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Hot ISM
• An important building block of chemical evolution and 

feedback in galaxies.  

• Strong foreground emission; a big obstacle for the study of 
diffuse extragalactic soft X-ray emission, e.g. WHIM emission.
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ROSAT R45 band
Snowden+(1997)

NeIX: 922 eV
OVIII: 654 eV
OVII: 574 eV
CVI: 364 eV

284 eV
283 eV 
250 eV

mean free path vs b 
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Objectives of this talk

To try to answer from Suzaku observations & combined 
analysis of Suzaku and Chandra
• What are the origins of the soft X-ray (0.5-1keV ) 

diffuse background ?
• Is there hot halo associated with our Galaxy, like 

other spirals ?
• If there is, what are the physical status 

(temperature, density) of the gas?  
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N4631 Optical/Hα.UV/Xray
Wang et al. from Chandra Gallery

5.5kpc
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Soft X-ray Sky (0.5-1keV)
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Snowden+(1997)

Loop I (NPS)nearly uniform high 
latitude emission

Bulge

OVII
4.8LU OVIII

XQC McCammon+.2002

Line emission from highly-ionized 
ions dominates (~60%) the SXDB in 

0.5-1keV 

ROSAT R45 band (≈ 0.5-1 keV)Fe-L Ne
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Shadow of the hot ISM
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Several AGN exhibit highly ionized O (and Ne) absorption lines at z=0
(e.g. Bregman+ 2007, Fang+ 2006)

• Typical column density ~ 1016 (cm-2), or NH of 1019 (cm-2) with 
Solar abundances

Galactic sources also show highly ionized O and Ne absorption lines (e.g. 
Futamoto+ 2004, Yao and Wang 2005) 

are marked on the figures of the spectra when relevant: MCG !
6-30-15,Mrk 766,NGC3783,NGC4051,NGC5548,NGC3516,
NGC 4593, and IC 4329a (Figs. 1Y6). In the few cases where
there are no useful continuum regions redward of 21.68, we used
a flat continuum to the blue side of the line. There were objects
forwhich the intrinsic absorption or emission line is badly blended
with the Galactic O vii absorption line, such as NGC 4151. Al-
though it is suitably bright, it has a broad O vii resonance emis-
sion line that overlaps with the z ¼ 0 O vii feature. The local
absorption line, although present, lies in the sharply rising wing
of the NGC 4151 emission line, so the equivalent width of the
absorption feature cannot be measured reliably. NGC 4151 and
other similar objects were not included in the sample.

When there are no intrinsic AGN features near 21.68, we fit a
linear continuum in the range 21.2Y21.968, the upper limit being
set by the need to avoid Galactic O vi K! absorption at 22.05 8
(Pradhan et al. 2003). In addition to the continuum, we fit a
Gaussian absorption line for the Galactic O vii absorption fea-
ture. The least-squares minimization has been performed by both
the Simplex method and using a Levenberg-Marquardt minimi-
zation, and we arrive at the same result. In practice, there are five
parameters in this model: the continuum level, the slope of the
continuum; the central wavelength of the absorption line; the

Gaussian " of the absorption line; and the area of the line (the line
depth), which can be negative or positive (absorption and emis-
sion are permitted). Certain constraints can be applied to some of
these parameters. For example, the Gaussian fit cannot be nar-
rower than the instrumental width (" ¼ 0:03 8 or FWHM ¼
0:06 8), and it probably will not be wider than a velocity cor-
responding to the escape velocity of the Local Group, which we
estimate to be about 700 km s!1, or " ¼ 0:05 8. Similarly, the
location of the line center should not be outside of sensible Local
Group velocities, which sets a displacement of about 500 km s!1,
or 0.036 8. In carrying out our fits, we calculate an uncertainty
for each parameter. Only in a few cases are the uncertainties for
the line center and line width smaller than the allowed range,
and for the five highest S/N sources, Mrk 421, PKS 2155!304,
3C 273, MCG !3-30-15, and LMC X-3, the median values of
the central wavelength and line width are 21.605 8 and " ¼
0:081 8, with small ranges. Consequently, for fainter sources
where the central wavelength and line width cannot be accu-
rately determined, we fix the central wavelength at 21.6038 and
the line width at " ¼ 0:08 8. When we relax these constraints,
the values for the equivalent widths do not vary greatly, although
the uncertainty will naturally be larger. We note that the uncer-
tainty determined from photon counting statistics for the bins of

Fig. 1.—XMM-Newton flux, corrected for instrumental features, at the location of the O vii line at 21.608. There is an instrumental feature near 21.828, which is not used
in the fit; the fit is shownby the dotted lines.A feature near 22.08 is from aGalacticO vi blend. The objects are shownby decreasing S/Nof the continuum. ForMCG!6-30-15,
the location of the resonance and intercombination lines at the redshift of the object is shown.

