 km s ! resolution.
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FiG. 6.—Echelle spectrogram showing emission from Ha and [N 1] 16584 along position ES, located in the “intermediate” region between the Balmer-
dominated filaments and the bright northeast limb of the Cygnus Loop. The spectrum has been distortion-corrected and the wavelength scale linearized, but has not
been sky-subtracted. The resolution of the spectrum is 20 km s~ !.

The alignment of the slit with the images was accurately deter-
mined by comparing the Ho and [O 1] profiles along the slit
with profiles extracted from the image data.

The data were recorded on a TI CCD and reduced in the
standard way using IRAF. The spectra had good sensitivity
over the 4500-7500 A range and had a spectral resolution of
20 A. Each pixel corresponds to 07451 along the slit. Spectra

were extracted in 10 pixel bands chosen to avoid stellar spectra
and a bad column on the CCD. The measured line strengths in
these 2” x 4”51 samples are given in Table 3.

We also obtained blue optical spectroscopy of the portion of
filament 2 co-observed in the UV with SWP 21723 (see below).
This observation was obtained on 1984 October 24 UT
using the MMT and MMT (Reticon) spectrograph. Figure 4

TABLE 3
FLUXES ALONG MMT SuIT (1076 ergs cm ™2 s~ ! in 4751 x 2” section)

Sample Position* He i 14686 Hp 14861 [O m] 24959 [O m] 45007 Ha 6563
-21" 1.41 1.44 1.20 5.04 6.48
—16 393 7.59 201 8.52 30.0
—11 7.35 232 2.07 6.54 78.0

-1 5.22 43.2 1.65 5.37 122.
4 6.06 474 2.64 7.29 138.
9 4.98 52.5 . 141 141.

14 5.16 399 . 1.56 104.
19 2.76 24.8 . 0.96 67.8
24 1.98 16.8 41.1
29 1.08 6.87 . . 235
34 2.19 9.66 ... s 259
39 8.34 22.1
44 441 113
49 2.13 5.55

* Position measured from slit center, with positive numbers to the SE.
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F16. 7—Contours showing formal confidence limits in a plane defined by
the widths of the broad and narrow components for the fit to the Ha line
profile for filament 1, taken from the sky-subtracted spectrum at position E4.
The surface was determined by fixing the widths of the narrow and broad
Gaussian components at each point on a grid covering the range of parameters
shown, computing the best fit at that point varying all other parameters of the
fit (line centers and amplitudes and the background level), then evaluating the
reduced y? using an estimate of the deviance obtained from the background.
The vertical lines show the uncertainties in the width of the narrow component
at the 68%, 90%, 99%, and 99.99% confidence levels. The horizontal lines
show the uncertainties in the width of the broad component for these same
levels.

shows the IUE aperture position, which was on the upper
branch of filament 2 at the position where the E2 echelle slit
cuts across the filament. A 2” x 3" aperture was placed on the
filament at the center of the IUE aperture position for a total
integration of 15 m. “Sky” background was sampled at posi-
tions 32" east and west of the filament, in regions containing no
bright emission (although very faint diffuse emission would
have been present). An 800 line mm ~! grating was used in first
order to provide coverage from 3250 A to 5230 A with less
than 3 A resolution. Standard star observations from the same
night allowed the observation to be placed on a flux scale,
although conditions were not photometric. The observed rela-
tive line intensities are shown in Table 4, as are reddening-
corrected values in both flux units, and scaled to HB = 100.
Scaling relative to the IUE data at this position was accom-
plished using our optical imagery to determine the relative
optical fluxes in the apertures, as described in more detail in
§24.2.

2.4. UV Spectrophotometry
2.4.1. New IUE Observations

Ultraviolet spectra of five positions in the vicinity of filament
2 were obtained with the IUE satellite (Boggess et al. 1978) in
the low dispersion mode. The positions and exposure times are
listed in Table 5. Blind offsets were made from the 10th magni-
tude star used by RBFG, so the positions should be accurate to

TABLE 4

CoMBINED UV/OPTICAL SPECTRUM OF FILAMENT 2
SWP 21723 + MMT

Line 1 (A) F3 b5 11y,
Optical Spectrophotometry®

[Nev] ...oooneen. 3426 6.0 x 10715 89 x 10713 17
[On] .cooevvenee. 3727 5.5 7.8 15
Her+H.......... : 3889 54 7.6 14
Hé ..ot 4102 83 11.6 22
Hy..oooovvvenenn. 4340 13.6 18.6 36
Hen............... 4686 5.4 7.2 14
HB oo 4861 39.8 52.5 100
[Om]............. 5007 38 5.0 10

UV Spectrophotometry

Nv.oo... 1240 4.8 x 10713 915

CIV ciiiiiinnn 1550 32 610

Hem............... 1640 .. 24 457

2=y e, 3. 6100
2 Ergscm™2s7 1,

® Same units, corrected for interstellar extinction assuming E(B— V) = 0.08.
¢ Normalized to IUE aperture using optical imagery.

1"-2". These positions were mapped onto the optical images
using the astrometric fit described above. The aperture posi-
tions are superposed on the Hx and [O 1i1] images in Figure 4.

Line-by-line files of the IUE Guest Observer tapes were used
to remove cosmic-ray events and extract spectra across the
large aperture. Few changes in line ratios were seen between
the central parts and ends of the spectra, and the highest
signal-to-noise spectra were generally obtained when the
central portion of the aperture was summed. Figure 9 shows
the spectra obtained from the central 8 lines (8”5) of each spec-
trum. In SWP 32368 and SWP 37836 the emission lines were
centered several angstroms to the blue of the nominal wave-
lengths, indicating that the emission was concentrated in the
northeast half of the aperture. This provides a check on the
reliability of the positions shown in Figure 4.

lable 6 presents measured line strengths before and after
correction tor interstenar reddening using Seaton’s (1979)
reddening law, and assuming E(B— V) = 0.08 (Parker 1967).
Where continuum was apparent in the spectrum the fluxes for
the two-photon continuum were derived from the theoretical
shape of the continuum and the flux in a 100 A band centered
at 1825 A, a region free of emission lines and relatively free of
major camera artifacts.

Line strengths for [O 11] and Ha were obtained by super-
posing 20” x 10" apertures on the Ha and [O 11] images at the
locations of the IUE spectra. The local sky value for [O 1]

TABLE 5
IUE OBSERVATIONS OF FILAMENT 2

Exposure
SWP «(1950) 6(1950) PA® Date (UT) (minutes)
21723.... 20"53™44:81 +31°47'10"S 54° 1983 Dec 8 790

32368.... 20 53 44.07
37826.... 20 53 43.15.
37832.... 2053 43.15
37836.... 20 53 42.34
40295.... 2053 41.71
40306.... 20 53 45.56

+314704.5 49
+314728.5 59
+314718.5 60
+314719.5 605
+314730.5 54
+314650.5 55

1987 Nov 20 380
1989 Dec 15 425
1989 Dec 16 410
1989 Dec 17 395
1990 Dec 9 420
1990 Dec 19 415

2 PA measured W of N.
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FiG. 8—(a) The sky-subtracted Ha line profile extracted from the echelle spectrogram at position E4. The crosses show the data. The solid lines indicate the
deconvolution of the line into two Gaussian profiles. The squares show the residuals to the fit. Flux units are arbitrary; velocities are in km s~ ! relative to the best-fit
center of the narrow component. The text gives the parameters of the fit. (b) A fit to the same data in which the widths of the broad and narrow components have
been forced to a point on the 90% confidence contour. The fact that the errors to the fit are not randomly distributed suggests that the formal confidence computed
from the fit is conservative.
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F1G. 9.—IUE spectra for the five positions along the length of filament 2. The spectra run from SWP 40295 at the northwest (strong [O m]) end of the filament of

SWP 40306 at the southeast (strong Ha) end of the filament.

varies significantly across this region due to poor horizontal
charge transfer from the bright star to the northeast of fila-
ment 2, so the [O ] line strengths for positions with
[Om] <02 x 1073 ergs cm™2 s~ ! are uncertain by up to a
factor of 2. The IUE and optical spectra were normalized
assuming a solid angle for the IUE aperture of 200 arcsec?
(Panek 1982).

2.4.2. Renormalization of RBFG UV and Optical Spectrophotometry

Both the optical and IUE apertures used by RBFG were
reconstructed on our optical images. The ratio of the Ha flux in
the IUE aperture to the Ha flux in the optical aperture was 0.6
and 0.8 for the IUE apertures across and along the filament,
respectively. The [O m]/Hp ratio in the three apertures was
remarkably constant—0.12, 0.14, and 0.14 for the IUE aper-
ture across the filament, the IUE aperture along the filament,
and the optical aperture, respectively. The similarity of these
numbers suggests that the errors in the composite UV/optical
spectrum due to true variation in the spectrum among the slits
are small. These ratios were then used to renormalize the
optical and UV spectrophotometry presented by RBFG. Table
7 gives the resulting composite UV/optical spectrum for this
position. Also given in the table are line strengths for this
position obtained from FI, including measurements of [N 11]
and [S 11]. Again, the similarity of the He 1 14686 and [O 1]
A5007 line strengths indicates that the spectral match between
the different apertures is good.

3. MODEL CALCULATIONS

To facilitate interpretation of our spectroscopy and spectro-
photometry, we computed models of the UV and optical emis-
sion behind nonradiative and partially radiative shocks. We
present two types of models. Detailed kinetic modeis for H and

He very close to the shock front were designed to compute line
profiles, conversion efficiences of Lyf photons to Ha, and pre-
cursor heating by broad component neutrals overtaking the
shock. Global models which include the ionization and excita-
tion of abundant elements through sulfur predicted the relative
emission line intensities.

