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ABSTRACT

We presenBuzakuX-ray observations along two edge regions of the Fermi Besyhwith eight~ 20 ksec
pointings across the northern part of the North Polar Sp@3N\surrounding the north bubble and six across
the southernmost edge of the south bubble. After removingpeet X-ray features, diffuse X-ray emission is
clearly detected and is well reproduced by a three-compa@pexetral model consisting of unabsorbed thermal
emission (temperatuiel’ ~ 0.1 keV) from the Local Bubble (LB), absorbéd” ~ 0.3 keV thermal emission
related to the NPS and/or Galactic Halo (GH), and a powerdamponent at a level consistent with the
cosmic X-ray background. The emission measure (EM) of tB&éV plasma decreases by 50% toward
the inner regions of the north-east bubble, with no accoryipgrtemperature change. However, such a jump
in the EM is not clearly seen in the south bubble data. Whilis iinclear if the NPS originates from a
nearby supernova remnant or is related to previous activitlyin/around the Galactic Center, o8uzaku
observations provide evidence suggestive of the latteresa® In the latter framework, the presence of a large
amount of neutral matter absorbing the X-ray emission atageahe existence of thel’ ~ 0.3 keV gas can
be naturally interpreted as a weak shock driven by the bgbbigansion in the surrounding medium, with
veloCity vex, ~ 300 km s~ (corresponding to shock Mach numbet ~ 1.5), compressing the GH gas to form
the NPS feature. We also derived an upper limit for any n@mrtial X-ray emission component associated
with the bubbles and demonstrate, that in agreement wittiitdings above, the non-thermal pressure and
energy estimated from a one-zone leptonic model of its blmad spectrum, are in rough equilibrium with
that of the surrounding thermal plasma.

Subject headingscceleration of particles — cosmic rays — Galaxy: center 4aa halo — X-rays: ISM

no significant spectral or total intensity variations haee
found within the structure, with the exception of some hints
for an additional substructure consisting of a cocoon ard je
like features extending in the north-west and south-eastdi
'tions (Su & Finkbeiner 2012). The sharp edges may suggest
the presence of a shock at the bubbles’ boundaries. If haweve
this is the case, and if the shock is the sole acceleratien sit
of thev-ray emitting particles, both the observed flat intensity
profile and the uniformly hard spectrum within the bubbles’
interior extending for about 10 kpc, seem rather difficult to

1. INTRODUCTION

The Large Area Telescope (LAT; Atwood et al. 2009) on-
board theFermi satellite is a successor to EGRET onboard
the Compton Gamma-ray Observatary (Hartman et al.|1999)
with much improved sensitivity and resolution over a braade
energy range. Along with the GeV detections of varieds
ray source types (e.d., Nolan etlal. 2012), yet another impor
tant LAT discovery concerns the large-scaleay structure,
the so-called “Fermi Bubbles,” extending for ab&ar (or
8.5kpc) above and below the Galactic Center (GC), with a .
longitudinal width~ 40° (Dobler et all 201G: Su et Al. 2010). exPlain. . . .

It has been suggested that these bubbles have relatively sha _mportantly, they-ray emission of the bubbles is spatially
edges and are symmetric with respect to the Galactic planerOrrelated with the flat-spectrum microwave excess known as
and the minor axis of the Galactic disk. Theray emission  the "WMAP haze.” The haze, recently confirmed wifanck

associated with the bubbles is characterized by a hard spec2Pservations (Planck Collaboration etlal. 2013), is chtarac

i i iak- ; ~ 9 ized by a spherical morphology with a radiss 4 kpc cen-
trum with the differentialy-ray spectral photon indeiX ~ 2; tered at the GC. and is visible up 1o at ledst ~ 30°

(Finkbeiner| 2004; Dobler & Finkbeiner 2008). The entire
microwave continuum of the haze is consistent with a power-
law distribution with spectral index = 0.5, and is best in-
terpreted as synchrotron emission from a flat-spectrum pop-
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ulation of cosmic ray (CR) electrons. Hence it has been ar-
gued that the WMAP haze and the Fermi bubbles are linked,
and that they-ray emission of the bubbles is simply the
inverse-Compton scattering of the cosmic microwave back-
ground (IC/CMB) emission from the same electron popula-
tion producing the observed microwave synchrotron excess
(e.g.,Su et al. 2010; Mertsch & Sarkar 2011). In this model,
the smaller latitudinal extension of the WMAP haze may be
due to a decrease in the magnetic field intensity with in-
creasing latitude. However, the expected polarizatiorhef t
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FIG. 1.—SuzakuXIS field of views fed) overlaid with theROSAT0.75 keV image for the series of north-east and southermadtiens of the Fermi Bubbles.
All the figures are shown in Galactic coordinates. Yellowhdsaslines indicate the boundary of the bubbles, as suggested et al. [(2010).Top—left X-ray
image of the north-east bubble, along with the focal cerdémreviousSuzakuand XMM observations of the NPS (Willingale et al. 2D03; Miller €tZ008).
Top-right A close-up of the north-east edge of the bublidettom—left X-ray image of the southern bubblBottom-right A close-up of the southern edge of
the bubble. The gray scale ranges of R@SATimages (units of 10° cts s~1 arcmin2) are indicated at the bottom of each panel.

haze was not detected in the most recent accumulation ofThis idea was questioned by several authors who argued that
the WMAP-7 year data (Gold etlal. 2011), indicating that the the NPS and the rest of the Loop | may instead be a nearby su-
magnetic field in the bubbles is heavily tangled, or an attern pernova remnant (Berkhuijsen etial. 1971) or may be related
tive emission mechanism is at work. In this context, some au-to the wind activity of the Scorpio-Centaurus OB assocratio
thors argued that the bubbles/haze structure may be eggdlain located at a distance of 170 pc (Egger & Aschenbach!|1995).
as rather being due to a population of relic CR protons andWhile the GC scenario seems more plausible in view of the
heavier ions injected about 10 Gyr years ago during the recent discovery of the Fermi bubbles (Su et al. 2010), the
outburst of a high areal density star-forming activity ardu  distance and origin of the NPS is still under debate, and we
the GC (Crocker & Aharonian 2011). discuss this issue in more depth in this paper (Section 4.2).

At X-ray frequencies, th&ROSATall-sky survey (RASS) Motivated by the substantial observational and theorktica
provides full-sky images with FWHM?2' at photon energies  progress recently made toward understanding the nature and
in the0.5 — 2keV rangel(Snowden etlal. 1995). Hints of sig- origin of the large-scale structures extending above and be
natures of the entire north bubble structure can be noted inlow the GC regions, particularly with the discovery of the
the ROSATmap (e.g.. Su et al. 2010, Figs. 18 & 19 therein), Fermi Bubbles, we conducte®lizakuxX-ray observations of
as well as two sharp edges in the south that trace the Fermhigh-Galactic latitude regionst§® < |b| < 54°) positioned
bubble below the Galactic disk (e.g., Fig. 1 in Wang 2002; across the north-east and the southern-most edges of the bub
Fig. 6 in Bland-Hawthorn & Cohen 2003; also, Figs. 18 & bles. In Section 2, we describe the details of $uezakwb-
19in Su et al. 2010). Particularly noteworthy is a prominent servations and data reduction procedures. The resultsof th
Galactic feature called the North Polar Spur (NPS) seergn th analysis are given in Section 3, including the detailed spec
0.75keV (R45 band) map, a large region of enhanced soft X- tral modeling and images obtained within the — 10keV
ray emission projected above the plane of the Galaxy whichrange. Here we concentrated on the analysis of the diffuse
coincides with a part of the radio Loop| structure. Sofue emission and assumed all the relatively bright compactyX-ra
(2000, and references therein) interpreted the NPS asexlarg features detected gt 50 level are most likely background ac-
scale outflow from the GC with a corresponding total energy tive galactic nuclei (AGN) or galaxies unrelated to the Gala
of ~ 10°® — 10°% erg released on a timescale of 107 yr. tic Halo (GH) and/or the NPS. Some information regarding
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TABLE 1
SuzakuwBSERVATION LOG
ID start time stop time R.A. DEC l b Exposure
(UT in 2012) (UTin 2012) 71® [°1? [°1¢ [°1¢ [ksecF
Bubble North
N1 Aug 08 10:23 Aug 08 23:03 233.401 9.076 15.480 47714 20.0
N2 Aug 07 23:41 Aug 08 10:22 233.623 8.079 14.388 47.011 18.3
N3 Aug 07 10:31 Aug 07 23:40 233.834 7.087 13.321 46.308 20.4
N4 Aug 06 23:20 Aug 07 10:30 234.034 6.098 12.280 45.606 19.0
N5 Aug 05 23:04 Aug 06 09:33 234.250 5.090 11.255 44.871 17.2
N6 Aug 06 09:34 Aug 06 23:18 234.405 4.131 10.263 44.204 22.0
N7 Aug 08 23:06 Aug 09 10:20 234.551 3.174 9.291 43.537 19.4
N8 Aug 09 10:21 Aug 09 23:53 234.713 2.200 8.334 42.838 13.5
Bubble South
S1 Apr19 14:11 Apr 20 02:44 332.668 -46.192 351.010 -53.100 0.92
S2 Apr 19 03:15 Apr 19 14:10 331.474 -46.348 351.149 -52.265 321
S3 Apr 18 04:59 Apr 18 16:10 330.278 -46.492 351.281 -51.432 351
S4 Apr 17 16:40 Apr 18 04:58 329.080 -46.624 351.406 -50.602 4.7 2
S5 Apr 18 16:12 Apr 19 03:12 327.882 -46.743 351.525 -49.775 1.02
S6 Apr 20 02:47 Apr 20 14:25 326.683 -46.851 351.638 -48.950 241

NOTE. — @: Right ascension dsuzakipointing center in J2000 equinox.
b: Declination ofSuzakupointing center in J2000 equinox.
¢: Galactic longitude oSuzakipointing center.
d4: Galactic latitude oBuzakupointing center.
¢: SuzakuXIS exposure in ksec.

