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ABSTRACT

A soft X-ray observation of the Vela Supernova Remnant is
described. X-ray surface brightness maps of the Remnant are pre-
sented in three energy intervals, 0.15 - 0.5 keV, 0.5 - 1.0 keV, and
1.0 - 2.0 keV, and in two different spatial resolutions, 1° x i=,
and 40' x 40'. The maps show a vague shell structure, with two pro-
minent emission regions and a third of somewhat less intensity. A
new method for producing these maps is described. Spectral results
are presented for the entire nebula and for the two prominent sub-
regions. The spectra are found to be represented by the model of
X-ray emission from a low density, high temperature plasma with
abundances given by Allen (1973). Line emission, radiative recom-
bination, and thermal bremsstrahlung are included. Narrow band measure-
ments with a filter system reveal that the emission from O VIII is
deficient by at least a factor of three; a possible explanation of this
is considered. A search for X-ray pulsations from the Vela pulsar is
described, and upper limits are given for any X-ray pulsations at the

period observed for the radio pulsar.
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FORWARD

Let us begin by setting the stage for the scenario to be described
in this thesis. In the mid-latitudes of the Southern Hemisphere lies
a huge region of ionized gases known as the Gum Nebula. It covers
more than 20% of the visible heavens, and is part of the remains of
a supernova that exploded in our immediate neighborhood some 15,000
years ago (Downes 1971).. Its center is 460 pc away, and its near
edge is only 100 pc away from the earth (Brandt et al. 1971). Near
the center of this gigantic ball lie many rather unusual objects.

The star Zeta Puppis is one of the most prodigious ultraviolet
producers known, and Gamma 2 Velorum is the brightest of the known
Wolf Rayet stars. An OB association of 20 stars marks the loca-

tion of the probable site of the explosion, and provides a way to
determine the distance to the region (Brandt et al. 1971). A pulsar,
PSR 0833-45, is nearby and filamentary wisps called the Vela Supernova
Remnant (SNR) are further remains of the explosion which created the
Gum Nebula (Brandt et al. 1971). One side of this Remnant is obscured
behind a dark cloud that produces 1-2 magnitudes of extinction in

the optical (Milne 1968b).

If one could see in the soft X-ray frequency range, one of the
three brightest objects in the sky would be the supernova remnant
at the center of the nebula. The pulsar would be visible as a
constant source of light embedded in the Vela SNR. Nearby on the
celestial sphere, but at a much greater distance, would be another

bright SNR known as Puppis-A.
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This thesis will consider the X-ray emission from the Vela
Supernova Remnant, its spatial distribution, spectral characteristics
and time dependence, and will attempt to determine some things about
the physical conditions near the center of the gigantic Gum Nebula.

The main body contains only the results and discussions. All
derivations and discussions of technical details of the experiment
are left for the Appendices. The X-ray surface brightness maps are
presented in Chapter 1. The X~ray spectra are considered in Chapter 2.
The maps and spectra are combined in Chapter 3 to determine parameters
of the original supernova. Chapter 4 presents upper limits omn the flux
from the pulsar PSR 0833-45. Chapter 5 presents a summary of results.
Short descriptions of the experimental equipment are provided as
needed in these chapters. A detailed description of the payload
is found in Appen&ix C.

This thesis contains four results which were not known prior to
this work: (1) The maps are the first determinations of the X-ray
surface brightness distribution of the Vela SNR at energies greater than
0.28 keV. (2) The new method used to create the maps indicates that the
statistical errors in some X-ray maps may be larger than previously
believed. (3) The spectra of two subsections of the Vela SNR are
presented. (4) The emission from OVIII in the Vela SNR is observed

to be deficient.
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CHAPTER 1

THE X-RAY SURFACE BRIGHTNESS OF THE VELA SUPERNOVA REMNANT

I. Introduction

The Vela Nebula is a classic example of a supernova remnant. In
the radio it appears as a very bright, highly polarized asymmetrical
shell (Milne 1968a). In Ha, it appears as filaments which form a
beautiful "D'" shaped ring, which becomes more wispy and more circular
in the ultraviolet (Miller 1975). The maximum radio flux is over
1,000 fu at 2.4 GHz and exhibits a spectral index that varies from
-.3 in the brightest regions to +.1 in the regions of lowest surface
brightness (Milne 1968a). The principal radio maximum is known as
Vela X; to the north of Vela X lies the radio peak Vela Y, and the

region east of Vela X is known as Vela Z (see Fig. 5).

