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1. Project Overview

The goal of this project is to extend previous studies of the spatial structure and spectral
characteristics of the X-ray background in the energy range ~ 70 - 1000 eV. The soft X-ray
background originates from hot phases of the interstellar medium and the Galactic halo.
This hot matter is not uniformly distributed, but exhibits quite different intensities and
spectral ratios in different directions on the sky.

We wish to constrain the distances to the various hot interstellar regions, and to constrain
their spectral emission parameters. These are necessary steps toward understanding the
origin and evolution of the hot phases of the interstellar medium and their role in the
evolution of our galaxy. The program uses data primarily from the ROSAT, DXS, ASCA
and Chandra orbiting missions, and secondarily from the EUVE and ALEXIS missions. In
addition, data are used from University of Wisconsin sounding rocket flights, and from the
ground-based WIYN telescope.

2. Progress During Year Four

The paper with Steve Snowden, M. J. Freyberg, & K. D. Kuntz (Snowden et al. 2000) on
a catalog of shadows in the 1/4 keV soft X-ray diffuse background was published in the
May 2000 issue of the Astrophysical Journal Supplements. These shadows were identified
by comparing ROSAT all-sky survey maps to DIRBE-corrected IRAS 100-micron maps. A
copy of the published paper accompanies this report. ,

The paper presenting the DXS spectra and summarizing the analysis to date was modified
according to the comments and suggestions of the referee's report from the Astrophysical
Journal, and resubmitted to the Journal. Unfortunately, this process took much longer than
expected, but it eventually converged and the paper was accepted for publication in the 20
June 2001 issue of the ApJ (Sanders et al. 2001). A copy of the revised manuscript of the
paper accompanies this report.

Massimiliano Galeazzi has joined the effort with Snowden and Jay Lockman on analyzing
the ROSAT XRT/PSPC data towards the cloud complex in Ursa Major that shows X-ray
shadows. We have reduced a number of the pointed ROSAT observations and two
interferometric H I observations towards those clouds. The results of the comparison of
these data are being written up in year five.

Work with Keivan Stassun to reduce B, V, and R band images taken on the Kitt Peak 0.9-
m telescope in January 1998 of an X-ray shadowing cloud in Ursa Major again has not
progressed as I thought. The goal is to select stars suitable for use with the WIYN
telescope multi-object spectrograph (MOS) to look for interstellar absorption lines that
would constrain the distance to the cloud. Keivan did not immediately have more time as a
post-doc but has recently resumed work on this project.

I worked further with Dan McCammon to help with his analysis of the third XQC sounding
rocket data. This is a micro-calorimeter observation of the diffuse X-ray background in the
0.1 - 3 keV range from a 30° small circle around galactic coordinates (/) ~ (90°, +60°). It
clearly shows the O VII line, which can be used with the measurement of the O VIII line to
constrain the temperature of the emitting plasma. These data do not show evidence for iron
lines, however. A paper will be submitted to the Astrophysical Journal shortly.

I received data from the ACIS detector on the Chandra X-ray Observatory to study diffuse
emission from face-on galaxies. NGC 3184 was observed for 40 ks in January 2000. An
additional 20 ks was observed in 2000 March because a supernova occurred in this galaxy



in late 1999. Working with Mike Juda and later Mark Quigley, a preliminary analysis was
completed in time for the November 2000 HEAD meeting (Juda et al. 2000, Sanders et al.
2000). We found both a general diffuse glow from the galaxy as well as a number of
sources, but we have not yet determined if any of the sources are diffuse regions analogous
to the Local Bubble. I used observing time on the WIYN telescope in April 2001 to obtain
arc-second images of NGC 3184 with B and R broadband filters, and in the Hot line and
continuum. These images will be used to determine if regions of diffuse X-ray emission
correlate with early-type stars or with H II regions.

3. Research Plans for Year Five

Research plans for the coming year continue to be essentially as outlined in the original
proposal and described in last year's progress report. The primary activities are to focus on
the ROSAT analyses, the DXS analysis, and the Chandra analysis while maintaining a
modest level of effort in the ASCA analysis, and the WIYN observations. The major
change is that the time originally planned for the analysis of CUBIC and Astro-E data will
be used for DXS and AXAF data analysis, with small amounts distributed among the other
space-based observation sets.

3.1 DXS (30%)

The analysis of DXS data will continue for determining useful spectral parameters for the
diffuse background emission from the Vela and Mongem supernova remnants,
(Morgenthaler et al. 2001, in preparation). I will be working with D. Liedahl and R. Edgar
to continue development of improved line emission models, incorporating new and
improved calculations of Mg, Si, and S L-shell lines by Liedahl. The third DXS paper will
deal specifically with fits using these new line calculations (Edgar et al. 2001, in
preparation). We will also be collaborating with Randall Smith to fit DXS data to his
models of 109-year-old blast waves, which also incorporate reheated cavities, dust and
varying thermal conduction. These models must be updated to include the new line
calculations from Liedahl. We will also perform simultaneous fits of DXS data with
overlapping ROSAT data and XQC data using the improved models when they are
available.

3.2 ROSAT (30%)

I will continue the existing collaborations for this work with Jay Lockman and Steve
Snowden. We will continue comparisons of ROSAT XRT/PSPC data with existing IRAS
100 micron data, H I121-cm survey data, and the more recent interferometric data on
selected clouds. The goal is to quantify how the X-ray background intensity features are
related to cloud structures. The initial focus is the clouds in the Ursa Major region, but we
will also analyze other clouds with shadows, and obtain upper limits to clouds with no
shadows. -

3.3 AXAF (20%)

I anticipate that the analysis of the Chandra data sets and the WIYN images of NGC 3184
will be completed during the upcoming year.

3.4 ASCA (8%)
In collaboration with Massimiliano Galeazzi and K. Gendreau, I plan to use ASCA data

from selected deep pointings around the sky to better understand the ~ 400 eV - 1000 eV
diffuse background emission. For those ASCA data that overlap ROSAT data and XQC



data, simultaneous fits will be analyzed. Reconciling the apparent differences between the
diffuse background spectral parameters found by ASCA and ROSAT (Chen, Fabian, and
Gendreau 1997, Miyaji et al. 1998) those found by XQC is especially critical for
understanding the extragalactic background. Both ROSAT and ASCA have quite extensive
archives of deep pointings, so that many targets are available for this work.

3.5 WIYN (5%)

I'plan to continue to use the WIYN telescope, with its multi-object spectrograph (MOS), to
determine distances to the Ursa Major low velocity cloud. I will continue existing
collaborations for this work with B. Wakker and B. Savage.

3.6 Sounding Rockets (5%)

In collaboration with R. Smith, M. Juda, J. Bloch, R. J. Edgar, and D. McCammon, I
plan to use existing Wisconsin sounding rocket data to perform pulse height fits to boron-
window and beryllium-filter data. These data were previously analyzed only through their
broad-band count rates. We will also perform simultaneous fits to overlapping DXS data.
A fair amount of reprocessing of 10 - 15 year old sounding rocket data will be necessary
for this. These old data will be read onto disk and reformatted so that photon extraction
routines can create photon event files which can be sorted and binned for use by XSPEC.

3.7 ALEXIS/EUVE/CHIPS (2%)

I will continue my existing collaboration with J. Bloch for the ALEXIS work. A draft first
ALEXIS paper has been produced without my involvement, but Jeff and I are planning to
work together on a second paper. I also have had and will continue to have conversations
with Mark Hurwitz and Randy Kimble about using DXS results to constrain models of the
diffuse background that may be useful for analysis of the CHIPS data.
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Budget

NAGS5-3524

NASA - Year 5

15 May 2001 - 14 May 2002

Labor and Fringe Benefits

a) PI - W. Sanders
b) Res. Associate - J. Morgenthaler

Subtotal

Travel
a) 1 trip/Pasadena/5days/AAS mtg./Jun 2001

Hours

1,220
360

b) 1 trip/San Diego/5days/SPIE Mtg./Jul/Aug 2001

c) ltrip/Washington/5days/AAS mtg./Jan. 2002

Subtotal

Publications
a) Paper 1 @10pages @$115/page
b) Paper 2 @10 pages @$115/page
c) Paper 3 @10 pages @$115/page

Subtotal
Computer Services
Materials

University Indirect Cost at 44%

TOTAL

k:/admin:prop850.xls .

Rate

$65.77
28.91

Cost
$ 80,239
10,408
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1,500
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ABSTRACT

This paper presents a catalog of shadows in the 7 keV soft X-ray diffuse background (SXRB) that
were identified by a comparison between ROSAT All-Sky Survey maps and DIRBE-corrected IRAS 100
pm maps. These “shadows” are the negative correlations between the surface brightness of the SXRB
and the column density of the Galactic interstellar medium (ISM) over limited angular regions (a few
degrees in extent). We have compiled an extensive but not exhaustive set of 378 shadows in the polar
regions of the Galaxy (|b| 2 20°) and determined their foreground and background X-ray intensities
(relative to the absorbing features) and the respective hardness ratios of that emission. The portion of the
sky that was examined to find these shadows was restricted in general to regions where the minimum
column density is <4 x 10°° H cm™?, ie,, relatively high Galactic latitudes, and to regions away from
distinct extended features in the SXRB such as supernova remnants and superbubbles. The results for
the foreground intensities agree well with the recent results of a general analysis of the local 1 keV emis-
sion, while the background intensities show additional, but not unexpected scatter. The results also
confirm the existence of a gradient in the hardness of the local 2 keV emission along a Galactic center/
anticenter axis with a temperature that varies from 10%!3 to 10%-°2 K, respectively. The average tem-
perature of the foreground component from this analysis is 105°® K, compared to 105°¢ K in the
previous analysis. Likewise, the average temperature for the distant component for the current and pre-
vious analyses are 10°°° and 10°°2 K, respectively. Finally, the results for the 1 keV halo emission -are
compared to the observed fluxes at 2 keV, where the lack of correlation suggests that the Galactic halo’s
% and 3 keV fluxes are likely produced by separate emission regions.

Subject headings: catalogs — Galaxy: general — ISM: general — X-rays: galaxies — X-rays: general

1. INTRODUCTION

A negative correlation between the column density dis-
tribution of a Galactic H 1 feature and the surface brightness
of the 3 keV soft X-ray diffuse background (SXRB), a
“shadow,” provides a mechanism for determining the loca-
tion along the line of sight of X-ray-emitting plasmas rela-
tive to the X-ray—absorbing H 1. The fundamental result of a
shadowing observation is the separation of the observed
X-ray flux into foreground and background components
relative to the shadowing object. An “object” in this case
can be either a local column-density enhancement (ie.,
cloud) or a local minimum in the Galactic H 1 column
density. With the additional information of the distance to
the shadowing object, which can be determined using inter-
stellar absorption line measurements toward stars with a
range of known distances, constraints can be placed on the
locations of the emission components. If a number of shad-
owing observations can be combined, then it becomes pos-
sible to create a three-dimensional map of the distribution
of both the X-ray—emitting and —absorbing material. This
process becomes particularly effective when the results are
compared with the extensive mappings of the distribution of
neutral material in the solar neighborhood that can be
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found in the literature (e.g., Frisch & York 1983; Paresce
1984; Welsh et al. 1994; Sfeir et al. 1999).

Shadows in the general SXRB (i.e., away from discrete
emission features such as supernova remnants) were first
unambiguously detected using the ROSAT observatory
(Snowden et al. 1991; Burrows & Mendenhall 1991). The
continuing study of such shadows has provided crucial
information about the soft X-ray emission from the Galac-
tic halo and from the Local Hot Bubble (LHB), an irregu-
larly shaped region of ~10° K plasma that extends
~ 50-150 pc from the Sun in all directions (Cox & Snowden
1986; Cox & Reynolds 1987; Snowden et al. 1990a, 1998).
For example, the relationship between the } keV SXRB
surface brightness and the H 1 column density has been
examined recently for a number of regions of the sky, both
large and small. ROSAT All-Sky Survey data were used to
study several regions of rather limited extent (Kerp et al.
1996, 1999), a large region in Ursa Major (Snowden et al.
1994a), the M complex of high-velocity clouds (Herbstmeier
et al. 1995), the Draco Nebula (Snowden et al. 1991; Moritz
et al. 1998), the Eridanus enhancement (Snowden et al.
1995a), as well as the whole sky (Wang 1997; Snowden et al.
1998; Pietz et al. 1998). ROSAT pointed observations were
used to study the Draco Nebula (Burrows & Mendenhall
1991), MBM 12 (Snowden, McCammon, & Verter 1993),
several distinct clouds (Wang & Yu 1995; Kuntz, Snowden,
& Verter 1997), a region of Ursa Major (Barber & Warwick
1996), and a region of Eridanus (Guo et al. 1995).

With the aim of providing a tool with which to further
studies of the small-scale geometry of the local interstellar
medium and to provide information on % keV emission
from the Galactic halo, this paper presents a catalog of 378
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absorption/emission features in the § keV soft X-ray back-
ground derived from the ROSAT All-Sky Survey (RASS).
This analysis improves upon the general results reported in
Snowden et al. (1998, hereafter Paper I) by selecting regions
of the sky most likely to provide statistically significant
results. These are regions with variations in absorption
greater than one optical depth over a solid angle of typically
<30 deg? in directions of relatively low average column
densities. The derived results are therefore more accurate
for the sampled regions of the sky than the smoothed results
of Paper L In addition, we have slightly improved upon the
analysis technique of Paper L.

The data used in this analysis are discussed in § 2, the
analysis itself is described in § 3, and the results and dis-
cussion are presented in § 4. Section 5 presents the conclu-
sions of this paper.

2. DATA

For the analysis presented here, we have used the RASS
high-resolution maps of the ; and 2 keV diffuse X-ray back-
ground presented in Snowden et al. (1997) and the DIRBE-
corrected IRAS 100 ym maps of Schlegel, Finkbeiner, &
Davis (1998) scaled to represent the column density of
Galactic neutral hydrogen. These are the same basic data
sets (with the addition of the 3 keV data) that were used in
Paper 1.

