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The	  Hot	  Universe:	  from	  
Cosmological	  Filaments	  to	  Clusters	  	  

	

T.	  Ohashi	  	  (TMU)	  
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Key	  quesBon	  and	  talk	  plan	
•  How	  does	  ordinary	  maGer	  assemble	  into	  the	  
large	  scale	  structures	  that	  we	  see	  today?	  
–  Kaastra:	  missing	  baryons	  and	  WHIM	  
–  Pointecouteau:	  EvoluBon	  of	  groups	  and	  clusters	  
–  Eckert:	  Astrophysics	  of	  groups	  and	  clusters	  	  

•  This	  talk	  
–  Structural/thermal	  evoluBon	  –	  cluster	  outskirts,	  
shocks	  

–  Chemical	  evoluBon	  –	  metal	  enrichment	  
– WHIM	  –	  tracer	  of	  large	  scale	  structure	  
– Athena	  to	  follow	  ASTRO-‐H	  (and	  possibly	  DIOS)	  
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Virgo!ConsorWum,!Springel!et!al.!05!

Galaxy!Cluster!

Clusters	  in	  large-‐scale	  structure	
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Our	  understanding	  of	  the	  hot	  Universe	

Cluster	  X-‐rays	
Hot	  gas	  (Fe	  line)	

X-‐ray	  image	

Central	  region:	  
bubbles,	  ripples	

Outer	  regions:	  
more	  shocks,	  entropy	

DetecBon	  of	  WHIM	

Dynamics:	  
cold	  fronts,	  shocks	  

Imaging	  
Energy	  resoluBon	  
Area	  

	  	  	  	  	  Metal	  distribuBon	  
Surveys,	  groups	  
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(DIOS)	

Cluster	  outskirts	
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Cluster	  outskirts	  are	  the	  fronBer	
Unlike stars, galaxy clusters don’t 

have a well-defined edge. 

So, we need to define the enclosed 
mass (M∆) within a sphere of radius 
R∆, within which the average density 

is ∆ times the critical or mean 
reference background mass density 

of the Universe.  

In this talk, I will consider four radii: 
∆=500c, 200c, 200m, “splash back”.

R500c: R200c: R200m: Rsp = 1: 1.4: 3: 4
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“Universal” Entropy Profile?

• Gas entropy profile is more universal when halos are defined with 
respect to the mean density than the critical density.

• Alignment of accretion shocks at Rshock ≈ Rsp = 1.4R
200m

accretion 
shock

Omega 500 Cluster Simulation Project
Mean Entropy Profiles of 65 simulated clusters at z=0 and their progenitors 

Lau, Nagai, Avestruz, Nelson, 
Vikhlinin, submitted to ApJ 

(astro-ph/1411,5361)

r200c

Rsp

Splashback	  radius:	  drop	  of	  DM	  density,	  
corresponds	  to	  accreBon	  shock	

D.	  Nagai:	  SnowCluster	  2015	

mean	  maGer	  density	

Entropy	  profile:	  S	  =	  kT/n2/3	
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Observed	  entropy	  profiles	
10.1. 銀河団外縁部の物理 79

A universal entropy profile for relaxed clusters? 3

Figure 1. Left:Entropy profiles for the clusters shown in table 1, scaled by S(0.3r200) . Individual clusters are colour coded as shown in table 1. The solid
black line shows the r1.1 powerlaw relation from Voit et al. (2005). Right:We plot S(r)/r (scaled to 0.3r200) to show the deviation from a powerlaw more
clearly. The black line is the best fit line to the data outside 0.2r200 using a form S/S(0.3r200) = A(r/r200)1.1e−(r/Br200)

2 . The best fit using the
functional form of Cavaliere et al. (2011) (equation 1) is shown by the blue line. For each model the 2 σ variations calculated using Monte Carlo methods are
shown by the dashed lines. The solid red lines show the range produced by density variations of 30 percent, which is the observed azimuthal density variation
found near r200 in Eckert et al. (2012).

Figure 2. Percentage azimuthal coverage as a function of radius for the
observations used.

