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ABSTRACT

We have obtained an XMM-Newton spectrum of the diffuse X-ray emission towards (12, by =
(111.14,1.11), a line of sight with a relatively simple distribution of absorbing clouds; > 9 x 10 9 cm™?
at R>170 pe, a 6 x 102! cm™2 molecular cloud at 2.5-3.3 kpc, and a total column of 1.2 x 10%? cm™2.
We find that the analysis of the XMM-Newton spectrum in conjunction with the RASS spectral energy
distribution for the same direction requires three thermal components to be well fit: a “standard” Local
Hot Bubble component with k7" = 0.089, a component beyond the molecular cloud with kT = 0.59, and a
component before the molecular cloud with ¥7° = 0.21. The strength of the O VII 0.56 keV line from the
Local Hot Bubble, 2.140.7 photons cm™2 s™! sr~1, is consistent with other recent measures. The 0.21 keV
component has an emission measure of 0.0022%0.0006 cm ™% pe and is not localized save as diffuse emission
within the Galactic plane; it is the best candidate for a pervasive hot medium. The spatial separation of
the ~ 0.2 keV component from the ~ 0.6 keV component suggests that the spectral decompositions of
the emission from late-type spiral disks found in the literature do represent real temperature components

rather than reflecting more complex temperature distributions.

Subject headings: X-rays: diffuse
1. Motivation

The original motivation for obtaining the data dis-
cussed in this paper was to constrain the X-ray spec-
trum of the Local Hot Bubble (LHB). The LHB is an
irregular region containing the sun that is character-
ized by the existence of X-ray emitting gas and a deficit
of neutral gas. The LHB was first discovered through
the large-scale anticorrelation of % keV X-ray emission
(mapped by sounding rockets) and the total column
"density of neutral gas (Tanaka & Bleeker 1977), The
shape of the LHB was determined using the small-scale
anticorrelation of % keV X-ray emission (mapped by
ROSAT in the RASS) and the total column density
(Snowden et al. 1990, 1998, 2000). That the region
containing the X-ray emission is remarkably free of ab-
sorbing neutral material is demonstrated by three ob-
servations: the constancy of the B/Be band ratio (Juda
et al. 1991), the lack of FUV absorption to a sample of
nearby white dwarfs (Hutchinson et al. 1998), and the
lack of local Na I absorption in stellar spectra (Sfeir
et al. 1999). This last study showed that region sur-
rounding the sun has a low density of neutral material
which abruptly increases at distances of ~ 100 pc from
the sun. Because the hot gas in the LHB may not com-
pletely fill the region deficient in neutral material, there
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is no causal link between the X-ray emitting gas in the
LHB and the deficit of local neutral material; we refer
to the local low density region as the Local Cavity in
order to differentiate it from the LHB. -

ROSAT provided six band photometry of the emis-
sion from the LHB. Assuming collisional ionization
equilibrium (CIE) and near solar abundances, the
R2/R1 band ratio implies kT ~ 0.1 (Snowden et al.
1998; Kuntz & Snowden 2000). Given this tempera-
ture and the size scaling determined from MBMI12, one
can derive a crossing time of a few million years. It
is thus surprising that there is a temperature gradi-
ent of AKT = 0.026 across the LHB; the side of the
LHB towards £ ~ 169° being hotter than the other side
(Snowden et al. 1990, 2000). As the overall Galactic
emission is hotter towards the Galactic Center than the
Galactic Anti-Center, the LHB gradient might, in fact,
be due to some systematic problem in the separation of
the local and distant emission: an inappropriate model
of the spectral shape of the distant emission, or system-
atic errors in the column density. However, the gradient
in Snowden et al. (2000) was measured at |b| > 10°,
outside of the region effected by the extended Galactic
Ridge, and is not restricted to the region covered by the
Loop I superbubble. Therefore the dipole is not likely
due to the background emission. As the flow direction
of the local ISM is towards (¢,b) = (183.3, —15.86) it is
possible that the dipole is due to the interaction of the
local ISM with the heliopause.
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The Diffuse X-ray Spectrometer (DXS) observed
three regions of the LHB at high spectral resolution
in the 0.148-0.284 keV band (Sanders et al. 2001). Be-
cause the count rate from the LHB is low, the spectra
from these regions, covering a total of ~ 0.26 steradi-
ans from £ = 160° to £ = 297°, were combined. The
spectrum was not well fit by either CIE or non-CIE
models, but kT = 0.118 eV with strongly depleted Mg,
Fe, and Si provided the best fit. There are a number
of possible reasons for the poor fit. As was pointed
out by Sanders et al. (2001), the atomic data used by
the models was problematic, a situation since alleviated
but not completely resolved. The fitted spectrum was
averaged over several regions and, although the indi-
vidual spectra were statistically the same, they sample
regions with different ROSAT temperatures. The anal-
ysis of the DXS data assumed a column density of 102
em~? immediately exterior to the LHB, while that col-
wmn density is actually ~ 10%° cm™2 and slowly rises at
greater distances (Sfeir et al. 1999). The column den-
sity of 102! em™2 is not reached in most directions at
distances < 200 pc. This difference in column density
corresponds to a factor of ~ 8 difference in the trans-
mission of 0.3 keV photons. Therefore, the LHB emis-
sion studied by DXS may be contaminated by emission
from other nearby regions containing hot plasma. Al-
though there are no distinct/discreet emission regions
visible in the RASS within the DXS FOV, there clearly
is emission from beyond the LHB, a point to which we
shall return.

