
X-ray Observations of  
the Fermi Bubbles 

Kataoka et al. 2013, 2015; Tahara et al. 2015; Inoue et al. 2015; Sofue et al. 2016;  
Nakashima et al. 2017 in prep. Akita et al. 2017 in prep.

Yoshiyuki Inoue (ISAS/JAXA -> RIKEN) 
M. Akita, J. Kataoka, M. Tahara (Waseda Univ.), T. Totani, Y. Sofue 

(Univ. of Tokyo), S. Nakashima (RIKEN), C. C. Cheung (NRL)  



Contents

• Introduction 

• Fermi bubbles 

• X-ray Observations of 

• Galactic halo 

• NPS, Fermi bubbles, & Loop I 

• Discussion & Summary



Fermi Bubbles - Past GC activity?

• GC has experienced multiple explosive activities 

• e.g., X-ray reflection nebulae (e.g., Koyama+’96;Inui+’07;Nobukawa+’11, 
Ryu+’13;Nakashima+’13)

© NASA

• A pair of huge bubbles 
emitting radio/GeV 
photons 

• Spatial extension over 
~8.5 kpc 

• Symmetric above and 
below  GC

Past activity of 
• Starburst? 
• AGN-like outburst? 
about ~ 10 Myr ago



Past Sgr A* activity?
• X-ray reflection nebulae: 

higher activity @ 
~100~1000 yrs ago  
(e.g., Koyama+’96; Inui+’07; 
Nobukawa+’11, Ryu+’13;Nakashima+’13)

No. ]Time Variability of the Neutral Iron Lines from the Sgr B2 Region and its Implication of a Past Outburst of Sgr A∗9

Table 6. The normalization factors of the detection efficiency for the eight observations

Suzaku XMM-Newton XMM-Newton Chandra Chandra ASCA
XIS(2005) MOS(2004) PN(2004) MOS(2001) PN(2001) ACIS(2001) ACIS(2000) SIS(1994)
1.05± 0.05 0.91± 0.08 0.89± 0.06 1.25± 0.14 0.83± 0.11 1.12± 0.29 0.99± 0.07 1.19± 0.18

Note—Parentheses indicate in the 90% confidence limit.
Normalization factors and their errors of the detection efficiency derived from the ratio of the best-fit 6.67 keV line flux in
the Sgr B2 region obtained with each observation to the averaged flux.

Fig. 5. Surface brightness maps of iron lines obtained with (a) Suzaku XIS 2005, (b) XMM-Newton MOS and PN 2004, (c) Chandra
ACIS-I 2000, and (d) ASCA SIS 1994. Pixel size is 50′′ × 50′′ in each case

Inui+’07

Ryu+’13



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.)
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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).

12

Ackermann+’14

Soft residual = Loop-I Hard residual = Fermi Bubbles
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Figure 28. Left: jet templates and solar emission template. Each template has a width of 2.◦5 and a length of 40◦. Every second template is multiplied by two for better
visibility. We only include one template at a time in the all-sky fit. The yellow shaded region corresponds to the flat bubble template. Right: TS of the jet template as a
function of the counterclockwise jet angle ϕ defined with respect to the positive longitude direction, so that the 90◦ jet points to the south. Different points at the same
angle correspond to different foreground models and analysis strategy.
(A color version of this figure is available in the online journal.)

Figure 29. Examples of fitting the edges of the bubbles in the GALPROP residual map, integrated above 10 GeV (Figure 22).
(A color version of this figure is available in the online journal.)

spectrum of the bubbles, but instead of one template of the
bubbles, we fit two independent templates for the northern and
southern bubbles. We find that the spectra in the north and south
agree with each other within the uncertainties. The southern

bubble has a region of enhanced emission, the cocoon, whereas
the brightness in the northern bubbles is more uniform. The
overall intensities of the two bubbles are consistent with each
other.

21

Gamma-ray view - spectrum & edge

• Hard spectrum (E-2) with a low-E cutoff at ~1 GeV 

• Sharp edge - no limb brightening. no central brightening 

• Various follow-ups in radio, UV, & X-ray 

• We can study the nature of thermal plasmas with X-ray observations. 
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Figure 32. SED for the northern and southern bubbles. The points with statistical
error bars correspond to the baseline SED. The bands represent an envelope of
the SEDs for different derivations of the Galactic foreground emission and the
definitions of the template of the bubbles. The uncertainty of the effective area
is added in quadrature to the other systematic uncertainties.
(A color version of this figure is available in the online journal.)

from the GALPROP v54 distribution (Porter & Strong 2005;
Moskalenko et al. 2006). Because no significant variation of
the gamma-ray spectrum across the bubbles has been found,
we will use the spectrum averaged over the area of the bubbles
(Figure 18, right, and Table 2).

As a benchmark model for the spectrum of electrons, we take
the spectrum derived using the ISRF at 5 kpc above the GC. We
also compare it with the electron spectrum obtained for CMB
photons only.

The gamma-ray spectrum of the Fermi bubbles has a signif-
icant cutoff at high energies, so we model the electron spec-
trum by a power law with an exponential cutoff ∝ E−ne−E/Ecut .
The best-fit parameters are n = 2.17 ± 0.05[stat]+0.33

−0.89[syst] and
Ecut = 1.25 ± 0.13[stat]+1.73

−0.68[syst] TeV. The corresponding IC
spectra are shown in Figure 34 on the left. The details of the
calculation can be found in Appendix B.1. The indices and the

cutoff values for different foreground models and definitions of
the templates of Loop I and the bubbles are shown in Figure 34
on the right. The bremsstrahlung emission is at least two orders
of magnitude smaller than the IC emission for a characteris-
tic gas density nH ! 0.01 cm−3 at a few kiloparsecs from the
Galactic plane (Snowden et al. 1997), and can be neglected.