In Fig. 1 (right) we plot S/r against r (scaling the pro-
files by S(0.3r200)/0.3r200), which more clearly shows the de-
viation from a simple powerlaw above 0.5r200. We find that the
profile is fitted well by the functional form S/S(0.3r200) =

A(r/r200)
1.1e−(r/Br200)

2

for r ! 0.2r200 with best fitting pa-
rameters A = 4.4+0.3

−0.1 and B = 1.0+0.03
−0.06 , so that;

S/S(0.3r200) = 4.4(r/r200)
1.1e−(r/r200)

2

(2)

We also find the best fit to the scaled entropy profiles in the
range r ! 0.3r200 using the functional form of equation 1 from
Lapi et al. (2010) and Cavaliere et al. (2011), which is found to

model the entropy profiles well with best fit parameters AC =
1.02+0.23

−0.08 ,BC = 1.8+0.2
−0.2, CC = 3.3+0.8

−0.2, so the best fit relation is

S/S(0.3r200) = 1.02(r/R)1.8e3.3(1−(r/R)) (3)

Since the errors on each parameter are correlated, the errors
on the best fits were obtained by using a Monte Carlo method with
10000 trials, and the 2 σ variations of the best fit models are shown
by the dashed lines in Fig. 1 right. Black lines show equation 2
while the blue lines show equation 3. When performing the fitting
the entropy profiles from each cluster were also weighted by the
azimuthal coverage of the observations of each cluster (shown in
Fig. 2), so that more weight was given to observations with larger,
more representative azimuthal coverage. This reduces the possible
bias of observations which were taken along narrow strips which
may not be representative of the cluster as a whole.

The solid red lines in Fig. 1 (right) show the effect of 30 per-
cent density variations on the best fit entropy profile. This is the
level of azimuthal scatter in the gas density inferred from the az-
imuthal scatter in the surface brightness of the clusters studied in
Eckert et al. (2012) (where the observed surface brightness scatter
was ∼ 70 percent around r200). We find that the majority of the
data lie within this range around the best fit profile, suggesting that
most of the scatter around the best fit profile can be explained by
the ∼30 percent azimuthal density variations found in Eckert et al.
(2012). The Virgo results are however inconsistent with the trend of
the other clusters. This may be because the azimuthal scatter mea-
sured in Eckert et al. (2012) was found by dividing the clusters in
their ROSAT sample into 12 sectors of opening angle 30 degrees,
whereas the Virgo strip is much narrower than this (its opening an-
gle is∼ 8 degrees). It is therefore possible that the scatter measured
in Eckert et al. (2012) underestimates the level of scatter at scales
smaller than the sector size they used.

In Fig. 3 (black lines) we compare the scaled entropy profiles

c⃝ 0000 RAS, MNRAS 000, 000–000

図 10.1: いろいろな銀河団のエントロピーの半径
に対する分布 (ここでは S と表示)。理論予想の
r1.1がフィットされており、外側で減少すること
がわかる。(Walker et al., 2012)。

図 10.2: 銀河団より小規模の銀河群 (赤と青)を
含めたエントロピーの分布。銀河群は理論予想の
r1.1 に比較的よく乗ることがわかる。(佐々木亨
より)

1. ガスの密度が高い。具体的にはガスが小さなかたまり (クランプ)になっていて、一様と仮定す
ると密度を過小評価している。

2. 電子温度が低い。外縁部は周囲から落ち込んできたガスが加熱される途中にあり、イオン温度
は高くとも電子温度は十分に上昇していない。

1に関しては、ChandraがA133銀河団の外縁部を観測し 80個近くのガスのかたまりを見つけている。
ただ、ビリアル半径の半分からエントロピーを下げるほどの影響があるかどうかは疑問である。一
方、電子温度が加熱される時間は以前に見たように、n ∼ 10−4 cm−3だと 109 yrを超えるので、電子
温度が十分上がっていない可能性は極めて高い。Fe輝線の幅からイオン温度が求められれば、イオ
ン温度と電子温度の違いが明らかにできるが、銀河団外縁部の X線放射は弱いため、観測できるは
ASTRO-Hより後になると考えられる。

一方、図 10.2に示すように、銀河群のエントロピー分布は銀河団に比べると r1.1という予想によく乗
ることがわかってきた。銀河団よりも小さなシステムで全体の温度が低いこともあり、周辺部までの
加熱が銀河団よりは効率よく進んでいる可能性がある。よりサンプルが増えれば、システムの温度と
r1.1からのずれの大きさとの相関がはっきりするだろう。

Feの分布を銀河団外縁部まで求める試みも「すざく」を中心に進められている。図 10.3に示すよう
に、ペルセウス座銀河団の観測から、ビリアル半径 (1.8 Mpc)近くまで Feアバンダンスが約 0.3 solar
であり、8つの方向についてもよく似た値を示すことが分かった。このことは、銀河団空間への元素
の注入が比較的早い時期にかつ広範囲に起きたことを示している。また銀河団より外の空間、例えば
大構造のフィラメントなども予想より多くの重元素を含んでいる可能性が出てきた。
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Figure 1. Left:Entropy profiles for the clusters shown in table 1, scaled by S(0.3r200) . Individual clusters are colour coded as shown in table 1. The solid
black line shows the r1.1 powerlaw relation from Voit et al. (2005). Right:We plot S(r)/r (scaled to 0.3r200) to show the deviation from a powerlaw more
clearly. The black line is the best fit line to the data outside 0.2r200 using a form S/S(0.3r200) = A(r/r200)1.1e−(r/Br200)