The Cosmic Hot Interstellar Plasma Spectrometer
(CHIPS) mission attempted to measure the FUV emis-
sion from the LHB. A 0.1 keV plasma in CIE should
produce Fe VIII-Fe XII lines in the 0.046-0.138 keV (90-
265A) band. The CHIPS mission observed a large num-
ber of lines of sight over the entire sky for a cumula-
tive 13.2 Ms of exposure and placed a stringent upper
limit of 6 photons cm™2 s™% sr™! on the Fe IX line at
0.072 keV (171.1 A) which corresponds to an emission
measure of 4 x 1074 cm~® pc at kT ~ 0.086, assum-
ing APEC/CHIANTI models and data (Hurwitz et al.
2004). The authors point out that this is 0.2 to 0.07
of that found for the soft X-ray emission by Snowden
et al. (1998) using the 1991 Raymond & Smith mod-
els and solar abundances. The discrepency becomes
greater with use of more modern models and abun-
dances. The Snowden et al. (1998) value for the soft
X-ray emission (R12 band) was 2.5-8.4x107* counts
s7! arcmin~2, with a R2/R1 band ratio of 1.1240.1.
Using the APEC models and Wilms et al. (2000) abun-
dances, these values correspond to kT = 0.0965 keV
and emission measures of 0.0062-0.0205 cm™ pe, fac-
tors of 150-500 greater than that observed in the FUV.
Thus, if the plasma is in CIE the Fe must be extraordi-
narily strongly depleted to be consistent with previous
soft X-ray observations of the LHB. Bellm & Vaillan-
court (2005), using only the Raymond & Smith models
found that a joint reanalysis of the Wisconsin rocket
data and the RASS was marginally consistent with the
CHIPS resuls.

The CHIPS results and the DXS results suggest
that non-CIE models might be more appropriate. Bre-
itschwerdt & Schmutzler (1999) modelled the LHB as

a hot plasma that has adiabatically expanded into the
Local Cavity. As the gas expanded, it cooled faster
than it could recombine, and the ionization tempera-
ture of the resulting plasma will depend upon the lines
measured, and that temperature is much higher than
the kinetic temperature. The orginal Breitschwerdt &
Schmutzler (1999) model produced too much emission
in the ROSAT 2 keV (R45) band. Shelton (2002) and
Smith et al. (2005) pointed out that an overionized or
recombining plasma model of this sort can match the
O VIII and O VII line strengths, but strongly over-
produces the O VI line emission. Underionized models
where the kinetic temperature is higher than the ion-
ization temperature (i.e., the situation in shocks) are
not conclusively ruled out Henley et al. (2006) but a
suitable heating source has not yet been identified.

It should also be noted that the pressure of the LHB
derived from the RASS (P/k ~16000 using CIE mod-
els, either Raymond & Smith (1977) models and Anders
& Grevesse (1989) abundances or P/k ~25000 using
APEC models with Wilms et al. (2000) abundances)
is substantially greater than the pressure measured for
diffuse neutral clouds within the LHB (1000 < P/k <
10000 as measured by C I absorption by Jenkins 2002).
This inconsistency, the inconsistency of the X-ray re-
sults with FUV spectra (first noted with EUV (Val-
lerga & Slavin 1998), then with CHIPS), and the lack
of local O VI absorption (Oegerle et al. 2005), have
led to the suggestion that there is no “Hot” in the Lo-
cal Hot Bubble (first Cox (1998), then others). Rather
than the X-ray emission being due to a hot plasma,
it has been ascribed to emission from charge exchange
reactions between the ionized solar wind and the neu-
tral ISM flowing through the solar system (solar wind
charge exchange or SWCX). Lallement (2004) has mod-
eled the contribution of SWCX to the % keV band of
the RASS; the distribution of the SWCX contribution is
assymetric and does not match the distribution of emis-
sion attributed to the LHB. Adjusting the scale factor
of the SWCX (some combination of cross-sections and
solar wind strength) to obtain the maximum possible
SWCX contribution but still ensuring that the SWCX
emission does not overproduce the X-ray emission at-
tributed to the LHB in any direction, Lallement (2004)
found that although the SWCX could account for all of
the putative LHB emission in many directions, partic-
ularly in the Galactic plane, much of the LHB emission
remains. Further the derived shape of the LHB after
the limited SWCX removal is more similar to that of
the Local Cavity. Simultaneously, the pressure derived
from the X-ray emission drops by factors of a few.

The Lallement (2004) analysis implies that the
emission previously ascribed to the LHB by the anti-
correlation studies is due to both SWCX and the LHB;
the observed X-ray emission observed is

where SWC X min is due to some base level of solar
activity, and SWCX(t) is a time (and observation di-
rection) dependent component due to the strength and
geometry of the solar wind at the time of observation.
The SWCX(t) appropriate for the Wisconsin survey




(McCammon et al. 1983), should be different from that
for the RASS; the uncorrected surveys should differ by
ASWCX(t). However, the two surveys are statisti-
cally similar, suggesting that their different methods of
removing SWCX (t) were successful. The strength of
SWCX 4 remains an open question. Snowden et al.
(2004), Wargelin et al. (2004), and Kuntz & Snowden
(2006) have measured spectra of the SWCX in the 2
keV band when SWCX>>SWCX,,.:n, but the shape of

the SWCX,i, spectrum is still poorly understood.

