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•Introduction


•100 pc scale outflow in the Galactic Center


•10 kpc scale outflow (North Polar Spur, Fermi bubbles)


•Galactic hot gaseous halo


•Future prospects



Current standard cosmological model

Illustris Collaboration

• CMB measurements determines cosmological parameters (WMAP, Planck).


• Cosmological simulations successfully reproduce the large-scale cosmic web: 


- Virialized halos: overdensity (local density/cosmic mean density) > 200 


- Filaments: overdensity 30—200


• Baryons simply follow dark matter distribution?

Planck/ESA

Dark matter Gas (baryon)



Baryon behavior is not so simple

• Massive galaxy clusters have nearly all their baryons. 


• However, field galaxies missing 70-95% of baryons -> baryons escape from halos?


• If so, how to strip baryons from galaxies?

Dai+12
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Figure 10. Baryon fraction as a function of the gravitational potential well indicated by the circular velocity at r200. We plot the new measurements from massive
spiral galaxies UGC 12591 and NGC 1961 (Anderson & Bregman 2011) over the archival data from Sakamoto et al. (2003), McGaugh (2005), Flynn et al. (2006),
Vikhlinin et al. (2006), Gavazzi et al. (2007), Walker et al. (2007), Stark et al. (2009), Sun et al. (2009), and Dai et al. (2010). The dotted line is the cosmological baryon
fraction measured from cosmic microwave background, and the dashed line is our best-fit broken power-law model for baryon losses. For massive spiral galaxies like
UGC 12591 and NGC 1961, the baryon loss is at least 70%.

composed by Dai et al. (2010), including the stacked results from
optically selected clusters (Dai et al. 2007, 2010), individual
galaxy clusters (Vikhlinin et al. 2006; Sun et al. 2009) corrected
for the stellar component (Dai et al. 2010), individual galaxies
(McGaugh 2005; Walker et al. 2007; Stark et al. 2009), elliptical
galaxies (Gavazzi et al. 2007) and the Milky Way (Sakamoto
et al. 2003; Flynn et al. 2006), and the recent addition of gas-rich
late-type galaxies (Begum et al. 2008; Trachternach et al. 2009)
composed by McGaugh (2011). This enables us to compare
the baryon loss across a large range of systems from dwarf
galaxies to rich galaxy clusters. For massive spiral galaxies
such as UGC 12591 and NGC 1961, their dark matter halo
masses are close to that of a medium galaxy group, and we find
that their baryon losses are comparable to the stacked results
for galaxy groups in Figure 10. For different systems such
as spiral galaxies and galaxy groups, the consistency between
their baryon fractions suggests that the baryon loss is ultimately
controlled by the potential well of the dark matter halo. However,
currently, we still lack constraints from individual galaxy groups
to confirm the stacking results of Dai et al. (2010).

The overall baryon fractions for all systems can be fit by a
broken power-law model (Dai et al. 2010). With the addition
of new measurements, especially from those gas-rich late-type
galaxies (Begum et al. 2008; Trachternach et al. 2009), we can
better fit the power-law slope for baryon fractions in less massive
systems. Thus, we re-fit the data with a broken power-law model
to find that

fb = 0.16(vc/643 km s−1)a

(1 + (vc/643 km s−1)c)b/c
, (1)

where a = 1.26, b = 1.24, and c = 2. The baryon fraction,
fb, scales as fb ∝ va−b=0.02

c above the break and fb ∝ va=1.26
c

below the break, and the parameter c in the equation is the
smoothness of the broken power-law model, which is fixed in
our fit. Comparing with the fit in Dai et al. (2010), we find the
major difference lies in the shallower slope fb ∝ v1.26

c for the

baryon loss in galaxies. We also find a larger break location and
a shallower slope for galaxy clusters.

4.4. Cooling of the Gas Halo

The gas halo is predicted to play an important role in galaxy
formation and evolution. With our detection of the gas halo
emission in UGC 12591, we can estimate the cooling time of
this hot halo and the implied accretion rate onto the galaxy,
which can provide constraints on the gas available for new star
formation. We define the cooling radius as the radius where the
cooling time is 10 Gyr, using the expression of the cooling time
(Fukugita & Peebles 2006),

τ (r) = 1.5nkT

Λne (n − ne)
≈ 1.5kT × 1.92

Λne × 0.92
, (2)

where the latter expression assumes a primeval He abundance
resulting in a total particle density of n = 1.92ne. For T =
106.85 K, Z/Z⊙ = 0.5, and Λ = 10−22.85 erg cm3 s−1

(Sutherland & Dopita 1993), the cooling radius is at ne =
6.8 × 10−4 cm−3. For the range of best-fit β-model profiles
constrained in this paper, this corresponds to a cooling radius
between 15.6 and 18.0 kpc, and a hot halo mass of 6.2–9.2 ×
108 M⊙ within that radius. We can roughly estimate the cooling
time and rate by dividing the thermal energy in the hot gas
within the cooling radius by the luminosity within that radius,
and this yields a wide range in cooling time of 2.8–6.3 Gyr for
material within the cooling radius, but a fairly narrow range in
the effective cooling rate of 0.15–0.21 M⊙ year−1. This halo
accretion rate is two orders of magnitude too low to assemble
the stellar mass of this galaxy within a Hubble time. Therefore,
significant accretion must have occurred via some other mode,
such as cold flows or mergers, to produce the stellar mass seen in
this galaxy today, confirming the conclusion drawn in NGC 1961
(Anderson & Bregman 2011).
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Supernova/AGN feedback?

• Supernovae and AGN release large energies.


• They probably heat surrounding ISM and drive outflow from galaxies.


• X-rays from outflowing hot gas are a direct tracer, and some extreme 
cases are actually observed (starburst galaxies, nearby AGNs). 


• How about in “normal” galaxies? Observational test is still on the way.

NASA/JPL-Caltech/STScI/CXC/UofA/ESA/AURA/JHU

M82: starburst wind Cen A: AGN jets & lobes

NASA/CXC/CfA/R.Kraft et al./MPIfR/ESO/APEX/A.Weiss et al./ESO/WFI



Target: the Milky Way Galaxy

Pros: 
- Proximity: resolve detailed structures & good 

photon statistics.

