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ABSTRACT

The soft X-ray structure of the Lupus enhancement was investigated during a recent rocket
experiment. A counting rate profile with an angular resolution of 15’ is presented showing
significant fine structure on the subdegree scale. At least four discrete sources are resolved from
the total enhancement. Correlations with the supernova of A.D. 1006 and the Lupus radio object
are discussed. No other obvious radio/optical counterparts have been found for these sources,
with the possible exception of the radio source MSH 14 —38.

In the direction of the Lupus radio source the spectrum comprises a foreground and a source
component; both have thermal spectra including line emission with temperature ranges of

2-10 x 105K and 1.9-3.4 x 10° K.

Subject headings: nebulae: supernova remnants — radio sources: general — X-rays: general

I. INTRODUCTION

The Lupus region was first observed by Palmieri
et al. (1972), who found that it extended over about
8°. On various skymaps (Bunner et al. 1972; Hayakawa
etal. 1975; de Korte et al. 1976) a broad region (~ 15°)
of enhanced emission, especially in the energy band
0.4-0.8 keV, is also evident. Radio observations
(Milne 1971) indicate the presence of two supernova
remnants—the Lupus Loop and SN 1006. The radio
diameters of these sources are 4°5 and 30’ x 22,
respectively. Winkler and Laird (1975) identified the
latter as a hard X-ray source (T = 4.5 x 107 K) with
a size less than 1° in extent. In this experiment two
cross-scans over the Lupus bright region were made
at 0°31s~! with soft X-ray detectors with angular
resolutions of 15’ and 3° in an attempt to resolve fine
structure in the X-ray enhancement and to perform
multicolor X-ray photometry.

II. INSTRUMENTATION

The rocket experiment was launched from Kauai
aboard a Terrier-Sandhawk combination on 1976
May 29 at 09249™30° UT. The maximum altitude
reached was 270 km. A short overview of the main
instrument parameters is given below. For a detailed
?e;g/gi)ption of the payload we refer to Bleeker et al.

1 .

The instrument package consisted of (i) a one-
dimensional X-ray focusing collector (XFC) with an
angular resolution of 15" and a geometrical area of
220 cm? covering the range 60-1000 eV (for redun-
dancy reasons the XFC had two multicell proportional
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counters in the focal plane, which were equipped with
0.5 um polypropylene windows); (ii) four large-area
counters (LACs) with stacked mesh-type collimators
(320 x 10°%6 FWHM), geometrical area 660 cm?,
operating in the energy range 0.1-3.0 keV. On the
LACs two different polypropylene window thick-
nesses of 1 um and 3 um were employed to provide a
two-color spectral measuring technique.

Consistency throughout the flight of 1 um and 3 pm
data shows that the data are free from electron
contamination. A Lexan-Formvar window coating
was very effective against sensitivity to ultraviolet
photons down to the lower threshold of 60eV. An
in-flight check on the bright UV star « Vir provided an
upper limit for the quantum efficiency (£ > 60 eV)
at 2000 A of 1.8 x 10-8, The correction for the cosmic-
ray-induced background was assessed during the time
the nose cone was still on the payload.

The aspect solution was obtained from gyro data
and positions of bright UV stars, measured in a
photomultiplier-type UV sensor. The accuracy of the
scan path position derived in this way was 0°5.

III. THE LUPUS ENHANCEMENT

Figure 1 shows counting rate profiles as a function
of galactic latitude for the X-ray focusing collector
and the summed output of the 1 um and 3 um LACs
in the energy band 0.4-0.8 keV. The detected soft
X-ray brightness levels indicate a strong enhancement
in the Lupus region. In contrast to the 0.4-0.8 keV
LAC profile, which shows no significant brightness
structure in the enhancement, the XFC shows a very
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Fi16. 1.—Counting rate profiles as a function of galactic latitude for the 1 um + 3 pm large-area counters (fop) and the X-ray
focusing collector (bottom) in the energy interval 0.4-0.8 keV. The beamwidth for each detection system is indicated.

structured counting rate profile owing to an order of
magnitude improvement in the angular resolution
(15). We will now discuss the observed brightness
structure in more detail.

a) SN 1006

Figure 2 shows the XFC counting rate profile for
one scan superimposed on a radio map of Milne
(1971). The source at position 1 is within 025 of the
radio position of SN 1006. The cross-scan also shows
this source to be within 025 of SN 1006. In view of the

0°5 accuracy of the attitude data, indicated by the .

horizontal bar, it seems justified to identify this source
with SN 1006. The diameters (25) of the X-ray and
radio objects agree—a result which lends support to
a supernova origin.