We will assume that the center of the bubbles is at b = 25◦,
that is, the distance to the center of the bubbles is R =
R⊙/ cos b = 9.4 kpc, where R⊙ = 8.5 kpc is the distance to the
GC. The total energy contained in the electron population inside
the bubbles above 1 GeV is (1.0 ± 0.2[stat]+6.0

−1.0[syst]) × 1052

erg, where the value corresponds to the baseline model; the
statistical uncertainty is calculated by marginalizing over the
index and cutoff of the electron spectrum. The systematic
uncertainty is estimated by calculating the electron spectrum
for different models of the foreground emission and definitions
of the templates of the bubbles and Loop I.

The synchrotron emission from the benchmark population of
electrons for different values of the magnetic field is shown in
Figure 35, together with the IC signal. On the same plot we
also include the Planck and WMAP microwave haze spectrum
(Pietrobon et al. 2012; Ade et al. 2013). The index of the mi-
crowave haze emission is harder than the synchrotron emission
for a stationary population of electrons in the Galaxy. The mi-
crowave haze spatially overlaps with the gamma-ray bubbles
at |b| < 35◦. We confirm that the population of electrons that
produces the gamma-ray emission of the Fermi bubbles via IC
scattering can also produce the microwave haze (Dobler et al.
2010; Su et al. 2010; Su & Finkbeiner 2012; Dobler 2012; Ade
et al. 2013).

The range of spectra of the synchrotron emission corre-
sponding to the systematic uncertainty in the electron spectrum
(Figure 34) is shown in Figure 35 on the right. For each electron
spectrum, we find the magnetic field that gives the best fit to
the microwave data. We find B = 8.4 ± 0.2[stat]+11.2

−3.5 [syst] µG,
where the value is for the baseline model, the statistical uncer-
tainty is calculated using the statistical errors of the WMAP and
Planck haze spectra, and the systematic uncertainty is due to the
modeling of the gamma-ray foregrounds and the definition of
the template of the bubbles. The allowed magnetic fields range
approximately from 5 to 20 µG. A larger index (softer spectrum)
corresponds to a greater number density of electrons at lower
energies; in this case the magnetic field is ∼5 µG. A harder

Figure 33. SED of the Fermi bubbles in latitude strips. Left: northern bubble. Right: southern bubble. For a description of the points and bands, see caption of Figure 32.
(A color version of this figure is available in the online journal.)
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X-ray Components in the sky

GH
NPS

Loop I
FB

ROSAT 0.75 keV
Note: absorption 

not corrected



Galactic Halo Gas

• Uniform analysis of the soft diffuse X-ray emission of 12+2 
fields observed w/ Suzaku at 65° < l < 295°

Study of soft X-ray emission with Suzaku!

15! COSPAR/Moscow 2014 Aug 6th N.Y.Yamasaki!

Yoshino +2008!

Yoshino+’09



Apparent Halo Temperature!
Yoshino plot (Yoshino+2009)!

2LU of OVII by SWCX + kT~0.2 keV halo!

17! COSPAR/Moscow 2014 Aug 6th N.Y.Yamasaki!

GH Temperature: Suzaku views

• Spectra of all the fields are well represented by 

• ~0.1 keV w/o Galactic absorption: Local hot bubbles & Solar wind charge exchange 

• ~0.2 keV w/ Galactic absorption: Galactic Halo 

• Power law Γ=1.4 : CXB 

• Universal ~0.2 keV component is also confirmed by ~1000 XMM observations 
(Henley+’13; Miller & Bregman ’16)

GH Spectrum

Yoshino+’09

LHB CXB 

Galactic halo 

O	VII� O	VIII�

keV�



GH Spatial Distribution?

• Surface brightness 

• Absorption depth 

• nion ds = nH Z ds : Size & Metallicity are degenerated. 

• Spherical: ~100 kpc & 0.2 Zsun (e.g. Miller & Bregman ‘16) ? 

• Plane-parallel:  ~10 kpc & Zsun (e.g. Yao+’09; Sakai+’14) ?

Plane-parallel? Spherical?

Sun GC Sun GC

/
Z

nenion

⇤(T )ds

/
Z

n
ion
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Emission Measure Distribution
• EM spatial distribution 

depends on the GH gas 
morphology.

Nakashima, YI, + in prep.
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Figure 3. Comparison of our data with models proposed in previous works. The black points are EMs obtained from the
fitting under the solar abundance. The blue and magenta hatches show the models of Miller & Bregman (2015) and Sakai et al.
(2014) with 1 � errors, respectively. The blue and magenta solid curves are normalised model of them to fit our data.
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Figure 3. Comparison of our data with models proposed in previous works. The black points are EMs obtained from the
fitting under the solar abundance. The blue and magenta hatches show the models of Miller & Bregman (2015) and Sakai et al.
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Emission Measure Distribution
• EM spatial distribution 

depends on the GH gas 
morphology.

• EMs decreases with Galactic 
latitudes.

• Disk-like morphology is 
preferred.

• formed by a fountain of 
hot ISM gas by SNe in 
disk?

Nakashima, YI, + in prep.