BREGMAN & LLOYD-DAVIES992 Vol. 669

OVII

AGN with absorption structure ●

Bregman et al. 2007
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Suzaku Observations of bland fields
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16 pointing observations of 15 fields, 
 well outside the local structures

For detailed analysis, see Yoshino+ 2009, PASJ, 61, 805

R45 map 
centered at l=180

Midplane 123

NGP

l=180
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Why Suzaku?
• Good energy resolution, in particular < 1 keV,  to 

separate emission lines from different ion species
• Low particle background = high sensitivity

7

Energy spread function for 0.5 keV photons.

Suzaku

XMM-Newton
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Note on analysis: Short-term (<1d) variations 
of  SXDB

• Significant (>2σ) time variations were observed in OVII and/or OVIII 
emission intensities of 5 fields among the 15 fields analyzed by Yoshino
+2009.

• Time variable emission is from the Earth vicinity, most likely by charge-
exchange interaction of solar wind ions and H in geocorona (geocoronal 
SWCX).  

• We removed time intervals with high emission intensity.
• Intensity of variable emission depends on (1) solar wind flux, (2) ETM (Earth to 

Magnetopause) distance, (2) whether magnetic field is open to sun or anti-sun side.
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Geocoronal SWCX

Solar wind ions

600 km altitude

Line of sight

Sun

Earth Suzaku
*ETM distance = distance from the earth center to 
the lowest point along the line of sight at which the 
magnetic field is open to the interplanetary space.

Since Suzaku is observing from 
inside the magnetosheath, 
contamination by geocoronal 
SWCX is inevitable.  This is 
true for any instruments on 
LEO, e.g. XENIA.

ETM dista
nce

H
geocorona
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A Sample Spectrum with Suzaku
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OVII  6.4±0.8 LU
OVIII 2.2±0.8 LU
LU: photons/cm2/sec/str

Low Latitude 86-21 
(l,b)=(86,-20.8)
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OVII - OVIII Correlation

OVII surface brightness (LU) 
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High Galactic 
absorption

error bars = 1σ 
statistical errors
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Origin of “floor component”

326 cox & REYNOLDS

I Bubble from ours. At higher latitudes, the two bubbles may well be

connected (97). Figure 2 shows a rough sketch of the possible relationship

between these two. We note in passing that the gas within Loop I must be

hotter than that within the Local Bubble, since it is so bright in M-band

X-rays.

The challenge then, which is only partly taken up in the remainder of

this review, is to study the distributions of gas-phase material, stars, and

other denizens within the postulated bubble geometry, looking for insight

into both time scales and processes as well as inconsistencies with the

quiescent bubble scenario.

Clouds Within the Local Bubble

The standard "diffuse clouds" explored via extinction studies have been

characterized statistically with a column density Nr~ -,~ 3 ! 102° cm-: and

a interception rate in the disk of 6.2 kpc-1 (100). Their mean contribution

to the midplane hydrogen density is 0.7 cm-3. With a nominal density of

40 cm-3 (i.e. nT ~ 3000 cm-3 K at T ,-~ 80 K), their mean thickness is 2.7

pc, and they occupy 1.7°/o of interstellar space. If such clouds were spheri-

Fiyure 2 Schematic representation of the relationship between the Local and Loop I Bubbles
and the Sun, including the intervening wall of H I. The column density of this wall decreases
with latitude. The distance scale of the Loop I center is uncertain and was chosen a bit on
the large side to make this figure sensible [combined views of (97) and (52)].

www.annualreviews.org/aronline
Annual Reviews
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~106K
60-300pc

Solar system

300pc

400pcLow Latitude 97-10º

Midplane 235º

OVII absorption length

MBM-12

• Three out of five fields on the OVII intensity floor 
have a large absorption.

• OVII emission is arising within ~300 pc.

• Floor component is “local emission” (< 300 pc).

OVIII is likely to arise from stellar 
component in plane (Masui+ 2009)

12
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Is the “local” emission from the 
Local Bubble (LB)?

• Emission measure of 106K gas (Smith+ 2007)

• If Suzaku OVII emission of MBM12 direction arises from hot 
gas:
• MBM12 direction  = 0.0077 cm-6 pc (OVII=3LU)

• If All ROSAT R12 (0.15-0.28 keV) emission of MBM12 
direction arises from hot gas
(We know at least a part of R12 band emission must arise from LB)

• MBM12 direction = 0.0024 cm -6 pc (Snowden+ 1993)

• EUV Fe emission lines with CHIPS experiment
• LB < 0.0004 cm-6 pc (90% upper limit, Hurwitz+ 2005) 

LB contributes only <1/3 or <1/20 of the local OVII emission 

13
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Floor component = Heliospheric SWCX

• The “local” emission (floor component) is most likely 
from the Heliospheric SWCX from interplanetary space.
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slow 
solar 
wind
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http://solarscience.msfc.nasa.gov/suess/SolarProbe/Page3.htm

Intensity of Heliospheric SWCX is a complicated function of
position of the earth, line of sight direction, and solar wind activity.