The radio emission from Vela X is as much as 207 linearly polarized,
with the polarization running tangentially around the perimeter of the
region. Vela Y and Vela Z are too dim to produce measurable polari-
zation (Milne 1968a).

Two Ho filaments near the radio peak have been analyzed by

1

Milne (1968b), yielding a radial velocity of 50 km sec™ ~ and an

4 ox .

electron temperature of 10 The computed electron density is

300 cm 3.
Seward et al. (1971) observed X-rays from the Vela SNR and

concluded that they came from an extended region which was consistent



with a two component model. A roughly circular source of approxi-
mately 5° diameter, centered at R.A. = 131°, Dec. = -45°,

was consistent with their 0.5- 1.0 keV data, and an oblong region

29 x 59, extending from R.A. = 127°, Dec. = -44° to R.A. = 132°,

Dec = -46°, was consistent with their 0.2 - 0.3keV data. Gorenstein

et al. (1974) scanned the region in two directiomns, and produced

a 0.1-0.28keV map which indicated two intense low energy regions which
agreed with the ends of the oblong region of Seward et al. (1971).

II. This Observation

The present experiment, which was launched March 24, 1973, at
3:30 UT, from White Sands Missile Range, is described in detail in
Appendix C. Briefly, the instrument consisted of four gas-filled propor-
tional counters with 1.5-pu thick polypropylene entrance windows. Two of
the counteréwereequippmiwithmechanical collimators producing a wide
field of view of 5° x 10° full width at half maximum. The results
obtained from these detectors will be presented and discussed in
Chapter 2. The mapping part of the present experiment consisted of
two mechanical fan beam collimators of 9°.8 x 0°.4 full width at half
maximum oriented at right angles to one another in front of gas
proportional counters. They produced the data shown in Figure 1.
Together they provide scans over the Remnant from ten different
directions, allowing the reconstruction of the X-ray emitting region
as shown in Figures 2 and 3 with resolutions 1.0 deg2 and 0.44 deg2

respectively. The flux from each resolution cell is given in Tables

1 and 2. Appendix A contains the details of the reconstruction
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This figure shows the deadtime-_corrected counting rates for the
two detectors used to create the X-ray maps. The horizontal axis is
"TIME AFTER LIFTOFF (secs)," while the vertical axis is the deadtime
corrected "COUNTS SEC™1." Typical errors are indicated.