The spectral data (XFC) indicate a temperature in
excess of 107K and a column density of 1.5 (+3,
—1) x 10%* atoms cm~2. These parameters are con-
sistent with the OSO 7 result (Winkler and Laird
1975), T = (4.5 £ 1.9) x 107K and Ny < 4 x 10**
atoms cm~2, measured in the energy range 1-60 keV.
Culhane (1976) presented a preliminary Ariel 5 spec-
trum in the energy range 2-18 keV. A temperature
of (1.9 £ 0.2) x 10°K and a column density of
Ny < 1.4 x 10?2 atoms cm ~2 are compatible with our
result.

The distance, derived from the measured column
density, is not incompatible with distance estimates,
ranging from 1.3 to 4.9 kpc, using optical and radio
observations (Minkowski 1966; Milne 1970; Downes
1971). For a spectrum with parameters kT = 4 keV
and Nz = 1.5 x 10%* atoms cm~2 an upper limit of
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F1G. 2.—A superposition of the 0.4-0.8 keV counting rate profile of the X-ray focusing collector on a radio map by Milne.
Indicated is the measured position of SN 1006. The width of the bar is a composition of the source width and the uncertainty in the

attitude solution.

0.09 photonscm~2s-! keV~! can be derived in the
energy range 0.06-0.4 keV. Gronenschild (1978) ob-
tained an upper limit of 0.05 photons cm~2 s~ keV 1
with ANS in the energy range 0.16-0.28 keV. The
integrated flux from 0.6 to 1.6 keV, derived from the
XFC data below 1keV, amounts to 0.24 + 0.07
photons cm~2 s~! keV~!, or about a factor of 3
higher than indicated by the previous measurements.
Because of this excess flux below 1 keV we are led to
conclude that SN 1006 possesses a low-temperature
component similar to that found for other young
remnants, Cas A and Tycho (Davison, Culhane, and
Mitchell 1976), which could not have been detected by
the previous experiments due to their low-energy
cutoff. This low-temperature component can be
interpreted in terms of the reverse shock wave model
as proposed by McKee (1974) and Gull (1975). The
intrinsic soft X-ray luminosity, adopting a distance
of 2 kpc, amounts to 2 x 103 ergs s~ 1.

b) Other Brightness Features

In addition to SN 1006, the XFC count profile
shows that the remaining portion of the Lupus en-

hancement resolves into at least three sources. An
extended source with a diameter of at least 3° (desig-
nated 2 in Fig. 2) which, in one direction, coincides
with the position of the Lupus radio source where the
radio contour values are highest. Two other sources
(3 and 4) are apparent in the counting rate profile with
an angular extent of about 1°5. Because of a lower
statistical significance of the XFC data in the cross-
scan, the spatial coincidence of source 2 with the
Lupus radio source cannot be uniquely established.

Spectral analysis of the source is performed to see
what additional constraints should be met for its
identification. The spectral analysis is mainly based
on the 1 um and 3 um LAC data during the time
source 2 is visible in the XFC; the statistical weight of
the XFC data does not permit placing additional
constraints on the spectral parameters. Figure 3 shows
the energy spectra measured in the direction of source
2 for the 1 um and 3 um LAGCsS, respectively. Correc-
tions have been made for cosmic-ray—-induced back-
ground and the extragalactic diffuse background
attenuated by the appropriate amount of interstellar
gas (Daltabuit and Meyer 1972). Simultaneous fitting
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F1G. 3.—(a) (upper) Partial isoprobability contours (one component is assumed constant) indicating a 90%, confidence interval
for the low-temperature (‘“foreground”) and high-temperature components. Two different abundance sets, a (cosmical) and b
(modified), are incorporated. (b) (lower) Energy spectra of source 2 for 1 um and 3 pm data. Superposed on the observational points
is a combination of model spectra with modified abundances; the low T component (dashed curve) for a temperature of 6 x 10° K,
the high T component (dotted curve) for 3 x 10% K.
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of 1 um and 3 pum data with various model spectra
(power law, free-free emission, emission from optically
thin one-temperature hot plasma including line
emission [Gronenschild and Mewe 1978]) yielded no
acceptable fits. Therefore thin plasma spectra, com-
prising a low- and a high-temperature constituent,
have been implemented.

Two sets of abundances have been used: (a) cosmi-
cal abundances according to Mewe (1972), (b) modified
abundances averaging the results obtained from the
UV spectra of { Oph and A Sco (Morton 1974; York
1975). In this case the elements C, N, Mg, Si, Ca, Fe,
Ni are depleted by factors ranging from 3 (C) to 4000
(Ca), while no depletion for O and Ne is assumed.

Both models give consistent solutions. A x> contour
plot in the (7, Ny)-parameter plane for both the low-
temperature and the high-temperature component
is given in Figure 3a. Contours of 907, confidence
according to the ym,2 + 6.25 criterion (Lampton,
Margon, and Bowyer 1976) are indicated for both
abundance sets. The low-temperature contours for
models a and b are identical, the best fit value for
modified abundances is drawn superposed on the
observational points for the 1 um and 3 pm data in
Figure 3b.