2 LU is roughly consistent with simulations (1.5-3 LU, Koutroumpa+ 2006) 

Solar wind near solar minimum
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Linear component

OVII surface brightness (LU) 
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Temperature of “halo” emission

The temperature of halo determined from OVII/OVIII 
ratio is confined in a narrow range of kT = 0.19-0.23 keV

16

2.2. SOFT X-RAY DIFFUSE BACKGROUND 11
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Figure 2.5: Ionization fraction (left) and the emissivity (right) of C vi, O vi, O vii, O viii

and Ne xi line as a function of temperature for a gas in the collisional ionization equilibrium
state. The emissivity of O vi is scale down by a factor of 1000 for demonstration purpose.
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Figure 2.6: The line intensity ratio of O viii to O vii as a function of temperature. Dashed
line shows that O viii/O vii is unity.

cloud (Snowden et al., 1993). The X-ray intensity in the R45 band showed a decrease well
correlated with the 100 µm IR intensity, which is proportional to the column density of dust
grains, thus the neutral matter density of the cloud. On the other hand the intensity in R12
band showed little shadowing. Thus the most of R12 band emission arises from distance
closer than ∼ 100 pc while a part of R45 band emission is from beyond the cloud. Snowden
et al. (1993) estimated the emission measure of the hot gas emitting the R12 band to be
0.0024 cm−6 pc = 5.9 × 1014 cm−5 str−1 assuming a temperature of 106.0 K.

A Suzaku observation of the on-cloud direction was carried out in 2006 (Smith et al.,
2007b). The Suzaku XIS1 spectrum clearly detected O vii line and the intensity was deter-
mined to be 2.93±0.45 LU (LU = photons s−1 cm−2 str−1). The spectrum above 0.4 keV was
well represented by a thin-thermal emission model with kT = 0.109+0.006

−0.012 keV (T = 105.97)
and emission measure =13.4+6.1

−2.4 cm−5 str−1 (0.054 cm−6 pc)(Masui et al. 2009). Comparing
the emission measure obtained from the ROSAT R12 band observation, we find that about
two thirds of emission in the R45 band (∼ Suzaku 0.4-1 keV) must have different origins
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Blobs of hotter gas
• 4 out of 14 fields show strong Fe-L and Ne lines which 

cannot be emitted from solar abundance 0.2 keV hot gas.
• In order to fit O to Ne emission lines simultaneously, 

either overabundance (                  in Fe/O and Ne/O 
ratios), or a hotter component of kT =0.6 - 0.8 keV

Fe-LNeIX

LMC X-3 vicinity

17

Hot ISM in halo is likely to 
be multi-temperature and 
there are “blobs” of hot 
gas in some sight lines.
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Spatial distribution of “halo” hot gas

18

h/sin(b) h
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Overall latitude dependency is 
very roughly consistent with 
plane-parallel distribution.

However, there are
• systematic deviations,
• large outsiders,
• small scale fluctuations
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Combined analysis of absorption/emission spectra 
to constrain distribution along the sight line

19
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Observations: 2 Lines of Sight

20

Distance Absorption Emission

LMC X-3
(Wang et al. 2005,Yao et 

al. 2009)
~50 kpc

Chandra LETG-HRC:100ks
Fuse: 120ksec

Suzaku:3 obs(~30‘ away, 120 
ks in total)

PKS2155-304
(Hagihara et al. submitted)

470 Mpc 
(z=0.116)

Chandra
 Calibration 46 obs:1Ms

Suzku: 2 obs(~30’ away, 107 
ks in total) 

30’
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Figure 1: PKS 2155-304方向の観測で得られたスペクトル。(左、Chandraによる吸収線)：O VII

および O VIIIによる吸収線が確認できる。(右、Suzakuによる放射)：O VII、O VIII、並びに
Ne IXのK輝線が確認できる。緑色の実線が高温星間物質のモデルの寄与を表し、他に CXB、
太陽系近傍放射を考慮している。

3.2 銀河中心バルジ方向–4U 1820-303

PKS 2155-304方向と同様に、まず吸収、 放射の観測データをそれぞれ独立に解析した。吸収
線観測のスペクトル (図 2: 左)にはO VII、O VIIIによる吸収が明確に存在し、また、図では省
略したが、Ne IXの吸収も確認した。高銀緯方向と異なり、酸素およびネオンの吸収線を使用
した解析を行い、温度 1.9+0.3