The LHB is primarily a % keV band phenomenon

mapped by ROSAT, the ratio of the energy (pho-
tons) emitted in 0.44-1.21 keV to that in 0.111-0.284
keV is ~ 0.25 {(~ 0.075). The bulk of the emission
lies below the band accessible to Chandra and XMM-
Newton, but some of the most important lines (O VII
and O VIII) lie within the range of the current instru-
ments/observatories. The 0.35-1.0 energy band is not
nearly so sensitive to absorption -as the % keV band;
7 = 1 occurs at 10%! cm™? rather than at 10%° cm™2.
Thus isolating the emission due to the LHB from emis-
sion at greater distances is far more difficult, particu-
larly as the nature, amount, and disposition of the more
distant emission is generally unknown.

In the face of these rather formidable challenges
(measuring the spectrum in only a minor fraction of
the bandpass, the difficulties of isolating the LHB from
more distant emission whose characteristics are even
more poorly understood, and the as yet unknown con-
tribution by SWCX) we made an ambitious proposal
to study the LHB with XMM-Newton. We proposed
to observe a series of deep %’- keV band shadows in the
Galactic plane where the non-LHB emission would be
minimized in order to determine the -2— keV band spec-
trum of the LHB and measure the strength of the oxy-
gen lines. The O VII and O VIII lines are sensitive
diagnostics of the ionization state of the plasma and,
especially when combined with the O VI lines. By mea-
suring the line strengths in the plane over a large swath
of the Galactic anticenter we hoped to place limits on
the variation in the temperature and ionization struc-
ture of the LHB emission and explain the source of
the R2/R1 dipole. Thus far, we have obtained only a
single useful observation, which is in the direction of
£ = 111°. However, this single spectrum demonstrates
that the LHB emission can be well separated from the
more distant emission, and suggests that further obser-
vations will be extremely fruitful both for studies of the
LHB and for studies of the emission from beyond the
LHB.

In this paper, §2 describes the data and the extrac-
tion of spectra and instrumental backgrounds, §3 de-
scribes the spectral analysis, and §4 contextualizes our
results. Much of the discussion concerns the emission
external to the LHB, an important but generally over-
looked portion of the ISM.

2. Data

2.1. Pointing Criteria and LOS Geometry

In order to obtain the spectrum of the LHB that
has the least contamination by external emission, we

chose regions with strong shadows in the ROSAT % keV

band. Most of these strong % keV shadows are associ-
ated with molecular clouds, many of which have known
distances. We avoided the region —45° < £ < 45° in or-
der to avoid emission due to the Galactic Ridge which,
although it only dominates at higher energies, could
produce significant line emission below 1 keV. We chose
regions where both the % keV and the % keV emission in
the RASS showed no discernable emission features; this
condition minimizes the non-LHB contribution, ensures
that the non-LHB contribution is not due to individ-
ual SNR, and suggests that any non-LHB contribution
will be representative of the typical diffuse X-ray emis-
sion in the outer Galaxy. Of our accepted targets, we
obtained useful data of only one: XMM-Newton Obsid
0203130201, (£,b) = (111.14,1.11).

In the target direction the Local Cavity extends to
~ 170 pc (Sfeir et al. 1999) beyond which there is a col-
umn density of at least 9 x 10%® cm™? (a Na D2 equiv-
alent width of 50mA). This column density is a lower
limit as the total column should increase with distance.
This “wall” of absorption allows 23% transmission of
the more distant % keV emission, blocking a signifi-
cant fraction of that emission. At 2.2-3.5 kpc there is
a molecular cloud (Blitz et al. 1982; Ungerechts et al.
2000), which is part of the Perseus arm. Our pointing
is not on the CO peak due to the need to avoid bright
optical/X-ray point sources. The N(H:) in the direc-
tion of our pointing is 3-5x10?* cm~2 (Ungerechts et al.
2000), meaning that N(H)> 6 x 10?! cm~2, providing a
strong but distant “backstop”; X-rays from beyond the
cloud with £ < 0.6 are effectively blocked.

The total column density in this direction (includ-
ing the molecular cloud) is ~ 1.1 x 10?2 em~2 which
effectively blocks emission from the Galactic halo and
extragalactic sources at energies below 1 keV. We define
the emission beyond the molecular cloud to be the “dis-
tant” component and emission between the Local Cav-
ity and the cloud to be the “intermediate” component.
The intermediate component is absorbed by the wall of
absorption immediately external to the LHB. This ab-
sorption is almost complete below ~ 0.4 keV, but the
intermediate distance component could contribute to
the O VII emission at 0.56 keV and the O VIII emission
at 0.65 keV.