2.1. X-Ray Data

As described in detail in Snowden et al. (1995b; 1997), the
X-ray data have been cleaned of periods of anomalously
high noncosmic background, have had residual noncosmic
background contributions subtracted (scattered solar
X-rays [Snowden & Freyberg 1993], particle background
[Snowden et al. 1992; Plucinsky et al. 1993], and long-term
enhancements [Snowden et al. 1994b]), are exposure cor-
rected, and have had bright point sources removed. The
maps cover ~98% of the sky with roughly 10° 12’ x 12’
pixels, and consist of count rate and count-rate uncertainty
pairs in six bands. In this paper we use data from the R1
and R2 bands, and the summed R12 band (4 keV) and R45
band (3 keV). The R12 band data are formed by summing
the R1 and R2 band count rates (which are statistically
independent) and adding their uncertainties in quadrature.
The R45 band data are formed in the same manner by
adding the R4 and R5 band data. Figure 1 displays the
band response functions for the four bands. The R1 and R2
bands are clearly not spectrally independent; however, the
R45 band is reasonably cleanly separated from the R12
band. (The X-ray data used for the all-sky analysis of Paper
I consisted of the R1 and R2 band data binned into
24’ x 24’ pixels.)

The individual ROSAT bands are formed by pulse-height
selection on individual events (detection of an X-ray
photon), so each event is uniquely assigned to a single band
providing statistical independence. The lack of spectral
independence of the R1 and R2 bands is due to the poor
intrinsic energy resolution of the proportional counters,
which is E/AE ~ 1 at E ~ 1 keV. The spectral separation
between the R12 band and the R45 band is provided by the
carbon Ko absorption edge of the proportional counter
entrance window at 0.284 keV.

As will be addressed in § 3, the analysis presented here has
been limited to approximately 10% of the sky, or roughly
10° pixels. Histograms of the statistical significance (count
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FIG. 1.—On-axis band response curves for the ROSAT R1 (dashed line),
R2 (dotted line), R12 (solid line), and R45 (solid line) bands. The sharp break
at 0.284 keV is due to the carbon Ka absorption edge of the PSPC plastic
entrance window. Other jumps in the curves are caused by the oxygen
absorption edge at 0.532 keV from the window and the argon absorption
edge at 0.245 keV and xenon absorption edge at 0.928 keV from the
proportional counter gas. Note the very small overlap between the R45
band and the lower energy bands.

rate divided by the uncertainty in the count rate) of the
individual pixels in the three 4 keV maps used in this
analysis are shown in Figure 2. While the significances are
not in general as large as one would prefer, they are suffi-
cient for this analysis, and the finer angular binning (than
used in Paper I) allows an increased sampling of any fine
structure in the column density of the absorbing interstellar

medium.

2.2. Measure of Absorption Column Density

As in Paper I, we use the DIRBE-corrected IRAS 100 pm
data from Schlegel et al. (1998), cast into the same projec-
tions and pixels as the X-ray data, as a measure of absorp-
tion column density. However, they are slightly different
from those used in Paper I as they are the product of the
final processing used for the Schlegel et al. paper. The differ-
ences are minor and do not significantly affect the results.
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FIG. 2—Histograms of the statistical significances (count rate divided
by the uncertainty in the count rate, I/a,) for the 12’ x 12’ pixels for the R1
(dashed line), R2 (dotted line), and R12 (solid line) bands.
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' 1G. 3.—Scatter plots comparing the binned Schlegel et al. (1998) IRAS
100 pm data vs. the binned Hartmann & Burton (1997) Ny data in the (a)
northern and (b) southern Galactic hemispheres (see text for details). The
i s show the best-fit linear relation for H 1 column densities <4.0 x 10%°

| cm~2. The turnover at higher values of I, is due to the presence of
n...ecular gas.

j e inherent angular resolution of the IRAS data (~5')
ceeds by a factor of 5 the useful resolution of the X-ray
data, which is limited by counting statistics rather than by
th~ resolution of the detector (the angular resolution of
I‘ .SS data, which is an average over the field of view, is
~~3). Using the IRAS data provides a major advantage
over using the available H 1 surveys, which have at best 35’
r olution with incomplete sky coverage. The disadvantage
¢ the IRAS data is that they do not contain velocity infor-
mation that would allow the straightforward separation of
the X-ray-absorbing interstellar matter into distinct com-
q nents, as can be done with the H 1 data. However, veloc-
i information can be determined for distinct IRAS
features by comparing the angular structure with the
coarser resolution H 1 data (although that is beyond the
s pe of this paper). Another major advantage for the IRAS
c...ais that they also sample molecular gas.

Since the IRAS data are scaled to column densities of
( ~lactic neutral hydrogen at high Galactic latitudes, they
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are an appropriate measure of X-ray-absorbing interstellar
matter for this analysis (see Kuntz & Snowden [2000] for a
more extensive discussion of this subject). The Schlegel et al.
(1998) data were scaled to the column density of interstellar
hydrogen by using the Leiden-Dwingeloo 21 cm survey of
Hartmann & Burton (1997). Data in the Galactic polar
regions were binned into 196 x 126 pixels and linear fits
made to the northern and southern data separately. The
range in Ny was limited to <4 x 10° H 1 cm™2 to avoid
the contribution of molecular gas to the I, intensities and
therefore contamination of the results. The scatter plots and
fitted relations are shown in Figure 3. The fitted lines for the
north and south are given by Ny = 0.186 + 1.403 x I,4,
and Ny = 0.334 + 1.305 x I, respectively, where Ny is
in units of 102° H1cm ™2 and I, is in units of MJy sr™*.
The turnover at higher values of I, is due to the presence
of molecular gas. The difference between the I, to Ny
scaling between the northern and southern hemispheres is
not significant for our purposes. They provide similar
results for low column densities where the analysis is most
sensitive to systematic uncertainties (the cross-over of the
curves is at Ny ~ 3 x 102° cm™2). At higher column den-
sities where the relations diverge the column densities are
optically thick.

3. ANALYSIS
3.1. Selection of Target Regions

The selection of the locations and sizes of the regions, or
shadows, that were analyzed for this paper was subjective,
but not arbitrary. The selection criteria were that there be
an apparent absorption feature in the 1 keV background
and/or an emission feature in the Ny map, that there be a
reasonable range in the column densities of H 1in the vicin-
ity of this feature (most of the regions have a range greater
than one optical depth), and that the minimum column
density of H 1 in the vicinity be reasonably low. These cri-
teria select regions where the total column density is low
enough for the R12 band to still be sensitive to distant
emission and where the range in Ny is large enough to
provide an acceptable lever arm for the fit. Since one optical
depth for X-rays at 4 keV is ~1 x 102° H1cm™?, regions
with a minimum sampled column density <4 x 10*° H 1
cm 2 corresponding to a minimum optical depth <3 were
used (note that optical depth is not a linear function of Ny,
see Snowden et al. 1994b). These selection criteria limited
the analysis to roughly the 40% of the sky with the lowest
column density. However, the criteria were occasionally
relaxed in order to better sample the local component, i.e.,
directions of higher column density where all observed
emission can reasonably be assumed to be local in origin.
For these regions the background emission is not well con-
strained.

Regions affected by known supernova remnants and
superbubbles, specifically Loop I, the Eridanus super-
bubble, and the Monoceros-Gemini ring, were excluded.
The studies of emission and absorption variations of such
features using ROSAT data are certainly interesting in their
own right (e.g., Loop I [Egger 1993], Eridanus [Snowden et
al. 1995a; Guo et al. 1995] and Monogem [Plucinsky et al.
1996]), but are more appropriately left for detailed investi-
gations of the specific object. The locations of the regions
selected for analysis here are shown in Figure 4, where rings
showing the extent of the regions are overlaid on both 1
keV X-ray and IRAS maps. The radii of the target regions
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rre determined by the angular extents of the absorption

d/or emission features. In practice, all but three of the
target regions are <8° in diameter. Near some of the larger
features, several smaller regions were also selected for
i alysis in order to independently sample different parts of
{2 feature to test for variation in either the foreground or
background X-ray intensities.

An effort was made to have the selected regions be dis-
i buted over the available lower column density parts of
tue sky, which occasionally required relaxing some of the
selection criteria above. While the sky coverage is certainly

t uniform, because the distribution of suitable targets is

t uniform, the sky covered is reasonably representative of
the whole at high latitudes.

3.2. Fitted Model

A physical picture similar to that used in Paper I was
assumed here for the relative locations of the X-ray-
{-mitting plasmas responsible for the bulk of the  keV back-

ound and the cooler X-ray-absorbing gas in the
.cerstellar medium. Specifically, it consists of an unab-
sorbed foreground X-ray emission region (the Local Hot
™ ibble; see Paper I), a region of neutral, X-ray—absorbing
] M that includes the shadowing cloud and all other Galac-
tic H1along the line of sight, and a region of X-ray—emitting
plasma in the Galactic halo that is not intermixed in the
1 utral ISM and that produces most of the observed § keV
| ckground of distant origin (from Paper I this component
has a temperature of ~10°%° K). Paper I assumed an iso-
tropic extragalactic background power law with an index
cen from Hasinger et al. (1993) of 1.96 and a normal-
tion fixed to be consistent with extragalactic 3 keV shad-
owing results (e.g., M 101 [Snowden & Pietsch 1995], NGC
£ [Barber, Roberts, & Warwick 1996], and several addi-
nal face-on galaxies [Cui et al. 1996]).
To make our current picture more physically realistic, we
added the following refinement to the distant emission of
I > Paper I model. The previous isotropic extragalactic

| ckground power law has been replaced with two com-
1.46

ponents: (1) an isotropic power law (10.5 E~ photons
cm~2s~!sr™! keV ™2, the fitted power law of model A from
( 1en, Fabian, & Gendreau [1997]), which is the extrapo-
1 ion of the extragalactic background observed above ~ 1
keV and is consistent with the observed flux in the ROSAT
1 2 keV band, and (2) an anisotropic T = 10%4 K thermal
¢ mponent that accounts for the observed excess of the
tufuse X-ray background at 3 keV above the extrapolation
of the power law. We used the R45 band data to determine
t" : intensity of the 10°* K thermal component for each
¢ 1dow region individually. The sum of these two distant
components, when extrapolated to the 4 keV band, pro-
duces an intensity similar to that of the extragalactic power
I v assumed for Paper 1. The advantage to this revision is
t 1t the model now represents the entire 0.1-2.0 keV
ROSAT spectrum in a self-consistent manner, at least in a
general sense. The broadband intensities in the 0.5-2.0 keV
t nd are well fitted with reasonable spectra. These spectra
¢ 1 then be extrapolated down to the 4 keV band to derive
reasonable estimates for their contributions to that band.
4~ will be shown below, this more complicated model has
I le actual effect on the shadow results in the £ keV band.
Tue assumed geometry for the LHB, absorbing gas, and
cooler (T ~ 10°° keV) region of halo X-ray emission is
s »wn schematically in Figure 5a.

Mathematically, the following equation is fitted
separately to the R1, R2, and R12 band data:

Iy =1Iy+ 1, x exp [—a(Ny, Tg.0) X Ny]
+ I 4 % €xp [—0(Ny, Tg.4) X Ny]
+ I x exp [—0(Ny, a1.46) X Ny] .

Note that the data in the R1, R2, and R12 bands are fitted
independently and that only the parameters I, and I, are
allowed to vary. Iy is the observed X-ray intensity, I, is the
fitted foreground component, and I, is the fitted distant
(halo) component, which is absorbed by the column density
Ny; 6(Ny, T.)is the theoretical band-averaged absorption
cross section (based on the cross sections of Morrison &
McCammon [1983]), which is a function both of Ny and
the temperature of the I, component (see Snowden et al.
1994b). The fits were first done using T = 10%°2 K, the
value from Paper I, but were refitted using the value
T = 10°°° K based on the initial results. I 4 is the intensity
of the hot Galactic halo component that is determined from
the R45 band data and is fixed separately for each region; it
is absorbed by the column density Ny. o(Ny, Ts4) is the
theoretical band-averaged absorption cross section for this
component. I, is the fixed isotropic extragalactic power-
law contribution, and a(Ny, o, 4¢) is the theoretical band-
averaged absorption cross section, which is a function both
of Ny and power-law index, a. As noted above, the spec-
trum of the extragalactic power law is taken to be 10.5
E~'4¢ photonscm 2 s~ ! sr~! keV ™%, and is extrapolated
to % keV and evaluated on a band-by-band basis. The nor-
malization for the hot (10%* K) halo contribution was
determined in the following manner: (1) The absorbed
power law contribution in the R45 band was subtracted
from the average R45 band intensity over each shadow
region. (2) This excess, minus a small amount (10~° counts
s~! arcmin~?) assumed to arise from the LHB (with an
assumed temperature of 10°° K and typical high-latitude
normalization set by Paper I), was deabsorbed by the
average column density of the region. (3) This deabsorbed
value was attributed to R45 band emission from the T =
1054 K component. (4) Finally, the T = 10%* K spectrum
was extrapolated to the R1, R2, and R12 bands to fix I¢ ,.

Following Paper I, the assumed spectra of the I, and I¢ ,
components are Raymond & Smith (1977; Raymond 1992,
J. C. Smith 1991, private communication [computer code
update]®) thermal equilibrium plasma models using cosmic
abundances with T = 10%° and T = 10%* K, respectively.
The choice of the spectrum affects the analysis in two ways:
(1) The band-averaged absorption cross sections are spec-
trally dependent, but only to a limited extent, and (2) the
choice of the temperature for the hotter halo component
affects the amount of emission and band ratios (to the few
percent level) attributed to the § keV band. The R12/R45
band ratio decreases by a factor of 4 for spectra between
10%-3 and 10°3 K. However, the predicted unabsorbed R12
band intensity for a typical region, even assuming a 10%-3 K
spectrum, is only comparable to the intensity from the
extragalactic power law. We have chosen T = 10%* K fol-
lowing Nousek et al. (1982), but this choice is confirmed by
Kuntz & Snowden (2000).

6 While there are more recent versions of various plasma codes, use of
the 1991 vintage allows direct comparisons with previous work by these
authors.
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FiG. 5—Schematic diagrams of ISM shadowing geometries. (a) The assumed geometry for the model fits. () Shadowing cloud located within the
foreground emission region. (c) Shadowing cloud located within the distant (halo) emission region.