−0.2×106 Kの高温星間物質による吸収でよく説明できることを確認
した。このときNeの元素組成比を同時に求めたが、Ne/O比は 2.2+1.8

−1.3 とエラーの範囲内で太
陽組成と一致した。放射輝線観測のスペクトル (図 2: 右)には O VII、O VIII、Ne IX、Ne X、
高階電離したFeからの L輝線が明確に存在しており、その強度は高銀緯方向よりもはるかに強
い。銀河中心方向に存在する星の寄与などを考慮に入れた解析を行った結果、この放射を元素
組成比を変えた 1温度の高温星間物質で表す事は難しく、少なくとも 1.0+0.2

−0.1×106 K、および
3.5+0.2

−0.1 ×106 Kの 2温度の高温星間物質が必要であることを発見した。
この結果は高銀緯方向の結果と大きく異なる。その違いを解明するために、PKS 2155-304

方向で得られた exponential disk modelの最適値を使い、放射、並びに吸収のスペクトルを比
較した。結果、吸収はよく説明できるが、放射のスペクトルについては、酸素からネオンに至
る輝線群の強度がこのモデルのみでは足りないことを確認した。これは 4U 1820-303より奥側
に、吸収に寄与しない成分が存在することを示唆する。この追加の成分を入れて解析を行った
結果、温度が 4.0+0.4

−0.4×106 K、並びに 1.0+0.8
−0.5×106 K の高温星間物質が 4U 1820-303より奥側

に必要になる事が分かった。
続いて、単純化した 2温度のモデルを用いて同時解析を行った。手前側に 2温度の高温星間

物質が局在するモデルを仮定し、それぞれの温度に対して 3.2+0.2
−0.2×106 K, 1.0+0.2

−0.2×106 Kとい
う値を得た。また、手前側に 1温度、奥側に別の 1温度の高温星間物質が存在するというモデ
ルでは手前側の温度が 1.7+0.2

−0.2×106 K, 奥側の温度が 3.9+0.4
−0.3×106 K と決定された。いずれのモ

デルでも 3 × 106 Kを超える高温星間物質が高さ 1 kpcに存在しており、銀河中心方向に対し
ては高銀緯方向の高温星間物質のモデルを単純に拡張することは出来ないという結論を得た。
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In both cases, simple uniform plasma can not explain the absorption/
emission simulaneously

T=2.4-0.2+0.3 x106K

T=1.3-0.5+0.7x106 K
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Exponential thick hot disk model
66 J.-T. Li et al.

Figure 5. Diffuse X-ray intensity and the HST/ACS images: R band (red),
Hα (green) and 0.3–1.5 keV (blue). The smoothing of the X-ray image is
the same as in Fig. 4. The contour levels are marked on the image in units of
10−3 cts s−1 arcmin−2. The white circles mark the discrete sources detected
in the same X-ray band as shown in Fig. 2.

emission. It is not surprising to have such similarities, since diffuse
hot gas and unresolved young stellar objects, both closely related
to star-forming regions, contribute to the soft X-ray emission. The
extraplanar X-ray emission arises from truly diffuse hot gas. Thus,
in general, we expect a spatial relationship between the extrapla-
nar hot gas and underlying star-forming regions if the extraplanar
gas is supplied and regulated by underlying star-forming processes.
Differences in spatial resolution for the plots of Fig. 9 make spe-
cific connections to underlying star-forming regions more difficult
to trace. An examination of Fig. 5, however, indeed does show
some correlation. For example, as indicated in Section 3.2, the in-
disc NW giant H II complex appears connected to the extraplanar
X-ray emission and the central X-ray contours are wider around
the central star-forming regions of the galaxy. The giant H II in-disc
complex on the far southeastern end of the disc does not appear to
have an extraplanar X-ray counterpart in this figure, but the X-ray
results ofTüllmann et al. (2006a) reveal extraplanar X-ray emission
associated with a string of H II regions off the plane on this side as
well. Again, this argues for a connection between extraplanar X-ray
emission and in-disc star formation.