these compact X-ray features are provided in the Appendix,of X-ray telescopes (XRT; Serlemitsos etial. 2007), each wit

along with the details of our further investigation conéegn

a focal-plane X-ray CCD camera (X-ray Imaging Spectrom-

the data analysis. In Section 4 we summarize our findingseter, XIS; Koyama et al. 2007) sensitive to photons in the
and discuss the expansion of the bubbles and their interacenergy range of).3 — 12keV. Despite the relatively large

tion with the GH gas. We compared the obtairfgdzakure-

point spread function (PSF) of the XRT with a half-power

sults with RASS observations, thus providing guidance for diameter of~ 2.0/, Suzakuis the ideal instrument for the

future high-sensitivity all-sky X-ray studies with insiments
like MAXI (Matsuoka et al. 2009) @ROSITAMerloni et al.

intended study because it provides a low and stable Non
X-ray Background (NXB), particularly suitable for investi

2012). We also revisit the widely debated issue concerninggating extended and low surface-brightness X-ray sources
the origin of and the distance to the NPS. We argue that the(Mitsuda et al. 2007; Tawa etlal. 2008). Three spectrometers
NPS is formed by plasma which has been compressed andXIS0, 2, 3) have front-illuminated (FI) CCDs, while the
heated by a weak shock driven in the GH environment by XIS 1 utilizes a back-illuminated (BI) CCD. Each XIS covers
the expanding bubbles. Finally, we discuss the energy anda 18’ x 18’ region on the sky. Because of an anomaly in 2006
pressure balance between the thermal and non-thermalglasmNovember, the operation of the XIS 2 was terminated, thus
components within the regions of interest by means of model-here we use only the remaining three CCDs. The cameras
ing the spectral energy distribution (SED) of the bubbled an were operated in the normal full-frame clocking mode with

of the surrounding medium as probed with tBezakuwlata.
Throughout, unless otherwise noted, all statistical ulag@r
ties reported in the paper are at thelevel.

2. OBSERVATIONS AND DATA REDUCTION

the3 x 3 or5 x 5 editing mode. Althouglsuzakicarries also

a hard X-ray detector (HXD; Takahashi etlal. 2007), hereafte
we do not use the data collected by its PIN and GSO instru-
ments. Figure 1 shows o@uzakuXIS fields of view over-
laid onto theROSATO.75 keV image for the series of north-

2.1. Suzaku Observations east and southern observations of the Fermi Bubbles. Yellow

We conductedSuzakuobservations of the north-east and dashed curves indicate the boundary of the Fermi Bubbles,
southern edges of the Fermi Bubbles as a part of an AO7as proposed in_Su etlal. (2010). Note that at lower northern
program in 2012 with a total (requested) duration of 280 ks. Galactic latitudes, the relatively bright NPS regions hale
The campaign consisted of 14 observations20 ksec each, ready been targeted witbuzakiand XMM (Willingale et al.
consisting of eight pointings overlapping with the nortise ~ 2003; Miller et all 2008) and the corresponding focal center
bubble edge and across part of the NPS, with the remainingof these archival observations are denoted in the figure by
six pointings over the southern edge of the south bubble. Ta-white circles.
ble 1 summarizes the times of the exposures, directions of )
the pointing centers (in both equatorial and Galactic cisord 2.2. XIS Analysis
nates), and the effective duration of each pointing. Thaiang For the XIS, we analyzed the screened data reduced using
lar offset between each pointing was 1.02 deg for the north-the Suzakwsoftware version 1.2. The reduction followed the
east edge and 0.88 deg for the south bubble edge. Becausgrescriptions given inThe Suzaku Data Reduction Guide’
pf the overlap with the NP_S, we obt_ained additional poirgting (also known asThe ABC Guide} provided by theSuzaku
in the northern bubble region (spacing them out more widely) guest observer facility at NASA/GSH&.The screening was
than in the southern bubble in order to sample a wider angular
range. 10 http://suzaku.gsfc.nasa.gov/docs/suzaku/analysis/ab

The Suzakusatellite (Mitsuda et al. 2007) carries four sets http://www.astro.isas.jaxa.jp/suzaku/analysis.
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FIG. 2.— The0.4 — 10keV XIS (XIS 0+3) images of the north-eaSuzakufields N1-N8, after vignetting correction and subtractidrthe “non-X-ray
background”. Uncatalogued X-ray features detected ahower level are denoted as srell; the corresponding source extraction regions are deryteed
circles/ellipses. The size of the source extraction regioare changed between 1’ and 2’ to avoid contaminations freamby sources. Also we assumed an
elliptical region for src2 because it is situated at the eowf the CCD and hence appears elongated along the diresftittre CCD edge. The bright X-ray
features that are catalogued sources are marked with neag@sises. All the figures are shown in Equatorial coordin@t2000).

based on the following criteria: (1) only ASCA-grade 0, 2, sures for good time intervals was 149.8ks for the-WB and
3, 4, 6 events were accumulated with hot and flickering pix- 105.7 ks for the S2S6 pointings (see Table 1). In the reduc-

els removed from the XIS image using theEANSIS script
(Day et alll 1998); (2) the time interval after the passagb®ft
South Atlantic Anomaly (TSAA_HXD) greater than 500s;
(3) targets were located at ledst and20° above the rim of

tion and the analysis of th®uzakuXIS data, the HEADAS
software version 6.12 and the calibration databases (CALDB
released on 2012 July 11 were used, all kindly provided by the
XIS instrumental team. The XIS cleaned event dataset was

the Earth (ELV) during night and day, respectively. In ad- obtained in the combinegl x 3 and5 x 5 edit modes using
dition, we also selected the data with a cutoff rigidity (COR XSELECT.

larger than 6 GV. After this screening, the sum of the net expo

We extracted the XIS images from only the two FI CCDs
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Fic. 3.— As in figurd2, but for the southern bubl8ezakufields S1-S6.

(XIS 0, XIS 3) because the BI CCD (XIS1) has lower imag- bands, but these were faint sources marginally detectedvbel
ing quality due to its higher instrumental background. The the5c level. The list and derived spectra of the bright com-
XIS images were made within three photon energy ranges ofpact emitters thus detected (all at approximakelyo), which
0.4—10keV, 0.4 —2keV, and2 — 10 keV. Inthe image analy-  are not associated with catalogued sources, are summarized
sis, we excluded calibration sources at the corners of tHe CC Appendix A.
chips. The images of the NXB were obtained from the night For the spectral analysis, we used all the Fl and Bl CCDs,
Earth data usingtiISNXBGEN (Tawa et all 2008). Since the namely, XISO, 1, 3 to maximize the photon statistics. For
exposure times for the original data were different front tha the bright compact X-ray features described above, we set
of the NXB, we calculated the appropriate exposure-coexkct the source regions to withitY — 2’ circles centered on the
original and NXB maps usingiSEXPMAPGEN(Ishisaki et al. emission peaks, and estimated the backgrounds from annuli
2007). The corrected NXB images were next subtracted fromon the corresponding CCD chips with inner and outer radii
the corrected original images. In addition, we simulatetl fla of 2’ and4’, respectively. The response (RMF) and auxiliary
sky images usingissIM (Ishisaki et all 2007) and applied a (ARF) files were produced using the analysis toolSRM-
vignetting correction. All the images obtained with XIS@an FGEN and XISSIMARFGEN (Ishisaki et al! 2007), which are
XIS3 were combined. Throughout the reduction process, weincluded in the software package HEAsoft version 6.12. For
also performed vignetting correction for all the XIS images the analysis of the diffuse emission, we considered the en-
described in Section 3. Finally, the images were smoothed
with a Gaussian function with = 0.07’ (Gaussian kernel ra-  posed of three steps. First, using thedkGRouNDcommand, we estimated
dius set as 8 iiDs9). pioal PAF Size. And re/o8ing Those not comphing wittaratataical
Wlth. the Com.bmed. X1S0+3 |mag_es, .We first ran the source c);ﬁeria. The avérage ithhe rgmaining boxes \F/)vgs ?aken abableground
detection algorithm iIrKIMAGE to discriminate compact X-  value. Second, with the YeEss command, a sliding-cell method was
ray features from intrinsically diffuse X-ray emission. i$h used to find areas with excesses over the background thdegtiypically,

i i ibed in Giommi >3-5 o). Finally, in the third step performed with theeSRCH command,
is a well established approach as described Glo etal we merged the excess cells into source boxes usingSttmkuPSF and

(1992) and detailed in NASAs HEASARC Software pébe vignetting to estimate source significances and statistidsre we set the
A few spots were seen only in tlied — 2keV or 2-10keV box sizes ad.1’ x 1.1’ (corresponding to 6464 pixels) or0.5’ x 0.5
(corresponding to 3232 pixels) for crowded fields because of the blurring
11 https://heasarc.gsfc.nasa.gov/docs/xanadu/ximagfaies/srcdet.html.  due to theSuzakuxIS PSF, and the detection threshold3at We performed
See also https://heasarc.gsfc.nasa.gov/docs/xanadggiexamples/backgd.htrrihe source detection separately in thet — 10keV, 0.4 — 2keV, and
for background calculation examples. In summary, the m®weas com- 2—10keV ranges, and concatenated the results.



6 Kataoka et al.

tire CCD chip as a source region, but only after removing all covered by ouSuzakwexposures using the NASA Widefield
the compact features detected above3hdevel, with typi- Infrared Survey Explore/ISE Wright et al. 2010) satellite
cal 2 radius circles (see Appendix A and Tables 3 & 4). The data. The all-skyWISEdata release was searched for sources
ARF files were produced assuming that the diffuse emissionpresent within radii ol.5” around the positions of the region
is distributed uniformly within circular regions wit0’ radii centers listed in the Appendix A and no infrared countegpart
(giving the ARF area of 0.35 déjjusingxISSIMARFGENand were found.
new contamination files (released on July 11, 2012). In con-
trast to the point source analysis, we didt subtract back- 3.2. X-ray Spectra
ground photons from the region in the same CCD chip but 3.2.1. Compact X-ray Features
instead modeled the the isotropic background continuum (se
Section 3.2.2 for details).