Chandra observation of edge-on spiral NGC 5775 61

Figure 1. (a) ACIS-S 0.3–7 keV intensity contours overlaid on the Sloan Digital Sky Survey R-band image of NGC 5775 and its vicinity. The X-ray
intensity is adaptively smoothed with the CIAO csmooth routine with a signal-to-noise ratio of 3. The contours are at (2.5, 3.5, 5, 8, 15, 100 and 500)
×10−3 cts s−1 arcmin−2. The dashed line shows the edge of ACIS-S3 chip. The dashed ellipse represents the IB = 25 mag arcsec−2 isophote of the galaxy.
The plus signs mark the optical centres of NGC 5775 and its companion galaxies NGC 5774 and IC 1070. (b) Chandra ACIS-S intensity image of NGC 5775
in tri-colors: red (0.3–0.7 keV), green (0.7–1.5 keV) and blue (1.5–7 keV). Both 0.3–0.7 keV and 0.7–1.5 keV subbands trace primarily diffuse hot gas. The
relative strengths of the emission in the two subbands may be used to characterize the temperature of the hot gas. The X-ray intensity is adaptively smoothed
with the csmooth to achieve a signal-to-noise ratio of 3 in all three bands.

geometric distortion of the ACS camera and also performs cosmic
ray rejection, and finally combines the individual images, obtained
in the specific dither pattern.

We also make use of H I data of Irwin (1994), Hα data of Collins
et al. (2000) and radio continuum data from Duric, Irwin & Bloemen
(1998) and Lee et al. (2001).

3 A NA LY S I S A N D R E S U LTS

Fig. 1(a) shows ACIS-S 0.3–7 keV intensity contours of NGC 5775
and its vicinity on an optical image, while Fig. 1(b) shows a
smoothed three-color X-ray image. An asymmetry of the diffuse
emission is apparent in both the color and brightness relative to the
major axis close to the disc. This asymmetry is clearly caused by
the tilt of the galactic disc with its nearer side towards the northeast.
Aside from the X-ray emission from NGC 5775 itself, apparently
weak X-ray emission features also appear to be associated with IC
1070 and NGC 5774. However, the counting statistics of these de-
tections are too low to allow for any quantitative characterization. In
particular, NGC 5774 is located in the S2 chip that has a relatively
lower sensitivity to the detection of soft X-rays. The appearance of
the soft X-ray emission from this galaxy may be strongly perturbed
by the tidal interaction with NGC 5775 (Lee et al. 2001). In the fol-
lowing, we will concentrate on the X-ray emission associated with
NGC 5775, which in general represents the combined contributions
from discrete sources and truly diffuse hot gas.

3.1 Discrete X-ray sources

We detect 99 discrete sources in the field of NGC 5775 (Fig. 2), 27
of which are within D25 of the galaxy, with a local false detection
possibility of ≤10−6. Table 2 summarizes information about these
sources. Among them, two sources have count rates greater than
20 cts ks−1: sources 12 and 76. Source 12 is located at the out-
skirts of the face-on spiral galaxy NGC 5774, showing a spectrum
that can be fitted by a power-law model (photon index of ∼2) with
absorption similar as the foreground value, hence it is likely an X-

ray binary in NGC 5774. Source 76 is located within the projected
galactic disc of NGC 5775, hence it is probably associated with this
galaxy. The spectrum of Source 76 can be well fitted by a power
law with a photon index of 1.82+0.31

−0.22 and an absorption column
density of 2.86+0.50

−0.37 × 1022 cm−2 (Fig. 3; Table 3). H I observations
(Irwin 1994) indicate that the beam-averaged neutral hydrogen col-
umn density is no higher than 1022 cm−2 within the disc region but
substructure within the beam could result in locally higher column
densities. Also, molecular gas in star-forming regions may con-
tribute additional absorption to Source 76. The fitted spectral model
gives an absorbed (intrinsic) 0.3–7 keV luminosity of 2.4 (6.5) ×
1040 erg s−1, putting Source 76 in the class of ultra-luminous X-ray
sources (ULXs).

The Chandra data show no significant X-ray emission from either
the nucleus of NGC 5775 or the remnant of SN 1996AE (Fig. 2).
An X-ray detection of the remnant was suggested by Tüllmann
et al. (2006a) based on an XMM–Newton observation. We speculate
that this XMM–Newton detection corresponds to our Source 76,
which is about 0.5 arcmin from the remnant. In addition, the XMM–
Newton source near the northwestern end of the galactic disc (RA =
14h53m56s and Dec. = 03◦34′00.′′0; Tüllmann et al. (2006a, fig. 10
therein) is most likely our Source 55 – the fourth brightest source
in our detection list. This source has an R-band counterpart with a
magnitude of ∼21 mag. Its X-ray spectrum is well fitted by a power
law with a photon index of 1.2 ± 0.3.

We have further analysed the accumulated spectrum of detected
sources in the disc region (Fig. 2) and these can be well fitted with
an absorbed power-law model with a photon index of ∼1.3.

3.2 Diffuse X-ray emission

Fig. 4 shows an image of the discrete source-removed ‘diffuse’
soft X-ray emission, compared with the 20 cm radio continuum
map of NGC 5775. In addition to the presence of the diffuse emis-
sion clearly associated with NGC 5775, an isolated ‘blob’ of X-ray
emission also appears northeast of the galaxy. The far side of this
blob reaches a projected distance of ∼3.5 arcmin (∼25 kpc) from

C⃝ 2008 The Authors. Journal compilation C⃝ 2008 RAS, MNRAS 390, 59–70
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Fig. 1. Left: The X-ray image of NGC 4631 observed with Suzaku in the 0.6–0.7 keV energy band. Right: The X-ray contour map in linear scale
from 0.5–2.0 keV overlaid on an optical image taken by DSS. For both images, the observed XIS 0, 1, 3 images were added on the sky coordinates
after removing each calibration source region, and smoothed with ! = 16 pixel or '1700 Gaussian profile. Estimated components of extragalactic X-ray
background (CXB) and instrumental background (NXB) were subtracted, and the exposure was corrected, though vignetting was not corrected. The
region where energy spectra were extracted are shown by solid and dotted lines in the right figure, for the halo and disk regions, respectively. Two vertical
lines show the region where we took the surface brightness profiles in subsection 3.2.

Table 1. Suzaku observation logs for NGC 4631.