2.2. Reduction

Since our current understanding of the particle back-
ground of the XMM-Newton pn camera is relatively
poor, and the characterization of the background of
the XMM-Newton MOS cameras is fairly well refined,
we have restricted our analysis to the data obtained
by the two MOS cameras. The data reduction follows
the “standard” method described in Kuntz & Snowden
(2006) and Snowden & Kuntz (2006). We constructed
the light curve in the 2.5-8.5 keV band for the entire
FOV. We fitted a Gaussian to a histogram of the count
rates, and set the “quiescent level” to the mean of that
Gaussian. We removed from further analysis all time
periods during which the count rate was > 3¢ above the
quiescent level; the higher count rate in those time pe-
riods is due to either strong soft proton contamination




Fig. 1.— Location of the observation with respect to the X-ray sky and the absorbing column density. Top: The R12
band flux from the RASS. The color scale runs linearly from 0 to 2.5 x 1073 counts s~! arcmin™2 and pixels above that
value were clipped. The Aitoff projection is centered on £ = 180°, the longitude is marked every 30° and increases to
the left, the latitude is marked every 10°. The box marks the location of the observation. Upper Middle: The R45
band flux from the RASS. The color scale runs linearly from 0 to 7.5 x 10~% counts s~! arcmin™2. Lower Middle:
The H I from the Leiden-Dwingeloo Survey (Hartmann & Burton 1997). The color scale runs linearly from 0 to 1022

Bottom: The CO map from Dame et al. (2001) The color scale runs logarythmically from 0 to 1474 in
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Fig. 2.— The raw spectra for MOS1 (black) and MOS2
(blue), and the constructed quiescent particle back-
ground spectra for MOS1 (green) and MOS2 (red). The
spectra were not used below 0.3 keV, nor above 8 keV.
The Al and Si lines at 1.48 and 1.75 keV were not in-
cluded in the quiescent background spectra but were
fit during analysis. The contribution from soft proton
flares is also not included in these background spectra.

or an enhanced particle background. Of the original
22.5 ks of exposure, cleaning left 21.5 ks.

Source detection was performed in both the 0.3-2.0
keV and 2.0-10.0 keV bands. Sources with a maxi-
mum liklihood detection value greater than 40 in either
band (corresponding to ~ 10713 ergs cm™2 s71) were
removed. For each source to be removed we determined
the 80% encircled energy radius using the model PSF
for the distance of the source from the optical axis.
Source exclusion radii were typically 24-29 arcseconds.
The few remaining faint point sources are likely to be
background AGN with a power-law spectrum which is
unlikely to confuse our analysis of thermal spectra. The
amount of emission due to unresolved stars is a more
difficult issue (Kuntz & Snowden 2001). The spectrum
of the diffuse emission was extracted from a region with
a radius of 14’ approximately centered on the optical
axis.

We constructed the spectrum of the “quiescent par-
ticle background” from the “unexposed pixel” data and
filter-wheel-closed data. The background spectrum is
interpolated over the 1.2-1.9 keV interval before being
subtracted from the observed spectrum; the Al and Si
instrumental lines at ~1.48 and ~1.74 keV were left
in the observed spectrum and were fitted during anal-
ysis. The strength of the residual soft proton flares is
not known e priori, but the shape is reasonably well
modeled by a broken power law with a break energy
of 3.2 keV, where the spectrum is convolved with the
redistribution matrix but not scaled by the response
function. The contribution of the residual soft proton
flares is fitted during the analysis.
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Fig. 3.— Top: Two-component simultaneous model
fit to both MOS spectra and the RASS spectral energy
distribution. Bottom: Three-component model fit to
the same spectra.

3. Spectral Analysis

Since the bulk of the LHB emission is at energies be-
low the XMM-Newton bandpass, we must constrain the
fit so that it is consistent with other measures of the
LHB at the lower energies. We constrain the fit by si-
multaneously fitting the RASS data from a half degree
radius circle centered on (£,b) = (111.14,1.11) with the
two MOS spectra. The RASS data was extracted us-
ing the X-ray background tool at the HEASARC? and
consists of a seven band spectral energy distribution
(bands R1 through R7) with statistical uncertainties.
The non-statistical uncertainties due to the removal of
Long Term Enhancements depend upon the location in
the survey; the £ = 111° LOS is located in a region
where the non-statistical uncertainties are low.

?http://heasarc.gsfc.nasa.gov/cgi-bin/Tools/xraybg/xraybg.pl

The two MOS spectra were fitted in XSPEC 11.3.2
with the following function

k(NLAL (T, Z) + BT“’C“ZN[AI(T, Z) +
eTcloud]\TDAD (T) Z) + eftatalj\fFE_'r) _11_
Al+ 81+ SPC

where k is the size of the FOV in arcminutes. The
A(T, z) are thermal components representing the emis-
sion from the LHB (L), emission in front of the molecu-
lar cloud (the intermediate component, I), and emission
from beyond the molecular cloud (the distant compo-
nent, D). The N are the model normalizations. We used
the APEC models (Smith et al. 2001) where the abun-
dances, z, are on the Wilms et al. (2000) scale. The
absorption of the intermediate distance component is
> 9 x 10 em™? and is likely higher; it was allowed to
float above its minimum value. The absorption of the
distant component was set to no smaller than 6 x 10%
cm~?. The emetat NpET represents the contribution
by the unresolved AGN absorbed by the entire Galac-
tic column. We set I' = 1.46 (Chen et al. 1997) and
N =10.5keV ecm™?s7! st~! keV~!. Allowing the nor-
malization to float did not produce significant changes.
The Al and Si are Gaussians representing the instru-
mental lines. For the initial fits the line centers of the
Al and Si lines were fixed, the line widths were set to
zero, and the amplitudes for the two MOS spectra were
made to agree. The SPC, the soft proton contamina-
tion, was modeled by a broken power law with a break
energy of 3.2 keV (Kuntz & Snowden 2006). For the
initial fits, the amplitude of this component was set to
zero. As the fits converged, the amplitude and the in-
dices were allowed to vary, but the indices for the two
MOS spectra were forced to be equal. The RASS “spec-
trum” was fitted with the same function but without
the instrumental lines or soft proton component.