On larger scales, several extraplanar features are resolved with the
superb resolution of Chandra and other multi-wavelength observa-
tions (Fig. 9). Here, we discuss the three most prominent plume-like
features, originally identified in H I observations (Irwin 1994; Lee
et al. 2001; labelled F1, F2 and F3 in Fig. 9) and later found to
have counterparts or extensions in other wavebands (e.g. Lee et al.
2001; Brar, Irwin & Saikia 2003). F1 and F2, being opposite to
each other with respect to the disc, apparently protrude from an
intense star-forming region, within which the ULX is located. On
the other hand, in the disc region underneath F3, all components of
the ISM, except for H I, show a local minimum, indicating a low
current star-formation rate (Lee et al. 2001), possibly as a result of
a previous star-forming episode which has produced an in-disc dis-

Figure 6. Comparison of Chandra ACIS-S diffuse intensity images of
NGC 5775 in the 1.5–7 keV (contours) and 0.3–1.5 keV (gray-scale) bands.
The 1.5–7 keV intensity is adaptively smoothed to achieve a signal-to-noise
ratio higher than 3, while the 0.3–1.5 keV intensity is the same as in Fig. 4.
The contours are at (0.5, 1, 2, 5 and 10) ×10−3 cts s−1 arcmin−2. The po-
sition of the ULX is marked with a cross to illustrate the presence of its
residual contamination.

ruption. F3 seems to be associated with an extraplanar Hα filament,
within which several H II regions reside (Lee et al. 2001). Together
with the disc-halo connections discussed above (cf. Fig. 5), they
collectively indicate that local star-forming regions away from the
nucleus affect halo characteristics above and below the plane.

In addition, however, these features are located near the bound-
aries of the so-called ‘X-shape’ which designates conic structures
(marked in Fig. 9a) and was claimed to be present from previous
X-ray (Tüllmann et al. 2006a) and radio (Tüllmann et al. 2000)
observations. The shell-like X-ray feature to the southwest of the
major axis also seems to be part of the X-shape structure, represent-
ing an outflow from the Galactic Centre region to a vertical height
of ∼1.5 arcmin (∼11 kpc) (Fig. 9). Thus, NGC 5775 appears to
be similar to the starburst galaxy, NGC 253 (e.g. Vogler & Pietsch
1999; Strickland et al. 2000; Pietsch et al. 2001) with its nuclear
conical outflow, yet it also has smaller-scale outflows associated
with specific in-disc regions. As a result, it is not always straight-
foward to interpret the origin of specific extraplanar features. An
example is the large northeastern blob shown in Figs 1 and 4 which
seems to have a radio continuum counterpart. It is roughly above
the F3 disturbance but could also be a result of the nuclear outflow.
It is located about twice as far away from the galactic disc than the
shell-like feature on the opposite side.

4.2 The subgalactic scale ‘X–SF’ relation

The relation between the integrated extraplanar soft X-ray inten-
sity and the in-disc star-formation intensity (hereafter referred to as
an ‘X–SF’ relation) has been demonstrated for active star-forming
galaxies (Strickland et al. 2004b; Tüllmann et al. 2006b). Fig. 10
compares this relation with a subgalactic (∼kpc) scale version de-
rived from our current work.

C© 2008 The Authors. Journal compilation C© 2008 RAS, MNRAS 390, 59–70

3.6 kpc

NGC5775

Chandra observation of edge-on spiral NGC 5775 67

Figure 7. Chandra ACIS-S intensity distributions of the diffuse emission as a function of the distance off the major axis of NGC 5775. The data are extracted
in the 0.3–0.7 keV (black-filled circles) and 0.7–1.5 keV (blue triangles) bands (southwest as negative). The full width along the major axis of the disc used
for averaging the intensity is 200 arcsec. Spatial binning achieves a counts-to-noise ratio greater than 10 and a minimum step of 5 arcsec. The red solid curve
shows the corresponding H I intensity with arbitrary normalization. The central vertical line represents the position of the major axis. The black and blue curves
on the negative side show the best-fit exponential law plus a local background, while on the positive side, the fitted curves have the same parameters and are
only plotted for comparison.
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Figure 8. Diffuse X-ray spectra of the (a) disc and (b) halo regions after non-X-ray and sky background subtraction. The spectra are binned to achieve a
signal-to-noise ratio better than 3 with respect to the best-fitted local background. The fit parameters are summarized in Table 3. The solid and dotted curves
represent the best-fit models and their components, respectively. See text for details.

Since Hα emission may suffer from strong absorption in this
edge-on case, we estimate the star-formation rate from the 8 µm
intensity using Wu et al. (2005)’s relation. We then convert the X-
ray intensity to intrinsic luminosity using the halo spectral model
(Table 3). Different in-disc regions should have different line-of-
sight depth, so when calculating in-disc area we assume the disc
has a circular shape with diameter of D25. To correct for projection,
the inclination angle is adopted to be ∼86◦ as listed in Table 1. Note
that, although we use only the X-ray data in the southern halo to
minimize absorption effects, Fig. 10 assumes the two sides have the
same intrinsic luminosity.