There are a number of alternatives to our simple assumed
geometry. The most likely are that the cloud or absorbing
feature is located within the foreground X-ray emission
region (Fig. 5b) or within the X-ray emission region(s) in the
halo (Fig. 5¢), i.e., there is some form of intermixture of the
X-ray-emitting and —absorbing gas. These variations, while
adding some complexity to their interpretations, do not
appreciably affect the results. For example, if the shadowing
cloud lies within the local emission region, Figure 5b, the
fitted distant component includes the emission between the
cloud and the edge of the emission region (wall) as well as
any more distant emission beyond the wall. In such a situ-
ation, the fitting algorithm incorrectly deabsorbs the emis-
sion between the cloud and wall by the H 1 of the wall and
“adds” it to the total distant component. Because of this,
the attributions of “foreground” and “distant” emission

may need to be reevaluated once the distances to the
absorbing features are known.

4. RESULTS

4.1. Shadows

The results of the fits for the R1, R2, and R12 bands are
listed in Table 1. For each target region, the table lists the
Galactic coordinates of the region center, the diameter of
the region, the fitted values for the R1, R2, and R12 band
fits and their associated y2 values for the fits, and the
number of degrees of freedom. Scatter plots of the R12 band
data versus the column density of H 1 along with the fitted
curves are shown in Figure 6. Inspection of both the table
and figure shows the wide range of both X-ray emission and
absorption covered by the shadows. The errors quoted in
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the table are the 1 ¢ values derived using the Lampton,
Margon, & Bowyer (1976) criteria (x2;, + 2.3 for two-
parameter fits). When the 1 ¢ range in uncertainty includes
zero, the 1 o upper limit is listed.

Figure 7 compares the foreground and distant R12 band
intensities derived in this paper with those from Paper I.
The foreground (I,) results are in reasonable agreement,
showing a moderately tight correlation, while the back-
ground (I,) results show additional scatter. This is not par-
ticularly surprising as the I, results are more dependent on
the chosen model, and the Paper I results were significantly
smoothed. Since the regions for this analysis were specifi-
cally chosen to provide good measurements, the results of
this paper are more reliable.

Figure 8 shows scatter plots of the hardness ratio (R2/R1
band ratio) for the I, and I; components as a function of
the R12 band I, and I, intensities, respectively. In both
cases while there is significant scatter in the data, there is no
suggestion of a systematic variation with intensity. Figure 9
shows histograms for the R2/R1 band ratios for the I, and
I, components. The average values for the data are 1.13 and
0.98, respectively. These values imply temperatures of 10-°8
and 10%°° K, which are consistent with those of Paper I,
where the derived values for the local and distant emission
were 10%-°6 and 10%-°2K”.

4.2. Variation of Intensity with Direction

Figure 10 presents the variation in the fitted values for I,
and I, as a function of position on the sky. The relative size
of the plotted circles corresponds to the relative intensities
of the emission. From the plots it can be seen that the value
for I, varies fairly slowly over the sky with higher values
generally at higher latitudes. However, this is more consis-
tently true for the northern hemisphere than for the
southern. In the south there is an asymmetry in I, such that
the longitude range 0° << 180° has in general lower
intensities than the range 180° < I < 360°.

The I, results displayed in Figure 10 have a completely
different character. The regions of bright emission are con-
siderably clumpier, and in general the higher intensities are
at lower latitudes. The consistently bright regions are in the
direction of Draco in the north and in the directions of
I, b ~40°, — 30° and the “void” in the south (the void, or
“Region of Bizarre Emptiness” [Cox 1997], at [ ~ 230°is a
direction in which there is little H 1 near the Galactic plane
out to distances of a few hundred parsecs [see, e.g., Sfeir
et al. 1999 and references therein]). Note that the latitudes
of the displayed enhancements are relatively high
(20° < | b| < 45°), although in all probability the enhance-
ments would reach down closer to the Galactic plane if the
analysis of this paper was able to sample them.

7 The quoting of temperatures for the thermal emission must always be
done with caution as they are model dependent. Different thermal emission
codes will attribute different temperatures to the same broadband ratio or
fitted spectrum, and even different versions of a given code will show
variations. In addition, current thermal equilibrium codes do not fit the
high-spectral-resolution Diffuse X-ray Spectrometer (DXS, a Bragg crystal
spectrometer flown on the space shuttle) data for the diffuse 2 keV back-
ground particularly well (see Sanders et al. 1998, 2000). However, the use of
the temperature does provide a scale (admittedly imperfect) with which to
measure various models. We have much to learn about the ionization
states and abundances of the X-ray—emitting plasmas.
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As expected from the correlations shown in Figure 7, the
results of this paper agree well with the position depen-
dencies of the I, and I, values from Paper I.

4.3. Variation of Hardness Ratio with Direction

Figure 11 shows scatter plots of the average hardness
ratios for the data in Figure 8 binned into 10° latitude bins.
As in Figure 8, there is relatively little apparent variation in
the ratios. On the other hand, when the data are binned into
longitude bins they do show significant systematic variation
(Figure 12), at least for the I, ratio. The I, ratio varies from
a high of R2/R1 ~ 1.25 averaged over longitudes within 40°
of the Galactic center to R2/R1 ~ 1.04 averaged over longi-
tudes within 40° of the Galactic anticenter. The range in the
I, ratio as a function of longitude is centered on the average
value, and implies a temperature range of 10%-° to 10613 K.
The magnitude of the variation is not as great as that shown
in Snowden, Schmidt, & Edwards (1990b), which reported a
dipole gradient in the  keV hardness ratio in the Wisconsin
all-sky survey data (McCammon et al. 1983) with a range of
10°° to 1062 K with the low end of the dipole axis pointing
at [, b = 16827, 11°2. When the data are analyzed with
respect to the orientation of the Snowden et al. (1990b)
dipole (Fig. 13), the extrapolated range in the ratio is 1.02—
1.24, implying only a slightly broader temperature range of
10%-°2 to 10513 K. The fitted line in Figure 13 is acceptable
at the 30% level, with y2 = 1.15 with 18 degrees of freedom.
The best fit for a constant value has y? =2.50 with 19
degrees of freedom, which can be ruled out at the greater
than 99.9% confidence level, demonstrating the significance
of the dipole variation. The FWHM range of the local com-
ponent ratio is 0.91-1.30 (Fig. 9a), which is dominated by
the systematic variation of the fitted values across the sky.

Figure 14 displays the variation on the hardness ratio of
the I, data versus position. The southern hemisphere data
clearly show the Galactic center/anticenter gradient. The
gradient is less obvious in the northern hemisphere data,

where the ratio appears to be more mixed, with only a slight

trend of hardness ratio versus position.
Because of the statistics of the results for the distant com-
ponent, it is much less clear whether there is a significant

variation of the hardness of the emission across the sky. The !

FWHM range of the I, ratio distribution is 0.67-1.22 (Fig.
9b), implying a temperature range of 103-83-106-12 K,
Although the width of the distribution is probably
enhanced owing to the poorer statistics of the fits for the
distant-emission parameters, it is likely that there is some
true variation of the temperature in the halo. The emission
appears clumpy suggesting both spatially separate emission
regions and that the emission is distributed over large dis-
tances (when compared to the size of the LHB).

4.4. The LHB: I, and the Local H 1 Cavity

The premise of the Local Hot Bubble is that there is a
cavity in the H 1 of the Galactic disk that contains the Sun
and is filled with an X-ray—emitting plasma. This plasma
produces half to all of the observed intensity at 1 keV in all

directions. The existence of the cavity is required by inter- }

stellar absorption-line measurements. The existence of the
plasma within the cavity is absolutely required in low-
latitude directions because there are nearby, optically-thick
walls of H 1 (the edge of the cavity), yet a nonzero % keV flux
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F1G. 7—(a) Scatter plot comparing values for the foreground emission
derived in this paper with those derived in Paper I. The units for both axes
are 10~ ¢ R12 band counts s~ ! arcmin~2. (b) Same as (a), except that the
values for the distant emission are compared.

is observed. If the plasma is isothermal and is distributed
uniformly throughout the cavity, then the fitted value for I,,
when properly scaled, should provide a measure of the dis-
tance to the boundary of the cavity. A comparison between
the I, intensities of Paper I with the shape of the local cav1ty
is made by Sfeir et al. (1999), who presented a mapping of
the local ISM based on an extensive optical absorption-line
study. The results were in reasonably good agreement over
most of the sky but there are directions where the cavity
extends well beyond the required path length of plasma
(e.g., the RBE).

The dipole gradient in the temperature determined above
produces only a +10% variation in the emissivity of the
plasma, with greater emissivity in directions of lower tem-
peratures.

4.5. Galactic Haio Models

Another result of this analysis concerns the fundamental
distribution of hot plasma and its temperature(s) in the halo
of the Milky Way. A number of other groups have based
their analyses of the diffuse X-ray background on a model

6

(107° counts s arcmin ')

F1G. 8—(a) Scatter plot of the fitted value for the foreground R12 band
intensity vs. the R2/R1 band ratio for the foreground component.
(b) Scatter plot of the fitted value for the distant R12 band intensity vs. the
R2/R1 band ratio for the distant component. In both cases only values for
those shadows where the ratio divided by the uncertainty in the ratio is
greater than 3.0 are plotted.

where all of the distant Galactic emission arises from just
one thermal component. This includes papers analyzing the
spectrum of the diffuse X-ray background that concentrated
more on the extragalactic component (e.g., Chen, Fabian, &
Gendreau 1997; Miyaji et al. 1998; Parmar et al. 1999) as
well as those modeling the X-ray halo of the Milky Way
(e.g., Sidher et al. 1996; Wang 1997; Pietz et al. 1998). In the
case of the studies focussing on the extragalactic back-
ground, the single halo component was simply used to
provide a mechanism for removing the Galactic emission
biasing from their determination of the extragalactic power
law. However, for the studies of the Galactic X-ray halo, the
fitted single halo component was used to model properties
of the entire halo, usually in terms of the general Galactic
potential.

If the diffuse halo X-ray emission is produced by a single-
temperature component then any variation in the ratio of
the dlstant unabsorbed 2 keV intensity to the distant unab-
sorbed % keV intensity w1ll map out variations in that tem-
perature. For a large scale-height halo, the variation in the
ratio away from the Galactic disk should be smooth over
large angular scales, while the intensity of the emission
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should also be slowly varying. For a halo which is more
dominated by local variations either associated with physi-
cal processes in the Galactic disk (e.g., fountains) or in the
halo (e.g., SNRs), both the hardness and intensity of the
emission could vary on relatively small angular scales.

From our analysis, the halo  keV intensity is the sum of
the fitted value for I, in the R12 band plus the model contri-
bution from the 105* K component in the R12 band. The 2
keV intensity is just the model contribution from the 1054
K component in the R45 band. Figure 15 shows a scatter
plot of the deabsorbed ; and 2 keV intensities from the
halo. To minimize the effect of large angular scale tem-
perature variations in the halo due to a hydrostatic dis-
tribution of the plasma, we have selected data at high
Galactic latitude and away from the Galactic center (ie.,
|b| > 45° for 60° << 270°, |b|> 60° otherwise). The
plot does not show evidence for a convincing correlation
between the two intensities, even though both vary by over
a factor of 5. In addition, the plots of the % keV halo inten-
sities shown in Figures 10b and 10d do not show a
smoothly-distributed halo intensity. This argues against a
large scale-height halo model that has only one emission
component but is consistent with a low scale-height vari-
able (in both temperature and intensity) single component,
which could also be considered as the superposition of
multiple, spatially distinct components.

Vol. 128

The adding of a second, lower temperature emission com-
ponent to the model of the halo has several attractive
aspects. Components at ~105° and ~10%* K contribute
predominantly to different bands so the structures in the i
and $ keV bands are effectively decoupled. A high scale-
height, higher-temperature halo is consistent with the
smoothness of the all-sky images at 3 keV while the signifi-
cant intensity variations on relatively short angular scales
evident in the deabsorbed } keV halo data can be inter-
preted as low scale-height phenomena associated with the
Galactic disk. This contention of a two- (or more) com-
ponent halo is supported by spectral analysis, the subject of
another paper (Kuntz & Snowden 2000) that in part shows
that while in any one direction it is possible to fit a single
temperature component for the halo emission, it is not pos-
sible to do so in a consistent manner over the entire sky.

Figure 16 displays the relative strengths of the 4 and 3
keV halo emission as ellipses on the sky. In the north (Fig,
16a), the orientation of the ellipses, i.e., the band ratio of the
emission, appears spatially uncorrelated except perhaps in
the direction of Draco (I, b ~ 85° 37°). In that region of
bright } keV emission, the ellipses tend to be vertical indi-
cating that the average emission is relatively softer. In the
southern hemisphere (Fig. 16b), the regions of bright 1 keV
emission show up as relatively narrow vertical ellipses as
well. This implies that in these cases the 3 keV emission
does not track the  keV enhancements. Thus, the halo 1
keV enhancements are produced by a component that does
not emit significantly at higher energies, which is consistent
with a multithermal, multicomponent X-ray halo.

4.6. More Support for (at Least) a Two-Component Halo

The R2/R1 I, band ratio that we fit here is fairly indepen-
dent of the choice of the distant spectrum (extragalactic plus
Galactic halo). This is demonstrated by the consistency of
our present results with those of Paper I, where the assumed
extragalactic background was a much softer E~16 power
law scaled to produce roughly the same flux as our current
harder extragalactic E~'*¢ power law plus T = 1054 K
thermal components. The distant emission (extragalactic
power law) of Paper I was softer than our fitted halo emis-
sion, while the distant emission (extragalactic power law
plus 10%# K thermal emission) of this paper is harder than
the fitted halo. There was little effect on the fitted param-
eters whether the assumed extra distant emission was
harder or softer than the fitted emission. We repeated the
analysis assuming no distant emission other than the 105-°
K halo component (i.e., no extragalactic power law or 1064
K thermal component) and the R2/R1 I, ratio remained
essentially unchanged. These results indicate that where the
soft halo emission is bright enough to provide a reasonable
measurement of the R2/R1 band ratio, it also is bright
enough to completely dominate the extragalactic and hard
halo emission.