TABLE 7
CoMBINED UV/OPTICAL SPECTRUM FROM RBFG AND FI*

2 (A) RBFG Values  FI values
Optical Spectrophotometry
[Ne v]3426 .............. 100
[Ou]3727 ..cocveennnn. 28
He1+H3889............. 21
Hé ..., 31
Hy...oooovviiiiii, 53 .
Hem4686................. 24 22
HB4861 ..., 100 100
[Om]S007 ............... 14 14
Hoa oo ... 277
[Nu]6584 ............... N
[Su] 671746731 ........ 5

UV Spectrophotometry®

NvI1240 .......oooiiin, 814
Siv/O1v1400 ........... <140
Civ1550 .....ooooeiinal 514
Hen1640................. 379
[Cm]1909 ............... <70
2= 6300

* Fluxes relative to HB = 100.
® Average of two positions, normalized to optical data
using weighting obtained from optical imagery.
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3.1. Kinetic Models

The kinetic model parameters are shock velocity, preshock
density and ionization state, preshock electron and ion tem-
peratures, and an efficiency for electron-ion temperature equi-
librium by plasma turbulence. The last parameter ranges
between 0, if the electrons are heated by Coulomb collisions
alone, and 1 if T, = T; everywhere. Ionization, excitation, and
charge transfer rate coefficients from Smith et al. (1983a) and
the Coulomb rate for electron-ion equilibrium from Spitzer
(1978) are used to compute the ion and electron temperatures,
the hydrogen and helium ionization states, and the broad and
narrow component neutral hydrogen densities as functions of
position behind the shock. Figure 10 shows the results of these
calculations for a 170 km s~! model with rapid equilibration
and a 140 km s~ ! model with Coulomb equilibrium.

The Balmer lines of H and He™ are computed by a Monte
Carlo simulation similar to that described by Smith et al.
(1993a, b). Most of the excitations to the n = 3 states result in
Lyp photons. Each time a Lyf photon scatters it has a 12%
probability of converting to Ha plus a two-photon pair. The
intensities and profiles of Ha and the analogous He 11 11640
line thus depend on the optical depths in the H and He* Lyp
lines. Given the temperatures and densities in the flow, the
code computes the absorption line profiles at each position
behind the shock. Lyf photons are then emitted in proportion

T T T T T

150 LI 'I' T 1T 177 rl T T T T T T

100 | 170 km/s -

Velocity
150 T T I T T T T l T T T T | T T T T I T T T T l T 1]
| J
L ]
100 |- 140 km/s —

Velocity

Fi6. 10.—Models showing calculations of Ha line profiles for a 170 km s ™!

shock with instantaneous postshock equilibrium of T; and T, and for a 140 km
s~ ! shock with Coulomb equilibration. The widths of the broad components
are the same in both cases.

Vol. 420

to the local emissivity in random directions with frequencies
randomly distributed over the local line profile. Each photon is
followed until it escapes from the grid or is converted to Ho.
The converted photons are added to the profile of Ha which
came from excitations to the 3s and 3d levels. The main results
of these simulations are: (1) 70%—75% of the n = 3 excitations
in the hydrogen narrow component and 30%-37% of the
broad component excitations yield Ho photons, (2) only
3%-7% of the He 11 Lyf photons convert to A 1640, (3) Gauss-
ian fits to the simulated Ha line profiles yield line widths the
same as the original thermal widths of the emitting gas to
within a few km s ™!, but the narrow component is made nar-
rower by 1-2 km s~ ! by more efficient conversion of Ly at
line center.

The densities and temperatures computed in the first part of
the simulation are also used to explore an interesting type of
precursor heating. The broad component neutrals share the
kinetic temperature and bulk velocity of the shocked ions. The
postshock gas moves away from the shock at v/4, and the
mean thermal velocity is a fair fraction of v, (depending on the
fraction of energy shared with the electrons), so that many of
the neutrals are capable of overtaking the shock. To do so they
must survive the transit without charge transfer or ionization,
however, and only a few percent reach the shock to move
ahead and deposit their energy in the preshock gas. The tem-
perature of the precursor can be computed assuming that
charge transfer leads to efficient heating of the neutrals and
ions. The thickness of the precursor is small enough that radi-
ative cooling can be ignored, but the ion-electron equilibration
time at the low temperatures is comparable to the charge
transfer time, and some of the heat will be shared with the
electrons. The temperature of the precursor increases with
increasing preshock neutral fraction and is higher for the case
of Coulomb equilibrium than for rapid equilibrium. For a pre-
shock neutral fraction of 0.8 and Coulomb equilibration, the
precursor temperature for a 180 km s~ ! shock could exceed
50,000 K. For a preshock neutral fraction of 0.3 and rapid
equilibration, the preshock temperature could reach only
about 4000 K. These temperatures are upper limits, however,
in that much of the energy deposited in the precursor ions is
advected back to the shock before it can be shared with the
neutrals.

3.2. Global Models

The global models are basically similar to those of Raymond
et al. (1988) and Long et al. (1992). We assume (for the time
being) a steady flow behind a shock moving at constant veloc-
ity through a constant density medium. A computer code
based on the analysis of Cox (1972a) follows the ionization
state, radiative cooling, and emission line emissivities of the
shocked gas. The code of Raymond (1979) with updated
atomic rates as described by Cox & Raymond (1985) has been
modified to allow an arbitrary partition of thermal energy
between the electrons and the ions in the shocked gas. While
the earlier models assumed equal ion and electron tem-
peratures throughout the flow, both theoretical (Cargill &
Papadopoulos 1988) and observational work (Smith et al.
1993a) suggest that only a small portion of the kinetic energy is
transferred from ions to electrons at the shock front. Coulomb
collisions will eventually equilibrate the electrons and ions, but
much of the optical emission from a nonradiative shock may
occur while T, € T;. The code includes Coulomb collisions in
the equations for electron and ion thermal energies (Spitzer
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1978). The applicability of this to the Cygnus Loop is discussed
below (§ 4.6.2).

The basic shock model parameters are velocity (v,), preshock
density, transverse magnetic field and ionization state (n,, By,
and X ), and elemental abundances. We assume only Coulomb
equilibration of electron and ion temperatures. For the appro-
priate range of densities and field strengths, the spectrum is
totally intensitive to the magnetic field and all the emission line
intensities simply scale linearly with preshock density. The pre-
shock ionization state is determined by the ionizing radiation
from the shocked gas, which depends on the shock velocity and
column density of gas which the shock has swept up. We will
take the preshock ionization as a free parameter which can be
estimated from an observed spectrum by the methods
described by Cox & Raymond (1985). Elemental abundances
are somewhat problematic. Just behind the shock front the
abundances are depleted because neither sputtering nor grain-
grain collisions will have had time to liberate elements such as
carbon, silicon, or iron from refractory grains. Farther back in
the cooling zone, though, the gas-phase abundances of these
elements will increase as most of the grains are destroyed (Seab
& Shull 1983). Long et al. (1992) found that, while normal C
abundances were adequate to account for a Hopkins Ultra-
violet telescope (HUT) spectrum of a radiative shock in the
Cygnus Loop, depleted C abundances were required to match
their spectrum at the nonradiative position. We assume the
same abundances as those used by RBFG based on modest
depletion in the diffuse interstellar medium (ISM): He = 10.93,
C=822, N=796 O=2882 Ne=79, Mg=722,
Si = 7.30, and S = 7.20. We have no observed Mg or Si lines,
and they contribute so little to the total cooling that their
abundances are unimportant. The models assume 30% neutral
preshock H and He.

Figure 11 shows the accumulated emission line strengths for
a number of visible and UV emission lines versus column
depth swept up by the shock for a model of a 180 km s~ !

CYGNUS LOOP SNR
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shock. The figure demonstrates the sensitivity of shock spec-
trum to accumulated column density. Note, for example, that
while emission from lines such as N v, C 1v, and He 11 are near
their peak when the shock has swept up only a few times 10*¢
cm 2, lines such as [O 1] and C 11 do not become strong until
the column depth exceeds 5 x 1017 cm 2. The principal qualit-
ative differences between this model and a model of a 140 km
s~ ! shock are (1) the high-ionization N v line is about a factor
of 10 weaker in the 140 km s~ ! model, and (2) the lower
ionization lines such as [O 11] begin to turn on at a column
depth of about 1.5 x 10'7 cm ™2,

A major weakness of these models is the assumption that the
flow bears some resemblance to a portion of a steady radiative
shock flow. Several theoretical investigations have shown that
shocks in the 150-200 km s~ ! range are very unstable and
subject to the formation secondary shocks (Innes, Giddings, &
Falle 1986; Gaetz, Edgar, & Chevalier 1988; Innes 1992), and
there is some observational evidence for thermally unstable
cooling in the Vela SNR (Raymond, Wallerstein, & Balick
1991). We can get away with the steady approximation in this
case largely because the cooling has not progressed far enough
for the instability to drastically affect the structure. The exis-
tence of Ha from neutrals passing through the shock demon-
strates that only a modest portion of the thermal energy has
been radiated away, and the lack of low-excitation lines shows
that no significant fraction of the gas has reached the low-
temperature regime where the secondary shocks form in the
numerical simulations. The largest difference between the
models and calculations incorporating thermal instability is a
nearly constant pressure cooling in our models and nearly
constant density in the most unstable case. This leads to a
smaller amount of radiation (3/2 kT per particle instead of 5/2
kT), a slightly more extreme departure from ionization equi-
librium, and a slightly larger swept-up column density required
to reach a given temperature.

A more severe problem may be the assumption that the
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Fi16. 11.—Accululated emission line strengths for a number of visible and UV emission lines vs. column depth swept up by the shock for a model of a 180 km s
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shock with a 30% preshock neutral fraction. The figure demonstrates the sensitivity of shock spectrum to accumulated column density. Note, for example, that while

emission from lines such as N v, C 1v, and He 11 are near their peak when the shock has swept up only a few times 10'¢ cm

become strong until the column depth exceeds 5 x 107 cm ™2

~2 lines such as [O 1] and C m do not
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shock velocity and preshock density remain constant through
the region producing the emission we observe. Possible impli-
cations of this for interpretation of the observed spectra are
discussed in § 4.4.2.

4. RESULTS AND DISCUSSION
4.1. Overview

The optical and X-ray images of the northeast Cygnus Loop
show that the Balmer-dominated filaments trace the shock
front that forms the boundary of the SNR, and behind which is
confined the hot X-ray emitting gas in the interior of the
remnant. The morphology of the Balmer-dominated shocks in
this region is extremely smooth, especially in comparison with
the more irregular structure characteristic of radiative shocks
elsewhere in the remnant. This smooth morphology requires
that the preshock medium be quite homogeneous throughout
this region.

The localized strengthening of forbidden line emission, spe-
cifically [O ur], traces positions where the shock is undergoing
a transition from a nonradiative or adiabatic shock to a radi-
ative shock in which cooling is dynamically important. In the
northeast Cygnus Loop this transition is visible in three differ-
ent contexts. Initially, there are a number of locations (~5)
where the shock has encountered localized regions of higher
density in the ISM. These are apparent as regions of strong and
much more irregular [O 11] emission. Second, there are several
locations where smooth [O 1] filaments tie into the network
of “regular ” Ha filaments, tracing locations where gas behind
the “undisturbed” blast wave is beginning to cool. Finally
there is a zone of irregular structure, located between the
strongly Balmer-dominated filaments and the bright radiative
northeast limb, in which conditions must in some sense be
intermediate between these two regions.