The consistency of the ‘X–SF’ relations found inside NGC 5775
and inferred from integrated galactic properties indicates that the
efficiency of converting stellar feedback to the extraplanar hot gas
does not change significantly from ∼kpc to galactic scales. The

threshold for the presence of the extraplanar X-ray emission on
these scales seems to be ∼4 × 10−3 M% yr−1 kpc−2, consistent with
previous findings based on galaxy samples (Strickland et al. 2004b;
Tüllmann et al. 2006b). Fig. 10 also suggests that the conical nuclear
outflow is not strongly perturbing the extraplanar X-ray emission
that is above and below specific in-disc regions.

4.3 Physical and dynamic states of the extraplanar hot gas

In Section 3.2, we have shown that the halo spectrum consists of
two hot-gas components. There are now at least three ISM compo-
nents co-existing in the halo of NGC 5775: the warm ionized gas
traced by Hα emission, and the two hot-gas components. Inferred
from Hα and optical spectroscopic observation, the warm ionized
gas has a temperature of ∼104 K (Collins & Rand 2001) and density

C© 2008 The Authors. Journal compilation C© 2008 RAS, MNRAS 390, 59–70

-14.4014.4
(kpc)

0.7-1.5 keV

0.3-0.7 keV

∝exp (-Z/2kpc)

We assumed an exponential disk model for the hot gas responsible 
for absorption and emission. (Yao and Wang 2007, Yao et al. 2009)

where
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Results: Exponential thick hot disk parameters
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TemperatureTemperature DensityDensity

on-Plane val. 
(106 K) Scale hight (kpc)

on-Plane val. 
(10-3 cm-3) Scale hight (kpc)

PKS 2155-304 3.2+0.7-0.6 2.2+13-2.1 1.3+9.7-0.7 5.1+3.9-4.7

LMC X-3 3.6+1.1-0.7 1.4+3.8-1.2 1.4+2.0-1.1 2.8+3.6-1.8

• Exponential disk model can explain the absorption/emission 
spectra 

• Parameters of two lines of sight are consistent within 90%
• T0~3MK, n0~10-3 cm-3, scale ~a few kpc

The consistency of two line of sight suggest that there is Galactic 
scale hot ISM like a halo.
We need observations of more lines of sights to further constrain 
the geometry. 
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• OVII/OVIII intensity ratio ~ 2 , indicating line of sight 
averaged O temperature of kT = 0.21±0.02 keV

• Patchy and blobs of hot (kT~0.7 keV) gas exist
• Extending a few kpc scales,  at least for two lines of sights.

• Midplane density ~ 1x10-3 cm-3 if we assume exponential 
geometry.

➡Total mass
Total luminosity
 (assuming a 15kpc radius cylindrical structure and a 1.4 kpc vertical scale 
height)

• Almost consistent with other spirals (e.g. NGC 4631, Yamasaki 
+ 2009).  

• Mass and energy can be supplied by SNe and stellar wind from 
Galactic disk (e.g. Norman & Ikeuchi 1989).

Hot gas in halo

24
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SN-driven ISM model

25

• Hot gas may have been supplied by 
SNe in Galactic disk SNe through 
chimney or fountain.

• Simulations shown here predicts 
multi-temperature, blobby hot gas.
- Somewhat resemble to the 

observations 

resolution. It is tempting to associate the objects within jzjP 1 kpc
with intermediate-velocity clouds (Wakker 2001). Neutral clouds
at even larger heights (jzjk1 kpc) may be identified as the tangent-
point clouds found throughout the inner Galaxy (Lockman 2002).
These clouds are thought to contain a large fraction of the neutral
gas in the Galactic halo. Given the crude approximationswemake
with regard to heating and cooling for the cold dense gas, we con-
sider this a reasonably successful test of the model.

At high altitudes (z k1 kpc), extremely hot diffuse gas in the
halo has very long cooling times tcool(n) ¼ 51/n"3 Myr, where
n"3 # n/(10"3 cm"3) if we take the cooling rate at T ¼ 106 K.
Avillez & Breitschwerdt (2004a) ran a similar model for a much
longer period (400 Myr) and showed that after t $ 70 Myr the
statistical properties related to the vertical distribution of gas do
not change appreciably.

Figure 3 shows how the gas density, temperature, pressure, and
metal particle density averaged over the x-y plane vary in the ver-
tical direction. For comparison, we show with the dot-dashed line
the observed vertical profile of gas,which is the sum of three com-
ponents, molecular (Clemens et al. 1988), neutral (Dickey &
Lockman 1990), and ionized (Reynolds 1991) gases. The aver-
age density near the galactic midplane in our model is higher than
the observed value by a factor of 2Y3, while the density is some-
what underpredicted at a few disk scale heights (0.1 kpc P jzjP
0.5 kpc). Uncertainties in observations are large; see, e.g., Figure 10
of Dickey&Lockman (1990). The discrepancy, if real, implies that
SN driving alone cannot quite provide the necessary support in the
vertical direction to explain the observed distribution of gas.Addi-
tional components of pressure, e.g., from the magnetic field and
cosmic rays, are expected to contribute significantly (Boulares &
Cox1990).Compared to our initial isothermal density profile (Fig. 3,

dotted line) in equation (3), a larger amount of gas is present at
high altitudes (jzjk0:5 kpc) due to the presence of a galactic foun-
tain (Fig. 2).