Thus there is a halo component that has a R2/R1 band
ratio of ~0.98, which implies a temperature of ~106-°° K.
This temperature is not strongly dependent on the choice of
thermal emission code (see Kuntz & Snowden 2000) as the
current Raymond & Smith code (Raymoud & Smith 1977;
as incorporated into the spectral fitting package. Xspec
V10.00, Arnaud 1996) indicates a temperature of ~ 10694
K, while the current MEKAL code (Mewe, Gronenschild,
& van den Oord 1985; Mewe, Lemen, & van den Oord
1986; Kaastra 1992; Liedahl, Osterheld, & Goldstein 1995,
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FiG. 10—Plots showing the relative R12 band intensities of the foreground (), (panels [4] and [c]) and background (I,) [panels [b] and [d]) emission for

the northern (panels [a] and [b]) and southern (panels [c] and [d]) Galactic he:
reference circle for the I, results indicating an intensity of 300 x 10~ 6 counts s~

mispheres. The size of the circles indicates the size of the fitted values, with the
1 arcmin~2 and the reference circle for the I, results indicating an intensity of

000 x 10~ counts s~ arcmin~2. The latitude spacing of the coordinate grid is 15° with a minimum latitude of | b| = 15°. The longitude spacing is 30°.

as incorporated into Xspec V10.00) indicates a temperature
f ~10°-°° K for that R2/R1 band ratio. We note again that
vith current thermal equilibrium emission models it is not
possible to produce the observed excess at 2 keV over the
extrapolation of the extragalactic power law with the same
jpectrum that produces the observed R2/R1 I, band ratio.
'n addition, as shown above, the excess at 2 keV is not
correlated with the halo emission at % keV. Therefore, a
second harder emission component is required to produce
he observed excess at 3 keV. However, an analysis of the
spatial structure of the harder component is beyond the
scope of this paper.

4.7. And Perhaps a Physical Justification for the
Temperatures

The bimodal temperature distribution may be providing
‘mportant clues about the physical conditions of the X-ray—
'mitting plasma, which may be interpreted in terms of
diffuse-plasma radiative cooling curves.® Schmutzler &

8 Cooling curves are traditionally plotted as the cooling coefficient (A)

s. gas temperature, where the volumetric luminosity coefficient A, = An?.

Then for the isochoric case, by definition, the density remains constant,

and A o A,;, which is also proportional to the luminosity per atom. Thus,

he traditional curve can be easily scaled to make a luminosity per atom vs.
emperature curve.

Tscharnuter (1993) calculated cooling curves for iso-
chorically and isobarically cooling plasmas. The cooling
rate per unit density has two minima within the soft X-ray
region, at T ~ 10%° K and T ~ 102 K, with the positions
of those minima dependant upon the metallicity of the
plasma. Curves calculated by R. Shelton (1999, private
communication) for isobarically cooling plasmas that had
been shocked to T = 10%-° K show similar minima, with the
position of the minima also dependant upon the degree of
ionization nonequilibrium, and thus upon the power source
and thermal history of the plasma.

For a quasi-steady state, isochorically-cooling plasmas
will remain longer at temperatures around the local minima
in the cooling curve than they will at other, nearby tem-
peratures, leading to an “accumulation” of gas at those
temperatures. For the isobarically-cooling case, the density
of the plasma increases as the gas cools. Thus, the volu-
metric luminosity goes as An?, which in turn goes as AT ™2,
which steepens the cooling curve and may change the local
minima into no more than points of inflection.

Whether those accumulations are significant will depend
upon the details of the cooling curves, which depend on
metallicities, ionization states, and whether the plasma is
cooling isochorically or isobarically, or more likely some
state in between. Although the cooling rate per unit density
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F1G. 11.—(a) Scatter plot of the average R2/R1 band ratio for the fore-

und component in 10° latitude bins. (b) Scatter plot of the average

§ R1 band ratio for the distant component in 10° latitude bins. In both

ases only values for those shadows where the ratio divided by the uncer-
tainty in the ratio is greater than 3.0 were included in the plotted average.

iL similar for both cases (Schmutzler & Tscharnuter 1993),
the cooling rate per volume as noted above is very different.

The ROSAT PSPC is sensitive to soft X-ray emission
t ‘ough a wide range of plasma temperatures. That there
are two dominant observed temperatures, and that those
temperatures are near the minima of the (isochoric) coeling
¢ ‘ves, suggests that the halo gas may be in some quasi-
s ady state of cooling. The strong differences in the volu-
metric cooling curve between isobaric and isochoric cases,
ac well as the changes in the cooling curves produced by
n tallicity and thermal history, suggest that we may be able
tL use the temperature distribution of the X-ray—emitting
gas to understand the physical conditions of the Galactic
h ‘o.

5. CONCLUSIONS

We have presented a catalog of shadows in the 3 keV soft
X ay diffuse background including fitted values for the
fc :ground and background emission relative to the shad-
owing features for the R1, R2, and combined R12 bands.
T*= intensities and hardness ratios for the foreground and

Longitude (degrees)

F1G. 12.—(a) Scatter plot of the average R2/R1 band ratio for the fore-
ground component in 20° longitude bins. (b) Scatter plot of the average
R2/R1 band ratio for the distant component in 20° longitude bins. In both
cases only values for those shadows where the ratio divided by the uncer-
tainty in the ratio is greater than 3.0 were included in the plotted average.

£
L

1.4

[, RR/R1 Ratio
1.2
J I
1 |

Halo R12 Intensity

(o B (N N ST SO S ol b i
o

Cos ®

FiG. 13.—Scatter plot of the average R2/R1 band ratio for the fore-
ground component binned by the cosine along the Snowden et al. (1990b)
dipole. The line shows the best-fit linear relation between the cosine and
the hardness ratio.
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Fic. 14—Plots showing the hardness ratios of the of the foreground
(I,) emission for the northern (4) and southern (b) Galactic hemispheres.
~he size of the circles indicates the hardness of the emission, with harder

mission shown with larger radii. The coordinate grid is the same as in
"ig. 10.
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FIG. 15—Scatter plot of the halo 2 keV intensity vs. the halo 1 kev
atensity as determined by this analysis. The units for both axes are 10~¢
ounts s~ ! arcmin 2.
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F1G. 16.—Plots of the relative halo emission in the  and 2 keV bands
in the northern (a) and southern (b) hemispheres. The data are plotted as
ellipses where the vertical axis is proportional to the relative emission at 4
keV and the horizontal axis is proportional to the relative emission at Z
keV. The data are the same as in Fig. 15 except for increased sky coverage.
The coordinate grid is the same as in Fig. 10.

background components are consistent with the all-sky
analysis of Snowden et al. (1998). When combined with
distances to the absorbing clouds found by interstellar
absorption-line measurements published elsewhere or
determined by other studies, these data can aid in the
mapping of the relative locations of X-ray-emitting and
—absorbing material in the ISM.

The data presented here confirm the existence of a tem-
perature gradient through the LHB first identified in
Snowden et al. (1990b). The gradient is consistent with a
dipole variation with the harder emission in the direction of
the Galactic center. The magnitude of the effect identified
here is not as great as that of the earlier paper.

Finally, examination of the Galactic halo emission at 1
and 3 keV strongly suggests the existence of (at least) two
emission components. A hotter (T ~ 10+ K) component is
responsible for the bulk of the observed excess 2 keV inten-
sity over the extrapolation of the extragalactic power law,
and a cooler (T ~ 10%° K) component is responsible for the
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majority of the halo emission observed at ; keV. This is a
different physical model than that assumed by several other
groups studying the diffuse X-ray background, who attrib-
ute the halo emission to a single component. A physical

justification for a bimodal temperature distribution of halo
plasma’is provided by the nature of plasma cooling curves.

SNOWDEN ET AL.
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concerning plasma cooling curves. We would also like to
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ABSTRACT

The Diffuse X-ray Spectrometer (DXS) flew as an attached payload on the STS-54
mission of the Space Shuttle Endeavour in 1993 January, and obtained spectra of the
soft X-ray diffuse background in the 148 —284 eV (84—44 A) band using a Bragg-crystal
spectrometer. The spectra show strong emission lines, indicating that the emission is
primarily thermal. Since the observations were made at low Galactic latitude, this
thermal emission must arise from a nearby hot component of the interstellar medium,
most likely the Local Hot Bubble, a region within ~ 100 pc of the Sun characterized by
an absence of dense neutral gas. The DXS spectrum of the hot interstellar medium is not
consistent with either collisional equilibrium models or with non-equilibrium ionization .
models of the X-ray emission from astrophysical plasmas. Models of X-ray emission
processes appear not yet adequate for detailed interpretation of these data. The DXS
data are most nearly consistent with models of thermal emission from a plasma with a
temperature of 105! K and depletions of refractory elements magnesium, silicon, and
iron to levels ~ 30% of solar.

Subject headings: diffuse radiation — galaxies: Milky Way — ISM: X-rays — ISM: lines —
X-rays: general — X-rays: ISM — X-rays: galaxies

1. Introduction

The diffuse X-ray background in the % keV energy band (roughly 120 — 284 eV or 100 — 44 A)
has been studied for over 30 years since the initial observations by Bowyer et al. (1968), Henry
et al. (1968), and Bunner et al. (1969). Although great progress has been made in determining
the spatial distribution of this emission, knowledge of its spectral characteristics has lagged. An
excellent review of the current state of our understanding of the hot phase of the ISM is that of
Snowden (2001).

lcurrent address: Harvard-Smithsonian Center for Astrophysics, 60 Garden St., Cambridge, MA 02138
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1.1. Spatial Structure

The angular distribution of the % keV X-ray background over the whole sky has been mapped
by a series of sounding rocket flights (the C band; McCammon et al. 1983), by the SAS 3 satellite
(Marshall & Clark 1984), by the HEAO 1 satellite (Garmire et al. 1992), and by the ROSAT
satellite (the R12 band; Snowden et al. 1995, 1997). When the counting rates of these four % keV
maps are compared, allowing for the different instrumental responses, they agree with each other
to better than a few percent, except that the ROSAT count rates are consistently ~ 10% lower
than expected (Snowden et al. 1995).

Three of the surveys (McCammon et al. 1983; Garmire et al. 1992; Snowden et al. 1995, 1997)
produced all-sky maps at higher X-ray energies, > 500 eV, that have angular structure similar to
one another but very different from that of the % keV maps. One of the surveys (McCammon et al.
1983) produced an all-sky map in the lower energy 130 — 188 eV band (95 — 66 A, the B band)
that is very similar in appearance to that of the % keV surveys. Sounding rocket observations of
the diffuse background over ~ 1.7 sr at even lower energies (Bloch et al. 1986; Juda et al. 1991;
Edwards 1990) found that the ratio of intensity in the 70 — 111 eV band (177 — 112 A, the Be band)
to that of the B band was essentially constant. These broad band all-sky data suggest a picture
in which a soft component provides almost all of the intensity seen in the Be band and B band,
most of the intensity in the 1 7 keV band, but little of the intensity seen in the higher energy bands
which must be produced by additional components.

Inferences that can be drawn from these maps about the spatial structure of the plasma
responsible for the soft X-ray component strongly depend on the absorption of the X-rays by the
interstellar medium (ISM). Since the photoelectric absorption cross section varies roughly as E~3,
our ability to detect X-rays from a significant distance away diminishes rapidly as the energy of
the X-rays decreases (see, e. g., Morrison & McCammon 1983). One absorption optical depth
corresponds to a column density of neutral hydrogen, Ny, ~ 10%° cm~2 for X-rays in the i— keV
band, to Ng ~ 5 x 10! cm™? for B band X-rays, and to Ng ~ 10" cm~2 for Be band X-rays.

Thus the ISM is opaque at low Galactic latitudes, |b| 'S 30°, and the finite intensity of the
X-ray background at low latitudes must be Galactic in origin and originate relatively near to the
Sun, within the closest ~ 10" cm=2 Ny. At high Galactic latitudes in the directions of lowest Ny,
the ISM transmission rises to ~ 60% for ; keV X-rays and to ~ 37% for B band X-rays, but is still
< 1% for Be band X-rays. The total Ny is < 3 x 102° cm~2 over ~ 25% of the sky, and significant
contributions to the % keV band from extragalactic or halo sources are possible in addition to the
local emission. The detection by the ROSAT observatory of “shadows” in the X-ray background,
localized negative correlations between the X-ray surface brightness and the ISM column density,
indicates that in some high latitude directions one half to two thirds of the observed }Z keV diffuse
background X-rays originate in the halo or beyond (Burrows & Mendenhall 1991; Snowden et al.
1991).

The location of the plasma responsible for the local component of the soft X-ray diffuse back-
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ground is presumed to be a cavity in the local ISM that contains the Sun. Observations of Lyman-a
and neutral sodium absorption lines towards stars within 300 pc reveal that the Sun is located inside
a low density interstellar cavity in the Galactic plane surrounded by a denser neutral gas boundary
at a distance of roughly 120 pc, plus or minus a factor of 2 (Welsh et al. 1998; Sfeir et al. 1999).
The plasma does not necessarily extend to the cavity walls in all directions in the plane, but it may
extend into the halo at high Galactic latitudes (Snowden et al. 1998; Welsh et al. 1999).

1.2. Spectral Characteristics

Knowledge of the spectral characteristics of the low energy X-ray background has been limited
by the energy resolution (E/AE ~ 1) of the proportional counters used in the all-sky surveys and in
other attempts to measure the diffuse X-ray background spectrum. Additional spectral information
comes from the ratios of the count rates in the energy bands defined by the K-edge filters of Be,
B, and C referred to earlier. The observed proportional counter pulse-height distributions and the
broad-band count rate ratios of the Be band, B band, and C band are consistent with those predicted
from a plasma in ionization equilibrium at a temperature near one million degrees, independent
of the particular model used. Since no viable non-thermal mechanisms are apparent (Williamson
et al. 1974), and there are reasons to think that the } keV diffuse background could have a thermal
origin (e. g., fossil supernovae; Cox & Smith 1974), the usual interpretation of the % keV diffuse
background is that it originates from a million degree plasma, known as the “Local Hot Bubble”

(Cox & Reynolds 1987; Snowden et al. 1990, 1998), located in the local cavity in the ISM.

Models of the X-ray emission of such a hot (10° K < T < 107 K) plasma typically find
that almost all of the power is in emission lines. In the % keV band, it is expected that most of
the emitted power should appear in the lines of highly ionized Si, Mg, and Fe, if the elemental
abundances are approximately solar. If refractory elements such as these are depleted in the hot
gas (e. g., contained in dust grains), as they often are in cooler regions of the ISM, lines of Ne,
S, and Ar should dominate instead. In any case, a spectrometer that is sensitive to diffuse X-ray
emission is needed to study the wealth of detail that is accessible in these lines about the state and
history of the plasma.