4.2. The Smooth Filamentary Emission

The Ha image (Fig. 1a) shows that the region is filled with
very smooth filamentary emission embedded within faint
diffuse emission. It is clear from the morphology that the Ha
emission arises in a gently rippled sheet, as discussed by Hester
(1987). Filaments are locations where the shock is seen in
tangency, while diffuse emission arises from locations where
the shock is seen more nearly face-on. The smoothness of the
Ho emission indicates that the preshock medium is remarkably
homogeneous throughout the region and demonstrates the
overall continuity of the structure. Specifically, it seems very
unlikely that the preshock medium is composed of many small
cloudlets, as suggested by FI.

There are three prominent, continuous lines of Ha filaments
stretching from southeast to northwest across the field. The
outermost of these traces the outer edge of the X-ray emission.
The two lines of filaments crossing through the center of the
field include filament 1 and filament 2. These two lines of fila-
ments bound a strip in which the diffuse Ho emission is signifi-
cantly brighter than elsewhere in the field. The relative
brightness of the diffuse Ho emission in the three regions
defined by these lines of filaments and the continuity of these
structures indicate that the overall geometry of the region is as
shown in Figure 12. From the perspective of the observer the
sheet appears to extend from the bright radiative emission in
the southwest corner of the field to the second line of non-
radiative filaments, double back and again reach tangency at
the line of filaments 1'-2’' to the southwest, and from there
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Fic. 12.—Sketch showing the geometry of the shock front in the field
studied. The interior of the SNR is to the right, and northeast is to the left.
There are four locations where the gross geometry of the shock front is tangen-
tial to the line of sight. These locations give rise to the three main lines of
nonradiative shocks, as well as the bright radiative northeast limb of the
Cygnus Loop.

extend to the outermost tangency ~ 7' to the northeast. Super-
posed on this structure are smaller ripples in the shock front
which give rise to the many more localized filaments (i.e., shock
tangencies) throughout the field. The conclusion is that we are
looking at a single large-scale shock front which cleanly marks
the boundary between the interior of the SNR and the sur-
rounding medium.

The more prominent Balmer-dominated filaments can also
be seen faintly in the [O 11] image. The [O ur]/Hp ratio has a
fairly uniform value of ~0.1 for filaments which are bright
enough to be seen in [O u1]. In addition, there are two [O 1]
filaments near Ho filaments 1 and 2 which are associated with
the smooth filamentary emission but which are significantly
brighter than average in [O 11]. We will argue below that these
mark locations where the shock is undergoing a transition
from an adiabatic shock to a radiative shock. It is perhaps not
surprising that the brightest, and therefore best studied, Ho
filaments in this region are atypical in that they lie in close
proximity to regions of bright [O u1]. The optical spectrum
presented by RBFG, for example, has [O m]/Hf ~ 50%
higher than average for Balmer-dominated emission in the
field. On the basis of this criterion, the spectrum of a position
along filament 2 presented in Table 4 is more typical of
Balmer-dominated filaments in the region.

Throughout the field regions of bright X-ray emission are
sharply bounded by Balmer-dominated filaments. This
includes the line of filaments in the northeast corner of the field
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which bound the X-ray “halo” discussed by Ku et al. (1984),
showing that this halo is simply thermal emission from hot gas
in the interior of the remnant. The X-ray emission behind the
two lines of filaments across the center of the field is sharply
limb-brightened, indicating that the X-ray emission is much
brighter in a zone about 1’ (< 10'® cm) thick behind the shock.

4.3. Viewing Angle and Preshock Density

A fundamental difficulty in interpreting shock spectra is the
uncertainty in the projection angle at which the shock is being
viewed. Derived quantities such as the face-on surface bright-
ness of the shock, the preshock density, and the pressure
depend on this angle. Fortunately, our data provide us with a
number of constraints on the viewing angle or aspect ratio of
the shock in our field.

Initially, from the ratio of the brightness of the filaments to
the brightness of the diffuse emission, we estimate that the
aspect ratios of these two components typically differ by a
factor of 5—-10. The brightest filaments are ~40 times less face-
on than the surrounding diffuse emission. This is consistent
with the long smooth filament morphology observed; given the
regularity of the observed morphology, it is expected that in
some locations the shock will remain nearly tangent to the
observer along a significant line of sight.

None of the echelle spectra shows any significant offset
between the center of the broad components and the center of
the narrow component, as would be expected if the shock were
viewed significantly face-on. The position southwest of fila-
ment 1 (E2) was chosen specifically to look for such an offset,
but even in this case the formal best-fit offset between the
components is only 0.5 km s~ 1. Interpretation of this result is
complicated by the fact that there are three shock crossings
along this line of sight (Fig. 12). However, while multiple shock
crossings might yield a composite profile centered at 0 velocity,
the width of the component would be significantly broadened.
Two shock crossing at an aspect ratio of 10:1 would broaden
the apparent width of the line by ~20% of the shock velocity.
Formally, the broad component at E2 is actually narrower
than that at E1 (see Table 2). A 20% broadening of E2 with
respect to E1 is about the limit of what is allowed within the
90% confidence limits of the fits to the line profiles. We con-
clude that on average the line-of-sight velocity at any shock
crossing-at E2 is less than 10% of the shock velocity, requiring
that the shock is viewed no more than ~6° from tangency at
this location.

This result can be used to infer a value for the preshock
density. The observed surface brightness of a shock is

hv [N
Ioww =7 A(i‘i)f(HO)no v,
where A is the aspect ratio due to the viewing angle of the
shock, Ny,/Ny, is the number of Ha photons produced per
neutral H atom passing through the shock, and f(HO) is the
preshock neutral fraction. The surface brightness of the diffuse
Ho emission to the southwest of filament 1 (the brightest
diffuse emission observed) is 6 x 1076 ergs cm ™2 s~ ! sr 1,
Assuming three shock crossings, this is an average surface
brightness of 2 x 107 ergs cm ™25~ ! sr~ ! in each shock cross-
ing. Assuming an aspect ratio greater than 5 (a factor of 2 more
conservative than above) and using values of Ny, /Ny, = 0.1
(Cox & Raymond 1985), f(HO) = 0.3 (RBFG), and v, = 180 km
s~ ! gives an estimate for the preshock density of n, < 3 cm ™3
(no < 1.5 cm™3 using the less conservative A > 10). This is
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consistent with the value of 2 cm ™2 inferred by RBFG, but
somewhat lower than the range of densities derived by Long et
al. (1992).

4.4. The Nonradiative/Radiative Transition along Filament 2

Figure 13 shows the relationship between Ho and [O mi]
along the length of filament 2. Figure 13a and 13b show the
[O 1] and Ha emission, respectively. Figure 13¢ shows the
[O 1] image of filament 2 overdrawn with the contours of that
image. The contours are logarithmic, with a factor of 2 differ-
ence in surface brightness between adjacent contours; the
lowest level drawn is at an [O mr] surface brightness of
1.68 x 107 ergs cm ™2 s~ ! sr™ !, Figure 13d shows the [O 1]
contours overdrawn on the Ho image.

As is apparent from the images, the characteristics of fila-
ment 2 change in a systematic way along its length, undergoing
a transition from being Balmer-dominated at its southeast end
to being weak or absent in Ha emission but strong in [O 11] at
its northwest end. There is a well-defined transition region
visible in the images across which the Ha emission fades out as
the strength of [O 1] emission increases. The visible and UV
spectrophotometry confirms this trend. This filament is analo-
gous to the radiative filament studied by Raymond et al. (1988)
in that the smooth structure of the filament and the gradual
change in emission characteristics along its length indicate that
conditions along the filament vary in a continuous fashion.
Large or abrupt difference in preshock density along the fila-
ment would be apparent in the morphology of the structure.

We interpret the change along the length of Filament 2 as
catching a portion of the blast wave as it is undergoing the
transition from being a nonradiative shock to becoming radi-
ative. Briefly, we find that at the southeast end the filament is
nonradiative, and essentially indistinguishable from the other
Balmer-dominated filaments in the region. At the northwest
end, the shock velocity is somewhat lower and the column
depth through the shock is enough higher that formation of the
[O 1] portion of the cooling region is well under way. Enough
UV photons have been produced in the cooling region at the
northwest end to fully preionize H atoms coming into the
shock, which accounts for the drop in Ha emission as [O 1]
strengthens. The absence of a radiative component to Ha at the
northwest end of the filament indicates that not enough
cooling has occurred behind the shock for significant H recom-
bination to take place. In the following sections we develop
this picture of filament 2 more thoroughly.

4.4.1. Variationinv,, Ny, and X, along Filament 2

We begin by interpreting the IUE spectra and their associ-
ated [O 1] and Ha fluxes using models which have a well-
defined and nonvarying shock velocity, but with truncated
cooling and recombination regions. In this approach, first
employed by Raymond et al. (1988), the shock velocity is set by
the strength of the highest ionization potential species (in this
case N v and He 1), while the column depth swept up by the
shock is determined by the strength of lines (here, O 1v], N 1v],
C 1], and [O n1]) which are formed in the cooler portions of
the flow. In the earlier work, Raymond et al. were able to
assume that the portion of the cooling region responsible for
the hottest observed lines was complete, leading to an unam-
biguous determination of shock velocity. For these non-
radiative shocks, however, this assumption is not valid, leading
to some ambiguity in sorting out the effects of shock velocity
and column depth.
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i 1 In the present case the comparison is done using spectra and
Hhodels which have been normalized to C 1v 41550 = 100. In
ome respects this choice is not ideal. Initially, C 1v is subject to
ttenuation by resonant scattering within the edge-on sheet of
T#as we observe. However, Long et al. (1992) show that this
attenuation is only a few percent in filament 1. Also, as dis-
cussed above, the gas-phase carbon abundance may vary
behind the shock because of progressive destruction of grains.
On the other hand, there are respects in which C 1v is uniquely
suited as a comparison line. C 1v is a strong line behind shocks
with velocities throughout the range applicable to our data
and is observed in all the spectra with good signal-to-noise
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ratio. In addition, the ionization potentials of C 1 (47.9 eV)
and C1v (64.5 eV) place C 1v intermediate between species such
as Om (IP=549¢V)and Nv(N1vIP=775¢eV; NV
IP = 97.9 ¢V), making C 1v an ideal yardstick for measuring
the relative strength of lines formed in both the hotter and
cooler portions of the flow.