We note that even though the most recent versione§i-

We first fitted the spectra of all the unassociated compact
X-ray features detected at significance levels abpver us-
; _ing XsPEC(see Table 5). Within the given photon statistics,
MARFGEN reproduces well the degradation of the CCD quan the X-ray spectra were all well represented by single power-

tumt%ff]ifciency belomZkev ?UT tﬁ ContafTri]nafB,nsignh:;' _law models moderated by the Galactic absorption, with the
cant direrences in the spectral shape ot (n€ measured emisg, cantion of src2 in the N1 field which required a substan-
sion continua between XISO0, 1, and 3 were found below

~ 0.5keV. Therefore we did not use the spectral data below tial excess absorption in the neutral hydrogen column dgnsi

6.2 _ . .
0.6keV for XIS 0 and 3, and below 0.4 keV for XIS 1. We also Vi = 0-9753 x 10 em 2 with respect to the Galactic value
did not use the high energy data above 8 keV for XIS 1 due toOf Nu,car = 3.37 x 10="cm~=.  While the nature of this
low photon statistics. Light curves were also constructed f SOUrce is unclear, considering only one such source detecte
bright X-ray compact features, none of which indicated any in all theSuzakdields, it could be a background type-1l AGN

significant variability within the short exposures perfeain where the soft X-ray emission is heavily obscured by thick
surrounding material (e.d., Krumpe etlal. 2008). The result
3. RESULTS of the spectral fitting for these uncatalogued X-ray enstter

are tabulated in Appendix A. Because of the large spread in
3.1. X-ray Images their fitted spectral parameters — unabsorbed@keV fluxes
The obtained).4 — 10keV XIS images (combined XISO  with a range(0.1 — 7.5) x 10~ erg~!cm~2s~! and pho-
and 3) are shown in Figure 2 for the north-east field{(NB; ton spectral indice¥ ranging from 0.8 to 3.1 — it is difficult
from top-leftto bottom-righ}), and in Figure 3 for the southern  to draw robust conclusions on the nature of the compact X-
field (S1-S6; fromtop-leftto bottom-righ). At first glance,  ray sources. Nevertheless, the number density of the eetect
one can note some difference between the different poiting X-ray spots (two at most per individual XIS FoV) is compa-
in the north, such that the surface brightness of the tatigete  rable to that expected for background AGN as noted above
gions gradually decreases across the bubble’s edge toard t (Section 3.1). Moreover, there is no systematic differeénce
GC from the outermost (N1) to the innermost (N8) pointings. the number of point-like sources detected in different field
On the other hand, this trend is not as clear in the south (fromat different distances from the GC. This again suggests that
S1to S6). In the figures, magenta crosses mark the positionshe compact X-ray features are most likely unrelated to the
of compact X-ray features detectedzat5o level which are  diffuse GH/NPS structure, but are rather background object
likely associated with catalogued background sources from
the NED or SIMBAD database. The other X-ray features de- 3.2.2. Diffuse Emission

tected withSuzakuat high significances, which are missing  aAs detailed in Section 2.2, we considered the entire CCD
any obvious Galactic or extragalactic identifications, @e  chip as a source region for the analysis of the diffuse emis-
noted as “src1-11" in the north, and “src1-10" in the south. sion after removing all the compact features detected above
A few bright features seen in the images but not listed heres; significances, regardless of whether they were catalogued
are spurious sources arising from instrumental artife®5.{  or uncatalogued X-ray sources (see Appendix A and Tables
near the corners of the CCD chips). Red circles or ellipses in3 g 4). The spectra of th&uzakupointings were all fit-
Figures 2 and 3 indicate the source extraction regions ®r th igq with a three component modebECL + WABS*( APEC2
unassociatedompact X-ray emitters. ) + PL). The model includes annabsorbedhermal compo-
With the given photon statistics and the relatively large nent (denoted asPEC1) representing the Local Bubble (LB)
PSF of the XIS, it is impossible to determine if the detected emissjon and/or contamination from the Solar-Wind Charge
compact features are point-like, or if they are (marginally Exchange (SWCX; Fujimoto etil. 2007), absorbecther-
extended. In this context, it is important to estimate the | component (denoied a®EC2) representing the GH or
number of background AGN likely to be found within each Nps. and ambsorbedpower-law component (denoted pis)
XIS field of view (FOV). Following Stawarz et all (2013), ¢orresponding to the isotropic CXB radiation. As for the ab-
who utilized the results of th€handraDeep Field-South  sorped diffuse emission, the neutral hydrogen column tensi
observations (Tozzi et al. 2001), one should expect the num-yas fixed to the Galactic valu€y ., in the direction of each
ber of AGN with0.5 — 2keV or 2 — 10keV fluxes> 5 x pointing (see Table 2), while the photon index for the CXB
10~'*ergenm?s™! to be~ 40/deg at most. This implies  component was fixed dtexp = 1.41 (Kushino et all 2002).
two or three uncatalogued AGN within each XIS FoV, which | the cases wherdyy; was left free in the spectral fitting, we
is close to the number of detected compact X-ray featuresy|sg |ist the ratio of the absorbing column density to thé ful
without any obvious oppcal |dent|flcat|(.)n.. In order to eJ_ab Galactic column/Nu/Ny a1 (Table 2). Note that within the
orate more on the possible AGN associations, we have invesstatistical errors, most of the values are either condistéh
tigated the available mid-infrared (MIR) maps of the areas unity, or even larger than unity (for N2, N5 and N7). How-
ever, due to the relatively low photon statistics in the beut
2ntt p: /1 heasarc. gsf c. nasa. gov/ docs/ ast r oe/ propt ool s/ sgmb@iﬁﬁﬁggg%maﬁ provide only upper limits hence the re-
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TABLE 2
FITTING PARAMETERS FOR THE DIFFUSE EMISSION COMPONENT
ID NE Gl Nu/NE Ga kTY EM{ kTS EM] CXB x2/dof
(1020 cm—2) (keV) (10=2cm~% pc) (keV) (L0—2cm~%pc) Norn¢
North Bubble
N1 3.37 0.8-3.8 0.1(fix) 3.4¥0.38 0.299 5012 5.49+0.38 1.140:02 1.07/144
N2 3.83 2.9-5.5 0.1(fix) 3.260.45 0.3150 513 5.38+0.36 1.03:0.03 1.38/162
N3 3.86 0.8-4.1 0.1(fix) 4.080.71 0.3197 518 5.28+0.50 1.08-0.05 1.07/96
N4 4.06 0.8-2.9 0.1(fix) 4.580.49 0.3240-002 5.1140.37 0.71:0.04 1.35/135
N5 4.26 1.1-4.8 0.1(fix) 3.160.44 0.285°0-0%0 5.40+£0.36 0.94-0.03 1.19/148
NG 4.45 0.6-4.0 0.1(fix) 4.660.43 0.3160015 3.82+0.31 1.08-0.03 1.20/166
N7 4.76 4.4-6.7 0.1(fix) 3.880.40 0.290°0-51% 4.56+0.32 0.64:0.03 1.25/153
N8 5.02 1.0-5.1 0.1(fix) 4.480.53 0.31570022 3.28+0.38 0.78:0.03 1.08/106
South Bubble

S1 1.84 <18 0.1(fix) 3.000 2% 0.2837) 555 0.9370 %9 1.02+0.05 1.03/88
S2 1.66 <26 0.1(fix) 3.03 538 0. 369*0 16; 0.80"0-52 0.975:62 1.15/71
S3 1.89 <41 0.1(fix) 1.92:0.63 0. 27dO P 1.487-5 1. oz+g gg 1.49/62
S4 2.16 <26 0.1(fix) 259050 0. 260*0 040 1.377052 1.11:£0.04 1.15/100
S5 2.45 <0.9 0.1(fix) 3.03035 0. 262*0 043 1. 15*8 ;g 0.92+0.03 1.22/117
S6 3.03 <44 0.1(fix) 4.087 5% 0. 325*8 ool 1.18"0-35 0.79+0.05 1.22/117
NoTE. — “: The absorption column densities for the CXB and the GH/NBBigonents \WABS*(APEC2 + PL)) components were fixed to Galactic values given in

chkev & Lockman ((1990).
b: The ratio of the absorbing column density to the full Gatacolumn along the line of sight wheNy; was left free in the spectral fitting.
: Temperature of the LB/SWCX plasma fitted with theec model for the fixed abundancé = Z,.