This is a rather complicated functional form to be
fit to a single spectrum, so we began by fitting a sim-
pler model. We know (or at least expect) that there is
emission due to the LHB. We also know that there is
emission from beyond the molecular cloud since we ob-
served a shadow there in the RASS. We began by fitting
without the intermediate distance component, by fixing
the effective Mg, Si, Fe, and Ni abundances for the LHB
to the values found by Sanders et al. (2001) setting all
the other LHB abundances to solar, and allowing the
abundance of Mg, Si, Fe, and Ni of the distant compo-
nent to float.

The result of fitting this two component (local+distant)
model can be seen in Figure 3. The fit parameters are
listed in Table 1. Although the reduced x? is good,
the fit is poor; there are strong residuals at O VIII 0.65
keV and at O VII 0.56 keV. The O VIII line cannot be
produced by the distant component; the O VIII line is
too heavily absorbed to be consistent with the flux at
higher energies. The O VIII line cannot be produced
by the LHB; no model producing a significant O VIII
emission can produce the correct R2/R1 ratio and the
relative strengths of the R12 band emission and O VII
0.56 keV emission. Granted, we are using CIE models
here, and CIE models need not be applicable, but the
observational result of Smith et al. (2006) where no
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Fig. 4.— The three-component model decomposed into
its constituant parts. "

O VIII line was seen towards the nearby dense molecu-
lar cloud MBM 12 also argues strongly that the O VIII
is not produced by the LHB.

Having ruled out both the LHB and distant com-
ponents as the source of the O VIII line, one must
introduce the intermediate distance component. We
have assumed that the intermediate distance compo-
nent has the same abundances as the LHB. The fit
is again shown in Figure 3 and the fit parameters are
listed in Table 1. The O VIII line is properly fit though
a residual remains at the O VII line. An additional
Gaussian was added with E = 0.55 keV, but this com-
ponent did not have a significant flux even when all
the other components were allowed to float; the resid-
ual appears to be slightly narrower than the line spread
function. A decomposition of the model appears in Fig-
ure 4.

To understand the extent to which the three-
parameter fit is better than the two-parameter fit,
we used the two-parameter model and the measured
backgrounds to create one thousand simulated spec-
tra, each of which was fit with both the two- and
three-parameter models. For the fit to the data,
AX? = Xeomp — Xieomp = 24.5. For the Monte-Carlo
simulations, less than ﬁalf a percent of the trials had
Ax? > 24.5. The observed Ax? is statistically unlikely
if the two-component model were an adequate represen-
tation of reality. Therefore, a three-component model
is a significantly better representation of the data than
the two-component model.

From the fit uncertainties, the results appear robust.
The uncertainties in the LHB parameters are ~ 10%,
the uncertainties in the intermediate component pa-
rameters are 20-25%, and the uncertainties in the dis-
tant component parameters are 10% in kT, 35% in nor-
malization and 50% in abundance. The uncertainties
in the LHB parameters are certainly underestimates as
they do not include the uncertainty in the abundances.

The uncertainties in the intermediate component are
high because it is easy for the fit to shift flux from
the intermediate component to the distant component.
Interestingly, the distant component has a well con-
strained temperature, even if its normalization is not
so well constrained.

To understand the robustness of our results, we fit-
ted the spectrum with three-parameter models where
the LHB abundance of Mg, Si, Fe, and Ni was var-
ied from 0.1 solar to solar, and the absorption immedi-
ately outside the LHB was varied from 1 x 10?0 cm™2
to 1 x 102! em™2. The behavior of the remaining fit
parameters is summarized in Figure 5. As the 2y, is de-
creased (from solar) kTy decreases and Nj, increases.
This is due to the fact that the R1 and R2 bands contain
many lines from Mg, Si, Fe, and Ni, the R1 band being
more strongly effected than the R2 band. Decreasing 2y,
increases R1/R2, requiring k77, to decrease to compen-
sate, and decreases R1+R2, requiring Ny, to increase
to compensate. However, in the temperature range al-
lowed by the ROSAT values, the O VII/(R1+R2) in-
creases with 7", but O VIII/(R1+4R2) increases neg-
ligeably. Thus, the fit of the LHB component is driven
by R2/R1, O VII/(R14+R2) (as modified by the inter-
mediate component}), and the absolute value of R1+R2.

Given the sensitivity of the LHB parameters to the
RASS data, one might wonder to what extent the fit is
sensitive to the uncertainties in the RASS spectral en-
ergy distribution. If, instead of using the (R1,R2) val-
ues, one fits with the constraint of (R14+-og1,R2—0pg2)
or (Rl1—ogr1,R2+0pRy) then the fit changes by an
amount smaller than the 90% uncertainty.