Table 1

This table contains the absolute incident photon flux in photons
em~2 sec—l keV“l, from the 1° x 1° cells of Figure 2. The table
consists of three sets of four columns each. Each set refers to the
energy band shown. The values in each set have been multiplied by
the constant shown in parentheses. Within each set are the following
four columns: 'Cell No." is the reference number given to each cell
in Figure 2. "Inten" is the flux determined for a given cell by
the Multivariate Linear Regression Analysis method. See Appendix A
for discussion of this method. '"Std. Error" is the standard (1o)
error determined for a given cell. As described in Appendix A, this
number depends on the data and on how well the given cell was viewed
during the experiment. "A.R.T." is the flux determined for the cell
by the Algebraic Reconstruction Technique. See Stevens (1973) for
discussions, and Appendix A for a brief review.
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Table 1
1o x 1°
Photons cm-2 sec-l keV-1
15 - .5 kev (x10%) 5 - 1.0 kev 3 3
. . F ¥ (x107) 1.0 - 2,0 keV (x107)
Cell Inten, Sstd. A.R.T. Cell Inten, Std. AR Ty Cell Inten. std, A.R.T.
No. Error No. Error No. Error
1 -27 24 -91 i, -130 67 -265 1 57 42 -19
2 -31 32 -22 2 -48 91 -81 2 11 61 46
3 -71 42 -56 3 -62 120 =77 3 50 76 57
4 229 54 261 4 501 149 496 4 15 88 65
5 96 55 98 S -207 144 -125 5 69 88 69
6 -237 56 -238 6 -351 192 -351 6 119 100 -15
7 209 65 158 7 240 289 -159 7 -88 157 ~-138
8 -75 89 -50 8 554 289 829 8 307 165 431
9 19 31 26 9 96 96 81 9 -73 o 127
10 6 31 -2 10 327 96 322 10 115 57 150
11 81 38 82 11 14 106 77 11 15 65 88
12 -37 47 6 12 130 130 163 12 134 80 127
13 59 53 77 13 231 144 236 13 103 92 100
14 210 52 120 14 -332 192 -337 14 ~223 103 ~169
15 -153 90 -117 15 0 279 409 15 230 153 204
16 =45 94 6 16 53 337 -337 16 -188 177 -192
17 53 35 81 17 409 101 626 17 157 80 223
18 105 32 79 18 4 96 24 18 46 57 30
19 83 33 133 19 12 101 67 19 -19 57 3
20 90 37 79 20 255 101 298 20 269 61 246
21 220 43 256 21 260 120 221 21 -119 69 -38
22 399 45 388 272 366 125 371 22 50 69 -30
23 48 45 52 23 515 168 568 23 150 80 173
24 304 61 324 24 4053 236 4183 24 904 119 1054
25 -19 73 -9 25 -457 269 -33 25 -7 138 -57
26 70 43 54 26 -351 130 =397 26 -88 76 -100
27 89 39 101 27 -120 125 -385 27 -23 69 -46
28 33 32 36 28 4 86 -4 28 -7 53 -15
29 21 32 -3 29 81 91 106 29 73 53 57
30 143 33 147 30 245 96 342 30 15 53 103
31 197 38 192 31 173 110 322 31 204 65 257
32 60 37 107 32 81 110 -28 32 7 61 15
33 104 37 79 33 -48 115 38 33 92 65 92
34 98 42 151 34 -303 154 -183 34 -30 76 -100
35 75 44 47 35 106 163 -9 35 -123 84 -130
36 ~16 38 10 36 409 110 226 36 110 69 134
37 -6 32 -22 37 154 86 197 37 230 57 180
38 175 31 147 38 337 81 380 38 107 50 80
39 206 31 208 39 255 86 202 39 88 53 142
40 3 32 37 40 14 96 -33 40 -30 53 -80
41 -2 32 19 41 255 96 168 41 84 57 123
42 133 35 127 42 250 110 178 42 184 61 207
43 32 32 -8 43 371 96 520 43 130 57 180
44 30 32 38 44 -14 96 28 44 65 57 57
45 -8 32 -36 45 -9 72 115 45 30 50 +55
46 53 31 53 46 -130 86 -226 46 -153 57 -138
47 152 30 152 47 -28 81 12 47 -23 50 -11
48 134 29 168 48 356 77 308 48 30 46 73
49 120 30 102 49 -48 81 57 49 84 50 119
50 60 37 71 50 -154 96 -265 50 -26 53 -42
51 101 35 119 51 207 106 163 51 =57 61 -57
52 -16 33 -39 52 -4 101 =24 52 53 61 53
53 2 27 -25 53 24 86 9 53 -34 50 -100
54 -15 35 13 54 -28 91 -91 54 -7 61 19
55 -38 41 = [ 55 231 110 356 55 292 76 296
56 66 33 116 56 197 91 173 56 161 57 142
57 76 29 94 57 265 86 395 57 30 50 38
58 111, 29 96 58 221 81 139 58 207 50 173
59 -58 33 -78 59 294 91 260 59 80 53 57
60 54 35 59 60 501 110 332 60 257 69 242
61 148 31 180 61 245 91 240 61 200 57 192
62 -67 55 -134 62 -173 149 -101 62 -69 96 15
63 175 41 143 63 -91 115 28 63 -42 69 0
64 -26 27 -30 64 -48 81 86 64 -15 53 69
65 26 26 21 65 ~4 77 -43 65 -11 50 -73
66 94 29 41 66 139 86 57 66 103 61 76
67 13 36 61 67 -120 101 -212 67 -23 65 65
68 -2 29 0 68 173 86 212 68 65 57 42
69 -14 30 -16 69 -149 72 -327 69 19 38 -15

70 84 32 125 70 448 106 573 70 65 61 96



Figure 2

This figure, shown on the following four pages, is the X-ray
map of the Vela SNR in three energy intervals. The spatial resolu-
tion (i.e., the size of the cells) is 1° x 1°. Figure 2a is the
0.15 - 0.5 keV band, 2b is the 0.5 - 1.0 keV band, 2c is the 1.0 - 2.0
keV band, and 2d is the scan path superimposed on the region to be
mapped. The positions of Puppis—A and PSR 0833-45 are indicated by
the * and the + respectively in Figure 2d. The maps present the
statistical significance of the result in each cell, in units of
0.50 per bar. Because the errors are reasonably constant across the
map, the resulting picture is also an approximate intensity map.