: Emission measure of the LB/SWCX plasma fitted with Atrec model for the fixed abundancé = Z,.
: Temperature of the GH/NPS plasma fitted with strec model for the fixed abundancé = 0.2 Z,.

c
d
e
' Emission measure of the GH/NPS plasma fitted withathec model for the fixed abundancé = 0.2 Zg.
g

: The normalization of the CXB in units ¢f.85 x 10~ % ergem2s~ % sr !, given in[Kushino et a1/ (2002) as an average of 91 obsenvdititds, assuming a power-law model

with a photon indeX"cxp = 1.41.

sults are not conclusively close to either zero or unity.c8in the north-east pointings, suggesting the presence of a larg
the temperature and abundance of the LB plasma is still onlyamount of neutral matter absorbing the X-ray emission of the
poorly known, we fixed them &I’ = 0.1keV andZ = Z, structure.

respectively, which is a common approach in the literature Above 2 keV, the X-ray spectra are dominated by the con-
(Willingale et al! 2003; Miller et &l. 2008; Yao & Wang 2005; tribution of the PL component in all the fields (NN8,
Yao et all 2009, 2010). We note that the presence ofihe: S1-S6). Assuming this emission is isotropic, the 2-10keV
0.1 keV component related to SWCX/LB is confirmed by the unabsorbed PL intensity is basically consistent with the
uniform analysis of 12 and 26 fields observed v8iizakwand absolute intensity of the CXB, namelf5.85 + 0.38) x
XMM, respectively/(Yoshino et 8l. 2009; Henley etal. 2010; 108 erg cnt2s 'sr! (Kushino et al! 2002). We do see
Henley & Sheltor 2013). The results of our spectral fitting some “pointing—to—pointing” intensity variations withthe

are shown in Figures 4 & 5 and are summarized in Table 2. range(3.8—6.7) x 108 ergcnm2 s~ sr-!, meaning0.64 —

All the diffuse X-ray spectra derived for the targeted fields 1.14)x the average CXB level (Table 2), but this level of un-
were well represented by the adopted three-component modekertainty is naturally expected from the large-scale flattun
Below 2keV, the measured continua are dominated by theof the CXB itself as concluded in Kushino ef al. (2002) and
kT ~ 0.3 keV thin thermal componentfEC?), althoughthe  also demonstrated dy Yoshino et al. (2009). This indicates
kT ~ 0.1keV emission PEC]) is still important, especially  that we donot see any excess non-thermal PL emission as-
below 0.7 keV, to account for the OVII (574 eV) emission (the sociated with the Fermi Bubbles, at least at the level well ex
reducedy? becomes unacceptable if we ignore the keV ceeding fluctuation of the CXB intensity. To derive an upper
component attributed to LB/SWCX). Even though each indi- limit for the non-thermal emission from the bubbles, we rean
vidual spectral fit cannot precisely constrain the abundanc alyzed the X-ray spectra of the expected inner bubble region
of the k7" ~ 0.3 keV component, we found that a sub-Solar (i.e., N7—8 and S2-6) by adding an additional PL compo-
metallicity (medianZ ~ 0.2 Z;) is on average preferred nent (with fixed photon index; = 2.0) to the one contributed
(see Appendix B). The depleted abundanc&of 0.5Z is by the CXB. The obtained 9% confidence level upper limit
also consistent with the previously reported NPS obsemati  for the unabsorbed-210 keV PL emission associated with
with Suzakuand XMM (Willingale et al.| 2003] Miller etel.  the Fermi Bubble is< 9.3 x 10~ ergent2 s~ sr—!, which
2008). Meanwhile, we do not clearly see the enhanced Nitro-corresponds te-15% of the CXB intensity. We revisit this
gen abundance reportedlin_Miller et al. (2008) possibly dueissue below (Section 4.3) when modeling the overall SED of
to the fact that both the N18 and S1-6 regions are much  the Fermi Bubbles from radio to Ge\trays.
fainter than those observed in the literature and to ourtshor  Finally, in Figure 6 we plot the changes in thReec2 spec-
exposures. Hence, hereafter we fix the metallicity of the tral fitting parameters, namely the emission measure (EM)
kT ~ 0.3keV component a/ = 0.2 Z.. Also note that  and plasma temperatukd’, for the north-east (NAN8) and
Nu/Nu ca1 is generally large, exceeding unity for some of the southern (S1S6) fields, as a function of a separation an-
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FiG. 4.— The XIS spectra of the diffuse emission component feNti—N8 pointings, together with the best fit model curvesgcl+wABS*( APEC2+PL))
and residuals. The LB componeitI{ ~ 0.1 keV; APEC1) dominates the lowest 0-D.6 keV range, thermal emission related to the NPS and/adBalhalo

(kT ~ 0.3keV; APEC2) dominates the 0:61.5 keV range, and a power-law component from the CXB doregabove 1.5 keVI{ ~ 1.4; pL). XIS 0 data/fits
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FIG. 5.— As in figurd#, but for the S1S6 pointings.

gle from the expected boundary of the bubble’s edge (follow- could be partly explained in this case because we have only
inglSu et al. 2010). Interestingly, the EM of thé' ~ 0.3 keV one FOV (S1) just outside the edge. But as we argue below
component appears to change significantly and abruptly (by(Section 4.1), since thROSAT0.75 keV map can be consid-
about~ 50%) around the north-east edge (i.e., between point- ered as a good tracer of the GH/NPS component, the absence
ings N6 and N7). The constant fit to the EM profile resulted of any NPS-like feature south from the GC may suggest that
in a x2 value of 37.6 for 7 degree of freedom with a cor- no sharp boundary is present there. Also note that the temper
responding probabilityP(x?) < 1075. Note the probabil-  ature of theaAPEC2 component is almost constant in both the
ity increased significantly td(x?) = 0.96 if we fit the EM  north-eastand southern fields. This temperature is a biehig
between N1 and N5 onlyy2 = 0.61 for 4 degrees of free- thanthe canonical value of the GHI" ~ 0.2 keV, derived for
dom). This change is not due to any artifact in the spectral Galactic longitude$5° < I < 295° (Yoshino et all 2009) or
fitting, e.g., an increased amount of contamination from the 120° <1 < 240° (Henley et al. 2010) to avoid contamination
LB/SWXC component as we checked in careful detail (Ap- from the GC region. Very recent measurements of the Galac-
pendix C), although there still remains a possibility that w tic halo’s X-ray emission using 118MM observations also
are seeing local X-ray features such as clumps or filamentsconfirm its temperature is fairly uniform (median = 0.19 keV,
within the NPS rather than an EM change physically associ- interquartile range = 0.05 keV;_Henley & Shefton 2013).

ated with the north-east bubble edge. The analogous “jump”

in the EM is not as clear in the southern bubble edge, and this
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4. DISCUSSION NI N2 N3 N4 N5 N6 ' N7 N8
4.1. Comparison with RASS Maps E 0.06F + + ]
In section 3.2.2, we showed that the diffuse X-ray emission, ?E 0.05} + + +

after removing compact X-ray sources and features detected o, +
at> 3o level, is generally well reproduced by the three com- < 0.04 | +
ponent plasma model: (K" ~ 0.1 keV emission due to the w +
LB with some contamination from SWCX, (2" ~ 0.3 keV 0.03, , , , ]
plasma related to the GH and/or NPS gas, and'(3} 1.4 0.5} ]
power-law as expected from the CXB. Particularly notewor- __ ]
thy is that the EM of the GH/NPS component gradually drops > 0.4
by ~ 50% around the expected boundary of the north-east 03fe © & © o 0 o ]

Fermi Bubble edge. This drop is consistent with a visual im- ]
pression from botlRROSATall sky surveyR45 (0.75keV) and = 0.2

R67 (1.5keV) maps, indicating that the X-ray surface inten- 0.1}
sity gradually decreases from the N1 to N8 fields (see, Fig. 1 p 7 5 o
top-left), away from the NPS. However, tiROSATmaps
alone are not sufficient to quantify the observed changéein t . Angle fr,om BUbble, Edge [deg,]
plasma parameters, simply because here we are dealing with 0.041 St s2 S3 sS4 S5 S6
a multi-temperature convolution of various emission compo o f
nents andROSATimages do not provide the necessary de- 7“ 0.03
tailed spectral information. = 002l

In order to investigate this issue in more detail, in Figure = ’ + +
7 (top panel) we present the observROSAT(R45) count- Z o.01k + + +
ing rate at 0.75keV, as a function of the EM (for theec2 +
component strictly), which we obtained from the N8 and ’ ’ ’ ’
S1-S6 pointings, along with the EM values of the GH/NPS 0.5t
components measured at the NPS center at low Galactic lat- i~ 0.4}
itudes in the previously reporteésuzakuand XMM observa- ° L
tions (see Figure 1; Willingale etlal. 2003; Miller ef/al. Z)0 = 0.3¢ + * + 4
The horizontal error bars in the figure correspond d¢osta- 5 0.2}
tistical errors for the EM values estimated from the spéctra
model fits of theSuzakyor XMM) data (see Table 2), while o1 ! , ,
the minimum and maximum counting rates in R@SATmap 2 0 -2 -4
(Snowden et all._1995, 1997) are given to indicate approxi- Angle from Bubble Edge [deg]

mately the ﬂUCtua.tlons p.rese”t In tR@SATdata Ce‘ntered on FiG. 6.— Variation in the spectral fitting parameters EM &tifl for the
the same observing region (_e.g.. Yoshino et al. 2009). Con-apec2 emission component in the north-easpy and southlgottom) bubble
sidering the angular resolution0.2° of the ROSATmaps Suzakuwbservations, as a function of the angular separation frenbtbble
(Snowden et al. 1997), we estimated the source counts withirﬁ?tgheé b’t‘jgﬁez 'SQ%T,'ESZR} ?gegggsdeo t?;éqfne'f']}glmmdstﬂﬁ géql)mt'tﬁg
ggg'(?r?sv}/:g]mr?)%%st\%gazt:relgellrletf\':vé%gi'?rﬂtaggctl)lé%:ucsoenE’Ilfg north, with no accompanying changes in the plasma temperatu