SWP 40306, which is at the southeast end of filament 2, is
characterized by very strong N v and He 11, with no additional
lines other than C 1v detected in the UV spectrum. The col-
lisionally excited Ho emission is strong here as well, while
[O m] is weak. The strength of the N v line requires v, > 170
km s~ !, with some ambiguity as to how high the velocity might

FiG. 13.—Blowups of the [O 11] and Hx emission at filament 2. () A logarithmic display of the [O 1] image. (b)) A logarithmic display of the Ha image. (c) Surface
brightness contours of the [O 1] emission drawn on the [O 1] image. The contours are logarithmic, with a factor of 2 difference in surface brightness between
adjacent contours; the lowest level drawn is at an [O m] surface brightness of 1.68 x 10~ %ergs cm ™2 s~ ! sr~'. (d) The [O m] contours overdrawn on the Ha image.
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actually be. Using a model with v, = 180 km s~ and 30%
neutral preshock H, the nondetection of lines “cooler” than
C 1vin the U E spectrum and the weak [O 111] requires Ny < 4

x 10'7 cm~ 2. The strength of the He 1 1640 A line, which is
formed immediately behind the shock, would favor Ny; < 10*7
cm™2, The strong collisionally excited Ha at this location
requires a substantial preshock neutral fraction.

SWP 21723 is positioned to the north-northwest of SWP
40306, following the Ha bright portion of filament 2 as shown
in Figure 4. This spectrum is very similar to SWP 40306 and is
probably indistinguishable within the estimated uncertainty of
the line strengths. Using the same 180 km s~! model, the
strength of He 11 11640 relative to C 1v still suggests Ny, < 107
cm ™2, while the detection of [O 1] 13727 in the MMT spec-
trum (Table 4) favors Ny > 4 x 10'7 cm ™~ ? (although we will
discuss below factors complicating interpretation of very weak
lines of [O 11] as well as [N 1] and [S 11] reported by FI). The
weaker Ha at the position of SWP 21723 could also suggest a
larger column depth (thereby increasing the strength of C 1v
relative to Ha), or perhaps a lower preshock neutral fraction.
These spectra (SWP 40306 and SWP 21723) are similar to that
reported by RBFG for filament 1 and represent a fairly “ pure”
nonradiative shock spectrum.

SWP 32368 is located just to the northwest of SWP 40306,
following instead the western branch of filament 2 which
becomes very bright in [O m]. The aperture was positioned
just at the point along the filament where [O 1] begins to
become prominent. The IUE spectrum is also qualitatively
different at this location, showing lines of O 1v], N 1v], and
C 1], in addition to an increase in the strength of [O u1] by a
factor of 4-14 with respect to the previous positions. While the
strength of N v and He 11 at this location still requires v, 2 160
km s~! (assuming at 30% preshock neutral fraction), it
becomes more difficult to cleanly separate the effects of shock
velocity and column depth in this case. The spectrum could
probably be equally well matched by a 160 km s~ ! shock with
Ny~4x10'7 cm™2 or a 170 km s~ ! shock with Ny~ 7

x 10'7 ¢cm ™2, Regardless of the value selected for v,, however,
it is clear at this location that temperatures in the cooling
region drop to well below 10° K, and that observationally the
shock is beginning to take on the character of a radiative shock
(even if a drastically incomplete one). Ha is a factor of 3 weaker
with respect to C 1v at this location that at the location of SWP
40306, but is comparable to the location of SWP 21723.

SWP 37832 is the next position up the [O u1] bright branch
of filament 2. This position shows significantly weaker N v and
He 1 than any of the positions to the southeast, as well as
stronger O 1v] and N 1v]. The strength of N v could be
accounted for by a shock as slow as 150-160 km s~ !. The
strength of [O m1] is up by a factor of 2 from the previous
position. Overall, using the 160 km s~ ! model (30% neutral),

we need Ny ~ 5 x 10'7 cm ™2 to account for the strength of the

cooler species. However, Ha is down by another factor of 2,
which at this point begins to require a significantly lower pre-
shock neutral fraction. This would somewhat reduce the
required shock velocity.

SWP 37836 is located to the west of SWP 37832, and
includes a slight extension to filament 2 which is visible in
[O mui] but not Ha. The strength of N v is comparable to
SWP 37832, suggesting a similar shock velocity. Both O 1v]
and N 1v] are up by a factor of almost 2 with respect to SWP
37832, C m] is strong, and [O m] is comparable to SWP
37832. The strength of Ha has fallen by an additional factor of
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2. This spectrum generally fits the trend of decreasing inferred
shock velocity, increasing column depth, and decreasing pre-
shock neutral fraction along the filament.

4.4.2. Shock Deceleration and Interpretation of Spectrophotometry

In the preceding section we assumed that the shock velocity
has remained constant since the first parcel of gas was shocked.
This is probably not a good assumption. For example, in the
case of SWP 37832, it would take a 150 km s~ * shock approx-
imately 10° yr to accumulate a column depth of 5 x 107
cm ™ 2. Thus, the gas responsible for most of the emission from
lower ionization potential species was shocked 10° yr ago,
while the gas responsible for N v and He 11 emission was
shocked within the last 100 yr or so.

Rapid shock deceleration (which we argue below must have
occurred in this region over the last 10° yr) significantly com-
plicates interpretation of shock spectra because, while the lines
formed a short distance behind the shock are telling us about
the recent shock velocity, the overall emission spectrum rep-
resents and ensemble of shock velocities and evolutionary his-
tories. For example, it takes approximately 260/n, yr for a
parcel of gas shocked by a 180 km s~ ! shock to cool to the
same temperature as that found immediately behind a 140 km
s~ ! shock. Assuming a preshock density of 1.2 cm ™3 (§ 4.7.4),
this takes 220 yr. If the shock itself has decelerated from 180
km s~ ! to 140 km s~ ! during this same period, then the post-
shock flow would consist of a column of about 1.2 x 10'7
cm ™2 of approximately isolated gas. This gas would be at the
temperature (~2.8 x 10° K) characteristic of the immediate
postshock conditions behind a 140 km s~ ! shock. (The ioniza-
tion state within the column could be more complex because of
nonequilibrium ionization within the rapidly evolving flow.) A
spectrum of the shock at this point might require that the
shock velocity be little more than 140 km s~ ' and show line
ratios that require little accumulated column of gas behind the
shock. The high surface brightness of the shock, however,
could lead to a significant overestimate of preshock density.

In § 4.7.4 we will conclude that on average the shock has
decelerated from v, ~ 400 km s~ ! to v, ~ 180 km s~ ! in the
last 1000 yr. This is an average deceleration rate of ~0.22 km
s~1 yr~! At this rate of deceleration it would take 180 yr for a
180 km s~ ! shock to slow to 140 km s~!. This is actually
somewhat shorter than the 220 yr cooling time calculated
above, suggesting that the scenario in the preceding paragraph
may be common within this region. In fact, the presence of
2-4 x 10° K gas a short distance behind a shock front current-
ly capable of heating gas to only a few times 10° K shows that
all shocks in the region must pass through a phase during
which the postshock temperature structure is inverted, with
previously shocked gas cooling more slowly than the rate at
which the postshock temperature is decreasing due to shock
deceleration.

By evaluating the column depth required for material
shocked at a higher shock velocity to cool to the immediate
postshock temperature at the velocities inferred above then
truncating the portions of the 180 km s~ model which are
hotter than this temperature, we can apply this concept in a
rough way to the interpretation of the spectra of filament 2.
Assuming that in all cases the “initial ” shock velocity was 180
km s~ !, the spectra can probably be fairly well matched by a
steady progression along filament 2 from vy, o, = 180 km s ™!
and Ny ~ 10'7 cm ™2 at the southeast end of the filament to
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Veurrene = 150 km s~ and Ny ~ 8 x 10!7 cm ™2 at the position
of SWP 37836.

Long et al. (1992) tried a similar approach by constructing a
composite “summed ” model, extracting different portions of
the postshock flow from different velocity shock models. The
principal difficulty with the fit of the summed model to their
data is that lines from the lower ionization species are too
strong. However, this model did not represent a thorough
search of the range of plausible parameters for this region. In
particular, given the extreme sensitivity of the strengths of low
ionization lines to column depth in this regime, the strength of
these lines is almost certainly a very strong function of the
deceleration rate. Overall, we find the evidence very compelling
that the shock has decelerated on time scales comparable to
the cooling time and suggest that this must be an important
aspect of understanding the current observed properties of
these shocks. More generally, because of the dynamical nature
of SNRs, the possibility of significant shock deceleration over
cooling time scales is likely to be a common and important
complication in interpreting shock spectra.

4.4.3. NV from Cooling Coronal Gas?

The spectrum at SWP 40295, which is the position farthest
northwest along filament 2, is peculiar. Ignoring the emission
from N v, this spectrum fits into the trend along filament 2
quite well. Emission from [O 1] and O 1v are strong, emission
from He 11 is weak, and emission from Ha is very weak and
may well arise in the incipient recombination region. All of this
is consistent with a continuation of the trend to lower shock
velocity and greater column depth moving to the northwest
along the filament. N v, however, is stronger than would be
expected for the position by at least a factor of 1.5.

SWP 40295 is located in projection well behind the leading
edge of the line of filaments of which filament 2 is a part, in a
region in which the HRI image shows strong X-ray emission. A
plausible explanation for the strong N v at this location is
emission from gas along the line of sight which was shocked
sometime ago (when the shock velocity was higher) and is now
emitting in N v. Such intermediate-temperature material
behind the shock front seems an inescapable consequence of
the recent history of the shock as discussed in the preceding
section and below. This emission could in principle contami-
nate all of our UV spectra, making the shock velocities based
on the strength of N v upper limits.

This problem could also complicate interpretation of the
HUT spectrum of filament 1 discussed by Long et al. (1992).
The HUT slit is 974 wide, which means that a substantial
amount of emission from well behind the shock is included in
the spectrum. That region is very bright in the HRI images,
and it is expected that O vi emission should correlate well with
soft X-ray emission. Existing work on the distribution of O vi
in the Cygnus Loop (Blair et al. 1991a; Rasmussen & Martin
1992) shows that O viI emission correlates well with the X-ray
emission over larger spatial scales than are discussed here. In
addition to allowing for a lower “current ” shock velocity, sig-
nificantly contamination of the HUT spectrum by emission
not arising immediately behind the shock front would help to
reconcile the preshock density of 4-10 cm ™3 inferred by Long
et al. with the values of less than 3 cm ™3 inferred in this paper
and by RBFG.