2. Instrument Description

The Diffuse X-ray Spectrometer (DXS) experiment consists of a pair of Bragg-crystal spec-
trometers designed to obtain spectra, of the diffuse X-ray background in the 84—44 A (148—284 eV)
range, with spectral resolution < 2.2 A (4 eV at 148 eV to 14 eV at 284 eV), and angular resolution
~ 15°. The primary objective of this experiment was to search for emission lines in the spectra
of the diffuse background to verify its thermal origin, and to determine the physical condition of
the hot material. Although the spectrum was expected to consist of line blends as well as lines,
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comparison with model predictions could provide information about the plasma temperature, el-
emental abundances, ionization states, and history. The isotropy of these spectral characteristics
over a limited region of the sky could also be investigated.

2.1. Physical Description

The DXS detector conceptual design was described by Borken & Kraushaar (1976). Detailed
descriptions of the flight instrument are given by Sanders et al. (1992), Sanders et al. (1993),
Morgenthaler (1998), and references therein. Figure 1 shows a cross-sectional view of a DXS
detector assembly. Magnets were located at the entrance aperture of each spectrometer to reject
low energy (E < 20 keV) electrons, both because such electrons can generate extraneous X-rays
from surfaces that they hit, and because low energy electrons that enter the proportional counter
can generate pulses that mimic low energy X-ray events. The aperture seal/baffle keeps out light,
particularly solar ultraviolet, while the instrument is stowed. .

The detector has three major components: the 63.3-cm radius X-ray reflecting crystal panel,
the collimator, and the one-dimensional position-sensing proportional counter. Each Bragg crystal
panel consists of four thin rectangular plastic sheets (0.1 cm x 15 cm x 36 cm) mounted next to
each other (out of the page in Figure 1) whose surfaces are coated with 200 layers of lead stearate
(PbSt), producing a one-dimensional pseudo-crystal with a 2d spacing of 101.5 A. The geonietry
of the crystal panel and collimator is such that photons Bragg-reflected from the curved crystal
panel are directed toward the position-sensing proportional counter with the longer wavelength
photons striking it on one side and the shorter wavelength photons on the other, thus providing
spectral dispersion across the counter. The collimator limits the photons entering the proportional
counter to those traveling within 15° (FWHM) of the line perpendicular to the entrance window
of the proportional counter in both the dispersion and cross-dispersion directions, so that there is

15° x 15° angular resolution at each wavelength. While most of the crystal panel area is used at all v

waveléngths, Bragg reflection does not allow true multiplexing, and photons of different wavelengths
enter the instrument from different directions on the sky, as pictured schematically in Figure 1. In
order to collect photons of all energies of the instrument bandpass from the same sky direction, the
detector assembly must be rotated through an angle of 65°.

The DXS experiment flew as an attached payload on the STS-54 mission of the Space Shuttle
Endeavour in 1993 January. Figure 2 shows the port DXS instrument in its stowed position
mounted on the side of the Shuttle cargo bay. The starboard instrument was located on the
other side of the Orbiter, directly across from the port instrument. When collecting sky data, the
instruments rotated back and forth every two minutes, detecting X-ray photons from an arc on
the sky 15° (FWHM) wide, defined by the collimator, and 167° long, limited by the sills of the
Orbiter cargo bay. This arc was perpendicular to the roll (tail to nose) axis of the Orbiter and was
centered near the Orbiter yaw axis (perpendicular to the plane of the Orbiter wings). For all DXS
data collection intervals during the mission, the Orbiter maintained the same inertial attitude to
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within a few degrees, so that each DXS detector repeatedly scanned nearly the same arc on the sky.
Because the PbSt may be destroyed by solar ultraviolet radiation and also by atmospheric oxygen
atoms hitting it at the Shuttle orbital velocity, the DXS detectors scanned only during orbit night
and then only when the Orbiter attitude was such that residual atmospheric oxygen was blocked
by the Orbiter body from hitting the crystal panels directly.

The large area (30 cm X 60 cm) position-sensing proportional counters used in DXS are
filled with P-10 gas, a mixture of 10% methane and 90% argon, regulated to a constant density
corresponding to a pressure of 800 torr at 20 C. A thin (80 — 90 ug cm~2) plastic window supported
by a 100 lines-per-inch nickel mesh and the collimator structure retains the counter gas while
allowing soft X-ray photons to enter the counter. The window is composed of Formvar (C5H70,
the registered trade name of the polyvinyl formal resin produced by Monsanto Chemical Company)
with an additive, Cyasorb UV-24 (C14H;204, a trade name of American Cyanamide), to absorb
stellar ultraviolet photons that could otherwise generate a large non-X-ray background. Once past
the window, ;11— keV X-rays are absorbed photo-electrically in the first few mm of counter gas,
producing a small cloud of electrons. The resulting charge cloud drifts toward the plane of 14 main
anode wires, which are held at ~ 1700 V with respect to the counter body and run across the
narrow dimension of the counter (along the spectrometer dispersion direction), 1.5 cm below the
window. The initial charge is accelerated toward the main anodes and causes an electron avalanche
when it is within a few microns of a main anode wire. The resulting charge pulse on the main
anode is converted to a voltage pulse by a charge-sensitive amplifier. Below and perpendicular to
the main anodes are 96 wires held at ground potential, attached to charge-sensitive amplifiers in
groups of four. The induced charge distribution on the ground-plane wires is used to determine the
position of the electron avalanche in the dispersion direction to < 1 mm. Position determination is
independent of main anode pulse height. :

One anti-coincidence anode is located at each end of the main anode plane, and a plane of anti-
coincidence anodes is located below the ground plane wires. In combination with position-sensing,
this provides very efficient 5-sided vetoing of penetrating charged-particle events. Laboratory and
flight tests show that the residual non-X-ray background is consistent with cosmic rays converting to
~-rays in the materials surrounding the proportional counter, and these y-rays Compton scattering
in the counter gas where the scattered electron escapes through the window after depositing a small
fraction of its energy in the gas. The resulting spectrum is flat across the proportional counter at
an average level in the 0.1 — 0.45 keV interval of 1.6 x 10~% s7! cm~2 keV~! (0.068 % 0.0007 s~ !
per detector), with variations in time of 0.5 x 107% s™! cm™2 keV~! (0.02 s~! per detector) that
depend on the Orbiter position relative to the Earth.

2.2. Instrument Calibration

In this section, we describe the DXS calibration measurements and estimate the accuracy of the
instrument response functions that were created based on those measurements. Before the assembly
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of the DXS spectrometers, the properties of their components were measured, and a computer ray-
tracing model was used to predict the spectrometer output as a function of incident photon energy.
Measurements of the instrument response to a diffuse source were made at two wavelengths before
the DXS flight, and at three wavelengths afterwards. Table 1 gives the particular lines and their
nominal energies. These measurements were compared with the predictions of the pre-assembly
model. Response matrices were then constructed to enable the prediction of both the measured
spectrum and the measured pulse-height distribution for a specified spectrum of incident X-rays.
These response functions are logically divided into two separate functions. The photon detection
efficiency function predicts how many counts are detected per incident photon cm™2 sr~!, and the
count redistribution matrix predicts how those counts are distributed in pulse height and, for a
spectrometer, in position. In the nomenclature of the widely used X-ray spectral fitting program,
xspec (Arnaud 1996), the photon detection efficiency function is the auxiliary response file (arf)
and the count redistribution matrix is the response matrix file (rmf).

2.2.1. Area-Solid Angle Product (AQY) Calibration

Because the amount of emission from a diffuse source is characterized by its surface brightness

(e. g., units of photons s~} cm™2 sr™!) in a wavelength interval, the appropriate measure of an

instrument’s response to a diffuse source is its effective area—solid angle product (Af2, in units

2 sr). When expressed as a function of incident photon

of cm? sr counts photon~!, or simply cm
energy, A2 is the photon detection efficiency function described above. The calculation of the DXS

AQ function is described in detail by Morgenthaler (1998).

The X-ray reflection properties of lead-stearate crystals similar to those used in DXS were
studied using a grating monochromator attached to the Tantalus II synchrotron light source at
the University of Wisconsin’s Physical Sciences Laboratory (PSL). At three energies across the
DXS bandpass (151, 183, and 277 eV), the X-ray reflectivity of lead stearate was measured as
a function of angle and polarization. Reflectivity at 277 eV was also measured in second order,
and higher order Bragg reflection from Al K-a and O K-a was studied in our laboratory. The
reflectivity of the crystal as function of angle at a particular energy was characterized as the sum
of a narrow Gaussian, a wide Gaussian, and a one-sided Lorentzian, plus a specular reflection
component. Parameters describing these components were determined as a function of energy and
were incorporated into a ray-tracing program that calculated the instrument response up to the
proportional counter window,

The proportional counter window transmissions were measured as a function of energy both
pre-flight and post-flight. The post-flight window transmission was measured at 21 (port) or 32
(starboard) separate positions on the window to quantify thickness non-uniformities, but the win-
dow transmissions were found to be uniform to < 4% with no apparent large scale structure.
Window transmission was modeled as a function of energy using X-ray absorption coefficients of
Henke et al. (1982) and the atomic composition of the constituent window materials, 66 ug cm=2
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Formvar and 20 pug cm~2 UV-24. The measured and modeled transmissions of the port instru-
ment flight window are shown in Figure 3. The UV-24 thickness was determined independently
by weighing and from the X-ray transmission of typical UV-24 layers, and the Formvar thickness
was adjusted to fit the measured transmission data. The modeled transmission as a function of
energy is not at all sensitive to the relative thicknesses of Formvar and UV-24, since their atomic
compositions are so similar.

Using the proportional counter pulse-height model of Jahoda & McCammon (1988), the effi-
ciency of the DXS proportional counters in detecting pulses corresponding to photons of a particular
energy was calculated. For the analysis of the DXS port flight data, the lower level discriminator
setting was 104 eV and the upper level discriminator was 405 eV. Figure 4 shows the pulse-height
detection efficiency function for the port instrument determined with these discriminator settings.
The low efficiency at low energies is due to the broad proportional counter pulse-height response
distributing counts below the lower level discriminator, while the falloff at high energies is due to
counts being similarly distributed above the upper level discriminator. The efficiency decreases at
50.6 A and at 43.7 A are caused by discontinuous changes in the shape and mean energy of the
pulse-height distributions at the argon-L edge and the carbon-K edge, respectively, of the absorbing
P-10 gas (Jahoda & McCammon 1988).

End-to-end measurements of the effective AQ of DXS were made in the laboratory pre-flight
at two energies and post-flight at three energies using diffuse X-ray sources produced by a-particle
fluorescence from carbon, boron, and zirconium targets. Table 1 gives the particular lines and
their nominal energies. As discussed in §2.2.2, the chemical environment of the target atom can
broaden and shift the actual spectrum from the fluorescent target. A sheet of each target material
large enough (35 cm x 50 cm) to intercept all lines of sight to the detector in the dispersion plane
over a limited range of cross-dispersion positions was used. It was exposed to an array of 210P¢
a-particle sources positioned so as to produce a fairly uniform surface brightness of fluorescent
X-rays from the target. To simulate illumination of the full DXS aperture with this diffuse X-ray
source, exposures of it were taken at sixteen positions spanning the DXS detector aperture. From -
these exposures, the total DXS count rate that would be measured by the entire counter from a
diffuse source filling the DXS aperture was determined.

The absolute calibration of the diffuse sources was performed using a small proportional counter
with a well-defined area and a well-measured window. This counter was used to measure the surface
brightness of the targets from 4 or 5 different strips across the target at typically 5 angles in either
of two orthogonal directions from the normal. Corrections were made for the decrease of the 2!Po
source strength over the course of these measurements due to its 138-day radioactive half life. The
ratio of the DXS count rate over the full wavelength range of the instrument to the target surface
brightness is the DXS AQ measurement for a given energy of fluorescent line.

Figure 5 shows the DXS port instrument A{} measurements, pre-flight at two energies (open
circles) and post-flight at three energies (filled circles). The post-flight values are 5 — 6% lower



-8

than the pre-flight values, differences that are within the 1-o uncertainties of the measurements.
Where more than one value is displayed at the same energy, the most recent value is plotted at the
nominal energy and the earlier values are offset to the left for clarity.

The dashed line in Figure 5 shows the model A function calculated using the pre-assembly
measurements of the window thickness and of the reflectivity of the individual port instrument
Bragg-crystal sheets (measured at one place on each sheet), the ray-tracing model of the instrument
geometry, and the proportional counter pulse-height model (Jahoda & McCammon 1988). There
are no free parameters in this model. The error bar at 68 A attached to the “x” data point indicates
the 10% uncertainty estimated for the integrated reflectivity measurements of the sheets. The solid
line shows the post-flight port model AQ2 function, where the crystal integrated reflectivity has
been reduced by ~ 12% to better fit the measured data. The energy dependence of the crystal
reflectivity was also adjusted slightly so that the net effect of both adjustments was to decrease the
integrated reflectivity by a factor that varied from 10% at 42 A to 14% at 85 A. For the post-flight
model then, two adjustable parameters were varied to fit three data points, resulting in a fit with
one degree of freedom. The crystal second and third order reflectivities are incorporated in the
model AQ functions, although the data upon which they are based are not very extensive (see
§2.2.4). The post-flight AQ model is used for the scientific analysis presented here.

2.2.2. Wawvelength Calibration

The AQ2 measurements yielded not only a determination of the efficiency of the instrument,

2 sr~!, but also a high statistical-precision record of the

the number of counts per photon cm™
distribution of those counts in position. In combination with the ray-tracing program and the lead-
stearate rocking curves measured at PSL, these data were used to create the response matrix that
-describes the count distribution in position. The count distribution has two main characteristics:
the shape of the distribution and the location of the centroid of the counts for a given photon

energy. The wavelength calibration is concerned with the latter.

