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ABSTRACT

Three-dimensional (3D) interstellar medium (ISM) maps barnused to locate not only inter-
stellar (IS) clouds, but also IS bubbles between the clobdsdre blown by stellar winds and
supernovae, and are filled by hot gas. To demonstrate thisfcaderive a clearer picture of
the local ISM, we compare our recent 3D IS dust distributicepsto the ROSAT dliuse X-
ray background maps after removal of heliospheric emissiorthe Galactic plane, there is a
good correspondence between the locations and extentg ofidbped nearby cavities and the
soft (0.25 keV) background emission distribution, showihgt most of these nearby cavities
contribute to this soft X-ray emission. Assuming a consthutt to gas ratio and homogeneous
1P K hot gas filling the cavities, we modeled in a simple way ti25keV surface brightness
along the Galactic plane as seen from the Sun, taking intousxt¢he absorption by the mapped
clouds. The data-model comparison favors the existencetofds in the solar neighborhood,
the so-called Local Bubble (LB). The inferred mean pressutbe local cavities is found to be
~9,400 cm 3K, in agreement with previous studies, providing a validiatiest for the method.
On the other hand, the model overestimates the emissiontfierhuge cavities located in the
third quadrant. Using Call absorption data, we show thatitet to Call ratio is very small in
those regions, implying the presence of a large quantitpwel temperature (non-X-ray emit-
ting) ionized gas and as a consequence a reduction of thenedlilied by hot gas, explaining
at least part of the discrepancy. In the meridian plane, wtenhain brightness enhancements

coincide well with the LB’s most elongated parts asfiimneys connecting the LB to the halo,
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but no particular nearby cavity is found towards the enhamee# in the direction of the bright
North Polar Spur (NPS) at high latitude. We searched in ther@ps for the source regions of
the higher energy (0.75 keV) enhancements in the fourth asidgfuadrants. Tunnels and cav-
ities are found to coincide with the main bright areas, haveno tunnel nor cavity is found to
match the low-latituddo > 8°, brightest part of the NPS. In addition, the comparison ketw
the 3D maps and published spectral data favors a NPS ceatnalesregion location beyond 230
pc, i.e. at larger distance than usually considered. Thexamples illustrate the potential use of
more detailed 3D distributions of the nearby ISM for the iiptetation of the dfuse soft X-ray

background.
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1. Introduction

Multi-wavelength observations of interstellar matter mterstellar medium (ISM) in emission are
providing increasingly detailed maps, bringing inforroaton all phases. However, the informa-
tion on the distance to the emitting sources and their deptiften uncertain or lacking. This
applies in particular to the fluse soft X-ray background (SXRB), an emission produced Y10
gas filling the cavities blown by stellar winds and superm¥gy the Galactic halo, and in a minor
way by extragalactic sources.

The Rontgen satellite (ROSAT) was launched in 1990 and mediobservations of theftlise
X-ray background in several bands, from 0.25 keV to 1.5 keNo(@&len et al. 1995, 1997), pro-
viding unique information on the nearby and more distart, ¥e-ay emitting hot gas. However,
the determination of the properties of this gas is not ditfogward, because it depends on the
knowledge of the ISM distribution, for both the X-ray emityi gas (dimensions of the volumes
filled by hot gas) and the X-ray absorbing gas (foregroundad. A number of developments
have addressed this problem and succeeded in disentatiggingrious contributions to the signal
by modeling the intensity and the broad-band spectra (Sapwetlal. 1997), or using shadowing
techniques based on IR maps (Snowden et al. 1998, 2000)mafmn was thus obtained on the
contributions to the diuse background of extragalactic emission, emission frabtiige, from
the halo, and from the nearby cavities. In particular, th&SRDsoft X-ray data (0.25 keV) brought
unique information on the hot gas filling the so-called Ldgabble, a low density, irregular volume
in the solar neighborhood.

Still, many uncertainties remain in the physical propartiéthe emitting gas. As a matter of
fact, even if its temperature can be determined spectitlgiensity (or its pressure) can be derived
only if one knows the extent of the emitting region along dawrof-sight (LOS), and the situation
becomes rapidly very complex if several regions contriliatthe signal. Finally, a strong addi-
tional difficulty is the existence of a contaminating foreground emissiue to charge-exchange
of solar wind ions with interstellar and geocoronal newstfgthe so-called SWCX emission). This

Article number, page 2 of 21



L. Puspitarini et al.: Local ISM 3D distribution and soft Xy background

signal was not understood at the time of the first ROSAT aealyBut is now increasingly well
documented (e.g., Wargelin et al. (2004); Snowden et aD4R0Fujimoto et al. (2007)). It is
highly variable with time and also depends on the obsema@metry (look direction and line of
sight through Earth’s exosphere and magnetosheath). PthenROSAT survey, it manifested as
sporadic increases of the count rate lasting for few houdais (called long term enhancements,
LTEs). Those LTE'’s were found to be be correlated with thasacttivity, especially solar wind
events (Freyberg 1994). Cravens (2000) convincingly destnated that LTEs are the product of
the highly ionized solar wind species acquiring electranan excited state from exospheric or
heliospheric neutrals, which then emit X-rays. The exospl{geocoronal) contribution is highly
variable with time and can be removed relatively easilyeast to a minimal zero level. This is
not the case for heliospheric SWCX emission produced byaot®ns with IS neutrals drifting
through the solar system. Because the distribution ofsteélar hydrogen and helium atoms in the
heliosphere is governed by the relative motion between timea®d the local interstellar cloud and
is characterized by marked maxima along the correspondiggtibn, this SWCX contribution is
expected to be oriented in the same way and have two stronigmra@&xopposite directions, one for
hydrogen and one for helium. Lallement (2004) estimatedSW4CX heliospheric contribution
based on the hydrogen and helium atom distributions andh®ROSAT geometry, found that
parallax d€fects attenuate strongly th&ects of these emissivity maxima and make the SWCX sig-
nal nearly isotropic for those ROSAT observing conditiofikis has the negative consequence of
making its disentangling morefticult and provides anftset in the measurement of the 0.25 keV
background. This is unfortunate since the heliospheriession is far from negligible compared
to the LB or halo emission, which adds to the complexity of tih@deling, especially due to its

anisotropy, temporal and spectral variability (Koutrowngb al 2007, 2009a,b).