Since outflow boundary conditions are used at the top and bot-
tom surfaces, once the gas escapes with vz > 0, it never returns to
the box. For the Galactic SN rate, only a negligible fraction of the

Fig. 2.—Vertical slices of the density (left), temperature (second from left), pressure (third from left), z-component of the velocity ( fourth from left), and column density
of gas (!y ¼

R
! dy) at t ¼ 79:3 Myr (right). The large shells seen at z > 0:5 kpc are due to two high-altitude Type I SNe that exploded 3.9 and 1.5 Myr ago. Note the

presence of round cloudlets in the second and fourth panels about 100Y250 pc away from the Galactic plane. They are fragmented (super)shells, falling toward the
midplane at several tens of km s"1. Filaments of neutral gas are found up to %2 kpc away from the midplane. Note that only the inner 2 kpc of our 10 kpc vertical grid is
shown.

Fig. 3.—Vertical profiles of the gas density (top left), temperature (top right),
pressure (bottom right), andmetal density at t ¼ 79:3Myr averaged over x-y planes
at constant heights (bottom left). In the top left panel, the dotted line represents our
initial isothermal density profile, while the dot-dashed line shows the ob-
served vertical profile of gas, which is the sum of molecular, neutral, and ionized
gases. The inset displays an expanded view of the region near the midplane,
zj j & 1 kpc.

SUPERNOVA-DRIVEN ISM 1271No. 2, 2006

Numerical simulations by 
Joung & Mac Low (2006)

plane

smallest cubic subboxes, with 3.91 pc on a side, and red to the
largest subboxes, with 125 pc on a side.

We find that most of the simulation volume is occupied by low-
density gas due to SN feedback, in accord with Slyz et al. (2005),
who simulated turbulent ISMmodels in a nonstratified (1.28 kpc)3

box with periodic boundary conditions and !10 pc resolution.
Stellar feedback and/or self-gravity of gas were included in some
of their models. In terms of the density PDF, they found that
(1) the models without stellar feedback showed lognormal PDFs
with a single peak, (2) a power-law tail developed in the high-
density end when self-gravity was included, and (3) the PDF be-
came markedly bimodal when stellar feedback was included,
regardless of whether self-gravity was included or not.

Although our PDF is not bimodal, there is a hint of a broad peak
near n ¼ 10 cm#3 for the (thermally stable) cold high-density gas.
It is controversial whether this part of the PDF can be approxi-
mated by a lognormal function. Using 2D simulations including
heating, cooling, and self-gravity, Wada &Norman (2001) claim
the high-density end of their density PDFs is well fitted by a log-
normal function (see their Fig. 16). In contrast, several numerical
experiments that included either self-gravity of gas or a non-
isothermal equation of state (! 6¼ 1) reported that high-density
tails develop in nonisothermal cases (Scalo et al. 1998; Li et al.
2003). Although a lognormal density PDF is a natural outcome for
isothermal gas (Passot & Vázquez-Semadeni 1998), support for
such a PDF for nonisothermal cases remains weak.

The one-point density PDF does not contain information on
how dense regions or voids are connected in space. For this reason,
the cloudmass spectrum cannot be derived from the density PDF
alone, as Scalo et al. (1998) point out. To supplement the density
PDF, we attempt two methods of analysis. First, the left panel of
Figure 7 shows how the density PDF changes as the subbox size
increases. That the PDFs show markedly different shapes attests
to the importance of specifying the smoothing scale with which
the density PDF is measured. More significantly, the Jeans mass
MJ and the density threshold for gravitational collapse "th also
change as a function of scale (see Fig. 10). Despite the fact that
we do not fully understand what determines the shapes of the
PDFs as the subbox size increases, this clearly has implications
for gravitational collapse, as we explore in x 4.