Object Sequence No. Observation date Pointing! Exposure After screening
(RA, Dec) J2000.0 ks (BI/FI) ks

NGC 4631 801019010 2006-11-28 03:23–2006-11-29 21:55 (12h42m09:s3, +32ı3205200) 81.1 75.9=76.1
! Average pointing direction of the XIS, written in the RA NOM and DEC NOM keywords of the event FITS files.

halos are populated with relativistic electrons together with
magnetic fields on an order of 10"G. The radial orientation of
the magnetic field lines suggests that the field has been carried
into the halo region by the outflow of hot gas (Golla & Hummel
1994). In some cases, the hot gas may be confined in the
halo when the magnetic pressure exceeds the thermal pressure
(Wang et al. 1995). To constrain how the non-thermal energy
is distributed in the halo, it is important to look into the possi-
bility of non-thermal emission in the hard X-ray band.

Throughout this paper we adopt a Galactic hydrogen column
density of NH = 1.27 " 1020 cm#2 (Dickey & Lockman 1990)
in the direction of NGC 4631. The solar abundance table is
given by Anders and Grevesse (1989), and the errors are the
90% confidence limits for a single interesting parameter.

2. Observation and Data Reduction

2.1. Observation

Suzaku carried out observations of the starburst galaxy
NGC 4631 in 2006 November (PI: N. Y. Yamasaki) with an
exposure of 81 ks. The observation log is given in table 1.
The X-ray Imaging Spectrometer (XIS: Koyama et al. 2007)
instrument consists of a back-illuminated (BI: XIS 1) CCD

sensor and two front-illuminated (FI: XIS 0, 3) sensors. The
XIS was operated in the Normal clocking mode (8 s exposure
per frame), with the standard 5 " 5 or 3 " 3 editing mode. The
observed X-ray image in the 0.6–0.7 keV band and the XIS
contour image in the 0.5–2.0 keV range overlaid on the optical
image by DSS are shown in figure 1.

2.2. Data Reduction

We used version 2.0.6 processing data (Mitsuda et al. 2007),
and the analysis was performed with HEAsoft version 6.4 and
XSPEC 11.3.2aj. In the analysis of XIS data, we selected
ELEVATION > 15ı of the data set to remove stray-light from
the day Earth limb; also, the light curve of each sensor in the
0.3–10 keV range with a 16 s time bin was also examined so as
to exclude periods of an anomalous event rate greater or less
than ˙ 3 ! around the mean. After the above screenings, the
remaining exposures of the observations decreased by $7%, as
shown in table 1. Event screening with cut-off rigidity (COR)
was not performed using our data.

In order to subtract the non–X-ray background (NXB), we
used a dark-Earth database, provided by the “xisnxbgen” ftools
task (Tawa et al. 2008). Although it is known that the optical
blocking filters of the XIS have gradually been contaminated

Downloaded from https://academic.oup.com/pasj/article-abstract/61/sp1/S291/1484282/X-Ray-Halo-around-the-Spiral-Galaxy-NGC-4631
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External Spiral Galaxies

• plane-parallel X-ray halo 

• up to ~10 kpc 

• Temperature: ~ 0.1-0.6 keV (e.g. Li+’08; Yamasaki+’09)

NGC 4631 NGC 5775

Yamasaki+’09 Li+’08

Color: Opt. 
Contour: X-ray

Color: Opt. 
Contour: X-ray



NPS: near? far?

• Study of X-ray absorbing column towards the NPS suggests the lower limit 
to the distance from 0.4 to 4 kpc (Sofue ’15; Lallement+’17) 

• rule out local origin (i.e. Sco-Cen association) 

• Shadow X-ray observations toward MBM36 also supports this (Ursino+’16)

Introduction 3
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� Detailed study of X-ray absorbing column towards the NPS suggests 
the distance from 400 to 4,000 pc (rules out Sco-Cen association)

� Possible interaction between NPS and bubble? (Su et al. 2010)
(Lallement et al. 2016)



NPS in X-ray

• X-ray spectra pointed at NPS are represented by the same model as the 
GH gas 

• but, kT ~ 0.25 -0.30 keV 

• Substantial amount of absorber: 3-5 x 1019 cm-2 

• Suggesting NPS is a structure in the Galactic Halo
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Fig. 4. Same as Figure 1, but the best-fit models are one CIE component subject to both neutral and ionized absorptions (a−d). Panel e shows the
best-fit O vii, O viii, Fe xvii, Ne ix, Ne x, and Mg xi transmittances (upper), and the best-fit CIE emission absorbed by the ionized particles (lower).
The model is convolved with the Suzaku XIS1 response. Panel f plots the effective transmittances in the near-O viii Lyα (0.625 − 0.675 keV; solid
line) and near-O viii Lyβ (0.75 − 0.80 keV; dashed line) bands as a function of turbulent velocity.

4. Discussion

By revisiting the Suzaku and XMM-Newton data of the NPS re-
gion, we discovered that the soft X-ray spectra can be well de-
scribed by a single-phase thermal component, with a tempera-
ture of 0.23− 0.25 keV, absorbed by at least two species of fore-
ground materials, in both neutral and ionized states. The key ev-
idence for the ionized absorber is the unusually high O viii Lyβ
line relative to other Lyman series. Assuming a nearby turbulent-
free plasma, the hot absorber exhibits a balance temperature of
0.17 − 0.20 keV and column density of ∼ 3 − 5 × 1019 cm−2.
A charge exchange component is marginally detected only with
the Suzaku XIS data. The oxygen abundance of the NPS is then

obtained to be 0.6−0.7 Z⊙, apparently higher than those reported
in W03 and M08. The Fe/O ratio is consistent with the solar val-
ues within measurement uncertainties, while the N/O becomes
slightly sub-solar.