- Normal spiral galaxy:  moderate SFR & no AGN  

Cons: 
- We are in the MW: difficult to identify 

3D structure. 

-> but observed X-ray absorption 
columns give a hint.

NASA/Adler/U. Chicago/Wesleyan/JPL-Caltech

Sun

Andromeda galaxy

8 kpc~780 kpc

~30 kpc

~2 deg



All-sky view in near-infrared

2MASS



All-sky view in X-ray

ROSAT 3/4 keV band


Galactic Center



All-sky view in radio continuum
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2. Brief Review of Large-Scale Features in the Radio Sky

2.1. Overview

The radio sky is well depicted by the full-sky 408 MHz map [11,12], shown in histogram-equalized
form in Figure 4. The band of strong emission from the Galactic disk dominates, particularly in the
inner Galaxy within ⇠60� of the Galactic Centre. The emission is primarily due to synchrotron
radiation from cosmic rays accelerated by shock fronts in supernova remnants (SNRs) and pulsar wind
nebulae (PWN). Free-free radiation also contributes, particularly along the Galactic disk, due to high
mass OB-type stars ionizing the interstellar gas.

All radio surveys detect compact sources that are unresolved relative to the observation beam
size. In single dish surveys, the beam is typically several arcmin or degrees and therefore extragalactic
sources are nearly always unresolved (except for the LMC, SMC, Cen-A and M31) as seen by the
large number of bright point-like sources in Figure 4. Galactic sources (e.g., SNRs, PWN, HII regions,
molecular clouds) are also, in many cases, unresolved. Along the Galactic plane, the large number of
Galactic source are integrated both along the line-of-sight and within the relatively large beams of radio
telescopes, making it difficult to detect single objects against the truly diffuse radiation, which is emitted
by the diffuse interstellar medium around and in between active regions. The exact ratio of these two
components depends on the beam size, position in the Galaxy, and to some extent on what is defined
as a source (as opposed to diffuse emission). Still, studies of large-scale vs. small-scale emission in the
plane suggests that the two components are comparable at radio/microwave frequencies i.e., about
half of the emission on large-scales (e.g., [21,22]).

Figure 4. The reprocessed desourced and destriped full-sky 408 MHz intensity map at 1� angular
resolution [11,12]. The colour scale is histogram equalized to highlight bright and faint features.
The four main Galactic loops (I–IV) are highlighted, but in places are difficult to trace in intensity.
Other bright features are annotated.

The emission from the Galactic disk can be seen to trace the spiral arms, which enhance the
intensity at longitudes that traverse a spiral arm, including l = ±90� looking down our own spiral arm.
Outside of the spiral arm structure and local features above the Galactic plane, the distribution with
Galactic latitude can be approximated by the plane-slab model, which yields a cosecant dependance
on the latitude, i.e., T µ 1/sin(b). Interestingly, as shown in Figure 5, the width in latitude of the
diffuse emission of low-frequency synchrotron radiation appears to be broader than that of the gas and
dust as traced by the stars, free–free radiation and even thermal dust emission [22]. At higher radio
frequencies, the synchrotron width appears to be narrow suggesting that there is an older population of
CR electrons in the inner plane, perhaps related to previous stages of star formation in the Galactic bar.
The Gould Belt system is a ring of star formation, which is most visible near the Solar neighbourhood

Dickinson 18



Fermi bubbles: Gamma-ray counterpart? 

• Fermi satellite found GeV gamma-ray bubbles above/below the Galactic center

Gamma-ray view - image

• Fermi bubbles (Su+’10; Dobler+’10; Ackermann+’14) 

• Fermi bubbles dominate the residual emission at >1GeV,  
while Loop I is clearly seen at <1GeV (e.g., Casandijian & Greiner ’09).

The Astrophysical Journal, 793:64 (34pp), 2014 September 20 Ackermann et al.

Figure 12. Left: histogram of pixel counts. Solid blue line: total counts for the residual map in Figure 11. Green dash-dotted line: counts inside the elliptical region
including the bubbles. Red dashed line: counts outside the elliptical region. Cyan dotted line: Gaussian fit to the background counts in the outside region. The width
of the distribution is σBG = 1.6, which is larger than the Gaussian noise due to unresolved residual features on the map, such as faint point sources and structures in
the Galactic diffuse emission not included in the model. Black dashed vertical line: the threshold level of 2.5σBG used to determine the template of the bubbles. Right:
the template of the bubbles determined by applying the threshold to the residual significance map.
(A color version of this figure is available in the online journal.)

Figure 13. Soft and hard spectral components of the residuals between 700 MeV and 10 GeV. Left: soft component ∼E−2.4. Right: hard component ∼E−1.9. The
maps are in significance units. Dashed ellipses: regions that include Loop I and the bubbles.
(A color version of this figure is available in the online journal.)

has to minimize the χ2

χ2 =
E bins∑

i

pixels∑

j

(Dij −
∑

m FimTmj )2

σij
2

. (10)

The only effect of this more general derivation is an inclusion
of a factor (1/σij

2) in all sums over energy bins and over pixels
in Equation (9).

We assume that the residuals between 0.7 GeV and 10 GeV
are dominated by two components: hard and soft components
corresponding to the bubbles and Loop I, respectively. We
estimate the spectrum of the soft component from residuals
outside the region of the Fermi bubbles: 45◦ < b < 60◦ and
285◦ < ℓ < 330◦. A power-law fit in this region has a photon
index of 2.4. The spectrum of the hard component is determined
from the residuals near the southern edge of the Fermi bubbles:
−55◦ < b < −40◦ and −15◦ < ℓ < 15◦. A power-law fit
in this region has a photon index 1.9. Thus, to determine the
Loop I template we use Fsoft ∝ E−2.4, and for the template
of the bubbles we use Fhard ∝ E−1.9. The corresponding hard
and soft components are shown in Figure 13. To check the
systematic uncertainty we vary the indices in the definitions of
the templates in Section 4.4.