At higher energies (0.75 keV - 1.5 keV) the ROSAT maps revkalemerous bright regions
corresponding to hot gas within more distant cavities. Oasiqularly interesting example is
the so-called North Polar Spur (NPS), a prominent featurthénX-ray sky, with conspicuous
counterparts in radio continuum maps (Haslam et al. (196Bpgspite its unique angular size,
brightness, and shape, its location is still an open questids thought to be the X-ray counterpart
of a nearby cavity blown by stellar winds from the Scorpica@eirus OB association, which lies
at a distance 0£170 pc (Egger & Aschenbach (1995)). This is in agreement aistudy of the
shells and global pattern of the polarized radio emissiolMoileben et al. (2007), who modeled
the emission as due to two interacting expanding shell®snding bubbles. The distance to the
Loop I/NPS central part is found to be closer than 100 pc, and in lmethasios the source region
is supposed to be wide enough to also explain the X-ray andattie continuum enhancements
seen in the south, as a continuation of the Northern featime®mplete opposition, Sofue (2000)
suggested that the NPS has a Galactic center origin, basewdels of bipolar hypershells due
to strong starburst episodes at the Galactic center, thaivedl reproduce the radio NPS and

related spurs. The debate has been recently reactivates, sew studies of NPS spectra have
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contradictorily either reinforced or questioned the loicaérpretation. Willingale et al. (2003)
have modeled XMM-Newton spectra towards threedent directions and found evidence for a
280 pc wide emitting cavity centered 210 pc from the Sun tdwdtb) = (352, +10°), based
on their determinations of the foreground and backgrouncbl8mns. On the other hand, Miller
et al. (2008) measured a surprisingly large abundance obdéh in Suzaku spectra of the NPS,
and interpreted it as due to AGB star enrichment, in conttamti with the Sco-Cen association
origin. Finally, huge Galactic bubbles blown from the Géilacenter in the two hemispheres were
found in gamma rays (the so-called Fermi bubbles) and inaniave (WMAP Haze Bubbles).
The bubbles are surrounded at low latitudes by gamma-raynéardwave arcs, and the NPS looks
similar to the more external arc, suggesting an associafibrcertainties on the distance to the

source region of the NPS remain an obstacle to the solutidread of debate.

3D maps of the ISM providing distances, sizes, and morphesogf the cavities together with
the locations of dense clouds and new-born stars, shoulldefuthe analysis of the X-ray data.
One of the ways to obtain a 3D distribution of the ISM is to gath large set of individual inter-
stellar absorption measurements or extinction measursni@nard target stars located at known
and widely distributed distances, and to invert those tifisight (LOS) data using a tomographic
method. Based on the general solution for non linear inyarsielems developed in the pioneering
work of Tarantola & Valette (1982), Vergely et al. (2001) diped its application to the nearby
ISM and to diferent kinds of IS tracers, namely Nal, Call, and extincticgasurements (Lalle-
ment etal. (2003); Vergely etal. (2010); Welsh etal. (2010hose studies, that used Hipparcos
distances, provided the first computed 3D maps of the ne&fly Due to the limited number of
targets those maps have a very low resolution and are testtic the first 200-250 parsecs from

the Sun.

Recently, Lallement et al. (2013) compiled a larger dataget23,000 extinction measure-
ments from several catalogs, and using both Hipparcos aotpietric distances updated the 3D
distribution. The new 3D map has a wider coverage, showingsires as distant as 1.5 kpc in
some areas. Inverting this dataset paradoxically provadestter mapping of the nearby cavities
than nearby clouds, because the photometric catalogsrarght biased to small extinctions. A
number of cavities of various sizes, including the Local Blel{LB) are now mapped and found to
be connected to each other. Since most cavities are sugpdiied with hot, X-ray emitting gas,
such 3D distributions are appropriate for further commariswith difuse X-ray background data,
and this work is an attempt to illustrate examples of potdistudies based on the combination of

3D maps and diuse X-ray emission.

We address in particular the two questions previously maeti: (i) we compare the shapes
and sizes of the nearby cavities with the soft X-ray data,9each for properties of the nearby hot

gas; (ii) we search a potential source region for the NPSsamisn the new 3D maps.

In section 2, we present the inversion results in the Galgdtine, a model of the soft X-ray

emission based on this inverted distribution and its compamwith the ROSAT 0.25 keV emission.
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Uncertainties introduced by the correction from the hg@eic emission are discussed. In section
3, we search for IS structures in the 3D distribution that@@orrespond to X-ray bright regions
and to the NPS source region. We use ROSAT survey imagespNeétay Multi-Mirror Mission
(XMM-Newton) X-ray spectra and the 3D maps and discuss tissipte location and origin of the

NPS. We discuss our conclusions in section 4.

2. Local cavities and inferences about nearby hot gas
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Fig. 1. Differential color excess in the Galactic plane, derived byrgiga of line-of-sight data (Lallement et
al. (2013)). The Sunis at (0,0) and the Galactic center timeds to the right. Cavities (in red) are potential
soft X-ray background sources if they are filled with hot gagolar plot of the unabsorbed (foreground) 0.25
keV diffuse background derived from shadowing (Snowden (1998))dw/s in black (thick line), centered
on the Sun. Also shown is the estimated average heliospbenitibution to the signal (dashed blue line).
The linear scaling of the X-ray surface brightness, bottenled and modeled, to distance for the polar-plot
curves is chosen to be consistent with the physical extetfieof B.