The low-temperature component (7 = 2-10 x
10° K) can be interpreted as ‘‘foreground” radiation,
originating from a hot plasma present in the inter-
stellar medium (Hayakawa et al. 1975; Kraushaar
1977; Tanaka and Bleeker 1977). The low column
density (<3 x 10?° atoms cm~2) is consistent with the
low density (< 0.1 cm~?) within 100 pc from the Sun,
as derived from L« observations (Henry et al. 1976).
Further support for such a hot phase of the interstellar
medium is given by the O vi absorption line, measured
in UV spectra toward six stars in the direction of Lupus
(Jenkins and Meloy 1974; York 1974; Jenkins 1978).
From this O vi abundance, which is a strong function
of temperature with a maximum at 3 x 10°K, a
temperature of 6.7 x 10°K is determined. The
temperature regime derived from the soft X-ray
spectrum is consistent with this value.

The high-temperature component mainly arises
from the presence of source 2 with lower limits for the
amount of intervening cold gas of Ny = 1.7 x 102
atoms cm ™2 (cosmic abundance) or Ny = 4.5 x 102°
atoms cm~2 (modified abundance). A contribution
up to 309, in the 0.4-0.8 keV band to this source can
be attributed to emission from the North Polar Spur
(NPS), the giant soft X-ray feature in the north
galactic hemisphere (Bunner et al. 1972; de Korte
et al. 1974; Cruddace et al. 1976; Hayakawa et al.
1977). Spectral analysis outside the Lupus enhance-
ment indicates a similar temperature for the NPS as
for source 2; however, a much lower column density
consistent with the L« absorption measurements to o
Vir (<10 atoms cm~2; Bohlin 1975) should be
inferred. It is therefore unlikely that source 2 is
physically associated with the NPS. If one corrects
for the contribution from the NPS, the lower limits
to the Ny values of source 2 will be slightly raised.
The Ny value for source 2 is compatible with the
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column densities for the Lupus radio source derived
from other measurements. The 21 cm measurements
toward Lupus indicate Ny = 7 x 102° atoms cm~?
(Daltabuit and Meyer 1972). L« absorption measure-
ments toward ¢ Lup (380 pc) give a mean gas density
of n = 0.44 cm~2 beyond 100 pc (Savage and Jenkins
1972) from which lower limits to the distance of
source 2 of 340 and 1300 pc, respectively, can be de-
duced based on the X-ray absorption measures in
models a and b. From radio observations the distance
to the Lupus Loop is estimated to be between 400 and
600 pc (Ilovaisky and Lequeux 1972).

If we assume source 2 to be physically associated
with the Lupus Loop, which is consistent with the
above parameters (Ny value, size), a supernova origin
for this source is strongly favored. The spectrum
shows a pronounced peak around 0.65 keV, probably
indicating the presence of strong O vi and O vin
lines. Considering the temperature and angular
dimension, the Lupus Loop is probably in an evolu-
tionary sense comparable to the Cygnus Loop and
Vela X. The intrinsic soft X-ray luminosity for dis-
tances of 340 pc and 1300 pc amounts to 1 x 103
ergss~! and 2 x 103° ergs s, respectively.

For sources 3 and 4, identified in both scans, two
combinations of approximate positions can be derived
(¢ = 14746™, § = —33°0)/(c = 14"35™, § = —3628)
and (¢ = 14°50™, § = —36°0)/(c = 14"32™, & =
—3328). For the second combination, one position
coincides with radio source MSH 14—38, a point
source with a nonthermal spectrum. Taking a best fit
spectral temperature of 2 x 108 K, the 0.1-2.0 keV
X-ray flux of this source amounts to 2.3 x 10-1% ergs
cm~2s-1. Alternatively the spectral similarity with
source 2 might point to the picture of an extended
feature in which they are somehow associated. The
available radio data in the area = —30° to —36° may
be found in the Ohio survey at 1415 MHz (Ehman,
Dixon, and Kraus 1970). However, no straightforward
identification with any radio source could be made.
No large-scale He nebulosities are correlated with the
Lupus region (Sivan 1974).

IV. CONCLUSION

Observing the diffuse soft X-ray background with
subdegree angular resolution reveals small-scale
structure. The broad Lupus enhancement is resolved
into at least four separate sources. One source is
identified with SN 1006, exhibiting a composite
spectrum, invoking a low-temperature component. A
second X-ray source of 3° extent is probably associated
with the Lupus Loop, indicating the existence of a
supernova remnant with a temperature of about
3 x 10° K. Considering also the linear dimension, an
evolutionary resemblance to the Cygnus Loop and
Vela X could exist.

The other two sources are as yet not identified with
known astronomical objects, possibly apart from the
radio source MSH 14—38.
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