The templates in Equation (9) can be written as a linear
combination of the residual maps

Tmj =
∑

i

kmiDij , (11)

where i labels the energy bins, j labels the pixels, and m labels
the emission components (Loop I and the bubbles). kmi are linear
decomposition coefficients. The cuts are relative to the standard
deviation outside the regions containing the bubbles and Loop I.
The standard deviation of the linear combinations of maps in
Equation (11) is the root mean square of the standard deviations
of the terms in the linear combination

σmj (T ) =
√∑

i

k2
miσ

2
ij , (12)

where σij is the statistical uncertainty of the data in energy bin
i in pixel j (derived from the square root of the observed photon
counts). The templates of the bubbles and Loop I are derived
by applying threshold cuts of 2σBG and σBG to the spectral
components maps, which are chosen from the comparison of
the background pixel counts to the pixel counts in the Loop I
and the bubbles regions (Figure 14). We note that both methods
considered in this work give comparable results for the template
of the Fermi bubbles (Figures 5, 12, and 14).
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Ackermann+’14

Soft residual = Loop-I Hard residual = Fermi Bubbles
Fermi bubbles



All-sky view in X-ray

ROSAT 3/4 keV band
 North Polar Spur + Loop-I + Fermi bubbles

Galactic Center

Galactic Halo

Energy band & resolution are limited in ROSAT (promotional counter)

-> High quality imaging spectrometer (CCD) is necessary to derive physical parameters.



Suzaku X-ray observatory 

Name FoV Spatial 
resolution

Energy 
resolution

Effective area

@1.5 keV

Relative 
background level

Suzaku 18’ 120” 130 eV 1000 cm2 1

Chandra 1’ 0.5” 200 eV 600 cm2 2-5

XMM-
Newton 30’ 15” 130 eV 1200 cm2 2-5


on flare >10

Swift 24’ 18” 140 eV 110 cm2 1

Comparison between CCDs in different X-ray satellites

S26 K. Koyama et al. [Vol. 59,

2.4. Heat Sink and Thermo-Electric Cooler (TEC)

A three-stage thermo-electric cooler (TEC) is used to cool
the CCD to the nominal operating temperature of −90◦C. The
cold-end of the TEC is directly connected to the substrate
of the CCD, which is mechanically supported by 3 Torlon
(polyamide-imide plastic) posts attached to the heat sink. The
heat is transferred through a heat pipe to a radiator panel on the
satellite surface, and is radiated away to space. The radiator
and the heat pipe are designed to cool the base below −40◦C
under the nominal TEC operating conditions. Figure 5 is a
photograph of the inside of base with the frame-store cover
shield removed. Since the TEC is placed under the CCD, and
the heat pipe is running under the base plate, these are not seen
in figure 5.

2.5. Radiation Shield

The performance of any CCD gradually degrades due to
radiation damage in orbit. For satellites in low-Earth orbit like
Suzaku, most of the damage is due to large fluxes of charged
particles in the South Atlantic Anomaly (SAA). The radia-
tion damage increases the dark current and the charge transfer
inefficiency (CTI). The XIS sensor body provides radiation
shielding around the CCD. We found from the ASCA SIS
experiment that radiation shielding of > 10 g cm−2 equivalent
Al thickness is required. The proton flux density at 2 MeV on
the CCD chip through 10gcm−2 of shielding is estimated to be
∼ 2× 103 protonscm−2 MeV−1 d−1 in the Suzaku orbit (same
as the ASCA orbit) at solar minimum.

3. On-Board Data Processing

3.1. XIS Electronics

The XIS control and processing electronics consist of
AE/TCE (analog electronics/TEC control electronics) and DE
(digital electronics). The DE is further divided into PPU (pixel
processing unit) and MPU (main processing unit). Two sets of
AE/TCE are installed in each of two boxes, respectively, called
AE/TCE01 and AE/TCE23. Similarly, 4 PPUs are housed
in pairs, and are designated PPU01 and PPU23, respectively.
AE/TCE01 and PPU01 jointly take care of XIS 0 and XIS 1,
while AE/TCE23 and PPU23 are for XIS 2 and XIS 3. One
unit of MPU is connected to all the AE/TCEs and PPUs.

The AE/TCE provides the CCD clock signals, controls the
CCD temperature, and processes the video signals from the
CCD to create the digital data. The clock signals are generated
in the AE with a step of 1/48 pixel cycle (∼ 0.5µs) according
a micro-code program, which is uploaded from the ground.
The pixel rate is fixed at 24.4µs pixel−1. Therefore one line,
consisting of 4 under-clocked pixels, 256 active pixels, and
16 over-clocked pixels, is read out in about 6.7 ms. The CCD
output is sampled with 16-bit precision, but only 12 bits are
sent to the PPU. The 12 bits are selected to cover the full energy
scale of ≃ 15 keV in the normal setting of the gain. The full
energy scale of ≃ 60 keV can also be selected in the low gain
mode.

The AE/TCE controls the TEC (thermo-electric cooler) to
generate a temperature difference of ∼ 50◦C relative to the
base, while keeping the CCD chip at −90◦C. The AE/TCE

Fig. 5. The CCD and heat sink assembly installed in the base. The
cover shield is removed in this picture.

can also supply reverse current to the TEC, to warm up the
CCD chip in orbit. The CCD temperature may be raised a few
tens of ◦C above that of the base. In practice, the requirement to
avoid excessive mechanical stresses due to differential thermal
expansion of the copper heat sink relative to the alumina CCD
substrate imposes an upper limit on CCD temperature in this
mode. For example, with the heat sink at a typical operating
temperature of −35◦C, we have adopted a maximum allow-
able CCD temperature of about + 15◦C. The CCD temperature
upper limit is higher at higher heat sink temperatures.