4.4.4. Effect of Radiation on Preshock Neutral Fraction

Above we noted that the increasing importance of the
cooling region in the sequence of spectra moving from
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FiG. 14—Calculation of ionization of the preshock medium by the radi-
ative precursor of a 180 km s~ shock. The solid line shows a preshock H
neutral fraction as a function of the column depth swept up by the shock. The

short dashed line shows the preshock He neutral fraction. The long-dashed line
shows the accumulated [O 11] emission in units of 10~ ergscm " 2s™ 1.

southeast to northwest along filament 2 was accompained by a
decrease in the preshock neutral fraction. The long-slit MMT
spectrum confirms this trend. Examining the line strengths
normalized to He 1 44686 (which should be less affected by
differences in the radiation), Table 6 shows that the strength of
Ha drops by a factor of 5 over the same portion of the slit
(roughly 30” long) along which [O ni] increases by a factor
of 10.

A possible explanation for the inverse relationship between
column depth and preshock neutral fraction is that UV radi-
ation from the newly formed cooling region is able to pho-
toionize the preshock medium. Shull & McKee (1979)
considered the implications if the preshock medium were
assumed to be in photoionization equilibrium with UV escap-
ing from a fully radiative shock front. To explore this possi-
bility in the current context of nonsteady flow shocks, we used
the shock models described in § 3.2 to quantitatively evaluate
the effect of radiation on the ionization of the preshock
medium. Figure 14 shows the result of this calculation for a 180
km s~! shock. The solid line shows the preshock H neutral
fraction, including the effects of photoionization by the UV
formed in the cooling region, plotted as a function of column
depth swept up by the shock. The short dashed line shows the
preshock He neutral fraction. The long-dashed line shows the
accumulated [O 1] emission from the shock in units of 1073
ergs cm~ 2 s~ !, As can be seen, the preshock neutral fraction is
falling rapidly at the column depth where [O n1] emission is
becoming strong. This is in good agreement with the observa-
tion for filament 2 that the collisionally excited Ho emission
fades just as the [O 1] emission brightens, and confirms the
causal relationship between formation of a postshock cooling
region and supression of collisionally excited Balmer-line emis-
sion from the shock.

4.5. Knots of Bright [O 1]

The [O 1] emission in the field is dominated by four or five
regions, typically a couple of arcminutes in size, in which
[O ur]/HP can exceed 100. (A good example appears in the
southwest corner of the field shown in Fig. 13.) This is charac-
teristic of drastically incomplete cooling behind a radiative
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shock (e.g., Raymond et al. 1980). These features appear to
mark locations where the blast wave has encountered localized
regions of higher density that are about a parsec in size. In all
cases weak radiative Ha emission is seen only in the central
trailing portions of a feature, because it is here that the shock
has swept up the largest column of gas since hitting the cloud.
(See Figs. 7 and 8 from Hester 1987.)

The difference between these regions and filaments 1 and 2
may be only a matter of degree. Given the fact that the blast
wave as a whole through this region is close to becoming radi-
ative, it may take only a slight density increase to given rise to
[O m] bright regions such as these. In this case, the difference
between the smooth morphology of filaments 1 and 2 and the
more “tangled ” appearance of the [O 1] bright filament com-
plexes could be due to the development of thermal instabilities
behind the shock.

4.6. Line Profiles of the Balmer-dominated Emission

4.6.1. The Narrow Broad Component: Rapid Equilibration
or Shock Deceleration?

The widths of the broad components of the Ha line profiles
of the Balmer-dominated emission are generally significantly
smaller than previously reported. In particular, the measured
width of the broad component of the Ha line at filament 1 is
130 km s~ !, compared with 167 km s~ ! as reported by RBFG.
The much higher quality of our data and the fact that four
different spectra all give widths in the range between 117 km
s~ ! and 134 km s~ ! seem to make this a very firm result. The
only position with a profile significantly broader than 130 km
s~ ! is the east end of the slit through filament 2 (E3). It is
perhaps not coincidental that this is also the position with the
weakest [O 111] emission.

For a number of reasons, RBFG favored a model for fila-
ment 1 in which the ion and electron temperatures equilibrate
slowly behind the shock by way of Coulomb interactions.
However, if postshock equilibration is slow, then the observed
width of 130 km s~ for filament 1 would imply v, = 130 km
s~ 1. This is in contrast to the strength of N v and He 11 emis-
sion at the location which requires that the postshock flow be
more characteristic of that behind a 170 km s ~! shock.

One possible way to resolve the discrepancy between these
results is to assume rapid postshock equilibration of T; and T,.
In this case the shock velocity is 1.25 times the FWHM of the
broad component, and the width of the line profile at filament
1 would imply a shock velocity of 163 km s~ !, which is margin-
ally consistent with the results of the spectrophotometry. Simi-
larly the ratio of the broad to narrow component at filament 1
(1.34) is in better agreement with the Smith et al. (1993a) calcu-
lation for a fully equilibrated 180 km s~ ! shock than for a 135
km s~ ! shock with Coulomb equilibration. It is tempting on
the basis of these data to conclude that T; and T, are rapidly
equilibrated behind the shock (Hester & Raymond 1988). A
similar conclusion was suggested by Long et al. (1992).

The issue of the history of the shock front calls this conclu-
sion into question, however. In § 4.4.2, we found that it is
probably common for the ionization state of postshock gas to
drop faster as a result of shock deceleration than cooling can
reduce the ionization state of gas shocked at an earlier time. In
this case, shock velocities based on the strength of UV emission
from high ionization potential species are upper limits to the
current shock velocity. Thus, the strength of N v emission
which seems to require a shock velocity of 180 km s~ ! really
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requires only that the shock velocity was in excess of 180 km
s~! sometime within the last few hundred years. Given the
inferred rate of shock deceleration in the field studied, it seems
plausible that a shock with-a current velocity of 130 km s !
would still show significant N v emission. Were this the case it
could reconcile the Ha line width with Coulomb equilibration.
In the end, all that we can safely conclude is that the question
of Coulomb versus rapid equilibration behind Balmer-
dominated shocks in the Cygnus Loop has yet to be resolved.

4.6.2. The Broad Narrow Component: Evidence for a Shock Precursor

Treffers (1981) and RBFG reported that the narrow com-
ponents of the Ha line profiles in the positions which they
measured appeared to be somewhat broader than their instru-
mental resolution. Our results confirm this observation. All of
the positions measured had narrow component widths of order
33 km s~ 1, including the spectrum obtained with the 100 um
slit, in which the narrow component was well resolved. If
thermal, a FWHM of 33 km s~ ! corresponds to a temperature
of 25,000 K for the gas entering the shock front.

Based on the kinetic model described in § 3.1, we found that
radiative transfer effects cannot account for the observed 33
km s~! width of the Ha line profile. Similar widths have been
observed in four Balmer line remnants in the LMC having
much higher shock velocities (Smith et al. 1993b). Thus we
conclude that this width of the narrow component of the Ha
line is attributed to a precursor, the basic requirements are that
the neutrals be given a velocity dispersion (thermal or non-
thermal, possibly by way of charge transfer with ions) of about
33 km s~ ! without all being ionized. There are several pos-
sibilities, which are also discussed in Smith, et al. (1993b).

1. The upstream gas is ionized and heated by photons from
the postshock gas. If the ionizing photons are fairly hard, such
as the very strong He 11 1304 line, then a substantial amount of
heat is deposited in the electrons. The main difficulty is that the
thickness of the photoionization precursor, which is deter-
mined by the photoionization cross section of H, is large
enough that there is likely to be time for collisional processes
to ionize most of the hydrogen. It may be possible to overcome
this difficulty by limiting the amount of time that the preshock
medium has been exposed to the radiative precursor, as would
be consistent with rapid dynamical evolution of the region.
However, four Balmer-dominated remnants in the LMC all
show similar narrow component widths (Smith et al. 1993b), so
it is troublesome to appeal to a special time in the shock evolu-
tion. If gas currently entering the shock has been heated signifi-
cantly by the radiative precursor, but has not yet been fully
ionized, then the heating of preshock neutrals would be analo-
gous to the heating of neutrals in the postshock gas. Electrons
would have to share their energy with protons, which would
then charge transfer with neutrals. For a radiative precursor to
effectively heat the preshock neutrals, the process would have
to be more efficient than collisional ionization.

2. A thermal conduction precursor can occur if the shock
velocity is lower than the electron thermal velocity (Zel’dovich
& Raizer (1968). As with the radiative precursor this is an
inefficient way to heat neutrals without ionizing them, but
again if the precursor has only recently been “turned on,” it is
possible that the preshock gas has not been ionized yet.
However, this precursor is likely to be so thin that the electrons
cannot heat the neutrals to the observed temperature (Smith et
al. 1993b).
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3. An MHD precursor, along the lines of those suggested by
Draine (1980), will move ahead of the shock if the Alfvén veloc-
ity in the preshock ionized gas is larger than the shock velocity.
The existence of such a precursor has been suggested by
Graham et al. (1991) to account for H, emission from the
vicinity of fast shocks to the south of this field. In the present
case an MHD precursor implies either an uncomfortably high
magnetic field or an uncomfortably low ionization fraction.
Assuming a preshock density of 1 cm™3, v, =200 km s™*
would require B/(X)'/? = 100, where B is in uG and X is the
preshock ionization fraction. For a preshock field of 1 uG, this
would require a preshock ionization fraction of 10~ 4, which is
almost certainly inconsistent with the radiation environment
as well as the preshock ionization fraction inferred from spec-
trophotometry. Similarly, a more reasonable preshock ioniza-
tion fraction of 0.5 would require B = 70 uG in front of the
shock.

4. A precursor in which cosmic rays are trapped between the
shock front and a region of strong Alfvén waves is a vital
component of Fermi models of particle acceleration in shocks
(Blandford & Eichler 1987). Boulares & Cox (1988) have devel-
oped specific models for the Cygnus Loop, and these provide
substantial preshock heating. At present the models are quite
ambiguous because the precursor thickness scales with the dif-
fusion coefficient, which is unknown.