Next we shed light on the origin of the ionized absorber
based on the derived properties. As shown in §3.2, the balance
temperature of the absorber is 0.17 − 0.20 keV, lower than the
NPS plasma temperature ≈ 0.23 − 0.25 keV on > 90% confi-
dence level. This means that it cannot be fully ascribed to the
self-absorption of the NPS plasma. On the other hand, the local
hot bubble alone cannot be the absorber either. The temperature
of the local hot bubble (≈ 0.1 keV) is lower than the observed
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EM and kT across the bubble edge

• EM drops ~50% across the bubble edge 

• But, constant kT of 0.3 keV (GH has 0.2 keV) 

• implying expansion velocity of ~300 km/s. 

• All the spectra were consistent with the brightest part of the NPS, with 
absorption NH ~ NGal
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Figure 1. Suzaku XIS fields of view (red) overlaid with the ROSAT 0.75 keV image for the series of northeast and southern observations of the Fermi Bubbles. All
the figures are shown in Galactic coordinates. Yellow dashed lines indicate the boundary of the bubbles, as suggested in Su et al. (2010). Top-left: X-ray image of the
northeast bubble, along with the focal centers of previous Suzaku and XMM observations of the NPS (Willingale et al. 2003; Miller et al. 2008). Top-right: a close-up
of the northeast edge of the bubble. Bottom-left: X-ray image of the southern bubble. Bottom-right: a close-up of the southern edge of the bubble. The gray scale
ranges of the ROSAT images (units of 10−6 counts s−1 arcmin−2) are indicated at the bottom of each panel.
(A color version of this figure is available in the online journal.)

(Day et al. 1998); (2) the time interval after the passage of the
South Atlantic Anomaly (T_SAA_HXD) greater than 500 s;
(3) targets were located at least 5◦ and 20◦ above the rim of the
Earth (ELV) during night and day, respectively. In addition, we
also selected the data with a cutoff rigidity (COR) larger than
6 GV. After this screening, the sum of the net exposures for good
time intervals was 149.8 ks for the N1–N8 and 105.7 ks for the
S1–S6 pointings (see Table 1). In the reduction and analysis of
the Suzaku XIS 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 data set was obtained in the combined
3 × 3 and 5 × 5 edit modes using xselect.

We extracted the XIS images from only the two FI CCDs
(XIS 0, XIS 3) because the BI CCD (XIS1) has lower imaging
quality because of its higher instrumental background. The
XIS images were made within three photon energy ranges of
0.4–10 keV, 0.4–2 keV, and 2–10 keV. In the image analysis, we
excluded calibration sources at the corners of the CCD chips.
The images of the NXB were obtained from the night Earth
data using xisnxbgen (Tawa et al. 2008). Since the exposure
times for the original data were different from that of the NXB,
we calculated the appropriate exposure-corrected original and

NXB maps using xisexpmapgen (Ishisaki et al. 2007). The
corrected NXB images were next subtracted from the corrected
original images. In addition, we simulated flat sky images using
xissim (Ishisaki et al. 2007) and applied a vignetting correction.
All of the images obtained with XIS0 and XIS3 were combined.
Throughout the reduction process, we also performed vignetting
correction for all the XIS images described in Section 3. Last,
the images were smoothed with a Gaussian function with σ =
0.′07 (Gaussian kernel radius set as 8 in ds9).

With the combined XIS0+3 images, we first ran the
source detection algorithm in ximage to discriminate compact
X-ray features from intrinsically diffuse X-ray emission. This
is a well-established approach as described in Giommi et al.
(1992) and detailed in NASA’s HEASARC Software page.10 In
summary, the process was composed of three steps. First, using
the Background command, we estimated the background by
dividing an image into equal boxes characterized by the typical
PSF size, and rejecting those not complying with certain sta-
tistical criteria. The average in the remaining boxes was taken
as the background value. Second, with the Excess command, a

10 https://heasarc.gsfc.nasa.gov/docs/xanadu/ximage/examples/srcdet.html.
See also https://heasarc.gsfc.nasa.gov/docs/xanadu/ximage/
examples/backgd.html for background calculation examples.
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Figure 6. Variation in the spectral fitting parameters EM and kT for the apec2
emission component in the northeast (top) and south (bottom) bubble Suzaku
observations, as a function of the angular separation from the bubble edge. Note
a significant decrease of the EM around the expected position of the bubbles’
boundary (green dotted line following Su et al. 2010) in the north, with no
accompanying changes in the plasma temperature.
(A color version of this figure is available in the online journal.)

south from the GC may suggest that no sharp boundary is present
there. Also note that the temperature of the apec2 component is
almost constant in both the northeast and southern fields. This
temperature is a bit higher than the canonical value of the GH,
kT ≃ 0.2 keV, derived for Galactic longitudes 65◦ < l < 295◦

(Yoshino et al. 2009) or 120◦ < l < 240◦ (Henley et al. 2010)
to avoid contamination from the GC region. Very recent
measurements of the GH’s X-ray emission using 110 XMM
observations also confirm its temperature is fairly uniform
(median = 0.19 keV, interquartile range = 0.05 keV; Henley &
Shelton 2013).