The Local Bubble (LB) or Local Cavity is defined as the irregiy shaped; 50-150 pc wide
volume of very low density gas surrounding the Sun, mostlgdiby gas at-1 million Kelvin
(MK). In most directions, it is surrounded by walls of densewutral ISM, while in other direc-
tions, it is extended and connected throtigtmels to nearby cavities (see Fig. 1). Suclicamy
structure is expected to be shaped by the permanent ISMliegyader the action of stellar winds

and supernova (SN) explosions that inflate hot MK bubblekiwilense clouds. Hydrodynamical
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models of the multi-phase ISM evolution under the actiorntelfar winds and supernova remnants
(SNRs, e.g. de Avillez & Breitschwerdt (2009)) demonsttade high density and temperature
contrasts are maintained as shells are cooling and condeasthe following thousand to million
years, giving birth to new stars. Clouds engulfed by expagdiot gas evaporate. However, de-
pending on their sizes and densities they may survive up tslfiythe hot cavities. This is the
case for the LB: as a matter of fact, beside hot gas, cooledslé- 5-10 pc wide) are also present
inside the bubble, including a group of very tenuous clouitlsiv10-20 parsecs from the Sun, the
Local Flug.

Hot gas T =~ 10° K) emits soft X-rays and produces a background that has be#mbserved
during the ROSAT survey (Snowden et al. (1995, 1997)). THeKl@as is primarily traced in the
0.25 keV band, while hotter areas appear as distinct enh@us in the 0.75 keV maps, whose
sources are supernova remnants, young stellar bubbleger-Bubbles (Snowden et al. (1998)).
In the softer bands a fraction of the X-ray emission is geteeran the Galactic halo, and there is

also an extragalactic contribution.

With the assumption that the Local Bubble and other nearbijiea in the ISM are filled with
hot gas, then in principle knowledge of the 3D geometry ofi 8 may be used to synthesize soft
X-ray background intensity distributions (maps), as welspectral information to compare with
observations. This can be done by computing the X-ray earissom all empty (low density)
regions, and absorption by any matter between the emitégmpn and the Sun. Provided maps
and data are precise enough, it should be possible to deayaréssure of the hot gas as a function
of direction and partly of distance. This is what we illugtrhiere, in a simplified manner, using
only the X-ray surface brightness. This work will be updaéed improved as higher-resolution

3D maps become available.

Figure 1 shows the large-scale structure of the local ISM@asmes from the inversion of stellar
light reddening measurements. About 23,000 color excessunements based on the Strémgren,
Geneva and Geneva-Copenhagen photometric systems havadseenbled for target stars located
at distances distributed from 5 to 2,000 pc. The photometialogs, the merging of data and the
application to this dataset of the robust inversion methedsiéd by Tarantola & Valette (1982)
and developed by Vergely et al. (2001) and Vergely et al. Q2@te described by Lallement et
al. (2013). This inversion has produced a 3D distribution®tlouds in a more extended part
of the solar neighborhood compared to previous inversiopsmB.g., clouds in the third quadrant
are mapped as far as 1.2 kpc. On the other hand, this datestdt ignited and precludes the
production of high resolution maps. The correlation lerigttihe inversion is assumed to be of the
order of 15 pc, in other words all structures are assumed &b least 15 pc wide. As a consequence
of this smoothing and of the very conservative choice of isia parameters (made in order to
avoid artefacts), the maps do not succeed in revealing ttadlelb structure of the local fitlin the
Solar vicinity, whose reddening is very low due to both a $mas$ density and a small dust to gas
ratio.
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Along with the mapping of the dust clouds, quite paradoXyctidlose datasets are especially
appropriate to reveal voids (i.e. cavities), essentially th a bias that favors weakly reddened stars
in the database. The maps indeed show very well the contétine @B, seen as a void around
the Sun, and a number of nearby empty regions (Lallement et(aD13)). Among the latter,
the most conspicuous mapped void by far is a kpc wide cavitiiérthird quadrant that has been
identified as the counterpart of the GSH288+10 supershell seen in radio (Heiles (1998)). Itis a
continuation of the well knowgCMa empty, extended region (Gry et al. (1985)). Itis of martr

interest here as a potential source of strorffude X-ray emission.

In the following we make use of two filerent quantities derived from ROSAT data: (i) the
initial data measured in the R1-R2 channels that correspmotik 0.25 keV range, after correction
for the LTE’s, and (ii) the unabsorbed emission in the sanmergynrange, a quantity computed
by Snowden et al. (1998) obtained after subtraction of anycsthat can be shown to be non
negligibly absorbed by foreground IS clouds. This resideraission from hot gas in the solar
neighborhood that is not hidden by dense clouds has beenmideésl by computing the negative
correlation between the R1-R2 corrected background and@Bg:m intensity measured by the
Infrared Astronomical Satellite (IRAS), corrected usiragalfrom the Difuse Infrared Background

Experiment (DIRBE) (Schlegel et al. (1998)).