bright X-ray sources were in the regions of interest. In fact

we confirmed that the sum of the X-ray fluxes from the com- jng contributions from the contaminating sources espigcial
pact X-ray features detected ByzakySection 3.2.1) consti- i theROSATmaps, and fluctuations of the CXB intensity (al-
tute less than 5t of the diffuse emission in the 0-8 keV  though this spectral component contributes negligiblyh t
energy range. Also the contribution of unresolve1d2 sources R45 bandpass). The contribution and superposition of such
in the 1-2 keV band measured BROSATis 4.4<10° “ €rg  hackground sources is predominantly negligible for the pre
s~ cm* deg ” (Hasingeretall 1998; Tozzietial. 2001), vious NPS pointings because they pointed at much brighter
which again corresponds te 5 % of the diffuse emission  parts of the NPS at low Galactic latitude. Even with such
in the 0.5-2 keV energy range. However, we remark that complications, it appears the45 map data can still serve
even sources situated well outside thezakufield of view a5 3 useful overall tracer of the distribution of the GH gas
(17'x17’) may contribute significantly to the reportBOSAT  even though thdROSATmaps carry no explicit spectral in-
counting rates, hence contamination from background 8surc formation.” In contrast, in th&67 map (1.5keV) the con-
may be more significant than approximated above. Figuretripution from the CXB becomes significant, diluting any in-
7 (bottompanel) presents the analogous counting rates meatrinsic correlation between the 1.5keV counting rate ared th
sured at 1.5keVR67 band). _ EM of the GH/NPS component (correlation factor reduced
As shown in Figure 7, thé45 counting rates appear over- to 0 86+0.02). In this band, additional fluctuations in the
all to track the EM of the GH/NPS component surprisingly ROSATcounting rates above 1 keV could be expected due
well with a correlation factor 0.9¥0.01. However, inspect- g an increased amount of background sources like AGN due
ing the data from th&uzakupointings of the north-east (N1-  to the poorer resolution of these data with respect to that of
8) and south (S1-6) regions in more detail suggests the corgyzaky
relation does not hold well within these observations. This The correlation between tHRROSATR45 counting rate and
could be due to local (but small) variations in the thermal thexT ~ 0.3keV plasma EM derived from th8uzakwbser-
plasma parameters (e.g., abundance; see Appendix C); diffe vations may suggest that the X-ray spectra around the north-
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east and southern Fermi Bubbles resemble each other, eveRliller et all (2008) concluded from spectral fitting 8tizaku
though the giant NPS structure is seen only in the north. In-data on the brightest part of the NP§ ] = (26.84, 21.96),
deed, what we found is that the diffuse X-ray emission aroundwas either> 0.71 or > 0.97 times the Galactic value, depend-
the bubbles both above and below the GC, is well character-ing on the choice of background regions. At first glance, such
ized by the three-component model introduced above, withhigh levels of Ny (i.e., column densities more than 0.5 times
similar values of the fitted model parameters. The same holdghetotal Galactic value toward in the line-of-sight direction),
for the previously X-ray targeted fields of the bright cemdbr  confirmed by our analysis of the newly acqui®dzakidata,
the NPS analyzed in Willingale etlal. (2003) and Miller et al. seems to conflict with the idea that the NPS is a local phe-
(2008). Note that in these previous works, the GH emissionnomenon. Willingale et all (2003) mention that the halo and
was assumed to be composed ofadasorbedkT ~ 0.1 keV NPS components lie behind at least/60f the line-of-sight
component superimposed on th& ~ 0.26 keV continuum cold gas for which the total Galactic column density in the
attributed to the NPS, and distinct from the GH emission. Al- range (2-8)x10?° cm~2, and attribute this highiVy to the
though this observational fact could be a chance coinciglenc cold gas distribution in the wall located at-160 pc. How-
and we cannot rule out the possibility that all the emiss#on i ever, the presence of such a wall between the LB and NPS is
simply from the local structure, it appears as likely tha th not confirmed, but was rather an assumption made in order to
kT < 0.3keV temperature gas seen at the position of the not conflict with their local model._Miller et all (2008) also
Fermi Bubbles, including the NPS structure, is of the samereported high levels aVy but no discussion about the origin
GH origin. of such large amount of cold gas; throughout, they assumed
) . that the NPS is a local structure based on the interstellar po
4.2. NPS: Shock-Heated Galactic Halo Gas? larization feature and the HI features, both of which cannot
Previously, it was widely agreed that the NPS and the however be taken to strongly support the local interpresati
rest of the Loop| structure arises from a recent supernovaas we discuss above.
shock wave heating the outer shell of the superbubble, at Moreover, the inspection of thROSATmaps indicates
a distance of about 100 pc from the Sun (Berkhuijsenlet al.that the X-ray emission from the NPS is heavily absorbed at
1971; Egger & Aschenbach 1995). Only recently, after the 1.5keV at low Galactic latitudes (e.g., Snowden et al. 1995)
discovery of the Fermi Bubbles in particular, has the alter- i.e., from the Galactic plane up to~ 10°. This requires hy-
native interpretation stating that the NPS is a remnant of adrogen column densities as largezas x 10%! cm~2. Mean-
starburst or a nuclear outburst which happened near/withinwhile, any accumulation of neutral gas within a 100 pc dis-
the GC about 15Myr ago (Sofue 1977, 1984, 1994, 2000, tance by an expanding shock wave should amount to no more
2003; [Bland-Hawthorn & Cohén 2003) entered back into thanNyg ~ 3x102° cm~2. Therefore, it seems reasonable and
the limelight. The argument against the GC scenario fol- natural to consider theT ~ 0.3 keV plasma component de-
lowed from the measurement of the interstellar polariza- tected in ouiSuzakwbservations of the north-east and south-
tion at a distance of about 100pc, which seems to traceern FermiBubbles’ edgesis essentially the same as the glasm
some part of Loopl including the NP$ (Bingham 1967; componentseen in the previous observations of the NPS, hav-
Mathewson & Ford 1970). However, the observed stellar po-ing the similar temperaturé” ~ 0.3keV. Yet it is difficult
larization orientation is almogterpendicularto the direction  to conclude if the NPS is physically associated with the GH,
of the NPS, especially at low Galactic latitudes, which is at because as already emphasized above, the derived tempera-
odds with the SNR association (e.d., Furst & Reich 1990; ture of this component is slightly higher than the “canofiica
Xu et al.|2007] Xiao et al. 2008). Specifically, the NPS ra- kT ~ 0.2keV value claimed for the GH gas (Yao & Wang
dio ridge ath = 20—30° runs at angle 130(from GC toward 2005] Yao et al. 2009, 2010; Yoshino et al. 2009; Henley et al.
[ =90°: |Sofue & Reich 1979), while the optical polarization 12010;/Henley & Shelton 2013). On the other hand, this dis-
is at 40-60° (Mathewson & Ford 1970). Thus, the implied crepancy can be explained as a signature of gas heating by the
local magnetic field orientation is nearly perpendiculatht® expanding bubble structure, which drives a low-Mach humber
NPS and does not support the local SNR origin. It has alsoshock in the surrounding medium (for a high-Mach number
been argued that the observed optical polarization is @fign case seel, Guo & Mathe\ws 2012; Guo et al. 2012). We return
with H | filaments of the Hydra ridge, which is a local HI re- to this issue in Sections 4.3 and 4.4.
gion inflated by magnetic fields, and unrelated to non-thérma  Finally, let us comment in this context on the aforemen-
features like the NPS (Sofue 1973, 1976). The Hydra HI tioned jump in the EM of the hot gas component at the north-
ridge atb = 20—30° also runs at 2850°, nearly perpendic- east bubble edge. Here we propose that the obseit/#d
ular to the NPS. Note that HI &=70—-90° appears parallel decrease in EM is likely due to projection effects related to
to the NPS orientation, and that has been taken as evidenca cavity inflated by an expanding bubble in the GH environ-
for the HI-NPS association. However, as mentioned above,ment. Namely, assuming that the Fermi Bubbles are indeed
the brightest part of the NPS&t20—30° is perpendicularto  characterized by sharp edges and are symmetric with respec-
HI. For further details of these arguments, see the disoossi tive to the observer’s line of sight, a shell of the evacuated

inlSofue et al. [(1974). gas is expected to form an envelope around the expanding
One should note further that both tBezakiandXMM ob- structure. A projection of the emission of this shell onte th

servations targeting any part of the NPS implied relatively bubbles’ interior should then result in the same tempeegatur

large values of the neutral hydrogen column dena3ity ab- plasma component (hekd" ~ 0.3 keV) being observed from

sorbing the NPS thermal spectrum in all cases. For exam-both within and around the bubbles even if they are devoid
ple, based on th¥MM data/ Willingale et al. (2003) derived of any thermal component, but only with the enhanced emis-
column densities 0.9, 0.6, and 0.5 times the Galactic valuesivity just outside the bubbles’ edges. To estimate thetexac
Nu, cal, for the three different regions positioned &t &) shape of the EM profile requires detailed modeling of the
= (25.0, 20.0"), (20.0%, 30.0), (20.0, 40.0), respectively  emissivity profile as proposed to model the radial profile of
(see Figure 1 for theXMM pointing positions). Similarly,  shell-type supernova remnants (€.g., Berezhko & VVolk 2004
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1000

K-band indicates the range of synchrotron spectral indices
allowed for the WMAP haze following Dobler & Finkbeiner
—— (2008). In our modeling, we assumed a simple one-zone lep-
8oor 1 tonic model in which the radio emission and GeVay emis-
— sion arise from the same population of relativistic eletsro
through the synchrotron and inverse-Compton (IC/CMB) pro-
600 —— 1 cesses, respectively (e.g., Su et al. 2010). We are aware tha
detailed modeling requires also the IC contributions from
— the dust and starlight, i.e., far infrared and optical/U\¢lba
400} % ; grounds as detailed in_Mertsch & Sarkar (2011). However,
such starlight/dust emission at the position of the lobes is
- anisotropic and non-uniform, therefore special care mast b
200 | Fermi Bubble N1—8 - taken when including these additional sources of seed pho-
3 Fermi Bubble S1-6 tons. The interstellar stellar radiation field has energy-de
NPS (Suzaku/XMM) sity of ~ 1 eV cn3, comparable to that of the CMB, but
, , , its contribution is more significant closer to the disk and as
0.05 0.10 0.15 0.20 such, the conclusion is not significantly affected at higlhga
EM [em™® pcl tic latitudes. In fact, Mertsch & Sarkar (2011, Fig. 2 thajei
: : demonstrated that the IC/CMB contribution is most signifi-
cant up to 10 GeV in théermi-LAT data.
For the electron energy distribution we assume a
standard broken power-law forniV.(y > mm) =
—1
—+ No~y~s8 (1 + L) X exp [—%} , with the injection in-

“Ybrk max

dex s = 2.2, and the minimum and maximum electron
i Lorentz factors set to,;, = 2000 and vpax = 108, re-

300} + -+ ] spectively. The parametey,,, = 10 is the characteristic
g

ROSAT 0.75 keV [107% cts s™' aremin™?]