2 . The best fit using the
functional form of Cavaliere et al. (2011) (equation 1) is shown by the blue line. For each model the 2 σ variations calculated using Monte Carlo methods are
shown by the dashed lines. The solid red lines show the range produced by density variations of 30 percent, which is the observed azimuthal density variation
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Figure 2. Percentage azimuthal coverage as a function of radius for the
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In Fig. 1 (right) we plot S/r against r (scaling the pro-
files by S(0.3r200)/0.3r200), which more clearly shows the de-
viation from a simple powerlaw above 0.5r200. We find that the
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bias of observations which were taken along narrow strips which
may not be representative of the cluster as a whole.
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data lie within this range around the best fit profile, suggesting that
most of the scatter around the best fit profile can be explained by
the ∼30 percent azimuthal density variations found in Eckert et al.
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the other clusters. This may be because the azimuthal scatter mea-
sured in Eckert et al. (2012) was found by dividing the clusters in
their ROSAT sample into 12 sectors of opening angle 30 degrees,
whereas the Virgo strip is much narrower than this (its opening an-
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2. 電子温度が低い。外縁部は周囲から落ち込んできたガスが加熱される途中にあり、イオン温度
は高くとも電子温度は十分に上昇していない。

1に関しては、ChandraがA133銀河団の外縁部を観測し 80個近くのガスのかたまりを見つけている。
ただ、ビリアル半径の半分からエントロピーを下げるほどの影響があるかどうかは疑問である。一
方、電子温度が加熱される時間は以前に見たように、n ∼ 10−4 cm−3だと 109 yrを超えるので、電子
温度が十分上がっていない可能性は極めて高い。Fe輝線の幅からイオン温度が求められれば、イオ
ン温度と電子温度の違いが明らかにできるが、銀河団外縁部の X線放射は弱いため、観測できるは
ASTRO-Hより後になると考えられる。

一方、図 10.2に示すように、銀河群のエントロピー分布は銀河団に比べると r1.1という予想によく乗
ることがわかってきた。銀河団よりも小さなシステムで全体の温度が低いこともあり、周辺部までの
加熱が銀河団よりは効率よく進んでいる可能性がある。よりサンプルが増えれば、システムの温度と
r1.1からのずれの大きさとの相関がはっきりするだろう。

Feの分布を銀河団外縁部まで求める試みも「すざく」を中心に進められている。図 10.3に示すよう
に、ペルセウス座銀河団の観測から、ビリアル半径 (1.8 Mpc)近くまで Feアバンダンスが約 0.3 solar
であり、8つの方向についてもよく似た値を示すことが分かった。このことは、銀河団空間への元素
の注入が比較的早い時期にかつ広範囲に起きたことを示している。また銀河団より外の空間、例えば
大構造のフィラメントなども予想より多くの重元素を含んでいる可能性が出てきた。

Suzaku	  observaBons	  show	  entropy	  drops	  in	  the	  cluster	  
outskirts,	  but	  not	  so	  clear	  for	  groups	  
Ion-‐electron	  temperature	  difference,	  gas	  clumpiness,	  or	  other	  
reason	  of	  non	  equilibrium	  	

Athena	  will	  measure	  this	  with	  	  >10	  Bmes	  more	  area	

Walker	  et	  al.	  12	
Sasaki	  et	  al.	  15	
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Merger	  shocks	  in	  cluster	  outskirts	  	

H.	  Akamatsu	  “AstroparBcle	  
views	  of	  galaxy	  clusters”	  
2015	  
arXiv:1507.02285	  

Radio	  relics	  are	  merger	  shocks	  with ���
M	  ~	  3	  
Good	  locaBon	  to	  see	  actual	  processes	  
of	  gas	  heaBng,	  ion-‐electron	  
interacBon,	  parBcle	  acceleraBon,	  and	  
effect	  of	  magneBc	  fields.	  
High	  sensiBvity	  like	  Athena	  is	  
necessary	  for	  detailed	  studies.	