An important question is the fraction of heliospheric entisghat has not been removed to
obtain the true signal, based on time variability. It is fidilt task to estimate it precisely, and this
will be addressed in future works using the most recent Bphieric models. Since our purpose
here is to illustrate the potentialities of the 3D maps, wk ugie published estimates of the solar

wind contribution to the cleaned signal (Lallement (2004))

2.1. Galactic Plane: morphological comparisons

As mentioned above, we are using recent 3D ISM maps restitingthe inversion of color-excess
measurements. The inversion provides the distributiohefliferential opacity in a cube, and we
generally use slices within this cube to study the IS stmastin specific planes. Figure 1 shows a
horizontal slice of the 3D inverted cube that contains the. Sthe diferential extinction is color-
coded, in red for low volume opacity and purple for high voliopacity. Despite the smalitfset

of the Sun from the Plane, we consider this slice as correfipgtio the Galactic plane. The map
shows distinctly the- 50-150 pc wide empty volume around the Sun that correspantietLB.
The huge cavity in the third quadrant is the largest cavit th directly connected with the LB.
We note that the direction of this conspicuous cavity (afonoted above, of the closg€Ma
tunnel) corresponds to the direction of the helium ion@atyradient found by Wdl et al. (1999),
suggesting that the same particular event might be redperfsir the formation of the big cavity
and also influenced the ISM ionization close to the Sun. Théyce partially hidden behind a
dense IS cloud located at200 pc toward$ = 230°. We also see an extended cavity (presumably
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Fig. 2. Same as Fig. 1 in a restricted area around the Sun. The callar iscidentical to the one in Fig
1. Left: A polar plot centered on the Sun shows the unabsobtigs keV difuse background after removal
of a heliospheric contribution. The black and blue curvesespond to dferent assumptions on the actual
level of the heliospheric foreground (see text). Right:aPplots representing the total 0.25 keV background
(absorbedr unabsorbed), after removal of the larger heliosphericrdmrtton (see black line), and the result
of a simplistic radiative transfer model assuming all dasitare filled with hot, homogenous gas (blue line).
The scaling for the polar plot curves is done in the same nraamn Fig. 1.
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Fig. 3. Dust-Call comparison. Superimposed onto the GalacticeRdlaist distribution are the projections of

stars within 100 pc from the Plane and for which Call columagehbeen measured in absorption. The color
represents the ratio between the Call column and the renigleintegrated between the Sun and the star and
computed on the basis of the 3D maps.

a hot gas region) dt~ 60°, and smaller, less well-defined extensions of the LB towhre 285
andl =~ 340.

Superimposed on the opacity map is the ROSAT unabsorbedké\25urface brightness de-
rived by Snowden et al. (1998), shown in Sun-centered palardinates. Although the curve
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represents surface brightness values and not distancésasapresentation reveals the correspon-
dence between X-ray bright regions and cavity contours.ithimediately clear that the two bright-
est areas correspond to the regions in the third quadraratéanot hidden by the200 pc cloud,
suggesting that a fraction of the signal comes from the wi8&2Z38+10 (or CMa super-bubble)
cavity, and that towards the cloud this signal is attenuaftier enhancements correspond to di-
rections where the LB first boundary is quite distdnt +-80°, +120°, +33(C), strongly suggesting
that part of the emission is associated to those elongates gfethe LB. Those coincidences are

quite encouraging, showing that the mapped cavities ansidfieX-ray emission are correlated.

Figure 1 also displays the averaged estimated heliosptmmnicibution to the signal, computed
using the ROSAT observing conditions (values taken fronfelnaént (2004)). Because this signal
is not far from being isotropic in the galactic plane, renmgyit from the total background results
in an amplification of the enhancements previously mentipas can be seen in Fig 2 where it
shows the residual signal for the same heliospheric patigtrfor two diferent assumptions about
the level of contamination (see Lallement (2004)). In angecdy using an appropriate X-ray
brightness scaling for the figure, we can see that the ceddxdackground shape agrees quite well
with the LB contours, following the empty regions derivedrfrthe inversion results. On the other
hand, this also shows the sensitivity to the heliosphenidrdaution and the importance of taking

this heliospheric counterpart into account as accuratepoasible.

2.2. Galactic Plane: a simplified radiative transfer model

Based on our 3D maps, we have estimated the X-ray intengitybserved at the Sun location,
assuming all cavities are X-ray emitters. We integrate thisgon from the Sun to a given distance
D. Here we us® = 300 pc, but other computations have shown that highelues do not change
the obtained pattern significantly. For this first attemptassume that all cavities (or low density)
regions have the same X-ray volume emissivity, proportitma coeéficient (). As a criterion to
distinguish between a cavity (X-ray emitter) and a cloud,assume that there is X-ray emission
(6 = 1) everywhere the dierential extinction is lower than a chosen threshold, aadl ttere is
no emission everywhere the density is higher than this tlmidssalue. We have selected here the
thresholgby < 0.00015 mag.pd, that corresponds well to the marked transition betweedé¢nse
areas and the cavities (this corresponds to orange coldgs B or 2). Finally, we also assume
that at any location the opacity to X-rays is proportionathte dust opacity in the optical (which
implies that the gas in the mapped cavities is also absorbimwgever since the dust opacity is very

small this is a negligibleféect).

Integrating from large distance towards the Sun, the X-réghiness obeys the simplefidir-

ential equation:

dl

— =6e—| 1

ds =1k (1)
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where the first term accounts for the emission generategalgrF and only IF there is hot gas at
distances, i.e. 6 = 1 if p < po threshold and = 0 if p > po, and the second term accounts for the
absorption along the distands, assumed to be proportional to théfdiential color excess. kis

a codficient converting the dlierential color excess E(B-V) into the 0.25 ke\fidrential opacity.

The codficientk is estimated in the following way: in the visibE(B — V)q& = 1 corresponds
to N(H) =~ 5x 10?* cm 2, while, at 0.25 keVrgosev = 1 corresponds te 1x 107° cm2. We thus

simply assume here that the ¢beientk is of the order of 50.

The integral is computed by discretizing the line-of-sigitd 1 pc bins. The dferential opacity
p at the center of each bin is obtained by interpolation in thecBbe. The integral is computed

inwards, from the distande to the Sun location.