The ray-tracing program in conjunction with the PSL rocking curve data was used to calculate
the expected position profile on the detector for each wavelength. The position of the peak for a
given wavelength is determined by the 2d spacing of the lead stearate and the geometry of the DXS
instrument, which is known to within the mechanical tolerances of a few tenths of a mm. Henke
et al. (1982) give the 2d spacing of lead stearate as 100 A, but our PSL rocking curve measurements
are better fit by 101 A, and measurements of the spectrum of higher order Bragg reflection peaks of
Al K-« give a 2d value of 101.5 A-Comparison of the spectra measured in the A determinations
to the predictions of the calculated response matrix with different assumed values of 2d showed
that 2d = 101.5 A gave the best agreement.

Comparison of the measured spectrum to that predicted by the detector model is complicated
because the photon spectra arising from the a-particle-excited sources of Table 1 depend on the
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chemical environments of the excited atoms and are not précisely known. Several examples of such
spectra measured at high resolution are found in the literature (e. g., Bastin & Heijligers 1992;
Holliday 1967; Skinner 1940) and were used as trial input photon model spectra for comparison to
the measured data. Using a response matrix based on a value of 2d = 101.5 A, we find that the
central peak of our measured carbon K-a line is well fit by the TiC spectrum from Holliday (1967)
if the latter is shifted 0.4% to shorter wavelengths. It is also well fit by a Gaussian line with a
mean of 44.6 A (278 eV) and o = 0.5 A (3 eV), which is 0.16 A shorter wavelength (1 eV higher
energy) than the nominal value (44.76 A, 277 eV) for the carbon K-« line (Henke et al. 1982). Our
data show a long wavelength tail, extending to ~ 60 A, that is not seen in the Holliday (1967) TiC
spectrum, and is not present in our monochromator measurements at PSL.

Our measured boron K-a line also has a long wavelength tail extending to ~ 75 A, similar
to those seen in other boron K-a spectra (e. g., Bastin & Heijligers 1992; Holliday 1967; Skinner
1940), but the central peak appears to be intrinsically narrower than that of Holliday (1967), which
is the narrowest elemental boron K-« line profile of those found in the literature. Using the same
2d = 101.5 A response matrix and allowing for the shape differences, we find that the centroid
of our measured boron profile is shifted 0.4% toward shorter wavelengths compared to that of
Holliday (1967). In addition, the central core and short wavelength side of our boron profile can
be reasonably fit by a Gaussian line with a mean of 67.84 A (182.8 eV) and o = 0.6 A (1.5 eV),
which is 0.2 A longer wavelength (0.5 eV lower energy) than the nominal value (67.64 A, 183.3 eV)
for the B K-« line (Henke et al. 1982).

The zirconium M-( line profile was not found in the literature, but the main peak of our
measured spectrum is quite narrow and is consistent with a Gaussian line shape with a mean
of 82.1 A (151 eV) and 0 < 0.3 A (0.6 V). Our zirconium M- spectrum also shows a short
wavelength tail extending to < 70 A, with some structure possibly due to weaker zirconium M
lines. The value of 2d = 101.5 A was adopted for the DXS response matrix because it fit the higher
order Bragg reflection peaks of the Al K-« line and it gave the correct position for the Zr-M line,
which was intrinsically narrow enough that uncertainty in the line profile as excited from a solid
could not affect the peak position.

The solid line of Figure 6 is the product of the DXS response matrix and the sum of the
three input functions, TiC (Holliday 1967), B (Holliday 1967), and an 82.1 A (151 eV) zero-width
Gaussian. The data points are the three DXS post-flight calibration spectra from the carbon,
boron, and zirconium targets, and illustrate well the tails discussed above that are associated with
the lines. For this figure, the normalizations of the three input model functions were independently
varied to obtain the fits to the data, but the wavelengths were not shifted. If these input functions
are fit to the measured data with the normalization factors and wavelengths as variable parameters,
the maximum wavelength adjustment required for the best fit for any of the three input models is
0.2 A. We therefore adopt 0.2 A as the accuracy of our wavelength scale.
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2.2.3. Resolving Power

Using the DXS spectral response function, we can calculate the resolving power, A/AX (FWHM),
as a function of wavelength. The results of this calculation are shown in Figure 7. The measured
resolving powers of the instrument from the laboratory calibration sources are also plotted on this
figure. The boron and carbon points are shown as lower limits because these lines are resolved by
DXS. The DXS resolving power of 25 — 40 is a factor of 10 — 20 better than the resolving power of
the proportional counters used in the ROSAT and Wisconsin all-sky surveys at these energies.

2.2.4. Higher Order Reflections

A dispersive spectrometer has the problem that high-order spectra fall on the same places
on the detector as the first-order spectrum, and may confuse the interpretation. Although the
higher-order calibration is less certain, the DXS AQ function includes sensitivity for second and
third order reflections, based on the PSL measurement of the 44.8 A (277 eV) line in second
order, and on our measurements of second and third order reflectivity for the O K-o and Al K-«
lines. The contribution from higher orders is reduced both by the rejection of counts with pulse
heights outside the 104 — 405 eV interval defined by level discriminators (see Figure 4), and by the
increased photoelectric absorption in the proportional counter window of photons in the 43.7—20 A
(284 — 600 eV) range. These effects are accounted for in the A function. Models of the diffuse
X-ray background combined with the DXS response predict that the higher orders produce less
than 2% of the total counts observed in the spectrum, and less than 7% of the counts in any position
bin (see §4.6).

3. Data Collection and Reduction
3.1. Flight Operations

DXS observed a swath of the sky ~ 15° (FWHM) wide and ~ 167° long roughly aligned with
the Galactic plane and centered at a Galactic longitude of ~ 225°. This scan path covers regions
of the sky typical of the diffuse X-ray background as well as the Vela and Monogem supernova
remnants. Figure 8 shows the DXS port instrument exposure pattern superimposed on the % keV
map of the ROSAT all-sky survey (Snowden et al. 1997).

During each shuttle night-time pass, the DXS detectors were rotated from their stowed posi-
tions and scanned 8 to 10 times across the region of the sky shown in Figure 8. The proportional
counter high voltage was turned on a few minutes before each scan period and left on for a few
minutes afterwards for instrument background measurement. Before and after each scan, the pro-
portional counter gas gains were measured using an on-board aluminum-anode X-ray tube. A
charge pulser was used to measure the amplifier electronic gains and offsets several times during
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the mission.

The amplifier gains and offsets remained steady to within 0.5% throughout the flight, but the
proportional counter gas gain decreased by about 20% over the course of the mission. The pulse
heights were gain-corrected by multiplying the measured pulse height by the ratio of the nominal
aluminum K-a pulse height to the average aluminum K-« calibration pulse height for that orbit.
The pulse heights were also corrected for position-dependent gain variations across the counter.
Software upper and lower discriminator levels were applied to select a fixed range of corrected
pulse heights, so that the detection efficiency was independent of gain. This required choosing a
software lower discriminator level high enough in corrected pulse height, 104 eV, that it never was
less than the value of the corrected hardware lower discriminator, which was 70 eV at the nominal
gain.

Breakdown in the starboard proportional counter has made extraction and interpretation of
usable data from the starboard instrument difficult (Morgenthaler 1998). The amount of usable
data from the starboard counter is less than half that from the port counter, and although the
starboard data are consistent with the port data, their inclusion in these analyses would introduce
systematic uncertainties greater than the decrease in statistical uncertainties. For these analyses
we consider only data from the port instrument. Figure 9 shows a plot of the total count rate as
a function of time in the port instrument. The count rate of orbits 51 — 90 is 17% less than the
count rate of orbits 7 — 50, an effect that is not understood. After eliminating other possible causes
(cosmic rays, soft electrons, gas amplification gain, pulse-height distribution shape, electronics
dead time correction, occultation of the instrument aperture, atmospheric absorption, or change
in instrument sensitivity), Morgenthaler (1998) suggests that a long term enhancement (LTE,
see Snowden et al. 1995), similar to those observed during the ROSAT All-Sky Survey may be
responsible. LTEs appear to be due to X-rays that originate between the Earth and the Moon,
that can occasionally be as strong as the cosmic background in the 41 keV band, that may last
for days, that are uncorrelated with orbital or geographic parameters, and for which no physical
mechanism has been determined. The only DXS parameter that shows a behavior similar to the -
count rate decrease is the port detector gas gain, which shows a 13% drop after orbit 41 compared
to prior orbits, but this gas gain is only slightly correlated with the count rate. Regardless of the
cause of the changing count rate, the average count rate was used for the analysis presented here.

3.2. Data Reduction

Although an arc of the sky 167° long was visible from the locations of the DXS detectors, the
15° (FWHM) field of view was partially occulted by the upper part of the Orbiter cargo bay wall
at either end of that arc, so that only 137° of the DXS scan, 297° > [ > 160°, was fully exposed.
The 30° arcs at either end of the scan path, 327° > [ > 297° and 160° > [ > 130° are partially
occulted, and the data from these directions are not used in the spectral analysis here. Since a
DXS detector must execute a complete 65° scan across a sky direction to obtain full wavelength
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coverage from that direction, the ends of the scan path have only partial wavelength coverage.
Thus, the wavelength coverage increases from no coverage at | ~ 336° to full coverage at | ~ 271°,
and decreases from full coverage at | ~ 175° to no coverage at | ~ 110°. Since the detector is
already fully occulted for [ < 130° and [ > 327°, the scanning data in these ranges provide an
independent measurement of the detector background.

For the DXS data analysis, counts were selected whose corrected pulse heights were in the
range 104 — 405 eV with spectral positions in the 84 —42 A (148 — 295 eV) range, and whose charge
distributions across the position-sensing ground plane wires were consistent with the expected
shape. To create a one-dimensional map of the sky brightness measured by DXS, the data satisfying
these criteria were projected onto the sky. For each of 200 spectral positions across the position-
sensitive proportional counter, detected counts and exposure times were accumulated into one-
dimensional arrays of bins along the DXS scan path. For each l-second time interval, for each
position along the counter, the appropriate direction on the sky was determined, and the detected
counts and the live time were added to the 1° wide bin containing the center of the field of view at
the middle of the time interval. For this display, spectral information was not retained. The count
array was divided by the exposure array to give counts s~ position~!, and this was multiplied by the
200 positions per detector to yield a one-dimensional map of count rate, including background. This
count rate is really an “equivalent” count rate, since ignoring spectral information results in non-
uniform spectral weighting where the wavelength coverage is not complete at Galactic longitudes
greater than 271° and at Galactic longitudes less than 175°. The data points on the lower plot in
Figure 10 show the equivalent count rate as a function of Galactic longitude, and the solid line of
the upper plot gives the Galactic latitude of the center of the field of view as a function of Galactic
longitude.

The DXS data were divided into sets defined by intervals along the scan path that correspond
to five different regions on the sky. Figure 10 indicates the boundaries of those regions. The residual
instrument background rate of 0.068 s~! (1.6 x 10~% s~! ¢m—2 keV~1), caused mainly by cosmic
rays, is indicated as the dotted line in Figure 10. This background level was measured when the
instrument was in its stowed position with the aperture completely covered. When the instrument
scanned beyond the Crux or Auriga regions, where the shuttle cargo bay occulted the instrument
field of view but the aperture was still open, the count rate fell to the same background level. This
indicates that additional sources of background, such as low energy electrons, are not present in
the scanning data. The arrows in Figure 10 indicate the Galactic longitudes where the field of view
was fully occulted by the Orbiter.

A model of the DXS angular sensitivity was approximated by propagating the 15° x 15°
collimated field of view of each position on the counter through the same 38° Bragg reflection off
the curved crystal panel onto the sky. This sensitivity function was scanned across the ROSAT
% keV band map (Snowden et al. 1995) according to the DXS flight aspect data. The Snowden
et al. (1995) map was used for this scan instead of the Snowden et al. (1997) map because point
sources were removed from the latter map but not from the former. The resulting ROSAT count
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rates were scaled to produce a predicted DXS count rate using the ratio of the calculated count rate
in the ROSAT % keV band to that in the DXS 84 —42 A (148 — 295 eV) spectral range. This ratio,
1318, was determined using the model spectra of equilibrium plasma emission described in §4.2, and
varies only a few percent depending on the thermal spectral model type or its assumed elemental
abundances. The solid curve on the lower plot in Figure 10 shows the sum of the ROSAT-predicted
DXS count rate and the measured DXS non-X-ray background rate. Excluding the Crux and Vela
regions, the ROSAT-predicted DXS count rate averages 10% lower than the measured DXS count
rate, consistent with the suggestion of Snowden et al. (1995) that the published effective area of
the ROSAT 41 keV band response function is about 10% high, although LTEs may contribute some
excess DXS counts. The difference between the two rates in Vela appears to be due to the rather
different X-ray spectrum of the Vela region, while in the Crux region it appears to be due to the
incomplete spectral coverage and non-uniform spectral weighting at the ends of the DXS scans.

3.3. Region-by-Region Spectra

Spectra were extracted from each of the five regions indicated in Figure 10. These are shown
in Figure 11 after non-X-ray background has been subtracted and flat-field corrections have been
made. The partial wavelength coverage at the ends of the scans has negligible impact on the Auriga
and Vela spectra, but results in the Crux spectrum having no spectral coverage longward of 76 A.
The Vela spectrum is clearly quite different from the others, and will be discussed in a subsequent
paper (Morgenthaler et al. 2001, in preparation), along with the Monogem spectrum. Of the other
spectra, Crux and Auriga are statistically indistinguishable, as indicated by a x? test with no free
parameters. When the Puppis spectrum is scaled to the same total count rate, no statistically
significant difference in shape is found between it and the Crux and Auriga spectra. In order to
simplify subsequent analysis and increase our statistical precision, we have combined the data from
the Crux, Puppis, and Auriga regions to form a Hot Interstellar Medium (HISM) spectrum, shown
in Figure 12.