600

500 ——

400

+ energy above which the electron spectrum breaka by-= 1.
200l - ] We further anticipate the magnetic field intensity= 12 .G
. M within the bubbles, and the emission volufiie= 2 x 37 R3
. . - 29 :
f— Fermi Bubble N1—8 with radiusR = 1.2 x 10 cm. The modeling results, shown ,
Fermi Bubble S1-6 ] in Figure 8 as a blue curve, yield the non-tlhgermal bugbbles
NPS (Suzaku/XMM) pressurep,, 1, = (Ue + Ug)/3 ~ 2.0 x 107 “dyncnT =,
, , , where the electron and magnetic field energy densities are
0.05 0.10 0.15 0.20 U. = [dymec®y Ne(v) and Up = B?/8w, and the to-
EM [em™® pc] tal non-thermal energy stored in electrons and magnetit fiel
Fl6. 7 ROSATeOUNE rates in units oL0—5 cts<-L. taken from th E, s = (Ue+Up) x V ~ 10° erg. The results of our model
1IG. [.— count rates In units o0~ " ctss +, taken irom the Y H —
0.75keV (op) and 1.5keV Kotton) maps, compared with ouBuzakues- flttlng suggesUp > Ue.' Note that the de.nve(B — 12.”6’
timates of the EM for the GH/NPS component. Included alsdtearchival seems a factor of-24 higher than the typical magnetic field
Suzakwr XMM observations of the NP5 {Willingale effal. 2003 Miller etal  in our Galaxy, but consistent with independent estimates in

2008). the literature of B = 15uG (Mertsch & Sarkar 2011) or
B =5—-10uG (Su et al. 2010). Following Mertsch & Sarkar
(2011), this could be due to an overestimate of microwave

100 |

ROSAT 1.5 keV [107° cts s~ arcmin™2]

which is beyond the scope of this paper. Instead, we conside ; . .
a simple 2-dimensional toy model in which the uniform gas [1UX caused by inappropriate template subtraction. In fact,
is confined in a donut region betweét, and Ro.., where  the model prediction assuming = 4G suggests an or-

Ry ~ 4kpc is the radius of the bubble and the observed EM der of magnitude smaller flux for the WMAP haze so more

P ; . detailed modeling of the SED will be justified only after up-
gs;lrgmy F\),{,(i)tﬂ?r:t?uncﬂ t;) E[g)e/ ﬁqaggé?nég(}% Oér%%soa}l%n,\% tch:nlm datedPlanckand FermiLAT measurements are made avail-

be explained if the width of the outer shell of the bubble, aPIe. Similarly atthis stage, we can neither support or rule
Rout — Rin =~ 2Kkpc, i.e., is twice smaller than the bubble out various other models including the hadronic model we

mentioned in the introduction section (Crocker & Aharonian

radius. 2011). Therefore, our IC/CMB model should be considered as
4.3. Thermal vs Non-thermal Plasma one possible interpretation that should be clarified angdes
. . in the near future.
In the spectral fitting of the newly acquiredlizakuwdata, For comparison, we can also estimate the thermal pres-

we did not detect any excess non-thermal emission assocCisyre of the NPS gas ag, ~ ng x kT, wheren, is the

pected~ 10% fluctuations in the CXB. Figure 8 shows the qyr Suzakuobservations we takéT ~ 0.3keV, and esti-
SED of the Fermi Bubbles, from radio to GeVray, with the maten, = (EM/d)'/2, whered is the scale length of the
corresponding X-ray upper limit. The GeV data points cor- x_ray plasma with the given emission measure EM. Assum-

respond to the emission of the entire bubbles’ structure fol ing the thickness of a thermal X-ray envelope/shell (see the
lowing \Su et al. [(2010). The radio data points correspondsgiscussion in Section 4.2) ak ~ 2kpc, we obtainp, ~

to the WMAP haze emission averaged over= —20° to 2 x 10~12dyncnT? and Ey, ~ 10 erg. Even though all
—30°, for |I] < 10°. The bow-tie centered on the 23 GHz
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FiG. 8.— SED of the Fermi Bubbles fitted with the one-zone lemtanbdel (blue curve). We assumed the magnetic field interdity 12 G within the
bubbles, and the emission voluriie= 2 x %nR3 with radiusR = 1.2 x 1022 cm. Full details are given in Section 4.3. The GeV data paiatsespond to the

emission of the entire bubbles’ structure, following Sul&{Z010). The radio data points corresponds to the WMAP leazission averaged ovér= —20° to
—30°, for |I] < 10°. The bow-tie centered on the 23 GHz-band indicates the range of synchrotron spectral inditeswed for the WMAP haze, following
Dobler & Finkbeiner[(2008). Red dashed line denotes therabdeCXB level, and the solid line indicates tBazakwpper limit for the bubbles’ non-thermal
X-ray emission< 9.3 x 10~ ergcnm 251 sr—1 in the 2-10 keV energy range, corresponding~a5 % of the CXB level.

these estimates are rough, and are based on clearly oveGC has undergone multiple past epochs of enhanced activ-
simplified modeling, they indicate robustly that under B¢t ity on different timescales, due either to AGN-like outliars
model assumptions specified above, the non-thermal plasmar episodes of circumnuclear starbursts. The strongest cas
filing the Fermi Bubbles and the thermal plasma of the amongthese is the Fe kecho from molecular clouds situated
bubbles’ immediate surroundings are in pressure and energy few hundreds parsec apart around Sgr(Koyama et al.
equipartition. This finding is in accord with the idea thag th  11996] Murakami et al. 2000, 2001). Recently, a diffuse clump
NPS feature is composed of the GH gas heated by a shockn an over-ionized state with a jet-like structure has akserb
wave driven by the expanding bubbles. Indeed, in such a situfound in theSuzakudata for the GC south;-200 pc from
ation, pressure equilibrium between shock downstreamsfluid Sgr A*, suggesting a plasma ejection from Sgrwhich hap-
is expected. pened about a million years ago (Nakashima et al. 2013, in
In the framework of the above interpretation, the Mach prep). Outflows of this kind are expected to lead to the for-
number of a shock following from the observed tempera- mation of bubbles/lobes expanding within the Galactic halo
ture ratiokT, /kT- ~ 0.3keV/0.2keV is M ~ 1.5, as- just like the GC scenario of NPS as well as the Fermi Bub-
suming the adiabatic parameter of the GH gas= 5/3. bles, sweeping up the interstellar/halo gas in analogy thigh
This further implies the upstream (unperturbed GH gas)-pres extended lobes seen in distant radio galaxies (Sofue 2000).
surep_ ~ 0.8 x 10~*2dyncnT?, and the shock velocity [Totani (2005) has shown that the Fg Kcho, NPS, and the
Vsh ~ M x co_ ~ 320kms~! for the upstream sound speed observed 511 keV line emission toward the GC can be ex-
cs— ~ 200kms~!. As discussed below, the estimated value plained naturally in a standard framework of a radiatively
of vy, is in agreement with the expected expansion velocity of inefficient accretion flow (RIAF) in the GC black hole, if
the Fermi Bubbles. the typical accretion rate was about 1,000 times higher than
. . the current rate in the past 10 Myr. The outflow energy ex-
4.4. On the Formation of the Fermi Bubbles pected by such an accretion rate is expected to Beerg (or
Let us comment here on the formation of the Fermi Bub- 3x10* erg s ™).
bles in the context of the present8dzakwbservations. Note The GH is thought to be rather isothermal, characterized
again that the discussion below is our speculation based on aby a temperaturekT ~ 0.2keV, with only some density
assumption that both the Fermi Bubbles and NPS are congradients towards the GC (Yoshino etlal. 2009; Henley et al.
nected with the GC past activity. Therefore as we have shown2010; Henley & Shelton 2013). During the evolution of the
above, the local bubble scenario for the NPS can also workoutflow, the evacuated halo gas can be heated, if the bub-
in some sense and still leaves a lot of room to be clarified bles’ expansion is supersonic, due to formation of a shock
in future works. Nevertheless, there are a number of obser-wave at the edges of the structure. In the previous section
vations discussed in the literature taken as evidencelieat t we estimated the Mach number of a shock needed to heat the
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GH gas fromkT ~ 0.2keV up tokT ~ 0.3keV charac- the lobes of AGN|(Gourgouliatos & Lyutikov 2012). High-
terizing the NPS emission a&t ~ 1.5, corresponding es- quality radio and X-ray observations of the Fermi Bubbles
sentially to the trans-sonic expansion velocity of the Herm interiors, enabling a diagnosis of the plasma conditiorss an
Bubblesvey, ~ 300kms™!. Interestingly, this is compa- magnetic field structure similarly as in the case of the gi-
rable to the escape velocity from the Galaxy. If we as- ant CentaurusA lobes (O'Sullivan et al. 2013; Stawarz et al.
sume the velocity is approximately constant during the en-2013) are needed to elaborate more on the particle accelera-
tire evolution, the characteristic timescale for the fotioma tion processes at work (Cheung et al., in prep.).