The resulting brightness is displayed as a polar plot anérsmposed on the galactic plane
map in Fig 2 (right). It can be seen that the model is closedgmebling in shape the unabsorbed
emission computed by Snowden (1998) displayed in the lafepavhich constitutes an interest-
ing validation of the mapping computation. However, beeahe simple radiative transfer model
involves emission from all regions, and includes partialbsorbed signals, the data-model com-
parison should be made with the initial ROSAT data. We thusaeted the 0.25 keV surface
brightness in the galactic plane from ROSAT high resoluti@ps, using thb = +/ — 1.5° slice in
the data. We exclude data in the direction of Veld @2260°) due to the strong SNR contribution
to the observed flux. We show in polar coordinates the rexpftignal, after removal of the same
heliospheric contribution as the one used above. Agairethes strong similarities between the
angular shapes of the model and the data, with however arestiteg, significant overestimation

of the model towards the CMa cavity. We will return to thatrgan the discussion below.

A quantitative comparison between the model and the dataresgsome assumption about the
emitting gas and the instrument sensitivity. Here we maleeaighe estimates of Snowden et al.
(1998), namely that a 1 MK gas produces 1 coahescmirr? per 707 cnt® pc emission measure,
for a spectral dependence corresponding to the thermdilaiuin model of Raymond & Smith
(1977). Using this relationship and masking the Vela regidn= —100°, the average ROSAT X-
ray brightness in the Plane is 0.0003 countsacmirr?, or 0.0022 cm® pc. On the model side,
the average calculated intensity from the simplified raaransfer computation iis= 1004 for
e = 1 and using parsecs as distance units. Within the assumgt@momogeneous hot gas, this
computed quantity is equivalent to an emission measwe=ifn2, n. being the electron density.
Equating data and model, we haMy_ay = nZ x | which implies theme = /0.0022/1004 =
4.7 x 1073 cm3. The corresponding pressure for a 1 MK gafis= 2 x ne x T = 9,400 K
cm3. This is reasonably close to what has been inferred prelyi¢lis,000 K cnt3, Snowden et
al. (1998)), showing here that this new method based on ttiection maps provides reasonable
results, despite the numerous assumptions made here sdigbfgas ratio and hot gas temperature
homogeneity.
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On the other hand, clearly this calculation seems to ovenagt significantly the emission in
the third quadrant. It is not due to an absence of emissionrmk$00-150 pc, as demonstrated by
the shadowingf@ect of thel = 230°, d =~ 200 pc cloud discussed above. Instead, this discrepancy
is very likely explained by dferent physical properties in this part of the sky, namelyettistence
of large quantities of warm gas. Snowden (1998) alreadydhtitat there is a large quantity of
warm, ionized gas in this area and that this gas may occupgrdfisant fraction of space. In
our simple dichotomy of cavities and dense clouds, we ow&dd the role of such ionized, low
density and low dust regions. In order to investigate thigpitial role, we have used again our 3D
dust maps and computed the integrated dust opacity alonm#ief-sights to all stars for which
interstellar ionized calcium has been measured. The ld#tr have been compiled by Welsh et
al. (2010). We then computed for each target star the ratiwdsn the integrated dust and the
Call column. The results are displayed in Fig. 3 for all stheg are within 100 parsecs from the
Plane. The figure clearly shows that the third quadrantilsistyly depleted in dust, or enriched in
Call, or both simultaneously. As a matter of fact, the Cakxtinction ratio there is larger by more
than an order of magnitude. Indeed, it is well known that inc&ed and heated gas dust grains
are evaporated and calcium is released in the gas phaseffestsdéhat both contribute to increase
the Call to dust ratio. It is thus clear that our assumptiai gvery region with very low opacity
is filled by hot gas is equivalent to neglecting the volumeupéed by ionized and heated gas (but
not hot enough to emit X-rays) and that may be the source obltiserved deviation in the third
quadrant. For stars located in the third quadrant at ab800 pc or more, Call columns reach
10'? to 10" cm2. Approximate conversions to distances by means of the gearaues found for
the local clouds (see e.g. Redfield & Linsky (2000)) resulttarge distances, between 100 and
1000 parsecs, confirming that a large fraction of the linsight may be filled by warm ionized
gas and not hot gas. Moreover, our assumption of a homogemlestito gas ratio also results in
underestimating the absorption by the warm dust-depleteided gas, which may also contribute
to the discrepancies. Such results illustrate the needdditianal various absorption data in the

course of using 3D dust maps andtdse X-ray background.

2.3. Meridian plane

The above study of dust maps and X-rays in the Galactic Planeftted from the following fa-
vorable conditions: (i) the 0.25 keV emission in the Planedkly due to nearby hot gas, and
(ii) the maps have the greatest accuracy there, due to the tarmber of target stars used for the
inversion. This is not the case at high latitudes and eslheaiathe rotation plane (plane that is
perpendicular to meridian plane to Galactic center, oestit=90-270), where condition (i) is not
fulfilled, since there is additional emission from the hatal @xtragalactic sources, nor condition
(i), because 3D maps are much more imprecise and limitedstartce due to the poorer target
coverage. This is why we will restrict out-of-Plane studies brief comparison between the dust

distribution and the soft X-ray background in the merididane. Figure 4 shows the meridian
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NGP

Fig. 4. Inversion result (dferential opacity) in the meridian plane. The Sun is at (OJ0)e color scale is
identical to the one in Fig 1. The galactic center is to thatrand the North galactic Pole (NGP) to the top.
Superimposed are a polar plot of the 0.25 keV backgrounchédhblack line), and a polar plot of the same
emission after subtraction of the heliospheric countérfthick black line). The angular dependence of the
heliospheric contribution is shown in blue. The jump in tegion around,b = (180, —40°) is due to the
ROSAT measurement geometry (see text). The scaling fordls plot curves is done in the same manner
as in Fig. 1. The spiked nature of the polar plot is due to thessical variation of the X-ray data.

plane dust map resulting from the color excess data inversiih the 0.25 keV emission (before
and after subtraction of the heliospheric counterpart, sf®wn) superimposed in polar plots.