The cells northwest of Puppis—A have larger errors. These are due
to the high speed with which the detectors swept across them. Table
1 gives the intensity as determined by the linear regression method
and the ART method. The lines of R.A. are drawn so that they are
separated by 3° along Dec. = -45°.
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Table 2

This table is identical to Table 1, except that it refers to
Figure 3 instead of Figure 2.
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Table 2
40' x 40"
Photons cm.2 sec-l kthl
2 2 3
.15 - .5 keV (x107) .15 - .5 keV (x107) .5 - 1.0 keV (x107)

Cell Inten. std., AR T Cell Inten. std. A.R.T. Cell Inten. std. A.R.T.
No. Error No. Error No. Error

1 13 25 -11 69 6 31 39 1 -228 70 -308

2 -65 27 -64 70 -15 30 -55 2 96 70 83

3 -33 27 ~73 71 86 31, 85 3 115 81 79
4 59 34 117 72 59 31 44 4 81 102 113

5 101 26 90 73 95 33 126 5 66 70 62

6 -17 26 -20 74 2 28 10 6 -190 72 -216

7 -47 34 -25 75 -9 28 =47 7 261 94 194

8 51 37 48 76 4 32 51 8 -70 104 12

9 2 22 -74 b 20 31 10 9 23 64 19
10 ~59 30 13 78 37 34 66 ' 10 -147 87 =57
11 121 31 116 79 33 29 37 11 233 83 128
12 85 28 61 80 68 31 24 12 278 81 235
13 -8 33 -64 81 29 27 45 13 -350 100 ~393
14 -95 31 -99 82 -2 25 -39 14 34 139 102
15 67 34 108 83 i 27 10 15 216 169 329
16 26 47 3 84 75 28 111 16 297 162 57
17 53 31 59 85 48 27 72 17 79 92 117
18 -4 32 -11 86 135 28 104 18 -102 94 55
19 -8 35 -11 87 42 26 0 19 -106 100 -113
20 -4 31 26 88 28 28 56 20 132 9% 25
21 40 32 28 89 30 31 65 21 213 89 209
22 6 33 11 90 106 31 76 22 -14 92 85
23 41 27 46 91 -38 31 37 23 -42 79 -51
24 95 32 127 92 -59 30 -82 24 278 100 291
25 -26 35 -63 93 -13 22 22 25 -419 128 -567
26 -38 33 =52 94 -19 19 -5 26 549 132 509
27 15 27 438 95 1 19 1 27 ~124 102 -106
28 15 32 92 96 36 26 84 28 254 121 408
29 -31 30 -14 97 95 25 56 29 211 89 184
30 6 32 -56 98 A 28 45 30 -10 94 0
31 81 31 120 99 28 28 47 31 106 83 100
32 74 31 45 100 32 26 46 32 438 85 449
33 91 30 123 101 18 26 45 33 -40 87 -34
34 80 31 62 102 -11 26 -76 34 109 87 224
35 147 28 115 103 46 29 47 35 94 77 143
36 102 33 172 104 65 30 91 36 267 94 218
37 76 36 84 105 61 27 44 37 406 113 498
38 142 41 139 106 =17 30 -18 38 1055 141 967
39 153 32 110 107 20 31 -15 39 2259 147 2266
40 25 42 -32 108 7 29 -6 40 -190 162 -51
41 -48 40 3 109 40 30 106 41 278 139 545
42 44 37 65 110 41 32 62 42 -113 109 -139
43 54 34 58 111 122 28 75 43 =70 96 -160
44 35 26 37 112 -59 26 -18 44 102 83 10
45 2 30 11 113 -8 26 -10 45 -132 81 -106
46 56 31 46 114 26 31 70 46 149 85 211
47 62 32 45 115 55 29 26 47 32 89 -6
48 6l 32 98 116 -15 35 -31 48 119 96 27
49 143 33 165 117 0 30 i 4 49 10 92 192
50 -8 34 -59 118 -35 30 -2 50 -301 100 -278
51 59 43 77 119 -7 29 -75 51 -231 139 -494
52 105 40 174 120 -6 28 -1 52 181 143 293
5.3 22 39 1.7 121 46 27 5 53 162 130 62
54 -39 38 -5 122 15 27 -21 54 98 115 -111
55 76 30 21 123 3 26 22 55 154 85 57
56 41 34 46 124 95 32 17 56 188 102 119
57 14 30 45 125 12 29 36 57 -64 89 40
58 60 22 -5 126 31 27 42 58 27 87 194
59 -32 31 -40 127 -11 24 30 59 149 85 121
60 59 31 84 128 47 28 09 60 -40 83 34
61 98 30 114 129 10 34 3 01 226 87 79
62 40 32 38 130 -1 32 19 62 15 94 134
63 4 32 -48 131 16 36 3 63 211 94 154
64 104 33 102 132 b) 23 4 64 199 9, 205
65 -22 33 =24 133 -15 24 -46 65 126 94 164
66 20 34 16 134 42 32 92 66 -128 115 154
67 19 32 14 135 54 34 40 67 L4 128 104