4. Data Analysis

We have attempted to fit a range of simple and moderately sophisticated standard models to
the DXS port instrument HISM spectrum, and find no model that satisfactorily fits the data. Since
this spectrum is a combination of the Crux, Puppis, and Auriga regions, and excludes the Puppis
and Vela supernova remnants and the Monogem Ring (also a supernova remnant), the spectrum
obtained is presumed to be typical of the low Galactic latitude diffuse background, dominated
by X-fay emission from the Local Hot Bubble. We consider several classes of models. First we
look at continuum spectra, then collisional equilibrium thermal spectra, and then we consider a
class of non-equilibrium thermal models. We explore the reasons why such efforts fail, examining
differences between X-ray emission codes.
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4.1. Maximum Flux Fraction due to a Smooth Continuum

Although X-rays from the Local Hot Bubble are thought to arise from a million-degree plasma
whose emission consists almost totally of a large number of lines, this may not be true. As the DXS
resolution is not sufficient to resolve all the lines that standard models suggest are present in its
bandpass, it is possible that the spectrum consists of a smooth continuum underlying a few isolated
lines. In order to assess the fraction of the observed flux that must come from spectral emission
lines or other sharp spectral features, we have fit a power law to the DX.S HISM spectrum. We then
decreased the normalization of this power law until the modeled spectrum no longer exceeded the
data at any point, giving 0.75 E~32 photons s™! cm™2 sr~! keV~!, where E is the energy in keV.
The modeled flux equals that of the measured spectrum at several widely separated wavelengths,
and is a good approximation to the greatest smooth continuum that may underlie the line spectrum.
We find that this greatest smooth continuum can account for about 68% of the flux observed by
DXS. Although there is no reason to think that it is not all thermal, as a very conservative lower
limit, at least 32% of the 84 — 44 A flux comes from sharp spectral features such as lines.

Another possible variety of continuum, from recombination processes, may contain step dis-
continuities at the ionization energies of the ions in the gas. Breitschwerdt & Schmutzler (1994)
suggest that much of the diffuse X-ray background flux may come from recombination radiation.
We therefore constructed a model consisting of recombination edges from ions present in plasmas
at temperatures < 107 K. No combination of electron temperatures and recombination time scales
produced a fit as good as the equilibrium thermal model fits discussed in the next section.

4.2. Collisional Equilibrium Plasma Models

Because X-rays from the Local Hot Bubble are thought to arise from a million-degree plasma,
collisional equilibrium thermal plasma models appear to be the natural models to fit to the DXS

data. The appropriate elemental abundances for those plasma models are not obvious, however.

Smith et al. (1996) show that dust-bearing gas heated to temperatures < 10 K will cool before
most of the dust is sputtered. It is therefore possible that some dust survives in the hot gas
responsible for the X-ray emission, which would result in depletion of refractory elements. This
is in accord with the observations of Bloch (1988), Bloch et al. (1990), and Jelinsky et al. (1995),
which suggest depletions of refractory elements within the X-ray emitting gas, and with the fact
that many supernova remnants, which emit strongly in X-rays, also emit strongly in the infrared
due to hot electrons interacting with dust grains (Dwek 1987). For the fits presented in this section,
we consider three different sets of elemental abundances.

The intent of this section is to present fits of single temperature collisional-equilibrium ioniza-
tion (CEI) plasma models to the DXS data. We found, however, that if we fit single temperature
CEI models to the DXS spectral data alone, we can obtain good fits with models that violate ob-
servational constraints at energies outside the DXS band. Typically, they make too many X-rays in
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the 0.5 — 1 keV band. To address this difficulty, we instead fit a more complete model of the diffuse
X-ray background to the DXS data and simultaneously to the Wisconsin sky survey data (seven
broad bands covering 0.13 — 6 keV; McCammon et al. 1983) to constrain the X-ray fluxes at higher
energies. A three-component model has been used previously to fit the diffuse background at X-ray
energies up to several keV: an unabsorbed thermal equilibrium model where T' ~ 1 X 10% K; an ab-
sorbed thermal equilibrium model with a temperature higher by a factor of 2 — 3; and an absorbed
power law of the form 11 E~!4 photons s} cm™2 sr~! keV~!, where E is in keV (Burstein et al.
1977; Burrows 1982; Garmire et al. 1992; Kuntz & Snowden 2000). Accordingly, we simultaneously
fit the DXS HISM spectrum, the DXS pulse-height distribution, and the Wisconsin sky-survey
band count rates (McCammon et al. 1983) with a model of the form

M = Ep 1 A(Ty) + €N (B o A(T2) + 11 E714), (1)

where A(T;) is a thermal plasma emission model in coronal equilibrium at temperature T;, Eyp,; =
[ n2 dl is the emission measure for gas with temperature T;, Ny is the column density of neutral
hydrogen (here assumed to be 1 x 102! cm™2), and o is the energy-dependent interstellar medium
cross section (Morrison & McCammon 1983). The fitting was done with the xspec program (Arnaud
1996) using two different thermal plasma emission model codes, that of Raymond & Smith (1977,
as updated in 1993; hereafter RS) and that of Mewe et al. (1995, with % keV band iron emission
computed by Liedahl; hereafter MEKAL). The energy resolution of the RS model was increased
by recomputing it on 0.5 eV energy bins across the DXS bandpass (including high orders). These
models are discussed further in §4.4.

In our fits, we studied three cases of elemental depletions for the unabsorbed (local) component:
[1] solar abundances of Anders & Grevesse (1989) with no depletions; [2] solar except for Mg, Si,
and Fe, whose relative depletion was kept the same but allowed to float freely (labeled MgSiFe
in Table 2); and [3] solar except for Mg, Si, and Fe, whose relative depletions were allowed to
independently float freely (labeled “variable” in Table 2). These three elements were selected -
because they are refractory, abundant, and have many lines in the 84 — 44 A band. We summarize
the results of our fits of the model described by equation (1) to the DXS and Wisconsin sky survey
data in Table 2 and Figures 13 and 14. In no case is the reduced x? statistic less than 2.7, so
none of the fits is formally acceptable, but visual inspection of Figure 14 indicates that the variable
abundance MEKAL model is a good approximation. For any of the fits, the unabsorbed lower
temperature model component provides > 95% of the observed counts in the DXS band, and is
effectively the best fit of a single-temperature collisional-equilibrium model to the DXS data.

Since collisional equilibrium thermal plasma models fail to account for the HISM spectrum,
we proceed to consider other types of models and comparisons.
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4.3. Non-Equilibrium Plasma Models

Section 4.1 indicates that the DXS HISM spectrum shows strong emission lines. Section
4.2 shows that current single-temperature collisional equilibrium plasma models do not fit the
DXS data well, even if elemental abundances are allowed to vary. In principle, non-equilibrium
ionization (NEI) model spectra can be quite different from equilibrium ones, as a different set of
spectral lines are produced due to the presence of ions different from those common in equilibrium
at a given temperature and due to a different balance between the collisional and recombination
processes that populate excited states. Such models allow for greater variety at the expense of
additional parameters. However, we find similar results from both equilibrium and NEI models
with temperatures ~ 10° K: if they meet the constraints from the broad band fluxes (especially in
the % keV band), they cannot fit the DXS spectrum. This section presents the fits of a particular
set of non-equilibrium models to the DXS data.

The picture of the diffuse X-ray background discussed in §1 supposes that the Sun is inside a
cavity that has been formed by one or more supernova explosions. Each supernova explosion shock
heats the ambient gas in the interstellar medium and enlarges the boundary of the bubble. The
equilibration time for the kinetic temperature in the gas is short compared to the ionization time,
so the ionization state of the gas lags the kinetic temperature, and the gas is under-ionized. Edgar
& Cox (1993) model the details of X-ray production in the single supernova explosion case and find
that it is difficult to match even broad band observational parameters. Smith (1996) and Smith
& Cox (2001, hereafter SC01) have modeled emission from multiple older co-located supernova
explosions. The supernova explosions are separated by 1 — 2 x 10® years and the current epoch
is 4 — 8 x 10° years after the first explosion. As the gas expands, and cools both adiabatically
and by thermal conduction, it becomes over-ionized and then approaches equilibrium. The models
include thermal conduction in the gas, the effects of dust cooling and sputtering, and the possibility
-of spatially varying abundances. SCO1 find that models consisting of two or three supernova
explosions fit the Wisconsin all-sky survey B and C band rates (McCammon et al. 1983) and other
observational parameters reasonably well. However, comparison with the DXS HISM spectrum
produces x2 > 7.9.

The appearance and goodness-of-fit of the SC01 models are similar to those of the equilibrium
solar-abundance RS model shown in Figure 13, particularly in the lack of emission at 64 < A < 68 A.
This is because the atomic physics calculations used in the SC01 models are the same as those used
in RS. Also, several million years after the last explosion, the gas in the SC01 model is near
equilibrium. '

Thus, it is possible that the pc;or fit of the SCO1 models to the DXS data is due to inadequate
atomic physics data and models used to generate the X-ray spectra and not to any intrinsic shortfalls
in the SCO01 astrophysical model. Because the DXS calibration data fit the instrument model with
good accuracy, we attribute the lack of a good fit by both equilibrium and non-equilibrium models
to the astrophysics or to the atomic physics data, and not to the DXS instrument model.

rem——— re— T—— ———— S— , —
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4.4. The Atomic Data and Models

Since we are unable to fit straightforward models from the existing plasma emission model
codes to the DXS HISM spectrum, we proceed to examine the contents of the models. We do
this for two reasons: an attempt to identify features in the spectrum, and an attempt to derive a
synthetic spectrum that is consistent with the data (and that perhaps will suggest new types of
astrophysical models).

Current models of emission spectra from coronal plasmas such as the RS model and those of
Mewe et al. (1985, 1986), Kaastra (1992), and MEKAL indicate that the expected lines in the § keV
band are predominantly of two categories. The first category consists of L-shell lines of elements
from neon to argon. These lines are the analogs of the Fe L-shell lines in the 0.7 — 1.2 keV energy
band, 7. e., n =3 — 2, n = 4 — 2, and higher transitions. The second category of expected lines
are M-shell lines of Fe ions and the ions of other iron-group elements.

To see which ions contribute lines in what parts of the spectrum, we extracted from the RS
and MEKAL codes model spectra of single ions of the elements Ne, Mg, Si, S, Ar, Ca, Fe, and Ni
that have lines in the DXS band. In many cases, the line ratios within the 84 — 44 A band are not
very temperature sensitive (although the absolute emissivity is). If these theoretical spectra are
representative of coronal spectra from nature, they represent a set of approximate basis functions
from which astrophysical spectra must be built. That is, a model with minimal astrophysical
prejudice can be constructed from a linear combination of these spectral basis functions. Tradeoffs
between various ions with nearly coincident lines can then be assessed, and astrophysical conclusions
can be drawn from the relative normalization factors for the spectra of the ions of each element.

As an example of what is learned by comparing these spectra to the DXS data, we discuss the
attempt to identify the strong emission feature that appears at 67.4 A in the DXS HISM spectrum.
The MEKAL spectrum of Ne VIII has one very strong line blend in the DXS band, which occurs
at 67.4 A, plus a few weaker lines. To explore the conjecture that the 67.4 A feature in the HISM
spectrum might be produced by this Ne VIII line, we also looked at the RS spectrum of Ne VIII,
and found that there the strongest line falls at 70 A, andthat there are also lines with a large
fraction of the intensity of the 67.4 A line at 61 A and at 74 A. To try to resolve these differences,
new computations were obtained of the spectrum of Ne VIII (and a few other ions) at temperatures
near 10% K from D. A. Liedahl (private communication), who used the HULLAC code (Klapisch
1971). The RS and MEKAL models of Ne VIII each have four lines in the 84 — 44 A band, the
compilation of Kelly (1987) lists 23 lines, and Liedahl finds that 13 of the 17 lines included in
his calculation contribute significantly in the DXS band. The Liedahl calculation shows a strong
blend of lines (4p — 2s transitions) at the proper wavelength to match our 67.4 A feature, but it
also shows, twice as strong, a line blend near 74 A (4d — 2p and 4s — 2p transitions). The ratio
of these lines is not very sensitive to the temperature. If these computations are accurate, it is
highly unlikely that Ne VIII is the source of the 67.4 A feature in the DXS HISM spectrum since
a stronger line blend around 74 A should be present, but is not observed.
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Liedahl (1999) suggests that the Fe IX 5d — 3p transitions also:occur very close to this
wavelength, and should be considered. However, there are much stronger Fe IX lines (4d — 3p
transitions) elsewhere in the band, near 82.5 and 83.5 A in the Liedahl/HULLAC model. Unless
the wavelengths of these lines are in error by several A and are beyond the soft end of the DXS
band, or their intensity relative to that of the 67.4 A line is in error by more than a factor of 5,
Fe IX cannot be responsible for a significant fraction of this spectral feature.

Similar considerations have ruled out a great many other possible line identifications, with
candidates being taken from Kelly (1987). The solar spectra of Acton et al. (1985) and Malinovsky
& Heroux (1973) both have features near this wavelength (see §4.5). Acton et al. (1985) identify
the feature as a blend of Ne VIII A\67.38 and Mg IX A\67.24, while Malinovsky & Heroux (1973) give
Fe XVI A)X66.2,66.3 for their slightly shorter wavelength feature. The Mg IX candidate is ruled
out because stronger lines from the same ion at 73.0 A are not seen in the DXS spectrum. The
presence of Fe XVI in general implies the existence of large amounts of Fe XVII, whose strong lines
in the % keV band are several times brighter than the total flux detected in this direction by the
Wisconsin, HEAQO 1, or ROSAT all-sky surveys. The 67.4 A feature remains unidentified at this
time.

Given the wide variation between different computations of the spectra of the same ions under
the same conditions for most of the ions that have strong lines in this band, it appears that new,
more accurate, calculations of the spectra of relevant ions are needed to make sense of the 84 —44 A
band spectra of the diffuse X-ray background (or any other astrophysical source). This effort will
be aided by the Chandra X-ray Observatory Emission Line Project, which has taken deep grating
spectra of relatively well-understood bright stars in an attempt to benchmark the astrophysical
plasma emission codes. In a subsequent paper (Edgar et al. 2001, in preparation), we will use new
calculations by Liedahl of the spectra of these ions to make astrophysical inferences about the DXS
spectra.