3.3.2. Power Spectrum

The other method to characterize density fluctuations is to use
second-order statistics such as the autocorrelation function or its
Fourier transform (FT), the power spectrum. (This is the usual def-
inition of ‘‘power spectrum’’ in astronomy. In other fields, it is

sometimes defined as the FT of the second-order structure func-
tion.) Our computation box is periodic in the x and y directions,
but nonperiodic in z, while fast Fourier transforms (FFTs) assume
periodicity in all directions. Hence, before taking FFTs, we apply
to the z-components of the variables the Hanning window defined
by w(z) ¼ (1/2) 1þ cos (2#z/Lz)½ &, where Lz is the vertical extent
of the box used for the FFT (0.5 kpc) and #Lz/2 ' z < Lz/2.
While the velocity power spectrum in an incompressible me-

dium jv(x)j2 has the clear physical meaning of specific kinetic
energy (see the discussion of Parseval’s theorem in x 3.4), "(x)2
does not. If the density PDF turns out to be lognormal and if s (
log " can be taken as a Gaussian random variable, a power spec-
trum of s can completely specify the density distribution. Even
though this is not the case (see Fig. 7, left), the density power
spectrum is nevertheless useful for comparison with previous nu-
merical models.
The density power spectrum of an explosion-driven, strongly

compressible medium is displayed in the left panel of Figure 8.
Its shape contrasts drastically with its counterpart in a weakly com-
pressible medium, where density fluctuations behave as a tracer
field and possess a Kolmogorov spectrum (Lithwick&Goldreich

Fig. 7.—Probability density functions for the gas density (left), temperature (middle), and pressure of gas near the midplane (jzj ' 125 pc; right), taken from eight
snapshots spanning 7.0 Myr (from 72.3 to 79.3 Myr). The size of the subboxes (kernels) used to construct the PDFs increases by a factor of 2 from black (1.95 pc) to red
(125 pc). The temperature PDF (middle) demonstrates the extent to which the classical three-phase medium description is valid. The pressure PDF (right) shows that there
is as much volume below the average pressure as there is above it.

Fig. 8.—Left: Angle-averaged density power spectrum, displaying a wide
peak around kL/2# ) 20. The box size L ¼ 0:5 kpc. The power falls off at large
wavenumbers (small wavelengths) due to numerical diffusion. Right:Kinetic en-
ergy spectrum (solid line) and angle-averaged velocity power spectrum (dotted line).
The kinetic energy is distributed over a wide range of wavenumbers. There is no
single effective driving scale, unlike in Kolmogorov’s idealized picture of incom-
pressible turbulence. We find that 90% of the total kinetic energy is contained in
wavelengths k ' 190 pc. Because of the highly intermittent density structure, the
velocity power spectrum is not parallel to the kinetic energy spectrum, especially
at large scales. To guide the eye, two straight lines are plotted, the Kolmogorov
energy spectrum (dashed line) and the spectrum containing an equal amount of
energy per decade (double-dot-dashed line).

JOUNG & MAC LOW1274 Vol. 653
0.14 keV4x10-3 cm-3

Density Temperature
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Hot blobs 
(kT=0.6-0.8 keV)

Future works

326 cox & REYNOLDS

I Bubble from ours. At higher latitudes, the two bubbles may well be

connected (97). Figure 2 shows a rough sketch of the possible relationship

between these two. We note in passing that the gas within Loop I must be

hotter than that within the Local Bubble, since it is so bright in M-band

X-rays.

The challenge then, which is only partly taken up in the remainder of

this review, is to study the distributions of gas-phase material, stars, and

other denizens within the postulated bubble geometry, looking for insight

into both time scales and processes as well as inconsistencies with the

quiescent bubble scenario.

Clouds Within the Local Bubble

The standard "diffuse clouds" explored via extinction studies have been

characterized statistically with a column density Nr~ -,~ 3 ! 102° cm-: and

a interception rate in the disk of 6.2 kpc-1 (100). Their mean contribution

to the midplane hydrogen density is 0.7 cm-3. With a nominal density of

40 cm-3 (i.e. nT ~ 3000 cm-3 K at T ,-~ 80 K), their mean thickness is 2.7

pc, and they occupy 1.7°/o of interstellar space. If such clouds were spheri-

Fiyure 2 Schematic representation of the relationship between the Local and Loop I Bubbles
and the Sun, including the intervening wall of H I. The column density of this wall decreases
with latitude. The distance scale of the Loop I center is uncertain and was chosen a bit on
the large side to make this figure sensible [combined views of (97) and (52)].

www.annualreviews.org/aronline
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Heliosphere

Solar Wind Charge Exchange (OVII ~ 2LU)

26

Stellar emission

“patchy” 
OVII = 0-8 LU

kT = 0.2 keV 
a few kpc scale height 

• Combined absorption/emission analysis of more lines 
of sights
• Mkn 421, NGC 4051,...
• Scale height and its radial dependence 

• More blank fields observations
• Spatial distribution, fluctuations, filling factor...

• Comparison with simulations
• We would like to know:

• Interaction with ISMs and physical process
• Pressure balance ?
• What process determine the temperatures ?
• Origins and life cycle of the halo
• The velocity of the halo gas :escaping or not?