of the observed structure is., ~ R/vexp =~ 10 Myr, where

R ~ 4kpc is the radius of the bubbles. With the total non- 5. CONCLUSIONS

thermal energy estimated abowB, ;;, ~ 10°° erg, the re- In this paper we presented the results of BuzakuX-ray
quired time-averaged jet/outflow kinetic luminosity theads observations of high Galactic latitude regions positioaed
asLict ~ E, /on/texp ~ 3 x 10 ergs—!, which is~ 0.1% of the edges of the-ray Fermi Bubbles recently discovered with

the Eddington luminosity of the SgrAEddington supermas-  Fermi-LAT . We showed that the detected diffuse X-ray emis-
sive black hole. Note that these results are exactly camgist sion is well reproduced by a three-component plasma model
with the independent estimate by Totféni (2006) as describedncluding unabsorbed thermal emission of the Local Bubble
above. (kT ~ 0.1keV), absorbed thermal emission related to the
The above estimates are quite modest, and in our opin-North Polar Spur and/or Galactic halbT{ ~ 0.3 keV), and
ion, do not conflict with the existing observations. Yet, a power-law component at the level expected from the cos-
our arguments are not sufficiently strong to rule out the mic X-ray background. We did not find a non-thermal X-
alternative conventional idea that the NPS originates from ray emission component associated with the bubbles exceed-
a nearby supernova remnant. Worth remarking in this ing ~15% fluctuation of the CXB intensity, corresponding
respect is that the expansion velocity we derived con-to < 9.3 x 10~ ergent2s~!sr ! in the 2-10 keV energy
flicts with the order-of-magnitude higher values advocated range. Based on the gathered data, we argued that the North
in_the literature [(Guo & Mathews 2012; Guo et al. 2012; Polar Spur is possibly related to the bubbles rather thamgbei
Zubovas & Nayakshin 2012; Yang et al. 2012; Lacki 2013). alocal phenomenon. This followed from the indirect evidenc
We note that such large expansion velocities would result inwe found for the presence of a large amount of neutral matter
the formation of a very strong bow shock at the bubbles’ absorbing the X-ray emission of the structure, as well ag for
boundaries, manifesting in very hot gas at the edges of theweak shock driven by the bubbles’ expansion in the surround-
structure with temperatures &fl" ~ 3 — 17keV. Currently ing medium and compressing the halo gas to form the NPS
there is no observational evidence for the presence of sucleature. In this scenario, we estimated the expansion igloc
a diffuse gaseous component around the Fermi Bubbles, obf the bubbles as.x, ~ 300kms™!, corresponding to the
even within the Galaxy, except for its most central regions shock Mach numbett ~ 1.5. We also showed that the non-
(> 5keV plasma within~ 100 pc of Sgr A, the origin of  thermal pressure and energy estimated by means of modeling
which is still under debate; Koyama etlal. 2007). the broad-band spectrum of the bubbles in the framework of a
Finally, we note an interesting analogy between the Fermisimple one-zone leptonic model, /¢, ~ 2 x 10~ '2dyncnr?
Bubbles and the giant, relic lobes in the nearby radio gal:';1xy<.mo|E[1 . ~ 10% erg, respectively, are in a rough equilibrium

Centaurus A, which have been also resolved with WMAP it the pressure and energy of the thermal plasma surround-
and Fermi-LAT (Hardcastle et all 2009; Abdo etlal. 2010), ing the bubble.

and for which the receruzakwbservations indicated anal-

ogously a rough pressure equilibrium with the surrounding

medium (Stawarz et &l. 2013). In both cases, the radiating We acknowledge the referee for a careful reading and for
ultra-relativistic electrons were proposed to be accedelia- a number of useful and positive suggestions that helped im-
situ via interaction with magnetic turbulence, rather than at prove the manuscript. This work is partially supported by
weak shocks formed eventually at the bubbles/lobes edgesthe Japanese Society for the Promotion of Science (JSPS)
However, large-scale shock wave may anyway be requiredKAKENHI. We would like to thank Drs. M. Ishida and N.

to generate turbulence accelerating high energy partinoles Yamazaki for useful discussions on the nature of the GH
the Fermi Bubbles (Mertsch & Sarkar 2011). Reconnecting plasma. +.S. was supported by Polish NSC grant DEC-
large-scale magnetic field may also play a role in this cdntex 2012/04/A/ST9/00083. Work by C.C.C. at NRL is supported
in the Galactic Center regioh (Sofue elfal. 2005) as well as inin part by NASA DPR S-15633-Y.

APPENDIX
X-RAY SPECTRA OF COMPACT SOURCES

As discussed in the text (Section 3.2.1), we believe thabthie of the uncatalogued point-like X-ray features detddteour
Suzakwbservations at the, 50 level are background AGN or galaxies and are unrelated t&tHeor NPS structure. In this
Appendix, we first summarize the positions and the stasissignificances of compact X-ray features detected abeyeaBd
possible association of catalogued sources when posJialides 3 & 4). X-ray spectral fits of uncatalogued sourcesalet
above> 50 level (with the assumed absorbed power-law model) are thiemerized in Table 5.

ABUNDANCE OF THEKT ~ 0.3KEV PLASMA COMPONENT

The limited photon statistics preclude us from preciseliedrining the metallicity of the absorbéd™ ~ 0.3keV diffuse
emission component, hence we fix8d= 0.2 Z, in the model fitting (see Section 3.2.2). To validate our agstion, in Figure
9 we plot the temperatuéel’ versus the abundance for the N8 pointings, derived when bothi andkT were allowed to vary.
The derived values cluster in a relatively narrow rangé®f~ 0.3keV andZ ~ 0.2 Z, indeed. We note the related discussion
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FIG. 9.— Temperaturé&T versus abundanc® for the diffuse X-ray emission componembeC2 in the N1-N8 fields (filled red circles) and southern fields
(average over S1S6; open circle), derived assuming the three componenmplasodel introduced in Section 3.2.2, but with the abundaeté&ee in the fitting
procedure. Blue dashed lines show the means of the bestdingsers, namelgT" = 0.31 keV andZ = 0.2 Z,.

in Willingale et al. (2003) and Miller et all (2008) concergithe brightest regions of the NPS targetedSuzakuand XMM,
suggesting the depleted C, O, Ne, Mg and Fe abundances atiess5 7, but an enhanced N abundance which was however

not clearly seen in our data.

EMOF KT ~ 0.1 KEV PLASMA

Since the XIS is only sensitive to photon energies above @/ klearly distinguishing between the two diffuse thermal
components¥T ~ 0.1 keV due to the LB/SWCX andT ~ 0.3keV due to the GH/NPS) is in general not easy. Therefore, it is
in principle possible that a gradual jump visible in the ded EM between different neighboring fields (as seen in E@)r may
be due to a sudden increase in the amount of contaminationtfie LB/SWCX component rather than a drop in the GH/NPS
component. In order to investigate this issue in more detafigure 10 we plot the variation of the EM of thd" = 0.1 keV
plasma for the N:N8 and S1S6 pointings. As expected, no significant variations in thedte observed, thus confirming the
reality of a gradual drop in the EM for thel" ~ 0.3 keV component claimed in Section 3.2.2.

REFERENCES

Abdo, A. A,, et al. 2010, Science, 328, 725

Atwood, W. B., et al. 2009, ApJ, 697, 1071

Berezhko, E. G., Volk, H. J. 2004, A&A, 419, L27

Berkhuijsen, E. M., Haslam, C. G. T., & Salter, C. J. 1971, A&A, 252

Bingham, R. G. 1967, MNRAS, 137, 157

Bland-Hawthorn, J., & Cohen, M. 2003, ApJ, 582, 246

Blumenthal, G. R., & Gould, R. J. 1970, Reviews of Modern ftg;s42,
237

Crocker, R. M., & Aharonian, F. 2011, Physical Review Lette06, 101102

Day, C., et al., 1998, The ASCA Data Reduction Guide, Teclp. Re
(Greenbelt: NASA GSFC), 355v.2.0

Dickey, J. M., & Lockman, F. J. 1990, ARA&A, 28, 215

Dobler, G., & Finkbeiner, D. P. 2008, ApJ, 680, 1222

Dobler, G., Finkbeiner, D. P., Choalis, I., Slatyer, T., & \Wer, N. 2010, ApJ,
717, 825

Egger, R. J., & Aschenbach, B. 1995, A&A, 294, L25

Finkbeiner, D. P., 2004, arXiv:astro-ph/0409027

Foster, A. R., Ji, L., Smith, R. K., & Brickhouse, N. S. 201756, 128

Fujimoto, R., Mitsuda, K., Mccammon, D., et al. 2007, PAS, B33

Furst, E., & Reich, W. 1990, Galactic and Intergalactic MetgmFields,
140, 73

Giommi, P., Angelini, L., Jacobs, P., & Tagliaferri, G. 1992 ASP
Conf. Series, 25, 100

Gold, B., Odegard, N., Weiland, J. L., et al. 2011, ApJS, 1%,

Gourgouliatos, K. N., & Lyutikov, M. 2012, MNRAS, 420, 505

Guo, F., & Mathews, W. G. 2012, ApJ, 756, 181

Guo, F., Mathews, W. G., Dobler, G., & Oh, S. P. 2012, ApJ, 132,

Hardcastle, M. J., Cheung, C. C., Feain, I. J., & Stawarz0092 MNRAS,
393, 1041

Hartman, R. C., Bertsch, D. L., Bloom, S. D., et al. 1999, A3, 79

Hasinger, G., Burg, R., Giacconi, R., et al. 1998, A&A, 32824

Henley, D. B., Shelton, R. L., Kwak, K., Joung, M. R., & Mac Low.-M.
2010, ApJ, 723, 935

Henley, D. B., & Shelton, R. L., 2013, ApJ, 773, 92

Ishisaki, Y., Maeda, Y., Fujimoto, R., et al. 2007, PASJ, 53

Katsuta, J., Tanaka, Y. T., Stawarz, t., et al. 2013, A&A, 5566

Koyama, K., Maeda, Y., Sonobe, T., et al. 1996, PASJ, 48, 249

Koyama, K., Tsunemi, H., Dotani, T., et al. 2007, PASJ, 59, 23

Koyama, K., Uchiyama, H., Hyodo, Y., et al. 2007, PASJ, 59, 23

Kushino, A., Ishisaki, Y., Morita, U., et al. 2002, PASJ, 327

Krumpe, M., Lamer, G., Corral, A., et al. 2008, A&A, 483, 415

Lacki, B. C., 2013, ApJ, submitted. arXiv:1304.6142

Mathewson, D. S., & Ford, V. L. 1970, MmRAS, 74, 139

Matsuoka, M., Kawasaki, K., Ueno, S., et al. 2009, PASJ, 69, 9

Merloni, A., Predehl, P., Becker, W et al. 2012, MPE documg&n#llen et
al., eds.. arXiv:1209.312.4


http://arxiv.org/abs/astro-ph/0409027
http://arxiv.org/abs/1304.6142
http://arxiv.org/abs/1209.3114

16 Kataoka et al.

N1 N2 N3
0.08

0.06

0.04 *

0.02

+ * *

T T

N4 N5 N6 N7 N8

. 2

0.00

0.08

EM [em °pc]
(]
a

0.06
0.04

0.02

0.00

-2 —4

Angle from Bubble Edge [deg]

FIG. 10.— Variation in the spectral fitted EM parameter of #seCl emission component in the north-easip and southlfotton) Suzakwbservations, as
a function of the angular separation from the bubble edgesittaficant changes in the EM at the expected position of thmbles’ boundary (green dotted line
following ISu_et all 2010) are seen, consistent with the etgtien that thekT” ~ 0.1 keV plasma component is due to the Local Bubble emissioracoinated

by the solar wind charge exchange.