The constraint that the precursor be thin enough that H
remains partly neutral at 25000 K requires a thickness
satisfying d < v /n, q;, where g; is the collisional ionization rate
for hydrogen. The thickness is also given by d ~ k/v,, where k
is the cosmic-ray diffusion coefficiént (Blandford & Eichler
1987), so that x must be less than about 1025 cm? s™!/n,. A
lower limit to the diffusion coefficient can be obtained by
assuming that the observed line width corresponds entirely to
Alfvén turbulence, assuming equipartition between magnetic
and kinetic energy in the Alfvén waves, and employing equa-
tion (5.1) of Blandford & Eichler (1987). The result is x > 10?3
cm? s~ The Boulares & Cox (1988) model for the Ho fila-
ments assumes that cosmic rays dominate the shock energetics.
It predicts that the temperature rises smoothly through the
precursor to over half the postshock value. This would remove
the distinction between broad and narrow components. A
shock which converts a modest fraction of its energy of cosmic
rays might predict the observed modest precursor temperature.

5. The charge transfer process which creates the broad com-
ponent of Ha does so by creating a population of neutrals with
the postshock ion kinetic distribution. As modeled in § 3.1, a
few percent of these overtake the shock, move ahead of it, and
deposit their energy when they charge transfer with upstream
ions. The advantages of a fast neutral precursor are that such a
precursor must accompany a Balmer-dominated shock, and
unlike most potential precursors, a fast neutral precursor will
efficiently heat preshock neutrals via charge exchange reac-
tions. However, while the amount of energy carried by the fast
neutral precursor is not too different from that required by the
line profiles (~[33/135]2 = 6% of the thermal energy of the
postshock neutrals), much of the energy flux is advected back
through the shock before it can heat the narrow component
neutrals. Smith et al. (1993b) argue that the heating in such a
precursor is sensitive to preshock neutral fraction, shock veloc-
ity, and electron-ion equilibration, so that such precursors are
unlikely to account for the similar narrow component widths
observed in the Cygnus Loop and the four LMC Balmer line
remnants. It remains possible, however, that a feedback due to
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reduced neutral fraction if the temperature becomes too large
can reconcile this picture with the observations.

The weak emission from [N 1] and [S 1] reported by FI for
filament 1 and the strength of [O 1] in our spectra poses a
problem for nonradiative shock theory. The column depth
accumulated to date by the shock at Filament 1 is far short of
that required to produce any significant emission from these
low-ionization species. Heating of the preshock medium by a
precursor may offer a solution to this problem. If [N 11] emis-
sion is assumed to be 1% of Ha at filament 1, then the face-on
Ha surface brightness inferred above requires that the precur-
sor produce 6500 photons per second per cm 2 of shock
surface area. Assuming an N abundance of 1 x 1074, a 70%
preshock N* fraction (matching that of H), T = 20,000 K, and
an N* 3P, 'D collision strength from Osterbrock (1989), the
zone of [N 11] emission in the precursor need only be ~10'°
cm thick to account for the observed emission. This is some-
what larger than the expected thickness of a precursor heating
the preshock medium via charge exchange reactions with the
preshock medium set by the charge transfer mean free path
(~10%3/n, cm), but within the broad range allowed for a
cosmic-ray precursor.

4.1. The History of the Shock
4.7.1. Shock Reflection from a Cavity Wall

Above we have invoked the possibility of recent deceleration
of the shock front a number of times. Evidence to support this
view includes the discrepancy among the low shock velocity
inferred from Ha line profiles, the higher shock velocity
inferred from UV spectra, and the still higher shock velocity
inferred from X-ray temperatures. The very small separation
between the Balmer-dominated shocks and the edge of the
bright X-ray emission requires that the deceleration was
abrupt. Hester & Cox (1986) also argued that deceleration of
the shock in this region is required to convert the momentum
of the postshock gas into pressure to account for the brightness
of the X-ray emission, and well as the very sharp limb bright-
ening which requires the existence of a fairly thin zone of bright
X-ray emitting material behind the shock. In addition, the
remarkably smooth morphology of the emission in the region,
despite evidence that shock velocities vary significantly within
the field, requires that deceleration was recent. Filaments 1 and
2 appear to lag their surroundings by less than 10”. Assuming a
velocity difference of order 40 km s~ !, we conclude that fila-
ments 1 and 2 slowed with respect to their surroundings within
the last 800 yr.

Together, these data are easiest to understand if the current
locus of the shock is determined principally by the location of
the wall of a preexisting cavity which was hit by the SN blast
wave only recently. The view that the Cygnus Loop is the
result of a cavity explosion is not new (e.g., McCray & Snow
1979; Charles, Kahn, & McKee 1985; Braun & Strom 1986).
To explore this possibility, we consider the case of the shock
wave encountering a step in preshock density, leading to trans-
mitted and reflected shocks.

4.7.2. Calculation of the Structure

Figure 15 shows a sketch of a shock hitting a density jump
before and after the encounter. Subscript O refers to preshock
conditions and shock velocity prior to the density jump. Sub-
script 2 refers to postshock conditions at this time. Subscript 1
refers to preshock conditions and the shock after the shock has
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F1G. 15.—A sketch showing the situation before and after a shock reaches
the location of a jump in preshock density, showing the convention for sub-
scripts and symbols used in the text.

hit the density jump. (During the current epoch, v; = v, where
v, is the observed shock velocity discussed throughout the
paper.) There is a contact discontinuity between region 3,
which consists of postshock material originating in region 1,
and region 4, which consists of material behind the reflected
shock driven back into region 2.

Using these conventions, we solved the standard equations
of conservation of mass, energy, and momentum across the
primary and reflected shocks, and required pressure balance
across the contact discontinuity. We assumed that the density
jump is sharp, that the postshock region is uniform, and that
the preshock pressure can be ignored. We also ignored ioniza-
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tion and magnetic fields in the energy and momentum equa-
tions. Using the definitions o« = p,/p,, B = v,/vo, 1 = v4/vo, and
¥ = p4/p,, the solution of these equations, together with stan-
dard strong shock relations relating quantities subscripted 0
and 2, gives

oo — 4> + 8af? — (6 + 1) +2=0,

which can be solved for f = f(«). Other quantities such as the
pressure, density, and temperature ratios among the various
zones and the relative velocity of the reflected shock can be
calculated in terms of « and g, viz.,

_(_“u 1_1_;
1-p° y an(1 — p)’
3 T, of?
Pz—‘-ZPo”%; P3=a,32P2, ?:=T-

Assuming that the ionization energy is not important behind
the original fast shock gives

T, = 1.44 x 10%(v,/100)2 K ,

where v, 1s expressed 1 units of km s~ !. Figure 16 shows
various quantities plotted as a function of log, o (n,/n,).

4.7.3. Applying Constraints

Four quantities are required in order to specify the system:
(1) some measure of the shock velocity; (2) some measure of the
density; (3) some measure of the time since the shock hit the
density jump; and (4) the magnitude of the density jump, a.
Most of the quantities that can be measured or estimated from
line widths, spectra, surface brightnesses, or physical scales
constrain the system in some way. A consistent fit to all of the

3 _| | T T T ’ T T T | T T ( T T 1T | T T TT I T 1T | T 1T | T TT | 17T |_
25 —
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1.5 — n,/n, -
N /T, i
1 —_——— M -
e (1/2)Py/P, ]
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FiG. 16.—Characteristics of the main shock and the reverse shock following the interaction of the SN blast wave with a density step as a function of the density
contrast across the step. The ratio of the velocity of the main shock after the interaction to that of the original shock is given asv,/v,. M, is the Mach number of the
reverse shock. The other quantities are the ratio of densities, temperatures, and pressures across the reverse shock. See Fig. 15 for definitions of the subscripted
regions. Note that (1/2)P,/P, is plotted. The pressure ratio approaches 6 for very large density contrast.
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F1G. 17.—A plot showing contours of constant temperature in the plane defined by the density contrast across the jump in preshock density and the velocity of
the primary shock wave after hitting the density jump. The solid lines show contours of constant temperature T, in the postshock gas which has not yet been hit by
the reverse shock. The dashed lines show contours of constant temperature T, in the region behind the reverse shock. Curves are shown for temperatures between
5 x 10° K and 8 x 10° K in steps spaced by factors of 2. The behavior is such that increasing the density contrast decreases the shock velocity required to reach a
given temperature in the zone between the shocks. The dotted vertical lines show the constraint 150 km s™! < v, < 200 km s~ ! obtained from UV and optical
spectrophotometry and the Ha line profiles. The temperature constraint T, < 4 + 10° K and T, > 2 x 10° K comes from the X-ray temperature inferred from
Einstein observations. The heavy lines outline the region in the plane consistent with these constraints. The dotted horizontal lines show the range of density contrast
consistent with these constraints. The crossed circle indicates what we take as a representative model with v, = 180 km s~ ! and n,/n, = 14.

observational data is then a good test of the validity of the
model.

Figure 17 shows contours of constant T in the X-ray emit-
ting regions 2 and 4 in a plot of log,, (n,/n,) versus v,. The
X-ray temperature in the Cygnus Loop is typically in the range
2-4 x 10° K (Ku et al. 1984). It is unclear which of the two
regions is being probed, but it seems likely that T, (the tem-
perature in the hot reshocked region) exceeds 2 x 10° K, while
T, <4 x 10°K.

The average shock velocity in the region (v; = v,) is con-
strained by spectrophotometry and by the [O m]/Ha ratio
from the imagery. From Table 7 the ratio I ;g yy/Inv = 0.017 at
the position of RBG/FG. The [O 1] and Ha images indicate
that the average value of Ijo yy/Ha for the Balmer-dominated
emission in the field is about half that of filament 1, which
(assuming that the increase in [O 1] is due to the onset of
radiative cooling) suggests that the average value of I yy/Inv
may also be lower by a factor of 2. The ratio of I yy/Inv for
the Balmer-dominated portion of filament 2 (Table 5) is 0.011,
intermediate between these values. Using models with 30%
preshock neutral H, the ratio implies that v, > 150 km s~ %
Overall, the data seen to require 150 km s~! < v; < 200 km
s~1, which is also what we would surmise from assuming that
the shocks studied in detail in § 4.4 are generally a bit lower
velocity than average for the region.

When these constraints are imposed on Figure 17 they
define a region which requires 5.4 < n,/n, < 50. Representa-
tive values are v; = 180 km s ™! and n,/n, = 14, corresponding
toT, 22 x10°Kand T, < 4 x 10°K.

The column density swept up since the jump, Ny = n, v t, is
constrained directly by the UV and optical spectroscopy. If
the column depth is too low there is no radiative contribution

to [O nr], and I} /Iy v is too small. If the column depth is too
high, the radiative contribution to [O 1] makes Ijg y/In v t00
large. This is a tight constraint. For v, = 180 km s~ !, the factor
of 2 range in the line ratio given above requires that Ny = 5-6

x 10'7 cm ™2, For a 160 km s~ * shock, 0.017 > I'yv/Ijom >
0.009 requires Ny = 2.2—2.8 x 107 cm ™2,

The distance dyx from the main shock to the back of the
X-ray bright region (which is assumed to trace the reflected
shock) is ambiguous due to low signal-to-noise ratio, confusion
with limb brightening, and confusion among the two major
tangencies across the center of the field. A conservative con-
straint seems to be 30" < dy < 2'. Errors in dy effect computed
values for n; and for ¢. Since v, is set by v, and a, t oc dy. Since
Ny is constrained, n; oc t ™1 oc dy !