4. DISCUSSION

4.1. Comparison with RASS Maps

In Section 3.2.2, we showed that the diffuse X-ray emission,
after removing compact X-ray sources and features detected at
!3σ level, is generally well reproduced by the three component
plasma model: (1) kT ≃ 0.1 keV emission due to the LB with
some contamination from SWCX, (2) kT ≃ 0.3 keV plasma

Figure 7. ROSAT count rates taken from the 0.75 keV (top) and 1.5 keV
(bottom) maps, compared with our Suzaku estimates of the EM for the GH/NPS
component. Included also are the archival Suzaku or XMM observations of the
NPS (Willingale et al. 2003; Miller et al. 2008).
(A color version of this figure is available in the online journal.)

related to the GH and/or NPS gas, and (3) Γ ≃ 1.4 power-law as
expected from the CXB. Particularly noteworthy is that the EM
of the GH/NPS component gradually drops by ≃50% around
the expected boundary of the northeast Fermi Bubble edge. This
drop is consistent with a visual impression from both ROSAT all
sky survey R45 (0.75 keV) and R67 (1.5 keV) maps, indicating
that the X-ray surface intensity gradually decreases from the
N1 to N8 fields (see Figure 1, top-left), away from the NPS.
However, the ROSAT maps alone are not sufficient to quantify
the observed changes in the plasma parameters, simply because
here we are dealing with a multi-temperature convolution of
various emission components and ROSAT images do not provide
the necessary detailed spectral information.

In order to investigate this issue in more detail, in Figure 7
(top panel) we present the observed ROSAT (R45) counting
rate at 0.75 keV, as a function of the EM (for the apec2

11
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Suzaku & Swift Survey

• ubiquitous ~0.3 keV plasma 

• significant enhancement of EM near the bubbles’ edgeWe made redistribution matrix files (RMFs) using XISRMF-
GEN (Ishisaki et al. 2007). Auxillary response files (ARFs)
were created using XISSIMARFGEN (Ishisaki et al. 2007) and
new contamination files (released on 2013 August 13),
assuming the uniform extension of the diffuse emission within
20′ radiusorbicular regions (giving the ARF area of
0.35 deg2). We subtracted as backgroundthe NXB data
obtained from the region in the same CCD chip. Because
some of the exposures are short (∼10 ks; Table 1), we carefully
checked the analysis results by adopting different choices for
source extraction radii and NXB/CXB models, but the results
were unchanged within the uncertainties given in Table 3.

Similarly in the Swift XRT analysis, we extracted X-ray
images in the energy range of 0.5−5 keV using xselect.
Exposure maps were made using xrtexpomap. We ran the
source detection algorithm in XIMAGE and searched for X-ray
compact features that were detected with photon statistics at
>3σ confidence levels over the background. In the XRT
spectral analysis of the diffuse emission, PHA files were
extracted from event files with xselect. We made ARFs
using xrtmkarf, while we used the current RMFs in
CALDB. To extract photons from diffuse X-ray emission
only, we eliminated all the point sources using circles of 30″
radius.

In contrast to Suzaku data, evaluation of the instrumental
background (NXB) is not well established for the Swift XRT
data, and studies are still ongoing (e.g., Moretti et al. 2009,
2011, 2012). However, as shown in Moretti et al. (2011,
Figure 5 therein), the contribution of the NXB with respect to

the CXB is less than 20% below 2 keV and gradually increases
to 50% at above 5 keV. Given that each Swift pointing
(Table 2) is typically less than 10 ks and thus too short to
derive meaningful spectra above 5 keV, we did not use the data
above 5 keV for the spectral fitting. Moreover, we modeled the
total XRT background as the sum of the NXB and CXB and
checked that the analysis results for the diffuse emission were
unchanged (within 1σ uncertainty; see the next section) when
changing the upper boundary to either 5 keV or 2 keV in the
spectral fitting.

3.2. Diffuse X-Ray Emission

Following PapersI and II, all the spectra of the Suzaku and
Swift pointings after removing compact X-ray sources were
fitted with a three-component plasma model APEC1 + WABS*
(APEC2 + PL) using XSPEC. The model consists of an
unabsorbed thermal component (denoted as APEC1) that
represents the Local Bubble emission and/or contamination
from the Solar-Wind Charge Exchange (SWCX; Fujimoto
et al. 2007), an absorbed thermal component (denoted as
APEC2) representing the GH, and a single power-law component
(denoted as PL) corresponding to the isotropic CXB radiation
together with instrumental background for the case of Swift
XRT. The photon index for the CXB component was fixed at

1.41CXBG = (Kushino et al. 2002). The temperature and
abundance of the LB plasma were fixed at kT = 0.1 keV and
Z Z= :, respectively, as we did in PapersI and II (see also,
e.g., Yoshino et al. 2009; Henley & Shelton 2013).

Figure 1. Positions in Galactic coordinates of the 29 Suzaku (circles) and 68 Swift (crosses) X-ray data field of views systematically analyzed in this paper overlaid on
a ROSAT 0.75 keV image (grayscale). The pointings within the NPS, SE-claw (an arc-shaped X-ray spur; dashed magenta), and NW-clump (an X-ray clump; dashed
magenta)are shown in red, and all others are in green. Yellow dashed lines indicate the boundary of the Fermi bubbles, as suggested in Su et al. (2010).
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Energy Balance
• B = 12 μG  

UB=5.7x10-12 erg/cm3 

• Ue,non-th = 1.4x10-12 erg/cm3 

• spherical radius r~4 kpc 

• Pnon-th ~ 2x10-12 erg/cm3 

• Enon-th ~ 1056 erg

The Astrophysical Journal, 779:57 (16pp), 2013 December 10 Kataoka et al.

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

13

• Pth~ne kT ~ 3x10-12 erg/cm3 
 we assume ne~5x10-3 cm-3, kT~0.3 keV 

• Eth ~ Pth V ~ 1056 erg 
 we assume thickness of envelop is ~1/2 of bubble radius ~2 kpc

Non-thermal

Thermal

Syn-IC/
CMB

Kataoka,YI,+’13



N1�
N8�

cavity?�NP
S�

Loop I�

X-ray emission from Loop-I

• NPS is the brightest edge of Loop-I 

• Is Loop I also a giant structure in the Galactic halo? 