Table 2. Best-fit background parameters

Local Hot Bubble Milky Way Halo Hot Foreground CXB
kT (keV) norma kT (keV) norma kT (keV) norma Γ normb χ2/d.o. f

[×10−3] [×10−3] [×10−3] [×10−4]
Case1 0.08 (fix) 24.2 ± 2.2 0.30+0.02−0.01 4.9 ± 0.4 – – 1.41 (fix) 9.4 ± 0.4 166/133
Case 2 0.08 (fix) 43.2 ± 5.0 0.27±+0.01−0.04 6.1 ± 1.5 0.68+0.04−0.08 1.0+0.6−0.3 1.41 (fix) 9.2 ± 0.4 159/132
a: Normalization of the apec component scaled by a factor 20 × 20π = 400π (see text).
norm= 1

400π

∫

nenHdV/(4π(1 + z2)D2A) × 10−14 cm−5 arcmin−2, where DA is the angular diameter distance to the source.
b: The CXB intensity normalization in Kushino et al. 2002 is 9.6 ×10−4 for Γ = 1.41 in units of photons keV−1 cm−2 s−1 at 1 keV.
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CIZA J2242.8+5301 merging direction

Fig. 3. Left: X-ray image of the CIZA J2242.8+5301 in the energy band 0.5-5.0 keV, after subtraction of the NXB with no vignetting correction
and after smoothing by a 2-dimensional gaussian with σ = 8 pixel =8.5′′. The identified point sources by XMM-Newton are highlighted with
the green circles (see text). The 1.4 GHz radio emission is shown with yellow contours. The dashed cyan circle indicate the center which was
determined by visually fitting a circle to the radio relics. Right: Temperature profile of CIZA J2242.8+5301 from the south to north direction. The
dotted gray lines show WSRT 1.4 GHz radio emission.

For the spectral fits, we used the XSPEC version 12.8.0 pack-
age6. The model for the sky-background components is de-
scribed as ApecLHB+phabs(ApecMWH+ApecHF+powerlawCXB)
in XSPEC representation. In this model, Apec and phabs repre-
sents thin thermal plasma emission model (Smith et al. 2001)
and Galactic absorption toward the target, respectively. We fixed
the abundance and the redshift of each thermal component to 1.0
and 0.0, respectively. Further we fixed the temperature of the
LHB and photon index of the CXB components to 0.08 keV and
Γ=1.41 (Kushino et al. 2002), respectively. We used the spectra
in the 0.5-7 keV range for the BI detectors and 0.8-7 keV for
the FI detector. The result is consistent with the CXB intensity
with the Kushino et al. (2002) level and the MWH tempera-
ture of 0.27+0.01−0.04 keV is consistent with typical values in other
fields (Yoshino et al. 2009). A fit with the HF component fixed
to zero (case1) is sightly poorer than a fit with its temperature
and normalisation as free parameters (case2). The resulting fit
parameters are shown in Table 2. Basically these models repro-
duce all features of the observed spectrum well, CXB intensity,
low energy (< 1 keV) sky-background. We have checked how
the HF component improves the fitting with an F-test, and ob-
6 http://heasarc.nasa.gov/xanadu/xspec/

tained the probability value of the F-test ∼ 0.001. Thus, we em-
ployed the parameters of case 2 in Table 2. The best-fit spectrum
model (case2) is shown in Figure 2.

2.2. ICM emission along the merging direction

In order to investigate the cluster temperature distribution in the
merging direction (from north to south), we divided the cluster
into 11 box regions as shown in Figure 3. For the ICM emission
around the radio relic, we employed an absorbed single temper-
ature thermal plasma model (phabs × apec). In all regions, we
fixed the metal abundance and the redshift to 0.3 (Fujita et al.
2008; Werner et al. 2013) and 0.192 (Kocevski et al. 2007), re-
spectively. Because the ICM emission has a different spatial dis-
tribution from the sky-background, we generated an ARF by us-
ing the Suzaku XIS image (0.5-8.0 keV band) as input surface
distribution for xissimar f gen. Based on Sec. 2.1, we modeled
the sky-background emission using the uniform ARF. Employ-
ing multiple ARFs is enabled with XSPEC version 12. The nor-
malization of the LHB component, the normalization and tem-
perature of the MWH component, and the normalization of the
power-law model for the CXB component were allowed to vary
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3. He-like ions:
density, temperature, radiation fields, optical depth

two electrons: wave function = spatial(r1,r2) x spin(s1,s2)

has to be antisymmetric:           symmetric x antisymmetric
                                         antisymmetric x symmetric

n=1

n=2

spin wave function: |↑↑> ,  |↑↓> + |↓↑>,  |↓↓>,  and  |↑↓> - |↓↑>
symmetric; S = 1

triplet
antisymmetric; S = 0

singlet

1s2p; S = 0
1s2p; S = 1

1s2s; S = 1

1s2s; S = 0
1s2; S = 0

resonance transition
(1s→2p; S=0→S=0)

forbidden transition
(1s→2s; S=0→S=1)

spin-flip transition
(1s→2p; S=0→S=1)

‘critical density’

and similarly for He-like C, N, Ne, Mg, Si, S, Ar, Ca,
Fe; ever increasing critical density

not sure there is always a unique solution (Te,ne) ?
also: source often not isothermal (isochoric)