The emission has two well defined maxima along &0° inclined axis that corresponds to
the twochimneysto the halo, an axis that is known for being roughly perpeuldicto the Gould
belt plane. The plane itself is traced by the main masses ofdfer above and below the Plane
towardsl = 0° andl = 18Q respectively. Such qualitative results were already okthibased
on previous neutral sodium and extinction maps (Lallemeat.e(2003); Vergely et al. (2010)),
and are simply confirmed using a larger number of targetshdedchimney directions the signal
must be decomposed into the extragalactic, halo, LB, ariddpieric contributions. This requires
a careful analysis of the latter contamination, which wilthe subject of future work.

On the other hand, the simple comparison between the theoiragrdistribution and the X-
ray pattern interestingly shows that the most conspicuauisson atl = 0°, b ~ 60— 75° that

corresponds to the well known North Polar Stheopl enhancement does not correspond to a
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particular nearby< 300 pc) cavity. This lack of apparent nearby counterpargests a distant
emission or a dferent emission mechanism for the NPS arch. We come backs@dft in the

next section that is entirely devoted to the NPS seen in e keV range.

3. The 0.75 keV diffuse background and 3D maps: search for the North Polar

Spur (NPS) source region

60 40 20 0 -20 -40 -60

Fig. 5. ROSAT 0.75 keV surface brightness map around the Galactite€eFive selected bright regions
(dark blue) are labeled and shown. The central parts of tfeggens correspond to the 5 line-of-sight drawn
in the four meridional cuts in Fig 6 and the top-right of Figallpwing to correlate visually the bright X-ray
sources (hot ISM) and low density regions or tunnels appgani the 3D maps.

3.1. 0.75 keV bright regions in the first and fourth quadrants

Figure 5 illustrates our first study of relationships betaeeray brightness enhancements areas
and voids in the 3D ISM distribution. It shows a large frant@f the 0.75 keV ROSAT map cen-
tered on the GC direction. The 0.75 keV bright regions, inggle, correspond to relatively young
(< 1-2 Myrs) hot ISM bubbles blown by winds from newly born stargl SNRs, and they should
correspond to voids in the 3D ISM distribution. Here, we mipeto use the inverted 3D distribu-
tion to study the correspondency between the bright 0.75disgd¢tions and the nearby cavities or
cavity boundaries appearing in the maps. The study has somiargties with HI (or IR) vs X-ray

anti-correlations or shadowing experiments. However ereise the local ISM distribution and
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not quantities integrated up to infinity, and our new apphoacfully complementary. Our goal

here is to infer in which way the NPS is similar (offgrent) from other bright features.

We have selected the main bright regions in the Galacticeceagion besides the NPS which
are wider than a few degrees, avoiding 5° region for which the emission is likely to be generated
far outside our mapped volume (e.g., Park et al. (1997)). baned 1 to 5 in the following, their
approximate centers ate= 330 (-3C°), | = 342 (-18°), | = 355 (-5°) andl = 352 (-8°), and
| = 10°. They are shown in Fig. 5.

For the first four selected regions, Fig. 6 displays the apwading planar meridian cuts in
the dust distribution, i.e. meridian planes that contasmdbntral directions of those X-ray bright
areas. The vertical slice corresponding to the fifth brigigion atl = 10°, b = -10° to -18° is
part of Fig 7. Arrows provide the latitude of the approximeg@aters of the bright regions deduced
visually from the ROSAT map. For all five selected bright area find in the lower images (Fig.
6 and 7) a corresponding void region in the direction of thghirX-ray emission. The voids have
the forms either of a tunnel linking to empty regions at largistances, and thus corresponding
to a potential source being located beyond the tunnel, orrefaaby cavity, as in the case of the
| = 330 enhancement. Such correspondences globally demonstcatesastency between the
local IS distribution (despite its poor resolution) and sloét X-ray maps. Note that interactive 3D
images showing the densest dust structures can be seen at
http://mygepi.obspm. fr/~rlallement/ism3d.html
and
http://mygepi.obspm. fr/~rlallement/ism3dcrevace.html

instead of using the drawn planar cuts.

3.2. Search for a nearby cavity as a source region of the NPS

The North Polar Spur (NPS) is a well-known conspicuous megicstrong difuse X-ray emission,
which coincides in direction with the gigantic radio feawalled Loop I. Loop | was recognized
at first as a Galactic giant radio continuum loop of 584° radius centered &t= 329 + 1.5° and

b = +17.5° + 3° (Berkhuijsen et al. 1971). The bright NPS is centeretl at30° and extends
north aboveb ~ +10°. It has been very well mapped in the ROSAT observations 20lkeV,
(Snowden et al. 1995)). The NPS is believed to have a locgimrassociated to a nearby super-
bubble centered on the Sco-Cen OB associatieri0Q pc), the NPS and Loop | corresponding to
the external parts and boundaries of this nearby superkuBlme kind of interaction might be
at present between the Local Bubble’s wall in the Galactitexedirection and the closest external
region of this super-bubble. At higher latitude, faint fikamts seen in HI and extending up to°85
also coincide with the radio continuum shells. At least thghHiatitude Hi filaments in the fourth
guadrant are very close to us. As a matter of fact, using aljgectra, Puspitarini & Lallement
(2012) have set a distance of 28 pc for those low velocity shells. This proximity is in good
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agreement with the Loop1-LB scenario. Other HI structurigis igher radial velocities and in the

same sky region are located beyond 200 pc.