The PPU extracts a charge pattern characteristic of X-rays,
called an event, after applying various corrections to the digital
data supplied by the AE/TCE. Extracted event data are sent to
the MPU. Details of the event extraction process are described
in subsection 3.3. The PPU first stores the data from its
AE/TCE in a memory called the pixel RAM. In this process,
copied and dummy pixels1 are inserted in order to avoid a
gap in the event data at segment boundaries, to ensure proper
event extraction at segment boundaries and to enable identical
processing of all segments of the data. The raw data from
AE/TCE may include a pulse height (PH) offset from the true
zero level due to dark current, small light leakage through the
OBF, and/or an electric offset. Since the offsets depend on
the CCD position and time, offset corrections are also position
and time dependent. To reduce the computing power and time
required for such corrections, the offsets are divided into two
parts, dark-level and light-leak. The dark-level is the average
output from a pixel with no irradiation of X-rays or charged
particles. The dark-level is determined for individual pixels,
and is up-dated by command only after each SAA passage in
1 The data of each CCD segment are transferred through independent lines

from the AE/TCE to the PPU, and are processed in parallel by the same
processing scheme in the PPU. For a proper event extraction at the
segment boundary, the data in the two columns of the adjacent CCD
segments must be used. Therefore hard-wired logic is installed to “copy”
the two column data in the adjacent CCD segments to the proper locations
in the PPU pixel RAM. These are called as “copied pixels”. In the case
of outer boundaries of segments A and D, such “copied pixels” can not be
prepared. Instead, two columns of zero data are prepared in the PPU pixel
RAM. These are called “dummy pixels” in the PPU pixel RAM.

XIS

5 cm

(a) XRT module (b) ReflectorsXRT

40 cm

• Japanese 5th X-ray astronomy satellite launched in 2005

• X-ray telescope + X-ray CCD (& non-imaging hard X-ray detector )

• Good spectroscopic performance, large effective area, and very 

low instrumental background

The highest sensitivity and spectroscopic performance for diffuse source



Suzaku view of the Galactic Center

120 deg 

~ 17 kpc

ROSAT 3/4 keV

0000 0.00002 0.00006 0.00015 0.00031 0.00065 0.00131 0.00264 0.00531 0.01059 0.02

Suzaku 

1-3 keV

Sgr A* (~1033 erg/s)

3.5 deg ~ 500 pc

Extended X-ray features were discovered by Suzaku

Etot ~1052 erg



X-ray spectroscopy of the diffuse hot gas
X-
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RRCs from Si & S

line from H-like Si 
• RRCs are enhanced -> recombination 

process is dominant in the plasma (non-
equilibrium, recombining plasma)

SN+13

background

recombining plasma model

• Detect emission lines from highly ionized 
elements -> thin thermal plasma

ionization equilibrium model

kT

equilibrium

(t >105 yr)

electron temp.

under-ionized state

-> nominal in diffuse hot gases

time

over-ionized -> requires external factor 
(adiabatic expansion, photo-ionization)


Ne Mg
Si

S
Ar

free-free (bremsstrahlung) -> electron temp.

free-bound (RRC) -> ionization degrees

bound-bound (line) -> metallicity

absorption due to ISM -> distance

• Fit with a collisional ionization plasma model

NH ~ 7 x 1021 cm-2 -> GC distance

kTe ~ 0.5 keV, Z ~ 0.8 Zsun,

nt ~ 5 x 1011 s cm-3 (n ~ 0.1 cm-3, t ~ 0.1 Myr)

Required energy input is >1039 erg/s

-> Past (0.1 My ago) explosion event is necessary.

Starburst or Sgr A* flare ?



NPS + Loop-I + Fermi bubbles

ROSAT 3/4 keV band
 North Polar Spur + Loop-I + Fermi bubbles

Galactic Center



X-ray spectrum of NPS

LHB kT = 0.1 keV

w/o absorption

Galactic ISM NH from HI obs.

NPS

CXB

kT ~ 0.3 keV

w/ absorption

Γ = 1.45

w/ absorption

Spectra are represented by 3 components 

X-ray Observations and Analysis

� In the case where NH is left free, Large NH ≥ 𝑁𝐻,𝐺𝑎𝑙 is required. 
Because of large errors, we fixed NH to Galactic value in latter fitting.

8

� Spectra of all the field are well represented by
[1] thermal plasma with kT ~ 0.1 keV LHB + SWCX 
[2] thermal plasma with kT : free Galactic halo w/abs
[3] Power law  G ~1.41                         CXB w/abs

Energy (keV) GH:  Emission Measure

𝐍𝐇/𝐍𝐇,𝐆𝐚𝐥LHB
NPS

CXB



X-ray survey across Fermi bubbles

• Ubiquitous kT ~ 0.3 keV plasma with NH ~ NGal as same as NPS.


• Significant enhancement of EM near the bubbles’ edge. -> compression of GH?


• Assuming shock compression of ~0.2 keV GH, expansion velocity is ~300 km/s.

Galaxies 2018, 6, 27 9 of 20

and the other model is the plane-parallel disk-like model [68]:

n(z) = n0exp
✓
� z

hn⇠

◆
(3)

where z is the vertical distance from the Galactic plane, n0 is the density at the Galactic plane, hn is
the scale height, and ⇠ is the volume filling factor. By fitting the observed EM to the two models,
Nakashima et al. [67] argued that the plane-parallel disk-like morphology is preferred over the spherically
symmetric morphology for the hot halo.

4.2. Interaction between Halo Gas and Fermi Bubbles

With the above a priori knowledge of the Galactic halo gas, Kataoka et al. [34] made the first attempt
at linking the Fermi bubbles and Galactic halo gas. Figure 7 presents their systematic and uniform analysis
of archival Suzaku (29 pointings; 6 newly presented) and Swift (68 pointings; 49 newly presented) data
within Galactic longitude |l| < 20� and latitude 5� < |b| < 60�, covering the full extent of the Fermi
bubbles. They found that the plasma temperature is constant at kT~0.30 ± 0.07 keV, while the EM varies
by an order of magnitude, increasing toward the GC (i.e., low |b|) with enhancements at the NPS,
the SE claw, and the NW clump. Moreover, the EM distribution of the kT~0.30-keV plasma is highly
asymmetric between the northern and southern bubbles. They compared the observed EM properties
with two simple models: (i) a filled halo without bubbles, the gas density of which follows a hydrostatic
isothermal model [see Equation (1)], and (ii) a bubble-in-halo in which two identical bubbles expand
into the halo, forming thick shells of swept-in halo gas. The configuration of the bubble-in-halo model
is shown in Figure 8. The observed EM distributions along the Galactic latitude of the two models are
compared in Figure 9. Kataoka et al. argued that the EM profile in the north (b > 0�) favors model (ii),
whereas that in the south (b < 0�) is rather close to model (i). However, a weak excess signature is clearly
detected in the southern NPS [denoted South Polar Spur (SPS)]. Such asymmetry, if due to the bubbles,
cannot be fully explained by the inclination of the axis of the bubbles with respect to the Galactic disk
normal, thus suggesting asymmetric outflow due to different environmental and initial conditions.