He-like Oxygen

from Porquet et al. Space Sci Rev, 157 (2010)

Spectral	  resoluBon:	  He-‐like	  triplet	

w	

z	

x+y	

l  X-‐IFU	  resolves	  w,	  x+y,	  z	  
lines	  

l  Plasma	  parameters	  (Te,	  ne)	  
are	  determined	  directly	  

l Non-‐thermal	  effect	  can	  be	  
studied	  (satellite	  lines)	
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• Profile	  of	  FeXXV,	  XXIV	  complex	  
is	  resolved	  

• Resonance	  and	  forbidden	  lines	  
are	  separated	  

Electron	  temperature	  
Ion	  temperature	  
DeviaBon	  from	  Maxwellian	  

Spectral	  resoluBon:	  Fe	  line	  profile	
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micro	  
Calorimeter	  
	  Spectrum	  

Wide	  band	  
	  Spectrum	  

Turbulence	  power	  spectrum	  will	  tell	  
us	  viscosity,	  which	  converts	  
turbulence	  into	  heat.	  
High	  angular	  resoluBon	  and	  10-‐50	  
Bmes	  more	  area	  than	  SXS	  of	  Athena	  
allows	  us	  to	  measure	  it	  to	  high	  wave	  
numbers.	  

Perseus	  cluster	  (r<2’,	  100ks)	  
Turbulence	  and	  temperature	  structure	  

1'	  =	  22	  kpc	

Turbulence	  in	  Clusters	
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Chemical	  evoluBon	

9.5. 遠方銀河団 75

図 9.14: ROSATによるサーベイ観測に基づく銀河
団の光度関数。LX ≤ 1044 erg s−1の範囲では、zに
よる違いはほとんど見えない (Rosati et al., 2000)。

separately on Figure 5. There is a clear absence of very relaxed
clusters at z > 0:5, although the distribution of ellipticities does
not vary significantly with redshift. The distribution of hwi alone
is plotted in Figure 7 for the low- and high-redshift subsets.
Again the absence of very relaxed clusters in the high-redshift
subset is clear. A Kolmogorov-Smirnov test gave a probability
that the two hwi subsets came from the same parent distribution
of 4:5 ; 10!4 (>3.5 !). This reinforces, at greater significance,
the results of Jeltema et al. (2005), who found more substructure
in distant clusters than local clusters by using power ratios on
Chandra images (see also Vikhlinin et al. 2006a).

7.2. Evolution of Metal Abundance

The abundance of metals in the ICM is the signature of star
formation activity (and the ensuing supernovae) in the member
galaxies, and the observed evolution of metal abundances can
be used to trace the history of these processes (e.g., Ettori 2005;
Balestra et al. 2007). Measuring metal abundances in distant
clusters is challenging, and requires a higher quality of data than
measuring temperature alone (see x 7.5). In Figure 8 we plot
metal abundances measured within R500 as a function of redshift
and look-back time. There are large uncertainties on the individ-
ual measurements, and for nine clusters, the abundance measured
was an upper limit. The abundance values are iron abundances
relative to the solar values of Anders & Grevesse (1989). While
these have been superseded by more recent measurements (e.g.,
Grevesse & Sauval 1998), they allow straightforward compari-
son with other works. A simple scaling of 0.676 converts from
the Anders & Grevesse (1989) iron abundance to values relative
to the Grevesse & Sauval (1998) abundances.

To improve the precision of the measurements, the clusters
were grouped by redshift, and the spectra were fit simultaneously

Fig. 5.—Clusters are plotted on the plane of centroid shift and ellipticity. The
dashed lines show themedian values of the full sample. Unfilled and solid points
show low- and high-redshift clusters, respectively.

Fig. 6.—Adaptively smoothed images of clusters exemplifying the morpho-
logical characteristics plotted in Fig. 5. The clusters are plotted here in the same
quadrants in which they reside in Fig. 5.

Fig. 7.—Histograms of the centroid shift parameter hwi for the low- and high-
redshift subsets of our sample. [See the electronic edition of the Supplement for a
color version of this figure.]

Fig. 8.—ICM metal abundances measured within R500 are plotted against
look-back time and redshift for each cluster. All emission within R500 was used
when measuring these abundances. The thick lines show the abundances mea-
sured from a joint fit to the clusters in different redshift bins. The bins contain
"15 clusters and the points are at the median redshift of each bin.