Similar discrepancies between the models and astrophysical and laboratory spectra have been
3

noted before, especially in the § keV band. For example EUVE spectra of Capella allow one to
model the distribution of emission measure vs. temperature (Brickhouse et al. 2000). Using this
emission measure distribution and existing spectral models to synthesize a model X-ray spectrum for
comparison with the simultaneous A SCA observation, it is clear that the accuracy and completeness
of the Fe L-shell lines in the existing plasma X-ray emission codes (RS or MEKAL) is not adequate
for interpreting modest resolution X-ray spectra (E/AE < 30), as obtained for example with CCDs
having resolution in the % keV energy band similar to that of DXS in the 84 — 44 A band. Many
weak lines resulting from transitions up to n = 7 — 2 must be included to obtain an adequate fit.
The situation is being improved for the Fe L-shell lines (Liedahl et al. 1995), but similar work needs
to be done on the lines of Ne, Mg, Si, S, and Ar in order to interpret spectra of astrophysical objects
in the % keV band. The discrepancies in the Fe L-shell lines are also observed under laboratory
conditions. Liedahl (1999) points out differences between existing predictions and measurements

made with the Electron Beam Ion Trap (EBIT) at Lawrence Livermore National Laboratory.
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Not only are the currently available atomic data inadequate, but in many instances the treat-
ment of the data within the existing plasma X-ray emission codes is also not adequate. The existing
models were designed with lower energy resolution in mind, in part to accommodate the limitations
of the computers available at the time the codes were conceived. For example, in many cases a
multiplet of lines was grouped into a single “line,” in the RS code as well as in the MEKAL code,
in an effort to get the right flux at about the right energy, an approach that was entirely adequate
for instruments with proportional counter resolution (E/AFE < 5).

4.5. Comparison to Solar X-Ray Spectra

We have compared the measured DXS spectra to solar spectra in the same wave band with
similar or higher spectral resolution to see if the line identifications of the solar spectra could
help with those of the DXS spectrum, as was attempted for the 67.4 A feature discussed in §4.4.
Figure 15 presents three spectra of the solar corona, a plasma with T~ 10% K, folded through the
DXS response, and plotted along with the DXS HISM spectrum. The solar spectra are normalized
such that the strength of the strongest line in the spectrum is similar to that of the strongest line
of the DXS spectrum. The spectra of Malinovsky & Heroux (1973) and Acton et al. (1985) have
only partial spectral coverage, A > 60 A and X\ < 80 A, respectively. The differences among the
solar spectra may be explained by the fact that the Sun is not a quiescent object. The Malinovsky
& Heroux (1973) spectrum is of the full disk, while that of Acton et al. (1985) is of a solar flare.
The Doschek & Cowan (1984) spectrum is a composite line list, drawn from many measurements
and theoretical calculations. It seems clear from these figures that the solar spectra are not that
similar to the DXS spectra, which is not very surprising since the physical conditions in the hot
interstellar medium are rather different from those in the Sun. As a result, the solar spectra were
not helpful in the identification of features in the DXS spectrum.

4.6. Fit to Multiple /-Functions

Since no straightforward astrophysical models computed with existing plasma emission codes
can be made to fit the DXS HISM spectrum, we have fit it with an artificial spectrum consisting
of a number of narrow spectral lines of selected wavelengths. Lines were added to the model one at
a time, at the wavelength where the residual between the data and the model was greatest, until
the reduced x? fell below 1. The model was fit simultaneously to the position and pulse-height
spectra from the DXS HISM region, and to the Wisconsin sky survey broad band data from the
same region of the sky. By this procedure we demonstrate that it is possible to fit this data set
with this response matrix and obtain a formally acceptable x2. It also provides a mechanism for
determining the intensities of the lines or line blends of the DXS spectrum.

In addition to 23 d-function components in the 84 — 42 A DXS first-order band, we included
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two d-function components in the % keV band with freely floating energies, and the same absorbed
power law component, e °VMi11E~14 a5 in the thermal models discussed above (84.2). These last
three components supply the necessary flux in the higher energy 0.44—6 keV bands of the Wisconsin
sky survey, but they provide less than 1.5% of the total flux in the DXS 84 — 42 A band, and less
than 7% of the flux in any bin in the DXS position spectrum. The resulting model fits the DXS
HISM position spectrum with a x2 = 0.77 for v = 33 degrees of freedom. We then obtained 1-o
confidence limits for the intensity parameters in this model, using the error command of xspec
version 10.0 with one parameter at a time free to vary. This follows the prescription of Lampton
et al. (1976), investigating how the fit statistic varies as each line intensity parameter is varied in
turn (holding the rest fixed). We take as 68.3% confidence limits those parameter values at which
X% = x2,n + 1.00. ‘

In Table 3, we list the energies, wavelengths, intensities, and 1-o confidence limits of the 23
lines in the 84 — 42 A band. For completeness, we also include the two lines in the % keV band,
but without confidence limits. These two lines are present in the model only to provide X-ray
flux in the 0.5 — 1 keV band. The solid line of Figure 16 shows the spectral fit in the 84 — 42 A
first-order band, and the dashed line shows the contribution of the higher energy photons to the
spectrum. This is the contribution in second and third orders of the two high energy é-function
components and the absorbed power law continuum component. When this spectrum is used to
calculate ROSAT count rates, the % keV band rate is 3% lower than the observed rate, the %, keV
band rate is ~ 20% higher than the observed rate, and the 1.5 keV band rate is ~ 7% lower than
the observed rate.

The energies of these lines in the 84 — 42 A band are somewhat arbitrary, and the spectrum of
the diffuse soft X-ray background is certainly more complex than this simple model of 23 narrow
emission lines, but this spectrum is the best description we have currently for the low Galactic
latitude spectrum of the X-ray background in the 84 — 42 A band.

5. Conclusions

We have presented spectra of the diffuse X-ray background in the 84 — 44 A (148 — 284 eV)
range, with spectral resolution < 2.2 A (4 eV at 148 eV to 14 eV at 284 eV). The spectra show
strong emission lines, implying a thermal origin for a significant fraction, if not all, of the diffuse
background in the 84 — 44 A (148 — 284 eV) range. As a very conservative absolute lower limit,
lines contribute at least 32% of the measured flux. We also observed the Vela and Monogem
Ring supernova remnants. The Monogem spectrum is similar in shape to the general diffuse X-ray
background spectrum, but the Vela spectrum is noticeably different.

We find that the measured spectfa are entirely consistent with previous broad-band measure-
ments of the same part of the sky by the Wisconsin sounding rocket survey, SAS 8, HEAO 1, and
ROSAT.
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We find that the existing atomic emission data for this energy band are not adequate to fit
the measured spectrum of the hot interstellar medium. We will continue to work with atomic
physicists to calculate new theoretical spectra of relevant ions, and to benchmark these spectra
against astrophysical spectra of bright, relatively well-understood stars that have been obtained
with the Chandra X-ray Observatory. When we have adequate atomic data for the lines of important
ions at temperatures of order 108 K, we can proceed to answer questions such as whether the gas
is in coronal equilibrium, and if not, what kind of non-equilibrium ionization is required to fit
the spectra, and whether the elemental abundances are solar or depleted. The young, hot Vela
supernova remnant is likely to exhibit non-equilibrium ionization. However, it remains to be seen '
whether this is also true of the older Monogem Ring remnant or the diffuse background. When
good single-ion spectra are available, we can set upper limits to the emission measure of each ion
Erion = f NionMe dl by requiring that the theoretical spectrum for each ion not exceed our observed
spectrum at any wavelength. These constraints can then be compared with detections or upper
limits of other instruments in other wavelength bands, and with models.
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Fig. 1.— Cross-sectional view of a DXS detector showing photon paths and some of the detector’s
major parts. The X-ray reflecting crystal panel is made of 200 layers of lead stearate.
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2.— Port DXS instrument in its stowed
position mounted to the side of the Orbiter cargo

Fig.

bay. The outside of the curved crystal panel is
visible, with the proportional counter attached
below it. The Orbiter port wing is visible in the
background.
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Fig. 3.— Measured (data points) and modeled
(solid line) port flight window transmission as
a function of wavelength. The Formvar thick-
ness of the model was adjusted to fit the mea-
sured data. The transmission decreases at 44 A
and 23 A are caused by increased absorption of
the plastic window at the carbon-K edge and the
oxygen-K edge, respectively.
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Fig. 4.— Port proportional counter pulse-height
detection efficiency resulting from the pulse-
height limits used for the analysis of the flight
data. The efficiency decreases at 51 A and
at 44 A are caused by changes in the pulse
height distributions at the argon-L edge and the
carbon-K edge, respectively, of the absorbing P-
10 gas.
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Fig. 6.— Spectral model comparisons (solid line)
with three DXS post-flight calibration spectra
(data points with error bars). The zirconium M-
¢ input model function is a 151-eV delta func-
tion. The carbon K-a and boron K-a input
functions are the unshifted spectra from Holliday
(1967). The Holliday boron line profile appears
to be broader than the boron source used in the
DXS calibration.
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Fig. 5.— DXS port instrument AQ) measure-
ments (data points) and model A functions
(lines).
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Fig. 7.— Calculated resdlving power A/AX
(FWHM) with measured points. The boron
(67.6 A) and carbon (44.8 A) points are shown
as lower limits, because the lines are clearly re-
solved by the instrument.
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Fig. 8.— ROSAT all-sky survey (Snowden et al. 1997) 41 keV band map with contours of the
exposure pattern of the port DXS instrument. The map is an Aitoff projection, centered at 180°
Galactic longitude. The units of the DXS exposure are seconds per 1° x 1° pixel, and contours are
shown at 0.1 s, 6.0 s, 12.0 s, and 18.0 s.
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Fig. 9.— Time history of the total count rate,
including background, in the port instrument
(upper set of points). The instrument back-
ground rate, which was measured when the in-
strument was stowed, is shown separately by
the lower set of points, and averages 0.068 s~!
(1.6 x 107* 57! cm™2 keV~!). Each orbit is ap-
proximately 91 minutes.
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Fig. 10.— The effective count rate measured in the port DXS instrument as a function of Galactic
longitude in one-degree bins. Instrument background is included, and the background rate inferred
from instrument-closed measurements is indicated by the dashed line. The solid line is a prediction
of the DXS count rate based on the ROSAT % keV band map (Snowden et al. 1995). The vertical
dotted lines indicate the boundaries of the five regions selected for spectral extraction. Spectral
coverage is incomplete for [ > 271° and [ < 175°. The upper plot gives the Galactic latitude of the
center of the field of view.
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Fig. 11.— a) — e) The DXS spectra from the five regions of the sky defined in Figure 10. The Crux
region was not observed by the port instrument at long wavelengths because the instrument was
not rotated far enough to obtain that spectral coverage. The Vela and Auriga spectra have slightly
reduced exposure at the longest and shortest wavelengths, respectively, for the same reason.
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Fig. 12.— The spectrum of the Hot Interstellar Medium (HISM) at low Galactic latitudes. This
spectrum is the sum of the Crux, Puppis, and Auriga spectra shown in Figure 11.




33 =

)] o D PRI, S L ait
~ ! T
o [ >
= 0.015 Bl
1 - 2
%] | L
5 L L2
% 0.010f 9
[ ©
- r R~ 1
5 o.00s) 3
3 0.005} g
(&) o
0
0"..1‘...I.LALLL,..n....' o L . W
80 70 60 50 40 0.2 0.4 0.6 0.8
Wavelength (&) Energy (keV)

Fig. 13.— DXS HISM dispersed spectrum (left) and pulse-height spectrum (right) fit by the solar
abundance RS model described by equation (1). Non-X-ray background has been subtracted from
each spectrum.
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Fig. 14.— DXS HISM spectrum fit by the
variable abundance MEK AL model described by
equation (1) with individually adjustable abun-
dances for Mg, Si, and Fe. The pulse-height spec-
tral fit is similar to that of Figure 13.
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Fig. 15.— DXS HISM region spectrum (data points) compared to solar spectra (solid lines) of (a)
Doschek & Cowan (1984), (b) Acton et al. (1985), and (c) Malinovsky & Heroux (1973).
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Fig. 16.— DXS HISM spectrum fit with ¢ func-
tions. The DXS pulse-height distribution and
the Wisconsin sky survey broad band count rates
were fit simultaneously. There are 23 d-function
lines in the 84 — 44 A band with energies chosen
by eye, two d-function lines in the % keV band
with best-fit energies, and an absorbed power law
component. The contribution of the % keV 6-
function lines and the power law to the 84 —42 A

band is shown by the dashed line at the bottom.
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Table 1. Alpha-Particle-Excited X-ray Calibration Sources
Target Line E (eV) X (A) Pre-Assembly Pre—ﬁight Post-flight
Zirconium M-( 151 82.1 no no yes
Boron K-« 183 67.6 yes yes yes
Carbon K-« 277 44.8 no yes yes
Table 2. Equilibrium plasma emission model fit parameters
model® REY Byt KGP East af WEMEEREER e
RS/solar 0.094 2.93 0.156 17.6 4.01 1.0 1.0 1.0
RS/MgSiFe 0.089 3.78 0.189 121 397 -.-- 063 ---
RS/variable 0.103 3.40 0.203 10.1 - 298 28 0.27 0.72
MEKAL/solar 0.112 3.51 0.231 9.11 3.7 1.0 1.0 1.0
MEKAL/MgSiFe 0.118 8.59 0.366 4.02 3.08 --- 0.29 .-
MEKAL/variable 0.115 9.10 0.332 4.56 2.71 0.24 0.13 0.34

2Equilibrium plasma emission models (see text)

bkeV

€107% cm~® pc

dElemental abundances relative to solar (Anders & Grevesse 1989)
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Table 3. Line Strengths®
E (eV) X (4) intensity®:¢
150.5  82.39 2.42 + 0.22
153.1  80.99 0.42 +0.19
155.3  79.84 1.25 + 0.17
159.3  77.83 1.48 + 0.16
164.0 75.60 1.88 + 0.16
168.5 73.58 1.89 +0.15
172.8 7175 1.27 +0.13
176.8 70.13 0.72 £+ 0.12
183.0 67.75 0.55 + 0.13
179.3  69.15 0.44 + 0.11
184.0 67.39 1.45+0.14
188.4 65.81 0.84 +0.13
1950 63.58 2.75 % 0.15
202.0 61.38 1.50 + 0.13
206.6 60.01 0.32 + 0.11
2134 5810 1.17 + 0.12
220.5 56.23 0.63 + 0.12
2242  55.30 1.10 + 0.12
233.9 53.01 0.76 + 0.11
243.0 51.02 1.02 % 0.12
253.0 49.01 1.14 +0.16
264.0 46.97 1.02 + 0.17
264.0 46.97 1.02 £+ 0.17
569.0 21.79 13.464
842.7  14.71 6.004

2From the multiple é-function fit to the HISM spectrum.

bphoton s~! ecm™

2 1

ST

€68.3% (lo) confidence limits

d

see text