The intermediate component supplies the O VIII line
and, as a result, contributes to the O VII line as well.
Therefore, k77 is driven by the amount of O VII not
produced by the LHB and thus k77 is driven primar-
ily by zp. Ny is driven primarily by the absorption,
N(H)yau. If one allows N(H)yeu to float, the best fit
value is 1.6 x 10%! cm™? where the uncertainty is much
larger than the valde. Although N(H),eu is not con-
strained by the X-ray data, even at its highest values,
kT7 does not change significantly.

Since z; = 2y, the amount of emission contributed
by the intermediate component to the line complexes in
0.7 < E < 1.0 keV decreases with zy;. That emission,
in turn, must be supplied by the distant component,
causing kTp to decrease, zp to increase, and Np to
decrease. Without the z;y = z; linkage, the distant
component would be insensitive to the LHB parame-
ters. Even with the z; = zp linkage, the variation of
the distant component parameters with the LHB pa-
rameters is less than the statistical uncertainties; the
distant component is very well constrained.

It should be noted that although we have set zz, =
0.3 on the strength of the DXS data, the best fits
in our parameter search are obtained with z; = 1.0;
the R2/R1 value of the RASS data is more closely
matched, and the overall R1+R2 strength is more
closely matched. The zp, is very sensitive to the rel-
ative normalizations of the RASS and XMM-Newton
data. Since the z; = 0.3 was determined from high
resolution data in the % keV band, that value is prefer-




Fig. 5.— Diagrams demonstrating the response of the
fit parameters to variation in zz, (top left diagram) and
N(H)yau (top right diagram). The color scales run
from black/purple at the lowest values to red/white at
the highest values. The limits for each panel are: zp:
0.1 to 1.0, N(H)wau: 10%° to 102! cm™2, kTr: 0.0808
to 0.1035 keV, Np: 1.48 x 107 to 3.77 x 1078, kTy:
0.2108 to 0.2611 keV, N: 3.95 x 10™7 to 8.84 x 1077,
kTp: 0.5625 to 0.7675 keV, Np: 3.79 x 1078 to 4.06 x
1075, Ax?: -8.81 to 13.40 (compared to zz, = 0.33 and
N(H)wau = 10%° cm™?), and z4: 0.52 to 0.77.

able to that found by our parameter search.

3.0.1. SWCX

The X-ray spectrum may be contaminated by emis-
sion due to ions in the solar wind interacting with neu-
tral interplanetary material. The strength and spectral
shape of this solar wind charge exchange (SWCX) emis-
sion is still poorly characterized; it will depend upon
many interaction cross-sections, the strength and ion-
ization structure of the solar wind, as well as the neu-
tral density of the interplanetary material along the
entire line-of-sight to the heliopause. During a par-
ticularly strong gust of the solar wind, with a special
viewing geometry through the densest part of the mag-
netosheath, Snowden et al. (2004) detected the SWCX
emission with XMM-Newton. However, the spectrum
of the “typical” SWCX contamination, the SWCX i,
emission studied by Lallement (2004), is not known.

Our observation was taken when the spacecraft was
pointed through the low-density flanks of the earth’s
magnetosheath at an angle of 106° from the sun. The
ACE data for the time of observation suggests that the
solar wind was quite quiescent; the solar wind flux was
steady around 1.4 x 10® em™2 s~! which is lower than
88% of solar wind measurements. The O17 /0% ratio
was typical of the solar wind; the O78/O%7 ratio was
not available for the time of observation. Given the
observation geometry and that the solar wind was a
relatively light breeze the SWCX contamination of this
observation is expected to be “typical”; the expected

X-ray spectrum is thus expected to be very close to
SWCXmin + LHB.

The significant SWCX contamination consists en-
tirely of lines; the SWCX spectrum obtained by Snow-
den et al. (2004) consisted of C VI, O VII, O VIII,
Ne IX and Mg XI. The relative strengths of these lines
vary as the ionization structure of the solar wind varies.
We have added this model of the SWCX to our two-
component model; although the addition of the SWCX
to the model did improve the fit (Ax? = 12.0 for 793
d.o.f) it did not improve the fit to the same extent as the
addition of a third thermal component (Ax? = 24.5). If
one allows all of the SWCX lines to vary independently,
only the O VII 0.56 keV, O VIII 0.65 keV, and the Mg
XI 1.34 keV lines are allowed in significant quantities.
In particular, the O VIII 0.81 keV line seen by Snowden
et al. (2004) is not seen in this spectrum, suggesting
that O VIII 0.65 keV line cannot be explained solely
through SWCX. This exercise also demonstrates that
the spectrum of SWC X 5, is not like SWCX (¢) unless
the total contribution of SWC X 4, is very small.

4. Discussion

The analysis above produces the following under-
standing of the £ = 111° line of sight. The LHB
has emission characteristic of a kTrgp = 0.089 keV
plasma, where that temperature is very sensitive to the
assumed abundance of Mg, Si, Fe, and Ni, the princi-
pal strongly depleted species producing lines in the %
keV band. Outside of the LHB, R > 170 pc, there is
absorption N(H)ywan > 9 x 10, beyond which there




is emission due to a plasma with kT3,; = 0.241 keV.
The exact location of this emission is uncertain, but
it must be closer than 2.5-3.3 kpc where there is a
molecular cloud. Beyond the molecular cloud there is
emission characteristic of kTy;s = 0.569. There may
be cooler components beyond the molecular cloud, but
their emission would be almost completely absorbed by
the molecular cloud.