 

Figure 7. (left) Positions, in Galactic coordinates, of the 29 Suzaku (circles) and 68 Swift (crosses) X-ray data
fields overlaid on a ROSAT 0.75-keV image [34]. Dashed lines indicate the boundary of the Fermi bubbles,
as suggested in [17]. (right) Variation in the spectra-fitting parameters EM and kT for the APEC model.
The parameters for the NPS, enhanced ridge, and clumps are shown in red [34].
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Galactic value toward in the line-of-sight direction), confirmed
by our analysis of the newly acquired Suzaku data, seems to con-
flict with the idea that the NPS is a local phenomenon. Willingale
et al. (2003) mention that the halo and NPS components lie be-
hind at least 50% of the line-of-sight cold gas for which the total
Galactic column density in the range (2–8) × 1020 cm−2, and
attributed this high NH to the cold gas distribution in the wall lo-
cated at 15–60 pc. However, the presence of such a wall between
the LB and NPS is not confirmed, but was rather an assumption
made in order to not conflict with their local model. Miller et al.
(2008) also reported high levels of NH but no discussion about
the origin of such large amount of cold gas; throughout, they as-
sumed that the NPS is a local structure based on the interstellar
polarization feature and the H i features, both of which cannot,
however, be taken to strongly support the local interpretation as
we previously discuss.

Moreover, the inspection of the ROSAT maps indicates that
the X-ray emission from the NPS is heavily absorbed at 1.5 keV
at low Galactic latitudes (e.g., Snowden et al. 1995), i.e., from
the Galactic plane up to b ≃ 10◦. This requires hydrogen
column densities as large as !5 × 1021 cm−2. Meanwhile,
any accumulation of neutral gas within a 100 pc distance by
an expanding shock wave should amount to no more than
NH ≃ 3×1020 cm−2. Therefore, it seems reasonable and natural
to consider the kT ≃ 0.3 keV plasma component detected in
our Suzaku observations of the northeast and southern Fermi
Bubbles’ edges is essentially the same as the plasma component
seen in the previous observations of the NPS, having the similar
temperature, kT ≃ 0.3 keV. Yet it is difficult to conclude if the
NPS is physically associated with the GH, because as previously
emphasized, the derived temperature of this component is
slightly higher than the “canonical” kT ≃ 0.2 keV value
claimed for the GH gas (Yao & Wang 2005; Yao et al. 2009,
2010; Yoshino et al. 2009; Henley et al. 2010; Henley &
Shelton 2013). In contrast, this discrepancy can be explained as
a signature of gas heating by the expanding bubble structure,
which drives a low-Mach number shock in the surrounding
medium (for a high-Mach number case see, Guo & Mathews
2012; Guo et al. 2012). We return to this issue in Sections 4.3
and 4.4.

Last, let us comment in this context on the aforementioned
jump in the EM of the hot gas component at the northeast bubble
edge. Here we propose that the observed 50% decrease in EM is
likely due to projection effects related to a cavity inflated by an
expanding bubble in the GH environment. Namely, assuming
that the Fermi Bubbles are characterized by sharp edges and
are symmetric with respective to the observer’s line of sight,
a shell of the evacuated gas is expected to form an envelope
around the expanding structure. A projection of the emission
of this shell onto the bubbles’ interior should then result in
the same temperature plasma component (here kT ≃ 0.3 keV)
being observed from both within and around the bubbles even
if they are devoid of any thermal component, but only with the
enhanced emissivity just outside the bubbles’ edges. To estimate
the exact shape of the EM profile requires detailed modeling of
the emissivity profile as proposed to model the radial profile
of shell-type SNRs (e.g., Berezhko & Völk 2004), which is
beyond the scope of this paper. Instead, we consider a simple
2-dimensional toy model in which the uniform gas is confined
in a donut region between Rin and Rout, where Rin ≃ 4 kpc is the
radius of the bubble and the observed EM is simply proportional
to the path length of gas along the line of sight. Within such a
toy model, a 50% drop of EM can be explained if the width of

Figure 8. SED of the Fermi Bubbles fitted with the one-zone leptonic model
(blue curve). We assumed the magnetic field intensity B = 12 µG within
the bubbles, and the emission volume V = 2 × (4/3)πR3 with radius
R = 1.2 × 1022 cm. Full details are given in Section 4.3. The GeV data points
correspond to the emission of the entire bubbles’ structure, following Su et al.
(2010). The radio data points corresponds to the WMAP haze emission averaged
over b = −20◦ to −30◦, for |l| < 10◦. The bow-tie centered on the 23 GHz
K-band indicates the range of synchrotron spectral indices allowed for the
WMAP haze, following Dobler & Finkbeiner (2008). The red dashed line denotes
the observed CXB level, and the solid line indicates the Suzaku upper limit for
the bubbles’ non-thermal X-ray emission, <9.3 × 10−9 erg cm−2 s−1 sr−1

in the 2–10 keV energy range, corresponding to ∼15% of the CXB level.
(A color version of this figure is available in the online journal.)

the outer shell of the bubble, Rout − Rin ≃ 2 kpc, i.e., is twice
smaller than the bubble radius.

4.3. Thermal versus Non-thermal Plasma

In the spectral fitting of the newly acquired Suzaku data,
we did not detect any excess non-thermal emission associated
with the bubbles, at least at the level exceeding the expected
∼10% fluctuations in the CXB. Figure 8 shows the SED of the
Fermi Bubbles, from radio to GeV γ -ray, with the corresponding
X-ray upper limit. The GeV data points correspond to the
emission of the entire bubbles’ structure following Su et al.
(2010). In our modeling, we assumed a simple one-zone leptonic
model in which the radio emission and GeV γ -ray emission
arise from the same population of relativistic electrons through
the synchrotron and inverse-Compton (IC/CMB) processes,
respectively (e.g., Su et al. 2010). We are aware that detailed
modeling requires also the IC contributions from the dust
and starlight, i.e., far infrared and optical/UV backgrounds 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 must be taken when including
these additional sources of seed photons. The interstellar stellar
radiation field has energy density of ∼1 eV cm−3, comparable to
that of the CMB, but its contribution is more significant closer to
the disk and as such, the conclusion is not significantly affected
at high galactic latitudes. In fact, Mertsch & Sarkar (2011,
Figure 2 therein) demonstrated that the IC/CMB contribution
is most significant up to 10 GeV in the Fermi-LAT data.