PROPERTIES AND METAL ABUNDANCES OF CLUSTERS 131No. 1, 2008

図 9.15: Chandraの観測した 115個の z = 0.1−1.3
の銀河団に対する鉄アバンダンスと redshiftの関
係。平均的な鉄アバンダンスは z = 1から現在に
かけて約 2倍増加するように見える (Maughan et
al., 2008)。

図 9.16: Chandraが観測した遠方銀河団のＸ線像。衝突合体など相互作用している銀河団が比較的多
い。(Rosati et al., 2002)。

Oなどについて行えれば、II型超新星の寄与が決まるので、元素生成の歴史はよく理解されると期待
される。一方、Chandraが観測した遠方銀河団のＸ線像を図 9.16に示す。近傍の銀河団よりも、いわ
ゆる cD型のものが少なく、相互作用しているものが多い傾向にある。

Maughan	  et	  al.	  08	  	

8.5. 元素による違い 65

次に、銀河団全体の大局的な元素分布を考えてみる。重元素が個々の銀河から供給されたのであるな
らば、もし元素が拡散して広がる速度が遅ければ (実際極めて遅いと評価されている)、重元素は銀河
をトレースし、銀河団の半径に対して外側ほど下がるような分布を示すだろう。前に述べたように、
高温ガスの分布は銀河分布に比べてより広がった半径分布を示すからである。「あすか」によればペ
ルセウス座銀河団とAWM7の Feの分布は半径に対して緩やかに低下しており、銀河分布に極めてよ
く合う (Ezawa et al., 1997, 2001) (図 8.9)。ガスの供給過程として、高温ガス中を銀河が運動すること
によるはぎ取り (ram pressure stripping)が考えられているのだが、もしそうであれば重元素の密度は、
銀河密度とガス密度の積に比例し、より急勾配になると考えられる。「あすか」の観測結果は、むし
ろ銀河が自発的に (銀河風などで)重元素を放出したことを示唆しているように見える。

8.5 元素による違い

図 8.10:「すざく」が観測した Fornax銀河団にお
ける、いろいろな元素の存在量の半径に対する変
化Matsushita et al. (2007)。Siと Feは中心で増加
するのに対し、Oはやや平坦な分布で量も少ない。

図 8.11:「すざく」の観測したAWM7のアバンダ
ンスパターン (Sato et al., 2007)。いろいろな元素
の量全体を説明するためには、これまでに II型超
新星が Ia型超新星の 3.5倍起きたと考えられる。

「すざく」による Fornax銀河団の元素アバンダンスの観測結果を図 8.10に示す。Siと Feは中心へ
向かって急に増加するが、Oは増加が緩やかで存在量も少ない。このことは、Siと Feは主に Ia型超
新星により、一方の Oは II型超新星で作られ、その違いが反映されていると考えられる。楕円銀河
には古い星が多く、現在は Ia型超新星 (白色矮星での炭素爆燃)しか発生しない。従って Si, Feは現

1990ApJ...359...29D

David	  et	  al.	  90	

SNCC	

SNIa	

1Gy	 10Gy	0.1Gy	
Mass	  ejecBon	  rate	  history	

Abundance	  paGern	  should	  evolve	  in	  
Bme	  
Clear	  evidence	  of	  metal	  enrichment	  
history	  will	  be	  provided	  by	  high	  
sensiBvity	  observaBons	

Sato	  et	  
al.	  07	  	
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Cluster	  gas	  is	  very	  
metal-‐rich,	  and	  high	  
sensiBvity	  of	  Athena	  will	  
show	  detailed	  (patchy?)	  
metal	  distribuBon	  in	  
clusters	  	  

SXI FOV 
To	  the	  virial	  radius,	  and	  beyond	  
M.R.	  George	  et	  al.	  2009	  

低バックグランド広視野 
X線CCD観測 

Elemental	  distribuBon	  in	  clusters	

Centaurus	  cluster	  simulaBon	  
for	  ASTRO-‐H:	  very	  high	  
metal	  abundance	  in	  the	  
center	
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•  Starburst	  galaxies:	  enrichment	  and	  heaBng	  of	  intergalacBc	  
space	  (and	  clusters)	  with	  galacBc	  winds	  

•  All	  galaxies	  experience	  such	  a	  period	  à	  feedback	  in	  the	  
universe	  

•  Athena	  will	  measure	  gas	  velocity,	  metal	  abundance	  and	  
heaBng	  effect	  with	  high	  precision	

Figure 7: (left) A simulated SXS spectrum of the M82 center region with 200 ksec exposure. The He-like Mg triplet is shown on the
right. The Fe K band spectrum (left) shows fluorescent Fe K at 6.4 keV and the He-like Fe XXV triplet at 6.7 keV. Black and red data
show the He-like triplet lines with 0 km/sec and 500 km/sec velocity dispersions, respectively.