68 -6 33 9 68 -109 94 -77
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Table 2 (cont,)

40" x 40°'
Photons cm-2 snec:_l keV-l
5 = 1,0 | 3 3 3
.5 - 1,0 kev (x107) 1.0 - 2,0 kevV (x107) 1,0 - 2,0 keV (x107)

Ccell Inten. std, A.R,T. Cell Inten, std, A.R.T. Cell Inten, std. A.R.T,
No. Error No. Error No. Error

69 -154 87 -149 1 -76 61 -87 69 68 54 70
70 40 92 100 2 109 51 119 70 -32 54 -25
71 21 85 34 3 -35 47 -5 71 -59 49 -22
72 164 81 96 4 3 61 13 72 138 46 76
73 164 87 113 5 78 42 76 73 23 51 37
74 147 77 139 6 56 49 + 10 74 32 44 25
75 -128 79 -113 7 143 61 117 75 =54 46 -68
76 -66 92 -2 8 -73 61 -8 76 15 54 41
77 2 89 -32 9 46 41 44 77 10 53 18
78 57 100 -62 10 42 53 42 78 126 61 102
79 21 83 -23 11 5 51 41 79 -22 49 8
80 36 92 40 12 -13 53 -56 80 58 54 -34
81 175 77 239 13 -39 59 -17 81 -37 51 -58
82 181 72 211 14 230 76 213 82 -5 46 35
83 25 77 -2 15 -58 83 46 83 102 44 63
84 145 7l 196 16 -5 83 =70 84 -8 44 17
85 66 72 59 17 -27 51 -10 85 5 42 71
86 143 74 241 18 <51 56 -68 86 46 44 34
87 -87 70 -184 19 =20 61 -3 87 64 41 58
88 224 85 233 20 152 53 150 88 100 49 94
89 207 92 237 . 6 51 6 89 42 54 58
90 25 92 83 29 49 54 80 90 44 53 64
91 121 96 130 23 10 44 -6 91 35 56 29
92 -62 89 59 24 22 54 80 92 -83 53 -25
93 55 70 T 25 -244 76 -365 93 5 39 32
94 =40 62 -111 26 258 80 249 94 10 35 1
95 -81 51 -130 27 ~-54 53 -13 95 32 34 6
96 81 64 14 28 87 61 193 96 15 44 59
97 -40 66 -2 29 83 53 107 a7 -30 39 ~49
98 -53 11 -36 30 22 54 15 98 =22 42 -66
99 21 77 62 31 49 49 54 99 30 46 51
100 -51 72 -49 32 76 51 70 100 -46 41 -30
101 =53 i -64 33 56 49 49 101 -46 46 -39
102 -47 83 -139 34 -58 49 15 102 27 47 18
103 49 89 -141 35 -23 42 -95 103 -25 47 -141
104 173 89 188 36 56 51 100 104 99 51 141
105 6 83 13 37 159 61 169 105 44 49 10
106 -85 72 -100 38 242 76 247 106 -10 53 -10
107 98 77 175 39 569 80 574 107 99 51 102
108 70 it 49 40 -140 80 -128 108 80 46 35
109 166 81 134 41 46 70 68 109 5 44 6
110 102 79 248 42 ~95 64 -128 110 73 51 135
11E 370 79 282 43 66 58 39 111 159 47 102
112 -44 81 47 44 58 47 22 112 58 49 71
113 136 79 94 45 -59 49 -5 113 -10 53 -3
114 8 94 74 46 66 49 80 114 59 54 148
115 267 87 17} 47 114 51 111 115 100 47 102
116 =51 9% -4 48 46 53 54 116 =27 59 27
117 83 81 23 49 -23 51 20 117 63 51 71
118 -106 87 59 50 -61 56 -102 118 -95 51 -102
119 ~4 85 23 51 -6 76 -56 119 25 53 3
120 -100 81 =175 52 =41 76 8 120 -53 49 -100
121 53 89 233 53 119 66 27 121 56 5. 76
122 201 81 12 54 71 64 61 122 97 49 59
123 -81 17 44 55 104 53 76 123 42 47 -8
124 100 79 59 56 143 61 88 124 44 54 99
125 47 81 119 57 -18 47 10 125 22 49 -8
126 2 79 -92 58 -29 49 42 126 44 51 46
121 94 70 119 59 51 49 46 127 -23 44 -3
128 -66 87 -4 60 =54 49 =25 128 37 51 71
129 -62 102 -141 61 42 47 17 129 -59 61 -29
130 250 100 241 62 82 53 73 130 17 59 53
131 -23 102 -66 63 92 53 94 131 47 63 15
132 <36 66 57 64 46 58 -11 132 -23 44 0
133 70 72 55 65 97 58 167 133 68 46 3
134 -158 89 -158 66 -6 64 39 134 =37 54 25
135 361 109 505 67 -35 59 -64 135 126 63 59
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Figure 3a