For the electron energy distribution we assume a standard bro-
ken power-law form Ne(γ > γmin) = N0 γ −s (1 + γ /γbrk)−1 ×
exp[−γ /γmax], with the injection index s = 2.2, and the
minimum and maximum electron Lorentz factors set to γmin =
2000 and γmax = 108, respectively. The parameter γbrk = 106

is the characteristic energy above which the electron spectrum
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FB Non-thermal (leptonic SED model)

NPS Thermal (X-ray hot gas)

Kataoka+13, see also Ackerman+14

• B = 12 μG                           
(UB = 5.7×10-12 erg/cm3)


• Ue,non-th = 1.4×10-12 erg/cm3


• Pnon-th ~ 2×10-12 erg/cm3


• Spherical radius ~ 4 kpc


• Enon-th ~ 1056 erg

• Pth ~ ne kT ~ 3×10-12 erg/cm3 

we assume n ~ 5×10-3 cm-3, kT ~ 0.3 keV


• Eth ~ Pth V ~ 1056 erg 

we assume thickness of envelop is ~1/2 of bubble radius ~2 kpc

Approximately 
Equipartition

Sync-IC/CMB



HD simulations

• Sofue+16: Hyper-shell model with E ~ 4×1056 erg and t ~ 10 Myr. 

-> Reproduces kT ~ 0.3 keV shell that agrees with the X-ray observations.


• Sarker+18: Different halo gas density between north and south (by ~20%) 

-> Reproduces X-ray asymmetry between north and south.

4 Sarkar

 0

 10

 20

 30

 40

 50

 60

-30-20-10 0 10 20 30

la
tti

tu
de

 (o )

Longitude (o)

North Bubbles
South bubble

Figure 2. The outer edge of the FBs taken from Su et al. (2010).
The southern bubble has been inverted in latitude to compare it
with the northern bubbles. There is a clear signature that the
southern bubble is ≈ 5◦ bigger than the northern one.

3 RESULTS AND DISCUSSION

The evolution of density for fh = 1/3 has been shown in Fig-
ure 1. As can be seen, the structure of the outflowing gas
is similar to a wind driven shock as studied by Castor et al.
(1975); Weaver et al. (1977). In the inner part, it contains a
free wind region which undergoes a reverse shock shortly.
The wind material extends till the contact discontinuity
(CD) beyond which the shocked CGM continues till the OS.
Since the mass injected by the SNe driven wind is very small,
the region inside the CD has low density gas which makes
it suitable for hosting a X-ray cavity. Note that the γ-ray
or radio emission, on the other hand, depend on the CR en-
ergy density which is dependent on the presence of shocks
and turbulence. Given that there is a reverse shock (Mach
∼ 10) and a turbulent medium inside, it is likely that this
region hosts high energy cosmic ray electrons and, therefore,
produce the observed FBs or the microwave haze. This ar-
guments were used by (Mertsch & Sarkar 2011, SNS15) to
assume that the FBs can be represented by the inner bub-
ble extending all the way till the CD. Due to the lack of
cosmic ray physics in the current simulations, I also follow
the same arguments. While this argument is persuasive and
likely true, a better understanding should, in any case, be
built by performing numerical simulations including both
CR physics and magnetic field.

Based on the above arguments, the age of FBs is the
time when the CD reaches ≈ 50◦, i.e. tage ≈ 28 Myr as can
be seen in the third panel of figure 1. Note that, here tage is
taken when the northern FB reaches 50◦ (observed size of
the northern FB). The southern bubble, however, appears
to be ≈ 7◦ bigger in latitude. It is indeed interesting to note
that although both the observed FBs are considered to be
of similar size, a careful look at these bubbles reveal that
the southern bubble is ≈ 5◦ bigger than the northern one. In
Figure 2, I re-plotted the outer edge of the FBs (taken from

Figure 3. Soft X-ray (0.5 − 2.0 keV) sky map in aitoff projec-
tion generated at tage = 28 Myr. NPS and Loop-I like features are
clearly visible in the northern hemisphere compared to southern
hemisphere. The surface brightness compares well with the ob-
served values in rosat R6R7 band. The outer edge of the FBs
have been over-plotted (blue solid lines) for visual comparison. A
uniform background of 5 × 10−9 erg s−1cm−2 Sr−1 (comparable to
≈ 10−4 counts s−1 arcmin−2 in rosat R6R7 band) has been added
to account for the observed diffuse X-ray background/foreground.

Su et al. 2010) to establish this point. The figure shows a
consistently larger southern bubble in all directions except
in the bottom left part which may occur due to local density
variation.

3.1 X-ray sky map

As mentioned in earlier discussion, the projection effects are
very important while comparing simulations with observa-
tions of large structures in our Galaxy. I have made use of
the module pass2 to produce proper projection effects at the
Solar location.

Figure 3 shows 0.5 − 2.0 keV X-ray sky map generated
at tage = 28 Myr from simulations 3 with CGM rotation of

fh = 1/3 4 It shows the presence of features very similar
to the NPS and Loop-I in the northern hemisphere along
with the absence of these features in the southern part. A
lower density in the southern hemisphere affects the surface
brightness in two ways. Firstly, a 20% lower density means a
∼ 40% drop in X-ray brightness since the emissivity is ∝ n2.
Secondly, due to a lower density the shock runs faster in the
southern part and at t = tage, the OS just crossed us while
the northern shock is still in front of us. Once we are inside
shock, the projection effects makes it hard for us to detect
any such shock in the southern hemisphere.