Absorption features of redshifted Oxygen with a column density of ∼ 1015 cm−2 were detected in Mrk 421 at
outbursts with Chandra LETG (Nicastro et al., 2005) in 200 ksec exposure. The 0.5–2 keV flux of Mrk 421 in
outburst reaches 10−9 erg cm−2 sec−1 at the peak. The SXS has a larger effective area of 50 cm2 than Chandra
LETG/ACIS (∼ 5 cm−2) in the Oxygen K band, while the resolving power of E/∆E of 120 (or ∆E = 5 eV) is
smaller than that of LETG (20×λ ≈ 400). Thus the required exposure time will be, roughly, 1 Msec for a firm
detection, using the approximate scaling with area and resolution of the sensitivity to weak absorption lines on
a strong continuum.

5 Emission Line Spectroscopy of Early-type galaxies

5.1 Background and Previous Studies

Early-type galaxies have a hot, X-ray emitting ISM whose origin is considered to be the accumulation of stellar
mass loss. The timescale for the accumulation of mass-loss products is smaller than 1 Gyr and the luminosities
of the hot ISM in most early-type galaxies are consistent with the energy being input from such stellar mass
loss (Matsushita, 2001). Recent supernovae (SN Ia) may inject additional metals, especially Si and Fe, and may
also impart some energy to the ISM. Some early-type galaxies have ISM luminosities much higher than the rate
of energy input from stellar mass loss. These galaxies are located within cool cores of group–scale potential
structures that have a higher gravitational mass in the outer regions than the X-ray faint galaxies (Matsushita,
2001; Nagino & Matsushita, 2009). As in cool-cores in massive clusters of galaxies, there should be some form
of energy injection. In these galaxies, Allen et al. (2006) found a tight correlation between the Bondi accretion
rates and the power emerging from these systems in relativistic jets. As a result, they are also suitable to study
feedback from active galactic nuclei.

The heating of the Intracluster Medium (ICM) may be driven by turbulent motions of the gas. Such turbulent
motions in cool cores can be constrained by observing the effect of resonant scattering. Without turbulent
motions, the hot Interstellar Medium (ISM) in the center of luminous early-type galaxies can be optically thick
within some of the strong Fe-L lines. Xu et al. (2002) found that the flux of the Fe XVII line at 0.83 keV
of the central region of an X-ray luminous elliptical galaxy, NGC 4636, observed with XMM-Newton RGS is
smaller than what is expected from the APEC plasma code (Smith et al., 2001). This discrepancy indicates
that resonant scattering suppresses the line flux emerging from the central region and the upper limit for the
turbulent velocity in this galaxy is lower than 200 km/s, assuming isotropic turbulence (Xu et al., 2002; Werner
et al., 2009). Werner et al. (2009) and de Plaa et al. (2012) also estimated the effect of the scattering for several

14

ASTRO-‐H:	  M82	  200	  ks	  simulaBon	  for	  
wind	  velociBes	  0	  (black)	  and	  500	  (red)	  
km/s	

Enrichment	  by	  galacBc	  winds	

M82	  (Xray:	  blue,	  	  IR:	  red,	  Opt:	  white)	
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term:

Unbound Continuum ('E=0)

Ground State of Ion ( 'E= –Binding Energy)

Collision	  of	  ion	  and	  neutral	  atom	  
l  Large	  cross	  secBon	  (10-‐16	  cm2)	  
l  Stellar	  wind	  and	  planetary	  gas	  
l  Hot	  wind	  and	  neutral	  gas	  
-‐-‐	  highly	  ionized	  lines	  and	  
forbidden	  lines	  are	  strong	

Spectral	  resoluBon:	  Charge	  exchange	
O+7	  +	  H	  à	  O+6*	  +	  p	

Mars	Comet	
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WHIM:	  warm-‐hot	  intergalacBc	  medium	

334 BRANCHINI ET AL. Vol. 697

Figure 5. Cumulative distribution function of absorption lines equivalent widths.
Predictions of model B2. Left: cumulative distribution function of O vi X-ray
(blue continuous) O vii 1s–3p (red long-dashed), C v (green dotted), and C vi
(black short-dashed). Right: cumulative distribution function of Fe xvii (blue
solid), Mg xi (red long-dashed), and Ne ix (black dotted).
(A color version of this figure is available in the online journal.)

with Tg ! 105 K and ρg/⟨ρg⟩ " 103). The majority of the
remaining baryons are located in regions of the phase space
that are currently not probed by observations. Some of them
are expected to be found in the outskirts of the galaxy clusters
all the way out to the virial radius (red points with Tg # 106.5

K and 101.5 # ρg/⟨ρg⟩ # 102.5) but the large majority, which
constitute the bulk of the WHIM, is to be found in lower density
environments.