Mertsch, P., & Sarkar, S. 2011, Physical Review Letters, 007101

Miller, E. D., Tsunemi, H., Bautz, M. W., et al. 2008, PASJ, 66

Mitsuda, K., Bautz, M., Inoue, H., et al. 2007, PASJ, 59, 1

Murakami, H., Koyama, K., Sakano, M., Tsujimoto, M., & Mae®a2000,
ApJ, 534, 283

Murakami, H., Koyama, K., Tsujimoto, M., Maeda, Y., & Sakahb 2001,
ApJ, 550, 297

Nolan, P. L., Abdo, A. A., Ackermann, M., et al. 2012, ApJS9.191

O’Sullivan, S. P, Feain, I. J., McClure-Griffiths, N. M., &t 2013, ApJ,
764, 162

Planck Collaboration, Ade, P. A. R., Aghanim, N., et al. 204&8A, 554,
A139

Serlemitsos, P. J., Soong, Y., Chan, K.-W., et al. 2007, PB$X

Snowden, S. L., Freyberg, M. J., Plucinsky, P. P., et al. 1893, 454, 643

Snowden, S. L., Egger, R., Freyberg, M. J., et al. 1997, ARS, 425

Sofue, Y. 1973, PASJ, 25, 207

Sofue, Y., Hamajima, K., & Fujimoto, M. 1974, PASJ, 26, 399

Sofue, Y. 1976, A&A, 48, 1

Sofue, Y. 1977, A&A, 60, 327

Sofue, Y., & Reich, W. 1979, A&AS, 38, 251

Sofue, Y. 1984, PASJ, 36, 539

Sofue, Y. 1994, ApJ, 431, L91

Sofue, Y. 2000, ApJ, 540, 224

Sofue, Y. 2003, PASJ, 55, 445

Sofue, Y., Kigure, H., & Shibata, K. 2005, PASJ, 57, L39

Su, M., Slatyer, T. R., & Finkbeiner, D. P. 2010, ApJ, 724,404

Su, M., & Finkbeiner, D. P. 2012, ApJ, 753, 61

Stawarz, L., Tanaka, Y. T., Madejski, G., et al. 2013, ApB, 7B

Takahashi, T., Abe, K., Endo, M., et al. 2007, PASJ, 59, 35

Takeuchi, Y., Kataoka, J., Stawarz, t.., et al. 2012, ApJ, B%9

Tawa, N., Hayashida, K., Nagai, M., et al. 2008, PASJ, 60, 11

Totani, T. 2006, PASJ, 58, 965

Tozzi, P., Rosati, P., Nonino, M., et al. 2001, ApJ, 562, 42

Wang, Q. D., 2002, arXiv:astro-ph/0202317

Willingale, R., Hands, A. D. P., Warwick, R. S., Snowden, S.& Burrows,
D. N. 2003, MNRAS, 343, 995

Wright, E. L., Eisenhardt, P. R. M., Mainzer, A. K., et al. BQAJ, 140,
1868

Xiao, L., Furst, E., Reich, W., & Han, J. L. 2008, A&A, 482,38

Xu, J. W., Han, J. L., Sun, X. H., etal. 2007, A&A, 470, 969

Yang, H.-Y. K., Ruszkowski, M., Ricker, P. M., Zweibel, E.,l&e, D. 2012,
ApJ, 761, 185

Yao, Y., & Wang, Q. D. 2005, ApJ, 624, 751

Yao, Y., Wang, Q. D., Hagihara, T., et al. 2009, ApJ, 690, 143

Yao, Y., Wang, Q. D., Penton, S. V,, et al. 2010, ApJ, 716, 1514

Yoshino, T., Mitsuda, K., Yamasaki, N. Y., et al. 2009, PAGD, 805

Zubovas, K., & Nayakshin, S. 2012, MNRAS, 424, 666


http://arxiv.org/abs/astro-ph/0202317

SuzakuX-ray Observations of the Fermi Bubbles’ Edges
TABLE 3
LIST OF COMPACTX-RAY FEATURES DETECTED ABOVE30 LEVEL AND REMOVED IN THE ANALYSIS OF DUFFUSEX-RAY EMISSION: BUBBLE NORTH
ID R.A. DEC stat si¢ associatioh comment
[°] [°] (o)
srcl 233.354 9.033 10.6 —
src2 233.286 9.159 9.1 —
233.304 9.098 3.7 —
233.503 9.015 4.5 —
src3 233.692 8.032 4.9 —
233.623 8.015 4.5 — low-E
src4 233.825 7.110 4.9 —
srcs 233.933 7.175 6.2 —
233.870 7.108 3.8 —
233.779 7.032 4.1 —
233.710 7.057 4.5 —
233.940 7.053 3.7 — low-E
233.879 7.024 7.7 Radio Source
233.888 6.976 16.5 QSO
233.773 7.129 12.0 QSO
233.745 7.137 4.3 Radio Source
srcé 234.102 6.160 6.7 —
src7 234.001 6.120 5.7 —
234.100 6.101 3.3 Radio Source
234.018 6.150 4.4 Galaxy
233.982 6.145 4.0 Galaxy
234.000 6.195 3.5 Galaxy
234.262 5.151 3.7 —
234.323 5.182 4.5 —
234.285 5.191 4.1 —
src8 234.420 4.170 54 —
src9 234.446 4.120 6.2 —
234.317 4.071 3.3 — low-E
234.287 4.218 3.3 — high-E
234.378 4.147 7.8 QSO
srcl0 234.481 3.210 5.8 —
234.478 3.252 3.3 —
srcll 234.725 2.243 5.3 —
234.837 2.149 20.2 QSO
234.617 2.123 15.3 QSO

NoTE. — ¢: Statistical significance determined by the source detectigorithm inxIMAGE. Only XIS0+3 data were used since the XIS1 has lower imagiradity due to higher

instrumental background.

b. Catalogue association of the source, if available.
¢: Sources detected only in the 8:2 keV energy range are denoted as “low-E”, and sources @etealy in the 2-10 keV energy range are denoted as “high-E”.
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TABLE 4
LIST OF COMPACTX-RAY FEATURES DETECTED ABOVE3c LEVEL AND REMOVED IN THE ANALYSIS OF DUFFUSEX-RAY EMISSION: BUBBLE SOUTH
ID R.A. DEC stat si associatioh comment
g
(°] [°] (o)
srcl 332.660 -45.883 438 -
src2 332.705 -45.902 5.8 -
332.649 -45.758 13.7 Star
332.731 -45.929 6.0 Galaxy Group
332.723 -45.947 6.9 Qso
src3 331.432 -45.662 4.8 -
331.493 -45.726 3.8 -
331.509 -45.664 3.8 Star
src4 330.338 -45.613 8.3 -
src5 330.124 -45.483 6.9 -
330.225 -45.423 4.0 -
330.227 -45.550 3.4 -
330.169 -45.395 5.3 Radio Source
srcé 329.014 -45.269 22.4 -
src7 329.155 -45.310 7.1 —
329.096 -45.337 4.5 Galaxy
329.041 -45.507 10.6 Radio Source
src8 327.788 -45.245 6.6 -
327.863 -45.330 3.6 Star
src9 326.635 -45.203 4.8 -
src10 326.653 -47.000 4.7 -
326.688 -45.191 3.4 -
326.496 -45.106 7.0 Radio Source
NOTE. — As in Table 4, but for the sources in the south bubble oladiems.
TABLE 5
FITTING PARAMETERS FOR COMPACTX-RAY FEATURES DETECTED ABOVEZ 50 LEVEL
ID Ng® PL indeX PL fluxc x2/dof
(1020 cm—2) (1074 ergenr2s1)
Bubble North
srcl 3.37(fix) 244023 6.1971 7% 1.29/41
src2 688510 0.76"5 &0 7477202 1.47/31
src3 3.83(fix) 2.4105% 3.96723° 1.00/68
src4 3.86(fix) 2.2605% 2.057353 0.79/17
src5 3.86(fix) 3.080 7% 0.94+3-30 1.00/22
srcé 4.06(fix) 1.4353 8.3572 %" 1.27117
src7 4.06(fix) 2.06052 3.22"1:89 1.30/25
src8 4.45(fix) 1.675735 4237179 1.07/23
src9 4.45(fix) 2.70052 1.435-% 1.06/28
src10 4.26(fix) 1.750-32 5.68" 105 0.36/13
srcll 5.02(fix) 1.400-9% 5.59"2-5¢ 1.19/10
Bubble South
srcl 1.84(fix) 172058 3.8271%0 0.94/19
src2 1.84(fix) 1.34533 4757204 0.25/9
src3 1.66(fix) 1.83552 3171 0.65/13
src4 1.89(fix) 1.885-5¢ 7.50"3-88 0.96/18
src5 1.89(fix) 0.93057 15.173°7 0.72/19
srcé 2.16(fix) 2.310 13 17.275% 0.98/68
src7 2.16(fix) 1.24:0.33 8.6675 10 0.98/34
src8 2.45(fix) 1.6005-29 6.4272-57 1.12/19
src9 3.03(fix) 1.980-%0 2.562-92 0.88/7
src10 3.03(fix) 1.600-53 8.88"550 0.78/7

NoTE. — “: Absorption column density fixed at the Galactic valuesegxdor src2 in the North, which required an additional catudensity well exceedindVy, Gai-

b: Spectral photon index in the single power-law model.

¢: Unabsorbe@® — 10keV flux.