4.1. LHB

The model fits correspond to a O VII 0.56 keV line

strength of 1.8613:5% photons cm=2 s~ sr~?, for an R12

band flux of 3.19 x 10~* counts s~! arcmin™2.

The Suzaku measure of the O VII 0.56 keV line

in the direction of the high latitude molecular cloud
.MBM 12, where more distant emission is almost com-
pletely blocked, is 2.3-3.5 photons cm™2 s sr~! for an
LHB R12 band flux of 3.47 x 10~ counts s~ ! arcmin—2
(Smith et al. 2006; Kuntz et al. 1997), for an O VII/R12
ratio of (5.6-8.5)x10™* photon/count. Our character-
ization of the LHB is derived from a combination of
ROSAT band values and (compared to Suzaku ) poorer
spectral resolution XMM-Newton data for a more com-
plicated line-of-sight but it is still consistent with the
Suzaku data; we get O VII/R12 ratio of (6.34£2.2)x 1074
photon/count where both the 0 VII count rate and fore-
ground R12 band rate are calculated from our model
fit. We will shortly be testing the consistency of the
XMM-Newton data directly with a Suzaku observation

of this LOS.

Another measure of the LHB emission is pro-
vided by Henley et al. (2006) who studied the line
of sight towards an absorbing filament at (¢,b,R) =
(278.7,—45.3,230 pc). Using a combination of XMM-
Newton and RASS data they found kT gp = 0.09975:9%5
and an O VII 0.56 keV line strength of 4.1:40.6 photons
em™? 7! st the O VII/R12 ratio is (9.141.3) x 10~*
photon/count, roughly consistent with the other values.

Our result, especially coupled with those of Smith
et al. (2006) and Henley et al. (2006), demonstrates
that the LHB does not produce measureable O VIII
emission or signficant R45 band flux. Given that we
know the N(H)y. > 9 x 10%°, and the best fit value is
greater than this minimum, we are led to the conclu-
sion that the higher temperature intermediate compo-
nent truly resides outside of the local cavity. This result
contrasts starkly with the results of Breitschwerdt et al.
(2005) who find the LHB to be characterized by two
thermal components with k7" = (0.14 4 04,0.2040.06)
keV. These temperatures are based on their analysis
of a line of sight towards the Bok globule Barnard 68,
(£,b, Ry = (7.09°,1.54°,125 pc), a molecular cloud with
a column density of ~ 1022 cm™2. This cloud lies within
the Loop I superbubble. Breitschwerdt et al. (2005) ar-
gue that the emission before the cloud is not strongly
contaminated by the Loop I superbubble because Fe
lines due to Loop I seen off the cloud are not seen to-
wards the cloud. This is clearly a very complicated line
of sight with the cloud lying behind the working sur-
face of an expanding super bubble and lying in front of
the Galactic Ridge (a possible source of the Fe lines).
The understanding of the entire line of sight towards

Bernard 68 is not yet sufficient to consider this a sig-
nificant detection of the LHB.

4.1.1. SWCX

The spectrum analysed above is the spectrum
of SWCX,in + LHB, and we have assumed that
SWCX i is small. Assuming otherwise, with our cur-
rent lack of understanding of SWCX,,;,, leads to an
unmanageably large set of possibilities. If one assumes
depletions equivalent to Mg, Si, Fe, and Ni abundances
of 0.33, and uses the Fe IX 0.072 keV line to place an
upper limit on the true amount of thermal emission
from a CIE model, one finds that at k7" = 0.086 the
thermal emission can account for only 4% of the O VII
or 9% of the R12 band emission. Increasing the tem-
perature to kt ~ 0.11 boosts that fraction to 20% of
the O VII or 11% of the R12 band emission, as the
emissivity of Fe IX drops above k7" = 0.8. The 0 VII
line emission places a slightly tighter constraint than
the R12 band emission. These values were calculated
for the £ = 111° line of sight, a direction that the Lalle-
ment (2004) map suggests retains a significant amount
of true LHB emission. Qur results indicate that a hot
bubble is still compatible with the CHIPS constraint
given some help from the SWCX. It should also be
noted that SWCX,,.;n contribution to the O VII line
also produces significant changes in the recombination
models, allowing models with much lower k7" and n.
than previously explores.

4.2. The Intermediate Distance Component

Snowden (2001) has pointed out that the bulk of the
211 keV emission in the solar neighborhood is associated
with discrete features; the LHB, and the Eridion bub-
ble. The same is clearly not true at % keV; with the
exception of discrete sources such as SNR and the Loop
I superbubble, the % keV sky appears to be quite uni-
form, varying only a little from Galactic pole to Galac-
tic equator. This uniformity exists despite the fact that
a large fraction of the emission at high Galactic lati-
tudes is due to unresolved AGN whose contribution: at
the Galactic equator should be minimal.

Figure 6 shows the 3 keV (R45 band) sky in 90° <
£ < 270° from the RASS cast into Cartesian coordi-
nates. Bright point sources, bright extended sources
(such as Monogem, the Eridion Bubble), and areas of
missing data have been masked out. Also removed is
the region without data in the Leiden-Dwingaloo H I
survey (Hartmann & Burton 1997). At this stretch
one can see residual systematic scan-to-scan variation
as streaks folowing lines of constant ecliptic longitude;
otherwise the sky appears rather uniform.