• There exists a cavity between the bubbles’ edge and Loop-I



EM and kT from Loop-I

• Ubiquitous 0.3 keV plasma w/ NH~NGal 

• NPS & Loop-I have slightly higher kT and EM than cavity.

X-ray Observations and Analysis
� Results: kT and EM

9

� Again, ubiquitous kT ~0.3 keV plasma moderated w/ NH ~ Ngal
absorption detected, supporting Loop I in GC origin.

� Both NPS and Loop-I has a bit higher kT and EM compared to 
cavity region

Akita+in prep.



Galactic Centre hypershell model for the North Polar Spur 111

Figure 3. Same as Fig. 2 at 10 Myr for the temperature, density, and the pressure. The pressure contours are at every 0.1 dex from 10−13 to 10−11 erg cm−3.
This result is used for the analysis and comparison with the ROSAT observations of the NPS.

Figure 4. Same as Fig. 2 at 10 Myr for the density and temperature for
convenience of comparison and correspondence. This figure reveals the
BHS structure of the shock front propagating in the galactic disc and halo.
Also interesting feature is seen as the inner bipolar cone feature produced
by a high-velocity outflow as a bow shock against the galactic disc.

Figure 5. Same as Fig. 2 at 3 Myr for E-type energy injection. The BHS
resembles that for C type, while the central region is smoother and the cone
feature does not appear.

Figure 6. Density (full line), temperature (dashed), and pressure (grey dash)
distributions at constant height z = 2 and 4 kpc at t = 10 Myr.
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2D HD simulations (Sofue, YI+’16; Sarkar+’17)

• Almost consistent w/ X-ray observations, if energy injection 
at the GC ~10 Myr ago with total energy of 4x1056 erg 

• Dense shell (NPS) is ~0.3 keV.

Galactic Centre hypershell model for the North Polar Spur 111

Figure 3. Same as Fig. 2 at 10 Myr for the temperature, density, and the pressure. The pressure contours are at every 0.1 dex from 10−13 to 10−11 erg cm−3.
This result is used for the analysis and comparison with the ROSAT observations of the NPS.

Figure 4. Same as Fig. 2 at 10 Myr for the density and temperature for
convenience of comparison and correspondence. This figure reveals the
BHS structure of the shock front propagating in the galactic disc and halo.
Also interesting feature is seen as the inner bipolar cone feature produced
by a high-velocity outflow as a bow shock against the galactic disc.

Figure 5. Same as Fig. 2 at 3 Myr for E-type energy injection. The BHS
resembles that for C type, while the central region is smoother and the cone
feature does not appear.

Figure 6. Density (full line), temperature (dashed), and pressure (grey dash)
distributions at constant height z = 2 and 4 kpc at t = 10 Myr.
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Comparison with UV observations

• UV absorption line spectra from HST observations of PDS456 suggests metal 
absorption components at vabs~±250 km/s (Fox+’15) 

• Systematic survey of 47 background QSO indicates outflow velocity of  
vout~1000~1300 km/s (Bordoloi+’17) 

• Depend on model geometry 

• also outflow velocity does not necessarily coincide with vexp (see jet & lobes of AGNs)

The Astrophysical Journal Letters, 799:L7 (6pp), 2015 January 20 Fox et al.

Figure 2. HST/COS and GBT spectra of the quasar PDS 456. Normalized flux
is plotted against LSR velocity for all UV metal absorption lines that show high-
velocity (HV) absorption (with low ions in the left column and intermediate/
high ions in the right column). The GBT H i 21 cm emission spectrum is included
in the top-left panel. Absorption-line components are observed at vLSR = −235,
−5, +130, and +250 km s−1; only the −5 km s−1 component is seen in 21 cm
emission. Red lines indicate Voigt-profile fits. The −5 km s−1 (unshaded) and
+130 km s−1 (yellow) components have velocities consistent with co-rotating
foreground gas. However, the −235 km s−1 (blue) and +250 km s−1 (orange)
components cannot be explained by co-rotation; instead, their velocities are
suggestive of gas swept up by a biconical outflow. In this scenario the near-side
of the outflowing cone gives the −235 km s−1 component and the far-side gives
the +250 km s−1 component.

Figure 3. Numerical models of the Galactic biconical nuclear outflow, which
can explain the observed absorption-line kinematics. The models have a constant
outflow velocity of 900 km s−1 and a full opening angle of 110◦ (tuned to match
the X-ray bicone). We investigate two sets of models: constant-velocity and
momentum-driven. Top: top view of the momentum-driven outflow, looking
down on the Galactic plane. Each outflow particle is color-coded by its LSR
velocity. The near side of the outflow is blueshifted and the far-side of the outflow
is redshifted. Middle: side view of the momentum-driven outflow, showing the
latitude where the PDS 456 sightline intercepts the bicone. Bottom: distribution
of LSR velocities of the outflow particles along the PDS 456 sightline in
100 realizations of the models, for both the constant-velocity (blue line) and
momentum-driven (purple line) cases. The inset panel shows the velocity profile
of the two models. The centroids of the observed components in the PDS 456
spectrum are shown with vertical lines.

of outflow velocities projected onto the PDS 456 line-of-sight
drawn from 100 realizations of each of the two models. Discrete
kinematic structure is seen in any single realization of the
model (not shown in figure), but the component velocities differ
substantially between any two model runs, so we show the
distribution to indicate the range of velocities predicted.

There are several points to note from the model velocity dis-
tributions. First, the distributions are fairly flat for both constant-
velocity and momentum-driven winds, which reflects our choice
of model in which gas exists with uniform filling factor within
the outflow, not just at the edges. The prediction of outflow-
ing gas with LSR velocities near 0 km s−1 could explain the
0.5 dex excess in low-velocity high-ion absorption seen toward

4

The Astrophysical Journal Letters, 799:L7 (6pp), 2015 January 20 Fox et al.