4.74. A Model

Having established the model parameters v, = 180 km s~ 1,
Ny =6x 107 cm™? and dy = 1" = 7 x 10'7 by application
of the observational constraints in the previous section, Figure
18 shows a number of additional quantities plotted against
log,, (ny/no). We have assumed a distance of 770 pc to the
Cygnus Loop (Minkowski 1958). By is the enhancement of the
X-ray brightness across the reflected shock, assuming that the
emissivity scales as n*> and is not a strong function of tem-
perature. The curves for preshock density, By, and the X-ray
temperature converge near their observed values for a value of
o = ny/ng = 14. At this point, By ~3, n, ~ 12 cm™3, ny ~
0.09 cm 3, vy, ~ 400 km s~ !, P,/P, ~ 3, and t ~ 1000 yr. The
reflected shock has v, ~ 400 km s~ !, and has a Mach number
of 1.6.

These values agree with additional observations, as well. The
standard values used to describe the X-ray emission from the
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FiG. 18.—Plots of X-ray temperatures (T, and T,), current preshock density (n,), increase in X-ray emissivity across the reverse shock (By), and time since the
shock wave hit the density jump (¢) as a function of the original density contrast across the jump. All quantities except  are directly constrained by observations and
are normalized by values consistent with observational data. The model used v, = 180 kms™*, N;; = 6 x 10'” cm ™%, andd, = 7 x 107 cm. The vertical dotted line
shows the solution for n,/n, = 14, which matches all of the observational data to well within observational uncertainties.

Cygnus Loop are ny = 0.16 cm ™3 and v, = 300-400 km s~ !
(Ku et al. 1984). Since the X-ray emission is dominated by the
region between the main and reverse shocks, the preshock
density which would be inferred from this region, ignoring the
presence of the reverse shock, is ny(P/P3)*/* = 0.15 cm ™3, in
good agreement with the canonical value. The very rapid
deceleration of the shock in the model explains the otherwise
puzzling fact that the X-rays extend up to the Balmer-
dominated filaments. For the model parameters presented
above, the X-ray emission should begin at the contact discon-
tinuity which is located v, t, or about 10”, behind the shock.
The value of n, is also in good agreement with n;, =2 cm™3
inferred from the IUE spectra (RBFG) and the value of n; <3
cm 3 inferred above from the Ha surface brightness and limits
on the viewing angle.

The assumptions made here are certainly simplifications
over the real situation. It is more likely that the shock is
running up a steep density gradient at the edge of the cavity
(e.g., Shull et al. 1985), and that the shock velocity is contin-
uously slowing. This would have the effect of blurring the
boundary defined by the contact discontinuity in the model, as
well as justifying the arguments above which assume that
deceleration has continued until the present epoch. The pres-
sure drop due to radiative losses must also begin to be impor-
tant, given our conclusion that the shock is entering the
radiative phase. This will lead to further shock deceleration, as
well as a pressure gradient across region 3. Radiative losses will
also result in compression of the postshock gas, which will
reduce the separation between the shock and the edge of the
X-ray emission.

Despite these complications, however, the case of a simple
reflected shock captures the essential physics of converting

postshock momentum into pressure as the shock slows in
response to increasing preshock density, and the calculation
presented here shows that this effect is very successful at
explaining a suite of apparently discrepant values for the shock
velocity and preshock density in this region. Overall, we con-
clude that the body of existing observational data on the
portion of the limb of the Cygnus loop can be well fitted by a
model in which the SN shock expanded within a preexisting
cavity with n ~ 0.1 cm ™2 until about 1000 yr ago, when the
shock hit a wall withn ~ 1 cm 3.

This model of the Balmer-dominated portions of the north-
east limb of the Cygnus Loop and its relationship to the obser-
vations is presented in Figure 19, together with various aspects
of our interpretation discussed in earlier sections.

4.7.5. The Fate of the Region

This model is good only until the reflected shock has had
time to cross the shell of swept-up material behind the blast
wave, which has a width of about Rgyg/12 = 5 x 108 cm. In
the model the reflected shock has traveled v,t = 1.26 x 10'8
cm, or about  of the way back through the swept-up shell.
This indicates that the X-rays in this region will continue to
brighten for another few thousand years, after which they will
decay on a similar time scale as the overpressure between the
shocks dissipates at the sound speed of the postshock gas. This
evolution may be characteristic of the evolution of SNRs from
Type II supernovae. Since the massive progenitors of these
events are generally expected to form bubbles in the surround-
ing medium (e.g., Shull et al. 1985), the X-ray (as well as radio
and optical) emission from Type II remnants should in general
get very bright for a short time when the expanding blast value

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1994ApJ...420..721H

742 HESTER, RAYMOND, & BLAIR

1 ~7X10'7cm

Rapidly Deceierating
Baimer-Dominated

Shock l

‘X-ray emission from gas
shocked prior to the
blast wave / cavity

_ wali encounter

Bright X-rays
‘formed behind the:
reflected shock

3 03 em™
n~08cm n~03cm
vg ~ 180 km/s
s 3 T~-35X10° J T~2X10°%
ﬂ°~ 12cm .

‘Location of

Photoionization of preshock
Reflected Shock

medium as the shock becomes
radiative suppresses

N\

v~ 400Kms

Sensitivity of cooling rete
to shock velocity leads to
radiative [O lll] emission
where the preshock density
is only slightly higher
than average

=

Preshock gas heated to

~25,000K by shock precursor

emits weakly in [N 1] ~ N\

and [S ]
Contact Discontinuity
between gas originating
inside the cavity and
gas originating in the
cavity wail

Gap between ‘slow’
shock and X-ray emission
<10" due to abrupt
deceleration and subsequent
radiative cooling

F1G. 19.—A summary of our model of the Balmer-dominated portion of the
northeast limb of the Cygnus Loop. The sketch shows the region as it exists
today, ~ 1000 yr after the shock hit the wall of a preexisting cavity. The shock
velocity and preshock density today are typically ~180kms~! and 1.2 cm ™3,
respectively. Prior to hitting the cavity wall the shock velocity was ~400 km
s~ 1, with a preshock density of ~0.09 cm ~3.

hits the wall of the cavity. Remnant properties inferred from
models that neglect shock reflection will be inaccurate. For
example, explosion energies inferred from Sedov fits to rem-
nants caught during their bright phase will be larger for explo-
sions that occurred with larger cavities. This would also affect
estimates of supernova rates inferred from remnant popu-
lations.

The swept-up column required for a shock to become radi-
ative is roughly proportional to v}. So, assuming the pv? is
constant, the time required for cooling is proportional to v?, or
p~ 3% In the present case, we found above that a shock with
ne=12cm % cm~3 and v, = 180 km s~ ! starts to become
radiative in approximately 1200 yr. For a shock with v, = 135
km s ™! (requiring a preshock density of only about 2.1 cm ~3)
the shock will start to become radiative in under 300 yr.

Because of the sensitivity of cooling time to preshock density
and shock velocity, the regions which show strong [O 111] emis-
sion need differ from their surroundings by only slight
amounts. This same conclusion can be reached from morpho-
logical arguments, because if the density of regions such as
filaments 1 and 2 differed much from their surroundings they
would not join in so smoothly with the overall network of
Balmer-dominated filaments. Together, the time scales for
cooling and the apparent continuity of the structure suggest
that the-shock front is everywhere only a few hundred years
from becoming radiative. Thus, over the next ~ 1000 yr the
Balmer-dominated northeast limb of the Cygnus Loop can be
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expected to undergo a transition to a region resembling the
bright radiative northeast or west limbs.

4.8. Emission between the Bright Radiative Limb
and the Balmer-dominated Shocks

The region extending about 5’ northeast from the edge of the
bright radiative filaments in the southwest corner of the field is
filled with emission which is morphologically very different
from either the Balmer-dominated filaments further to the
northeast or regions of strong radiative shocks (e.g., Fig. 1 and
Hester, Parker, & Dufour 1984). In [O 1] this region shows
tangled filamentary emission and diffuse emission, with fila-
ments oriented at all directions, including several filaments
oriented radially with respect to the SNR. The morphology
still suggests that the [O ni] is distributed in a surface, but
unlike the other region, here the surface is disturbed and
apparently fragmented on relatively small (~10!7 cm) scales.
The Ha image also shows a chaotic tangle of filaments in this
region, but with the addition of more clumpy emission than is
apparent in [O n1]. This includes a very sharp Ha filament that
is approximately 1’ long and is oriented almost exactly radi-
ally. This emission appears to be situated along the surface of
the shock connecting the bright radiative shocks with the
Balmer-dominated region (see Fig. 12) and is located near the
intersection of the SNR blast wave and the cloud responsible
for the bright northeast rim of the Cygnus Loop.

The [O n1]/Ha ratio varies tremendously from filament to
filament within this region, with the overall [O m]/He ratio
about a factor of 20 higher than typical for Balmer-dominated
shocks. This indicates that the emission is primarily due to
cooling behind the shock. The radiative nature of the emission
from the region between the Balmer-dominated shocks and the
bright northeast limb of the Cygnus Loop is confirmed by the
echelle spectrum, which shows [N 11] emission with the same
general distribution as the Ha emission. The echelle spectrum
also shows structures which are contiguous in position-
velocity space, which is characteristic of emission from a well-
ordered shock front (Hester 1987; Raymond et al. 1988). In
particular, the smooth diffuse region of emission visible just to
the west of the center of the slit in Figure 4 appears in the
echelle spectrogram as a smooth structure displaced from 0
velocity by 33 km s ~*. This indicates that the emission here is
from a single crossing of a shock that is being viewed some-
what face-on. The displacement of all of the observed emission
to the red indicates that the emission throughout this region is
on the back side of the remnant.

From the images, we determined that the Ha surface bright-
ness in this region is 8.4 x 107% ergs cm~2 s~ ! sr™!, and the
[O m]/HP ratio is ~1.2. Using the method of Cox &
Raymond (1985), this ratio implies a shock velocity into a fully
preionized medium of 60-70 km s ™!, or a shock velocity into a
fully neutral medium of 95-100 km s~'. Since we have no
independent constraint on the preshock neutral fraction, we
can say only that 60 km s~ ! < v, < 100 km s~ at this loca-
tion. Thus the observed velocity of 33 km s~ ! indicates that we
are viewing the shock at an angle of 57°-71° from face-on.