A contradictory, and indeed completely opposite view i®alsefended. According to it, the
NPS is a fraction of a super-shell centered at the GalactitecéBland-Hawthorn & Cohen 2003;
Sofue 2000). More recently, the debate about the distantleettNPS source region has been
reactivated due to the discovery of the Febmubbles and associated gamma-ray and microwave
arches associated to the bottom and envelops of the buBtsesmatter of fact there is a similarity
between the shape of the NPS and arcs seen in gamma rays aodavie that seem to envelop

the northern Fermi bubble. Hence, it is worthwhile to remise problem of the location of NPS.

One of the puzzling characteristics of the NPS is its abrigdppearance below = +8°,
seen in all ROSAT channels. Thus either the source regiortending below this latitude but
is masked by a high column of gastats +8° (case 1), or the emission is generated only above
b = +8° (case 2). We show in Fig. 7 a series of vertical slices in thelBibution in a longitude
interval that contains the brightest part of the NPS, in sanapt to get some insight into the region
responsible for the emission, in agreement with certairditmms. Those figures show that at low
latitudes the densest clouds are distributed at two favdigtdnces, 100 and 200 pc, the second
corresponding to the well known Aquila Rift region. Cavitigo exist between those two groups,
in particular al = 25— 30° there is a quite large{L00 pc) cavity extending -30-3&nd+30-35.
From the 3D figures of Lallement et al (2013), this cavity iseeged and irregular, with tunnels
opening in several directions, in particular in the southgart. The NPS hot gas could be within
this cavity between the twwalls, between 100 to 200 pc (see circle A in Fig. 8), which would
nicely correspond to the estimated distance to the LoopteceHowever there is no visible tunnel
linking the LB to this nearby cavity that would correspondte bright regionl(= 20° to 30,

b = 1 to 3C°). Moreover, surprisingly there are no nearky200 pc) thick clouds located below
b ~ +10° that could explain the full disappearance of emission betagvlatitude that can be seen
in Fig 5. More precisely, between longitudes 0° to 3C° the opacity belovb ~ +10° and from the
Sun to 100-150 pc is smaller or equivalent to the opacity gtiéri latitude, say betwedn~ +10°
andb ~ +20°. This suggests that if the NPS disappearance bblews+10° is due to an increased
extinction (case 1), then the X-ray source is located bey@dpc. In the same longitude interval

the opacity starts to decrease only abbve +20°.

Within the assumption of a close, emission bounded NPS thediscontinuity is not due to
extinction, but to the absence of emission below this ldétthe case 2), there is no obvious large
nearby cavity matching the bright NPS region and located/@bd0°. A potential, less obvious
source shown as circle B in Figure (see Fig.8), is a smaltgati(, b) = (20°, 18°) and centered
at about 120-130 pc. Theall in front of this cavity is thin and its absorption would notyenuch
influence the X-ray pattern. In this case the NPS would be thaor feature, with no counterpart
in the south. This potential solution has the advantage tdr@lly explaining HI shells at high

latitudes as extensions of this cavity. However, we are natre of any OB associations at such
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latitudes which could potentially have given rise to sucladity. Also, as we will see in the next
section, absorbing columns derived from X-ray spectra dowaich the opacity of the clouds in
front of the cavity. Thus, contrary to the other 5 cases noeeti above, here we could not find
the same type of obvious correspondence between the X-twripand the 3D distribution, if if

distances are restricted to less than 200 pc.

-300

Fig. 6. Inversion results: vertical slices in the 3D distributidn & —30° (case 1)-18 (case 2)-5° (case
3) and-8° (case 4). The Sun is at (0,0) in those half-planes. The coldess identical to the one in Fig 1.
The directions of the bright areas labeled in Fig. 5 are shioyva black straight line.

3.3. Inferences from maps and previous NPS spectra

Willingale et al. (2003) and Miller et al. (2008) have anagan detail XMM-Newton and Suzaku
spectra towards fferent directions within the NPS. An output of their spectraideling is the
estimated N(H) absorbing column towards the emitting negiwe have used our 3D distribution
to integrate the diierential opacity along the four directions they have stuidie compare in Fig.

9 those radial opacity profiles with their estimated absagtwolumns on one hand, and with the
total HI column deduced from 21 cm data (Kalberla et al. 208%b}he other hand. We caution
here again that the map resolution is of the order of 20-3® fikis volume, i.e. there is a strong
averaging of the structures that explains the smooth isesem opacity. Another characteristic of
the inversion must also be mentioned here, namely the useefiaalt distribution, a distribution
that prevails at locations where there are no constraiois the reddening database. Such a default
distribution has no influence on the location of the mappedds, but when computing opacity
integrals there maybe a non negligible influence of thisrithistion, especially outside the Plane

and at large distances where there are fewer targets. Inaps we use here the default distribution
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Fig. 7. Inversion result: vertical slices in the 3D dust distribaticontaining or around the NPS bright
directions. The color scale is identical to the one in Fig helT= +10° slice contains the direction of the
bright region number 5 of Fig 5.

Fig. 8. Volume opacity within a vertical plane at 3fom the meridian plane. The Sunis at (0,0). The color
scale is identical to the one in Fig 1. The circles show padéhdcations of the NPS source region discussed
in the text, assuming the NPS emission is generated withavigyc

is homogeneous and depends only on the distance from the Witima scale height of 200 pc. The
effect of this distribution explains the smooth radial inceeathe opacity seen in Fig 9 beyond

about 200 pc, where targets stars are undersampled.