This figure is the same as Figure 2, except resolved into
40' x 40' cells.
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techniques. Briefly, the maps are produced as follows. Consider
an array of cells superimposed on the sky. The source surface bright-
ness distribution and the beam shape defined by the collimators are
approximated by the arrays Si and Hti respectively, with Hti being
the sensitivity to cell i at time t and Si being the brightness of
the i*P cell. Then the observed counting rates dt are given by

number

of cells

d_= % H .S
£ el &1 i 1

This overdetermined system is solved for the Si by a form of Multi-
variate Linear Regression Analysis. This method also provides a
standard error Ei for each of the Si'

The maps in Figures 2 and 3 present the statistical significance
of the result in each cell in units of 0.50 per bar. Because the
errors are reasonably constant across the map, the resulting pi;ture
is an approximate intensity map. Horizontal lines indicate that a
negative value was determined for that cell. The large negative
values are caused by the form of the approximations used to form
Hti and Si in equation 1. This is further discussed in Appendix A.

The principal features in the maps are the Vela SNR with a flux

of 1.3 £ .2 x 1078 erg em~? sec™! in the 0.15- 2.0 keV band, and

Puppis-A with a flux of 4.1 * 0.6 x 10_9 erg cm™? sec™! in the
0.5 - 2.0 keV band. (Puppis—A will not be further discussed in this

thesis.) These values agree with the values determined by Gorenstein
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et al. (1974). 1In the 0.15 - 0.5 keV and the 0.5 - 1.0 keV maps,

two enhanced regions in the Vela SNR of approximately 4 deg2 extent

are visible. The first is located near R.A. = 1290, Dec. = -43°.5,

and will be referred to as Vela XRS1. It hasa 0.15 - 2 keV intensity of
2.1 + 0.3 x 107 erg cm % sec™l. The second, near R.A. = 133°,

Dec. = =459, will be called Vela XRS2 and has a 0.15-2 keV intensity of
1.6 £ 0.2 x 10_9 erg cm_2 sec™l. There is a weaker enhancement
apparently associated with the radio peak Vela X at R.A. = 129°,

Dec. = -45°.5. This will be called Vela XRS3, witha 0.15-2 keV intensity
of 9 % 2){10—10erg cm_zsec—l. These gross features are in general
agreement with the structure determined by Seward et al. (1971), and
with the low energy map of Gorenstein et al. ( 1974). However, more

fine scale structure is determined in the new maps.

In an attempt to determine how sharply the emission rises at the
edge of the Vela SNR, computer models of the rate of change of the
counting rate at the periphery of the region with the collimator,
incident angle, and statistics of the present experiment were made.
They indicate that the data are consistent with any gradient from a
sharp edge through a soft edge 0.°7 thick. The interior of the nebula
was taken from the X~ray maps in Tables 1 and 2.