Figure 2. HST/COS and GBT spectra of the quasar PDS 456. Normalized flux
is plotted against LSR velocity for all UV metal absorption lines that show high-
velocity (HV) absorption (with low ions in the left column and intermediate/
high ions in the right column). The GBT H i 21 cm emission spectrum is included
in the top-left panel. Absorption-line components are observed at vLSR = −235,
−5, +130, and +250 km s−1; only the −5 km s−1 component is seen in 21 cm
emission. Red lines indicate Voigt-profile fits. The −5 km s−1 (unshaded) and
+130 km s−1 (yellow) components have velocities consistent with co-rotating
foreground gas. However, the −235 km s−1 (blue) and +250 km s−1 (orange)
components cannot be explained by co-rotation; instead, their velocities are
suggestive of gas swept up by a biconical outflow. In this scenario the near-side
of the outflowing cone gives the −235 km s−1 component and the far-side gives
the +250 km s−1 component.

Figure 3. Numerical models of the Galactic biconical nuclear outflow, which
can explain the observed absorption-line kinematics. The models have a constant
outflow velocity of 900 km s−1 and a full opening angle of 110◦ (tuned to match
the X-ray bicone). We investigate two sets of models: constant-velocity and
momentum-driven. Top: top view of the momentum-driven outflow, looking
down on the Galactic plane. Each outflow particle is color-coded by its LSR
velocity. The near side of the outflow is blueshifted and the far-side of the outflow
is redshifted. Middle: side view of the momentum-driven outflow, showing the
latitude where the PDS 456 sightline intercepts the bicone. Bottom: distribution
of LSR velocities of the outflow particles along the PDS 456 sightline in
100 realizations of the models, for both the constant-velocity (blue line) and
momentum-driven (purple line) cases. The inset panel shows the velocity profile
of the two models. The centroids of the observed components in the PDS 456
spectrum are shown with vertical lines.

of outflow velocities projected onto the PDS 456 line-of-sight
drawn from 100 realizations of each of the two models. Discrete
kinematic structure is seen in any single realization of the
model (not shown in figure), but the component velocities differ
substantially between any two model runs, so we show the
distribution to indicate the range of velocities predicted.

There are several points to note from the model velocity dis-
tributions. First, the distributions are fairly flat for both constant-
velocity and momentum-driven winds, which reflects our choice
of model in which gas exists with uniform filling factor within
the outflow, not just at the edges. The prediction of outflow-
ing gas with LSR velocities near 0 km s−1 could explain the
0.5 dex excess in low-velocity high-ion absorption seen toward

4
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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.
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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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Summary
• Galactic Halo 

• ~0.2 keV plasma, plane-parallel geometry? 

• NPS, bubbles, Loop-I 

• ubiquitous ~0.3 keV plasma, absorption column density NH~NGal 

• EM decreases with latitudes, but significant enhancement near 
the edge, NPS, Loop-I  

• A weak shock driven by the bubbles’ expansion in the GH with 
vexp~300 km/s compressed the GH gas to form the NPS feature 

• Non-thermal and thermal pressure and energy in equipartition 
between the bubbles and NPS



Backups
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Halo kT measurement by XMM 

• Similar study using 26 high latitude XMM observations of the soft X-ray 
background between 120o < l < 240o also suggests that observed halo 
temperature is fairly constant across the sky, 0.16 keV < kT <  0.21 keV 

     

• They compared the observed X-ray properties of the halo with the  three 
physical models for the origin of the hot gas: (1) a disk galaxy formation 
model (2) a model in which the halo is heated by extraplanar SNe, and  

    (3) a  fountain of hot ISM gas driven into the halo by disk SNe, which they    
     argue (3) is most likely 

kT ~0.2 keV 

Norman & Ikeuchi 1989 

Henley et al. 2010 
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NPS – [A] nearby SNR? 

• An interstellar polarization feature at distance of  ~100 pc which clearly 
follows much of the N- and E- parts of  Loop I, including the NPS, with  

     the expected polarization orientation (Mathewson & Ford 1970) 
 

• In addition, the H I features seen nearby (~70pc) appear to be due to an 
     interaction of Loop I with the Local Bubble, although somewhat speculative 
     (Egger & Aschenbach  1995).  
                                                            These results favor the local NPS scenario 

50-100 pc 

200-400 pc 

Mathewson & Ford 1970 Egger & Aschenbach 1995 

Loop1 

HI ring 
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NPS – [B] GC origin? 

・ Under the “GC model”, the NPS is the remnant of a starburst or explosion  
   near the GC ~15 Myr ago and is at  a distance of  several kpc. But this  
   scenario is based largely on morphological arguments 
 

・ However, the ROSAT 1.5 keV image presented by Wang (2002) clearly    
   shows the hourglass geometry characteristic of a bipolar flow, even in the  
   South of GC with angular scale of more than ~20o ! 

Su et al. 2010 
Wang et al. 2002 
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NPS – [B] GC origin? (2) Y.Sofue, private comm. 

・ Direction of starlight polarization  
   is perpendicular to the NPS, but  
   almost parallel to the HI filament  
   of Hydra ridge! 

Radio 408MHz IR100 um 

Stellar polarization 

Hydra ridge 
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Another Relic of  GC Activity 
Nakashima et al. 2013 in prep 

・ Suzaku found an island of thermal emission of about 0.5 keV temperature    
   at around  (l, b)= (0◦, −1◦.5)  
・ Remarkable features of this plasma is that it has a jet-like structure  
   ejected from Sgr A∗ and the plasma is in recombining process 
・  Almost fully ionized plasma was made by jet-like activity (flare) of Sgr A∗   
   about 2x105 years ago, and then now is still in recombining phase 

CIE: collisional ionization 
RP:  recombining plasma 