The NPS, as seen in the current simulations, is not sim-
ply the shell that extends from the CD to the OS (in contrast
to what was seen in SNS15). As can be noticed in Figure 1
that there are few shocks present inside the CD and the OS.
Although, the presence if these shocks are not expected from

2 Projection Analysis Software for Simulations (pass)
described in SNS17. This code is freely available at
https://github.com/kcsarkar/.
3 An extended box of 200 kpc is also included to account for the
emission beyond the computational box. The density asymmetry
in the SGH, however, iss considered only till 50 kpc.
4 See appendix for maps with CGM rotation of fh = 1/2 and 2/3.

MNRAS 000, 1–7 (2018)

Sofue+16 Sarker+18

NPS

Explosion (starburst of Sgr A* flare ) in the GC is origin of X-ray features (and Fermi bubbles)



Galactic hot gaseous halo

ROSAT 3/4 keV band
 North Polar Spur + Loop-I + Fermi bubbles

Galactic Center

Galactic Halo

Cosmic X-ray background (superposition of AGNs) explains only 50% of the observed flux



Observations of Galactic Halo

•Uniform analysis of the soft diffuse X-ray emission of 107 fields 
observed with Suzaku at 75° < l < 285°



X-ray spectrum of GH
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Spatial density distribution of GH
Disk-like?

• z ~ 1-5 kpc  (thick disk-like)

• outflows from the disk?

Yao+09; Hagihara+10; Sakai+14
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 Spherical? Miller+13,15; Li+17

• β ~ 0.5, rc ~ 2 kpc  (thin spherical)

• accretion of intergalactic medium?
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•EM spatial distribution 
depends on the GH gas 
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Emission measure distribution

• Scatter is large but roughly follows 
the disk model 


• Fitting with “disk”+“spherical” 
model shows that “disk” is 
dominant component.


• Note: emission is biased toward 
high density regions. Integrated 
mass is dominated by spherical 
model.
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disk: n0 ~ 4×10-3 cm-3, 

R0 ~ 7 kpc, z0 ~ 2 kpc

spherical: nc ~ 1×10-3 cm-3, 

rc ~ 2.4 kpc, β ~ 0.5

Disk component is clearly shown in X-ray emissions.

Spherical component is not excluded (might be “disk + spherical”)

(disk ~ 107 Msun, sphe ~ 109 Msun)



Origin of the disk-like hot halo gas

• [O/Fe] is larger than the solar value => significant contribution of the core-collapse 
SNe (but uncertainty is very large in the CCD spectral resolution).


• Multiple SNe at star-forming regions make a super bubble and “chimney” of hot 
gas outflows (Norman & Ikeuchi 89).
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FIG. 5.- A sketch of some of the obvious qualitative aspects of the halo structure in the chimney model. The observational characteristics and effects on galaxy 

evolution of these disk-halo connections are discussed in§§ IV and V. 

tained in the Galactic disk. This forced magnetic flux circula-
tion will change the nature of the standard rx-w disk dynamo 
(Parker 1971; Field, Norman, and Ikeuchi 1989). 

c) Cosmic Rays 
The chimney model gives a realistic basis for the convection-

diffusion model for cosmic-ray propagation since simulta-
neously, convective propagation occurs in the chimneys and 
diffusive propagation takes place in the hot pervasive halo. 
Canonical estimates for the convective flow velocity in a halo 
with a 10% filling factor for chimneys is of order - 102 km s- 1, 

and the convective scale length is approximately 1-3 kpc. Two 
components of the cosmic-ray flux may arise naturally. One 
component is a local, short-lived, highly spallated ( > 10 g 

Ha£o 

Disk 

em - 2) population that is associated with the esentially two-
phase disk and a long-lived component that resides mainly in 
the halo and consequently interacts with a low grammage of 
material. 

d) Observations of Nearby Galaxies 
Many of the characteristic properties of our model can be 

observed in nearby galaxies. We shall note here a few such 
cases. M31 has hundreds of H 1 holes (Brinks 1984) that are 
presumably an indication of the presence of superbubbles, so 
we assume that M31 has of order 102-103 chimneys. Walls of 
chimneys like Heiles's observation of worms in our Galaxy 
should also be seen in M31. Moreover, the vertical dust lanes 
in M31 can be considered to be the walls (Sofue 1988). The 

* 

-z...chimney Wall 

I kpc 

2 

z 
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FIG. 6.-Probing the structure of chimneys in our Galaxy by utilizing various absorption sight lines. Highly ionized ions, intermediate and low ionized ions, and 
H I component coexist in the halo. 
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Future Prospects

Abundance Measurements?

• So, what is the origin? Starburst? SMBH? What is the emissoin mechanism? 
Leptonic? Hadronic? 

• Metal abundance will be a smoking gun. 

• Starburst scenarios will make more metals than AGNs. 

• Future high resolution spectroscopy can measure the abundance.

56-6 Publications of the Astronomical Society of Japan (2015), Vol. 67, No. 3

Fig. 1. Simulated ASTRO-H/SXS spectrum of the Fermi bubbles with 200 ks exposure. The data represents the expected performance by SXS, while
the black, red, blue, and purple curves represent contributions from all components, the Fermi bubbles, the local hot bubble, and the cosmic X-ray
background. We assume the spectral parameters of the N-cap off region observed by Suzaku with the emission measure of 0.12 cm−6 pc (Tahara
et al. 2015), but we set the temperature of 0.3 keV and the metallicity of 0.45 Z⊙ for the bubbles. [O/Fe] and [Ne/Fe] for the bubbles are set to be
zero, i.e., the solar abundance ratios. If more metals exist in the bubbles, stronger line emissions are expected. The position of each line element is
indicated in the figure.

future X-ray missions will enable us to understand the
origin of the bubbles through their elemental abundances.

For continuous injection models, we do not take into
account the thermal conduction effect. As hot outflow gas
exists behind the contact discontinuity, compressed gas
can be heated up by the thermal conduction and flow
behind the contact discontinuity. The abundance of the gas
behind the contact discontinuity would be smaller than esti-
mated. The thermal conduction time scale is given as tcond

≃ 108(n/4 × 10−3 cm−3)(lT/1.6 kpc)2(kT/0.3 keV)−5/2 yr
(Kawasaki et al. 2002), where n is the gas density taken from
Kataoka et al. (2013), lT is the thermal conduction length,
assumed to be the thickness of the compressed region, and
kT is the gas temperature, set to be 0.3 keV (Kataoka et al.
2013). Since the age of the bubble is expected to be of the
order of 10 Myr for the leptonic SF and leptonic AW sce-
narios, the results will not significantly change. However,
in the case of the hadronic SF scenarios, the age would
be comparable to the thermal conduction time scale. The
actual abundance would be lower than that estimated in
this letter.