The technique described by Raymond et al. (1988) can be
used to determine the total ram pressure at this location.
Briefly, this argument holds that since I, v, is independent of
viewing angle, that

Iobs Uobs = IO Vs = (Kn() vs)vs = d)pvxz ’

where I, is the face-on surface brightness of the shock, v; is the
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shock velocity, and K and ¢ are quantities that are determined
from shock models. While in principle ¢ = ¢(n,, v,, Bo,...), in
practice ¢ varies very little with respect to these parameters for
a number of lines. For example, using the set of models
published by Raymond (1979) with 60 km s~ < v, < 100 km
s™1 ¢up is constant to +15% rms. Using this result, we deter-
mine from the echelle spectrum that pv? = 4.3 x 107 1° dyn
cm ™2 at this location. For v, = 80 km s !, this corresponds to
ne = 3.4 cm ™3 intermediate between the densities estimated for
the radiative and nonradiative shocks nearby. This pressure is
a factor of 1.8 below the pressure for the Balmer-dominated
shocks as determined from the best-fit shock reflection model,
and a factor of 1.7 higher than the derived ram pressure before
the blast wave hit the cavity wall. The pressure at this location
is a factor of 4.4 below the value determined for the “spur”
filament studied by Raymond et al. (1988).

The echelle slit also crosses a knot of relatively bright Ha
emission on its western end. Emission from [O 111] is not strong
here. This feature is visible in the spectrogram as two knots of
emission at v, ~ 40-50 km s~'. At this location neither the
morphology of the emission nor the velocity structure seem
consistent with a simple smooth sheet. Rather, this may be a
bow shock-like structure where the shock has encountered a
well-defined knot of gas.

The morphology of this region definitely sets it apart from
both the Balmer-dominated emission and the radiative shocks
which make up the bright northeast limb of the Cygnus Loop.
The structure is much less well ordered and suggestive of turb-
ulence or some other chaotic process. We suggest two pos-
sibilities to account for the morphology of this region. The first
is that since we are looking at material in the vicinity of the
intersection of the blast wave and the cloud responsible for the
bright northeast limb, we may be seeing turbulence associated
with dynamical instabilities such as the Kelvin-Helmholtz
instability which appear in numerical simulations of shocks
encountering dense clouds (e.g. Klein, McKee, & Colella 1991).

The second possibility is that the flow behind these shocks is
thermally unstable, allowing parcels of gas to drop out of pres-
sure equilibrium with their surroundings, then be reshocked
(e.g., Innes et al. 1987; Gaetz et al. 1988; Innes 1992). However,
nothing about these shocks apart from their morphology itself
sets them apart from other regions where order is better main-
tained. The range of shock velocities, preshock densities, and
pressures seems to lie well within the range of parameters seen
throughout the remnant. Furthermore, the shock velocities
present in the region of the Balmer-dominated filaments fall in
the range predicted to be most unstable, and yet this is clearly
the most “ well-behaved ” region studied in the Cygnus loop.

On the other hand, it takes time for these instabilities to
develop. In § 4.5 we suggest that such thermal instabilities may
be responsible for a few regions of clumpy [O ui] emission
intermingled with the Balmer-dominated filaments. Might
regions such as these in time develop to resemble the emission
in the “intermediate ” region? The sequence along the surface
of the shock from the Balmer-dominated emission to the inter-
mediate region to the radiative northeast limb (see Fig. 12)
suggests that this might be an evolutionary sequence. Local-
ized regions of slightly higher density such as filaments 1 and 2
may develop over time into regions such as the bright [O 1]
complexes. Then, as these regions accumulate larger column
depths and as a large fraction of the surface of the blast wave
starts to go radiative, the character of the shock could come to
resemble the intermediate region discussed here.
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5. SUMMARY

We have presented a suite of observational data on the
Balmer-dominated northeast limb of the Cygnus Loop SNR,
together with models of the kinetic properties of the shocked
gas, the emission spectrum of the shocks, and the dynamical
history of the region. Data presented include He, [O m1], and
X-ray images, UV and visible spectrophotometry, and high-
resolution spectroscopy.

Our basic conclusions are as follows.

1. We find that the shock wave responsible for the Balmer-
dominated emission in the northeast Cygnus Loop has under-
gone significant deceleration in the past few hundred to 1000
yr, and that the time scales for shock deceleration, postshock
cooling, and the dynamical evolution of the region are all com-
parable. In particular, this greatly complicates comparison of
observed line strengths with the predictions of steady flow
shock models.

2. The two relatively bright Balmer-dominated filaments
visible on the POSS prints are seen to be part of a very smooth
and regular complex of filaments. These filaments mark the
current location of the blast wave and are seen to bound the
sharply limb-brightened X-ray emission, including the X-ray
“halo” previously reported by Ku et al. (1984). The extremely
regular character of the emission requires that the preshock
medium be very uniform.

3. Inferences about the geometry of the region based on line
profiles, together with the observed surface brightness of the
emission, suggest a limit of less than 3 cm ™3 for the current
preshock density of filament 1. This is consistent with the
density estimated by RBFG, but somewhat below the estimate
of Long et al. (1992) based on O vi data. The high O vi1 surface
brightness may be due to a greater than expected column of O
vi arising from the velocity history of the shock.

4. The [O m]/HP ratio throughout the region is ~0.1,
except for regions in which the shock is undergoing a tran-
sition from being nonradiative to becoming an incomplete
radiative shock. In such cases the [O ni]/Hp ratio can exceed
100. The transition from nonradiative to radiative shocks is
found in three contexts within the field: a few discrete ~ 1018
cm clouds which have been recently shocked by the blast wave;
portions of the otherwise Balmer-dominated blast wave which
are just turning radiative; and a region of morphologically
peculiar emission between the Balmer-dominated emission and
the bright radiative northeast limb.

5. The transition from the nonradiative shock to a radiative
shock is best seen along the length of filament 2, the north-
western of the two brightest filaments. Here the shock velocity
and swept up column appear to go from ~180 km s~ ! and
10'7 cm ™2 at the southeast end of the filament to ~140km s !
and 8 x 107 cm™~? at the northwest end (although determi-
nation of these values is somewhat ambiguous because of the
possibility of ongoing shock deceleration).

6. Balmer-dominated emission is observed to weaken and
finally disappear as the strength of radiative [O 11] emission
increases (€.g., the increase in [O 1] and the decline at Hu at
the midpoint of filament 2). This is due to photoionization of
the preshock medium by UV from the nascent cooling region.
Model calculations confirm that the UV shock precursor is
able to fully ionize the preshock medium at about the same
column depth where significant [O m1] emission from the
cooling region is seen.

7. We are able to consistently interpret the current shock
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velocity, the current pressure as inferred from the Ho surface
brightness, the swept-up column depth, the X-ray temperature,
the X-ray pressure, and the steepness of the X-ray limb bright-
ening in terms of a model in which the Cygnus Loop blast
wave encountered the wall of the preexisting cavity ~ 1000 yr.
ago. The density inside the cavity was ~0.09 cm™3. The
current preshock density (the density of the cavity wall) is ~1.2
cm 3. The current ram pressure, which is the pressure between
the blast wave and the reflected shock, is ~8 x 1071 dyn
cm "2, This is a factor of 3 higher than the pressure behind the
blast wave prior to hitting the cavity wall. The success of this
analysis supports the view that the Cygnus Loop was a cavity
explosion. Our model is an oversimplification of the real situ-
ation in which the shock is running up a steep density gradient
on the inside edge of the cavity wall.

8. Emission from the region between the blast wave and the
reflected shock in lines such as O vi and N v may contribute to
the strength of these lines UV spectra, thereby complicating
their use in inferring shock velocities and preshock densities.

9. We predict that the X-ray limb should continue to bright-
en and become wider for the next 1000 yr or so as the reflected
shock propagates back through the material previously swept
up by the adiabatic blast wave. Since the morphology of fila-
ments 1 and 2 indicates that preshock conditions at these loca-
tions (which are beginning to become radiative) cannot differ
greatly from those of neighboring Balmer-dominated shocks,
we conclude that the entire region is probably on the verge of
becoming radiative. We expect that shocks throughout the
region will undergo a radiative transition on the same time
scale as the evolution of the X-ray brightness, during which
time the Balmer-dominated northeast limb will come to resem-
ble the radiative northeast or west limbs of the remnant.

10. High-resolution spectroscopy of the Ha line profile
shows that the broad component is surprisingly narrow (~ 135
km s~ !). Consistency between this line width and the shock
velocity inferred from spectrophotometry requires either rapid
postshock equilibration of T; and T,, or that the shock front
has decelerated from 180 km s~ ! to 135 km s~ ! in the last
~200 yr. While we cannot unambiguously distinguish between
these models, the rate of deceleration required is consistent
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with an extrapolation of the deceleration rate inferred in (7)
above.

11. The width of the narrow component of the Ha line
profile is ~33 km s~ !. We are unable to account for this width
by radiative transfer effects, which indicates that the preshock
medium has been heated to ~25,000 K by a shock precursor.
A number of possible precursor types are considered, most of
which are troubled by the fact that they heat electrons and
ionize H more efficiently that they heat preshock neutrals. The
most promising types of precursor seem to be heating by fast
postshock neutrals which overtake the shock or by cosmic
rays. We find a lower limit to the cosmic-ray diffusion coeffi-
cient of 10?3 cm? s~! and a model-dependent upper limit of
10%% cm? s~ !. Regardless of the exact nature of the precursor,
the heating of the preshock medium is capable of explaining
the weak [S 1] and [N 11] emission previously reported by FI.

12. Morphologically peculiar emission located between the
Balmer-dominated filaments and the radiative northeast limb
consists of radiative shocks which are less well ordered than
the Balmer-dominated region. Interpretation of echelle data
give pv? ~ 4.3 x 107 '° dyn cm ™2 for this region, intermediate
between the current pressure inferred for the Balmer-
dominated shocks and the pressure prior to the blast wave/
cavity wall encounter. This may be a region of more chaotic
flow around the edges of the cloud responsible for the bright
radiative northeast limb. Alternatively, this region may rep-
resent a phase in the evolution of the Balmer-dominated blast
wave as it accumulates more column depth and thermally
unstable cooling sets in.
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