A comparison of the 0.15-0.5keV X~ray maps with the ultraviolet
filaments (Figure 4) reveals that Vela XRS1 coincides with the upper part of
the D, while Vela XRS2 is in an area of little optical emission. Figure 4
shows the 0.15 - 0.5keV maps superimposed on an ultraviolet photograph

of the region. The optical center of the shell coincides well with
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Figure 4

This figure shows the 0.15- 0.5 keV X~-ray maps superimposed on
an ultraviolet photograph of the Vela SNR. The photograph was taken
through a U.G. 2 filter with the 24-inch Curtis Schmidt telescope

at the Cerro Tololo Inter-American Observatory by Dr. Ellis W. Miller
(1974) of Kean College, New Jersey.
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the X-ray center. Near Vela XRS2, the visual extinction is one to
two magnitudes more than near Vela XRS1 (Milne 1968a). Similarly,
the X-ray data for Vela XRS2 indicate a value for the columnar hydrogen
density of 1.8 x.1020 cm_z, a value twice that observed for Vela XRS1.
(A comparison of the visual and X-ray extinction implies a gas to
dust ratio of only v 0.1 of the normal value.) In general, there is
a better correlation of X-ray emission with optical than with radio
features (Figure 5). However, neither correlation is strong. This
result is similar to that obtained by Stevens and Garmire (1973)
and Rappaport et al. (1973), for the spatial distribution of X-rays
from the Cygnus Loop. However, the correlation between X-ray and
optical features is stronger in the Cygnus Loop.

North of Vela XRS1 are two cells with a strong flux that
appear in the present maps as well as the maps of Gorenstein et al.
(1974). There are no known point sources in this region, which lies
well outside the optical filaments of the SNR. Unfortunately, it is
very difficult to investigate these cells with a fan beam, due to the
dominating presence of the Vela Nebula. The situation is different,
however, for the regions Vela XRS1 and Vela XRS2. These regions are
both bright enough to produce useful spectra, which will be discussed

in Chapter 2, and to provide measures of (n§> which will be determined

in Chapter 3.
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131°

Figure 5a

For reference purposes, this figure reproduces some results
of Milne (1968a), which bear on the problem at hand.

Figure 5a shows the 2.65 GHz radio contours of the Vela SNR
on the same scale as the X-ray maps. The coordinate lines are the
same as for the X-ray maps. The radio subregions known as Vela X,
Vela Y, and Vela Z are shown.

Figure 5b shows the radio polarization in the Vela SNR at 2.65 GHz.
The length of the lines indicate the degree of polarization, and their
directions indicate the direction of the ﬁ vectors. A reference
line corresponding to 20% polarized is shown.
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CHAPTER 2

THE SPECTRUM OF THE VELA SNR

I. Introduction

In Chapter 1 the spatial distribution of the X-ray emitting plasma
was determined. In this Chapter the energy dependence of the emission
from the plasma will be considered. By comparison to various emission
models, the electron temperature and the interstellar density near
the Vela SNR will be derived. From these and the X-ray maps, the
initial blast energy, the age, the interstellar density, the shock
velocity, and the total luminosity of the Vela SNR will be derived
and discussed in Chapter 3.

The spectral data are of two very distinct types: broad band from
an untiltered detector and rather narrow band from a detector equipped
with a filter.

In Section II the broad band spectra will be discussed. In
Section III the filtered or narrow band data will be considered.

II. Broad Band Spectral Measurements

Broad band measurements were obtained for Vela XRS1l, Vela XRS2,
and the entire nebula. (The spectra of Vela XRS1 and Vela XRS2 were
obtained by subtracting the nebular spectrum observed while the two
regions were out of the 0°4 x 928 field of view from the spectra
observed while they were individually in the field of view. The
normalization was taken from Figure 2.) These were compared to various
emission models S(E), which were multiplied by the interstellar hydrogen

transmission e_NHOBG, detector quantum efficiency Eff (E), and then spread
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according to the detector's resolutionR(E). The resolutionwas measured to
be 30% full width at half maximum at 1487 eV, with a gaussian shape
giving a good fit. R(E) was therefore taken to be gaussian with a
width that scaled as (E/1487)%. The quantum efficiency is shown in
Figure C-2 of Appendix C. The effective interstellar absorption

cross section per hydrogen atom GBG was taken from Brown and Gould
(1970). The effective columnar neutral hydrogen density NH was

left as a free parameter. Four emission models were used. The first
was a low density, high temperature plasma as discussed in the paper
by Tucker and Koren (1971) in which X-ray line emission, recombination
radiation, and thermal bremsstrahlung were included. The Gaunt factor for
all these processes was taken from Karzas and Latter (1961). This model
depends on the plasma temperature, the relative elemental abundances,
the electron density, and the elapse of sufficient time after heating
of the plasma for the ionization state populations to reach their
equilibrium values. The second model was identical to the first,

but with ionization states taken to be functions of time after the
region is heated. This will be further discussed in Section III.