We assumed that the interior of the bubbles is
described by a single temperature. In nearby starburst
galaxies, observed X-ray emitting gas is composed of
multi-temperature plasma (Strickland et al. 2002). Single

temperature modelling may result in erroneous abundance
measurements. Here, the physical scale of the observed
regions of the nearby starburst galaxies extends to ∼ 3 kpc
(Strickland et al. 2002), while that of the field of view
(FoV) of Suzaku/XIS and ASTRO-H/SXS at the GC is
∼ 40 pc and ∼ 7 pc, respectively. The expected tcond in
the observable regions of the bubbles by Suzaku/XIS and
ASTRO-H/SXS becomes much shorter than the age of
the bubbles. Thus, single-temperature models work for
the bubbles for pointing X-ray observations. Further-
more, the current X-ray spectra of the bubbles are well
described by a single-temperature model (Kataoka et al.
2013, 2015; Tahara et al. 2015), although stacking anal-
ysis of the northern cap region indicates the possible exis-
tence of another 0.7 keV plasma (Tahara et al. 2015). With
ASTRO-H/SXS, we can observationally distinguish another
temperature component by comparing the temperature
based on a single-temperature spectral fit and that based
on line ratios in each field.

Non-thermal X-ray emission may underlie the thermal
component as non-thermal emission is observed in
radio and gamma-rays. Significant contribution of non-
thermal emission may be crucial for deriving abun-
dances. Kataoka et al. (2013) observationally constrained
the non-thermal flux associated with the bubbles as
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X-Ray Astronomy Recovery Mission (XARM)

(Almost) a copy of Hitomi

No HXI/SGD

To be launched in 2021

SXS ➔ Resolve
SXI ➔ Xtend

XRISM (JAXA & NASA mission)
• to be launched in 2021

• x30 energy resolution of CCD (like Hitomi) 

• precise measurements of metal 

abundance and ionization state.

Athena (ESA mission)
• to be launched in early 2030s

• higher spatial resolution than that of 

XRISM

• observation of other galaxies
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 X-rays also probe the most highly ionized component of feedback flows from AGN, which can dominate in terms of 
energy and mass flux, by detecting highly ionised material via absorption line spectroscopy (Figure 1). This material is 
invisible at other wavelengths. Current studies of these phenomena are largely limited to the local Universe. The high 
throughput of Athena+ will enable detailed X-ray spectral studies of AGN up to z~4, including the prevalence and 
energetics of these feedback flows, for the first time. 

Having identified the key evolutionary stage via X-ray spectroscopy, future observatories that focus primarily on galaxy 
properties will provide the necessary complementary information (e.g. morphology, star formation) to understand the 
link between black hole growth and galaxy formation when the Universe was experiencing its most active phase. 

The same surveys, designed to yield significant samples of relatively rare populations (e.g. high z or Compton thick 
AGN), will also yield of order 600,000 mildly and unobscured AGN at all redshifts. This will enable detailed statistical 
investigations, e.g. of AGN host galaxies, clustering, and the link between black hole accretion and large scale structures 
as a function of redshift, luminosity or obscuration. The huge improvement in sample sizes will open up a new 
discovery space in supermassive black hole studies, similar to the progress achieved in galaxy evolution work when huge 
datasets (e.g. SDSS) became available (e.g. the discovery of star-formation main sequence, galaxy colour bimodality). As 
an example, we note that the baseline Athena+ WFI survey strategy will yield approximately 10,000 X-ray AGN at 
z=4-6, compared to about 100 current examples from combined Chandra and XMM-Newton surveys.  

2.2.3. Galaxy-scale Feedback 

While AGN feedback is invoked in almost all models of galaxy evolution, the physical mechanisms by which the energy 
output from the AGN emerges and couples with the surrounding medium at larger scales is not yet established. Jet 
feedback is well established in clusters of galaxies, where it heats gas in the halo preventing gas cooling onto the central 
galaxy (Croton et al. 2006, see Fabian 2012 for a recent review). The AGN feedback mechanism that is thought to 
quench star formation in more typical massive galaxies is likely to be different. In this context, the high velocity winds 
recently discovered in the X-ray spectra of AGN are potentially a very effective way of transporting energy from the 
nuclear scale to galaxy (King & Pounds, 2003). These are important, because they probe the phase of the wind/outflow 
which carries most of the kinetic energy, and is otherwise too highly ionized to be seen at longer wavelengths. 
According to existing models, the energy of such powerful AGN-driven winds is deposited into the host galaxy ISM, 
and may contribute to the powering of the recently discovered galactic-scale molecular outflows, which are able to 
sweep away the galaxy’s reservoir of gas and quench the star formation activity (Wagner et al. 2013). 

 
Figure 8: Simulated Athena+ X-IFU spectra of different regions in the ULIRG NGC 6240, illustrating the ability 
to disentangle the complex mix of excitation mechanisms. The observations can clearly distinguish starburst-driven 
excitation and AGN-heated shocks in the large scale galactic outflows of molecular and cold gas, as well as the buried 
component originating from the Compton thick AGN double nuclei.  The top left panel shows the Chandra X-ray 
image of NGC6240 (Credit: NASA/CXC/SAO/E. Nardini et al.), with the green boxes indicating the 
representative 5”x5” regions for which the spectra are simulated. 
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Summary

•Suzaku revealed the nature of diffuse hot gases in the MW

•Galactic Center


- ~100 pc scale of hot gas outflow was found 

- Starburst or Sgr A* flare 0.1 Myr ago?


•NPS, Loop-I, and Fermi bubbles

- ~10 kpc scale hot gaw with ubiquitous kT ~ 0.3 keV

- Starburst or Sgr A* flare 10 Myar ago?


•Hot gaseous halo

- Spatial distribution of EM shows disk-like morphology. 

- [O/Fe] shows contribution of SNcc: outflows from the disk?


•XRISM and Athena will provide more precise picture.