With this caveat in mind, it is interesting to compare thetdasequivalent gas) opacity profiles
with the Willingale et al. (2003) and Miller et al. (2008) aloking columns, as well as with the total
HI columns from 21 cm measurements. We see that for the tvd-8iges atb = 20 andb = 22°
(red and black) the absorbing columns deduced from the >épagtral analysis are similar to the
gas columns deduced from the dust maps reached at about 280dpare also similar to the total
21 cm columns. This suggests that the emitting regions aatdd beyond the 200 pc clouds

mapped in those directions. At higher latitude the absgrbalumns are reached at about 150 and
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1ox10? [NH) 4
-Ox —— vs distance from diff. extinction maps
==== from the LAB survey

—-— in foreground from XMM spectra

1,b=25,20

Distance (pc)

Fig. 9. Radial distance evolution of the opacity based on the irdeBD maps, in the four NPS directions
observed by Willingale et al. (2003) and Miller et al. (20(8e text). The opacities are here transformed to
N(H) through the classical relation N(Hye21 x E(B-V). Also shown are the absorbing columns Willlega
et al. (2003) and Miller et al. (2008) deduced from the s@detrodeling (dot-dashed lines), as well as the
line-of-sight integrated HI columns from the LAB survey $tied lines).

220 pc respectively, and there is a significant column of ggeihd the emitting area according to
the total HI columns. For thigb = (20, 40) direction, again the absorbing quantity corresponds to
the mapped gas closer than 200 pc. This is not the case forlihe (20, 30) direction, however
this direction is tangential to the dense region and our $hieg and mapping constraints may
explain that at such boundaries the integrated opacitygisdrior smaller than the actual one. If we
consider in a global manner the four directions, the consparbetween the foreground columns
and the maps strongly suggest a minimum distance of the of @0 pc to the nearby boundary of
the emitting gas. Using tHe= 20° and| = 25° degrees slices in Fig. 7 (two of the sightlines are at
I,b = (20,30) and (2040) and contained in the= +20° slice, the two others are tb = (25, 20)

and (2722) and contained or close to the +25° slice), it can be seen that this boundary is beyond
the densest cloud complex appearing in the maps betwel0 and 250 pc. We have shown in
Fig 8 the dust distribution in thle= 30° meridian plane, with three potential source regions for the
bright NPS. These results are in contradiction to a cavityered at 150 pc (circle A in Fig 8) as
the origin of the NPS emission, in agreement with the absehaetrong thickness increase below

b ~ 1 in the foreground of the cavity.

3.4. Integrated dust opacity and 3/4 keV emission

Based on our 3D inversion cube, we have integrated the IStgpgrto 300 pc, in order to gain a
more global view of the corespondence between the nearbyci8inn and the X-ray map. The
300 pc integrated opacity is shown in Fig. 10. Superimposeathiiso-brightness contour from the
ROSAT 0.75 keV map. We definitely see a negative correlatetween the 0.75 keV brightness
and the integrated opacity, as expected. However, thegedatircorrelation in the region discussed

above ab = +8 deg || = 20, 25°, where the X-ray signal has an abrupt discontinuity.
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Fig. 10. Integrated IS dust opacity from the Sun to 300 pc. A 0.75 ked/bigghtness contour is super-
imposed (black line) as well as two iso-contours drawn from $chlegel at al dust maps (blue and violet
lines).

4. Conclusions and discussion

We have made a first attempt to compare qualitatively andtgatvely soft X-ray background
emission maps and 3D maps of the nearby IS dust. The dust nagpsbleen recently computed
by inverting~23,000 reddening measurements towards nearby stars apdréioalarly suited for
the identification of nearby low density regions due to tigéanumber of unattenuated target stars
that form the database. Our first conclusion is that such gpaoison between mapped cavities
on one hand, and fluse X-ray background on the other hand will allow to go one $tether

in the analysis of the hot gas X-ray emissivity in the soldghleorhood. We have illustrated the
potential use of the maps in two main ways: first, we have fedu=n the Galactic Plane and
studied the low Z ISM along with the 0.25 keV ROSATifdise emission pattern. A correction
for heliospheric contamination of the background due t@rsalind charge-exchange has been
preliminarily made. We have shown that in a number of casesSh structure is shedding light
on the emission sources. The soft X-ray bright regions afi@itidy associated to cavities, with
the emission being the highest arising from the giant cdeitynd along the 60(73240 axis, the
huge super-bubble associated to the radio super-shell G&#83+10. A smaller and narrower
cavity atl ~70° is responsible for the second enhancement. In some caseltittlocation and
the X-ray pattern are particularly well matching, e.g. ateaded cloud located at about 120 pc
in the direction of the CMa superbubble is shedding a strorgyXshadow. We have computed
a simplified radiative transfer model and shown that the-datdel comparison allows to infer
average hot gas properties, in particular its pressuredtube in agreement with previous studies.
Finally, the study shows strong evidence for the existefficebgas in the Local Cavity close to

the Sun, a recently well debated subject.

In the case of the 0.75 keV maps, we find good agreements betweeels or cavities and X-
ray enhancements. On the other hand, our search for a neariby that could be at the origin of

the very bright 0.75 keV emission from the North Polar Spwg had a negative result, and instead
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we find evidence that the NPS signal originates from hot ggermk 200 pc, at a larger distance
than previously inferred. The same conclusion is reactwd the comparison between the mapped
dust distribution and foreground absorbing columns deddicen NPS X-ray spectra. Since we
derive a lower limit, a much larger distance, including treddgtic center, is not precluded.

More detailed maps are required to improve such types ohdistics of the emitting regions,
in particular in the case of the NPS for which there is no difianswer here. Hopefully increas-
ing numbers of target stars will allow to built such maps aeneal more detailed IS structures.
Numerous spectra and subsequently large datasets ofdodiMiS absorption and extinction mea-
surements are expected from spectroscopic surveys witti-R@hbject spectrographs (MOS). In
parallel, precise parallactic distances will hopefullygrevided by the ESA cornerstone GAIA

mission.
Acknowledgements.
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