The third model was a low density, high temperature, purely hydrogen
plasma producing only thermal bremsstrahlung radiation. Again, the Gaunt
factor was taken from Karzas and Latter (1961). The fourth mcdel was
synchrotron radiation from electrons gyrating in a magnetic field.

The results of fitting these models to the data are given in Table 3.

The errors and the best fit spectra are shown in Figure 6.

The pure thermal bremsstrahlung spectrum fits both Vela XRS1 and Vela XRS2,
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Table 3

The results of spectral fitting are presented, as are the values
of the flux and total emission from the nebula, for the present
experiment and for other measurements. The heading "Lines" refers
to the model of Tucker and Koren (1971) for a thin plasma including
lines, radiative recombination, and bremsstrahlung. The heading
"Lines - Oxygen'' refers to the same model, but with the O VIII abun-
dance reduced by a factor of 3. '"Brems" refers to the model of a
purely hydrogen plasma radiating by bremsstrahlung alone.
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Figure 6

This figure shows the best fit spectra for Vela XRS1, Vela XRS2,
and the entire nebula, together with the contours of X2 for N vs kT.
Also shown is the fit for the entire nebula when the emission is due

to bremsstrahlung alone.
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but does not fit the spectra from the entire nebula (see Figure 6d).
However, the model of Tucker and Koren (1971), when the abundances of
Allen (1973) or Cameron (1973) are used, fits all the data with the
improvement being dramatic for the entire nebula (see Figure 6c¢). However,

the fits are still not too good. On the basis of the filtered measure-

ment (which will be discussed in the next Section) and arguments
concerning the time constants for populating the state of 0 VIII and
for cooling of the gas, the O VIII abundance was reduced to one
third of its equilibrium value. This change, which is suggested by
the filtered data, further improved the fit of the entire nebula
(see Table 3). Reducing the abundance of O VII does not produce as
rapid an improvement in the fit as does 0O VIII.

When the power law model was tried, no satisfactory fit could
be obtained. This is not surprising when one recalls the X-ray maps
and compares them to the radio brightness and polarization contours
of Milne (1968a), here reproduced as Figures 5a and 5b of Chapter 1.
On the X-ray maps can be seen a weak enhancement, designated Vela
XRS3, coincident with the radio and polarization maximum. One
can speculate that this one spot may be emitting synchrotron radiation.
However, it is too dim to be removed and analyzed separately from
the rest of the nebula. The bulk of the X-ray emission comes from
regions of very low radio brightness, which Milne (1968a) believes

to be thermal in nature. Further evidence for a thermal source for
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the radiation comes from Woodgate et al. (1975), who have detected

Fe XIV emission from Vela XRS1.

ITTI. Filtered Spectral Measurements

One of the wide field of view detectors was equipped with a gas
cell filter consisting of a gasket and two pieces of polypropylene,
one of which was the window to the proportional counter. This cell
could be filled with oxygen, carbon tetrafloride (CF4), or could be
evacuated. Due to equipment malfunction, only the CFQ and the evac-
uated modes provided useful information. The detection efficiency
for the filter is shown in Figure 7. Because of the inherent energy
spreading in a proportional counter, (typically greater than 250 eV
at hv = 600eV), adjacent parts of the spectrum are smeared together,
making the results insensitive to small changes in the strengths of
most individual lines. However, Figure 7 shows that the CF4 filter
effectively isolates the band 550 - 690 eV from the rest of the spectrum.
The only strong lines in this band are O VII and O VIII.

For a plasma with temperature near 2.6 x lO6 OK, and elemental
abundances given by Allen (1973), Tucker and Koren's model (1971)
predicts that ~807% of the flux in the pass band of the filter should
come from O VII and O VIII, at 576 eV and 658 eV respectively. The
measured flux in the filtered counter was 0.46 +0.16 counts cm 2 sec™l.

(The low statistical weight of this observation r<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>