Figure 6 shows the latitudinal profile for the R4-R7
bands for the 120° < £ < 230° range, as well as the
expected profile due to the extragalactic background
and Galactic halo after absorption by the Galactic disk.
The absorption was calculated with the H I column
from the Leiden-Dwingeloo survey and the CO column
from Dame et al. (2001). The top set of profiles shows
the residuals (observed-model) which are clearly peaked
at b= 0°. A secondary peak at b ~ —18° is possibly due
to scan path residuals between £ = 130° and £ = 150°.
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Fig. 6.— Top: The R45 band sky in Cartesian coor-
dinates. The latitudes £10°, £:5° and 0° are marked.
The black regions denote excised data, either due to
poor background subtraction for a set of ecliptic scans,
bright extended sources, or bright point sources. Bot-
tom: The lower sets of solid lines are the observed band
profiles. The overplotted dotted profiles are the models
of the Galactic halo and extragalactic background ab-
sorbed by the Galactic disk. The upper sets of solid
lines are the observed band profiles from which the
model has been subtracted. The dotted overplotted
profiles are an exponential model.

Fitting an exponential to the data for b > —10° finds
scale-heights of ~ 10° for bands R4-R6, ~ 6° for band
R7. This emission from the Galactic disk is composed,
no doubt, of many different emission components in-
terleaved with many different absorption components.
Given this mixture and the low RASS count-rates, it is
impossible to characterize the emission using ROSAT
band ratios. However, given the grasp of XMM-Newton
and its spectral resolution, studies of lines of sight such
as the one we are describing here whose absorption stuc-
ture is relatively simple can separate the components
along lines of sight.

Studies of diffuse X-ray emission in other galaxies,
show that the emission follows the spiral arms and is
primarily due to star formation (Kuntz et al. 2003;
Tyler et al. 2004). The 2 keV shadows in 100° < £ <
150° (visible in Figure 1) are due to molecular clouds
in the Perseus arm. The distant component is beyond
those clouds and is probably dominated by X-ray emis-
sion due to the star-formation in the Perseus arm. The
intermediate component is likely not in the inter-arm
region but is either on the front side of the Perseus arm
or in the local arm. Individual star-forming regions at
the distance of the Perseus arm (2.5-3.3 kpc) should be
distinguishable as discrete features with sizes compara-
ble to that of the cloud shadows. As there a number of
star-forming regions near this line of sight within our
local arm (see, for example Becker & Fenkart 1970),
it seems more likely that the intermediate component
is due to local arm star-formation. Since there are a
number of cloud shadows due to the Perseus arm along
the plane, similar studies of those shadows would allow
one to assess the uniformity of the strength and tem-
perature of the intermediate component which would,
in turn indicate to which arm the emission belongs.

If we assume that the intermediate distance com-
ponent is associated with the local arm and thus has
02 < R <1 kpe, we find ne ~ 0.0016 cm™2 and
P/k > 10000 K cm™2 assuming a filling factor of unity.
The 0.1-10.0 keV surface brightness is 6.3 x 10716 ergs
em™2 571 arcmin™2. If one assumes that the vertical
extent of the emission is roughly equal to the observed
pathlength through the plasma then the intermediate
distance component would appear to 5-10 times weaker
than the typical emission from the inner disk of the
face-on galaxy M101.

4.3. On Other Spiral Disks

The spectra of the diffuse emission from late-type
spiral disks can generally be modelled by two thermal
components with temperatures of k7" ~ (0.2,0.6). The
spectra used in these studies typically sum over large
portions of the galactic disk in order to obtain suffi-
clent counts to allow spectral fitting. Therefore the
consistency of the results may be due to averaging the
spectrum across the disk. Kuntz et al. (2003) showed
that for M101 (which may not be representative) the
ratio of the emission measures of the two thermal com-
ponents was statistically constant across the disk, so
averaging is probably not responsible.

One can show (Kuntz 2006) that most continuous
distributions of emission measures with 0.1 < k7" < 0.8,




when modeled at Chandra spectral resolution, produce
two components with k7" ~ (0.2,0.6), independent of

the shape of the distribution of emission measures.

Thus, the consistency of the galactic results may be
due to a lack of spectral resolution. These are also
the two temperatures that characterize the diffuse X-
ray emission from Galactic star forming regions such as
the Rosette and Omega nebulae (Townsley et al. 2003).

What the current study shows is that kT ~ (0.2, 0.6)
probably is representative of the true gas temperatures.
The intermediate distance component is constrained to
lie between ~ 0.2 kpc and 2-3 kpe. If the emission
is distributed throughout the allowable portion of the
line of sight, then one could imagine that there is a
distribution of temperatures since the crossing time is
tens of millions of years(?). Even in this case the tem-
perature distribution must be rather narrowly peaked
around 0.2 keV; the intermediate distance component
is not intermixed with hotter (0.6 keV) gas. Since the
distant component is strongly absorbed, it is impossi-
ble to know whether it is intermixed with 0.2 keV gas.
For both components it is reasonably clear that the fit-
ted temperature represents, at worst, a narrow range of
temperatures, rather than the effects of spectral reso-
lution. Thus is seems more probable that the tempera-
tures observed for the diffuse emission in other galaxies
actually represent individual thermal components.
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