The larger symbols characterize the gas that can be detected
through O vi (filled white squares), O vii (filled magenta dots),
or O viii (filled cyan triangles) assuming model B2. Only lines
with EW " 10 km s−1 are considered in the plot. Different
ions preferentially probe different regions of the phase space
with a non-negligible overlap, spanning a large range of WHIM
physical conditions. As anticipated, O vi is a signpost for the
cooler regions of the WHIM while, on the opposite, the O viii
lines typically flag hotter environments. The O vii absorbers
span a very large range in temperature, although those with
Tg < 105 K are typically associated with weak lines.

The position of the O vi, O vii, and O viii symbols in the
phase space is not determined precisely since the density and
the temperature of the gas associated with the absorption line
are not uniquely defined. In this work, we estimate temperature
and density of the absorbing material as in Chen et al. (2003).
First we define the temperature and density in each spectral bin
as

ρg(u) = 1
τ (u)

∫
dτ

dy
ρg(y)dy; Tg(u) = 1

τ (u)

∫
dτ

dy
Tg(y)dy

(2)
and then we obtain the corresponding quantities for the ab-
sorbers by averaging over the bins in the line redshift interval
[z, z]. This is the definition that we have used to plot the symbols
in Figure 6.

Figure 6. Phase space diagram of the cosmic baryons at z < 0.2 from the
hydrodynamical simulation of Borgani et al. (2004). Blue dots with T ! 105

and ρ/⟨ρ⟩ ! 103: gas particles detected in the local Ly α forest. Yellow dots
with Tg ! 105 K and ρg/⟨ρg⟩ " 103 gas particles associated with star forming
regions. Green dots with Tg # 106.5 and ρg/⟨ρg⟩ # 102.5 gas particles in the
central part of virialized structures that are potentially observable with current
X-ray satellites. Red dots with Tg $ 106.5 and 101.5 $ ρg/⟨ρg⟩ $ 102.5 gas
particles in the outskirts of virialized objects currently not observed. Black dots:
currently unobserved intergalactic medium including the warm hot phase. Filled
white squares gas detectable through O vi absorption lines. Filled magenta dots
gas detectable through O vii absorption lines. Filled cyan triangles gas detectable
through O viii absorption lines. Only absorption lines with EW" 10 km s−1

have been considered.
(A color version of this figure is available in the online journal.)

We have also considered an alternative estimator in which
temperature and density are weighted by the optical depth of
the line:

ρ̂g =

∫ z

z
τ (y)ρg(y)dy
∫ z

z
τ (y)dy

; T̂g =

∫ z

z
τ (y)Tg(y)dy
∫ z

z
τ (y)dy

. (3)

Using Equation (3) rather Equation (2) does not introduce
systematic differences, just a random scatter of ∼15% in both
temperature and density.

Another possible source of ambiguity in estimating the
temperature and the density of the gas is represented by those
absorption systems characterized by two or more ions, each one
with its own opacity. In this case, the redshift interval [z, z]
depends on the ion considered and so will be the estimated
temperature and density of the absorbing gas. To assess the
importance of this effect we have considered all mock absorption
systems featuring any two lines among O vi, O vii, or O viii and
found ∼20% scatter in temperature and density computed in the
redshift ranges of the different lines.

3.2. Correlation between Absorbers

Figure 7 shows the predicted correlation between the equiva-
lent widths of the oxygen lines associated with the same absorber
in the mock spectra of model B2. We only consider absorbers in
which all lines are detected above threshold. To avoid ambiguity
we measure the line EW in the velocity range used to identify
the O vii line. In the plots, the crosses indicate lines that are
not saturated (i.e., for which the transmitted flux is above zero).

Branchini	  et	  al.	  09	
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Cosmic	  
structure	  

Cluster	  gas	  (107K)	  WHIM	  (105-‐107K)	  

Galaxies	  (~104K)	  

size	  =	  30	  h-‐1	  Mpc	  
	  	  ≈	  5	  deg	  at	  z=0.1	  

Dark	  maGer	  

WHIM	  (105-‐107	  K)	  traces	  
the	  cosmic	  large-‐scale	  
structure	  
	  	  =	  “Missing	  baryon”	  

Typical	  maGer	  density:	  	  
δ	  (=n/〈nB〉)	  	  =	  10	  -‐	  100	  

Yoshikawa	  et	  al.	  2001,	  
ApJ,	  558,	  520	  
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Gas	  infall,	  ouvlow,	  	  
collapse,	  collision,	  
explosion,	  jets	  ..	

Thermal	  equil.	  gas	

Shocks,	  ionizaBon,	  
recombinaBon,	  
photoionized,	  
charge	  exchange	  ...	

Dynamics	

Plasma	  
process	

Final	  state	

Escaped	  gas,	  parBcles	

Gas	  moBon	

X-‐ray	  spectra	  with	  non-‐
thermal	  signatures	  	

Hard-‐X,	  Gamma-‐
rays,	  Cosmic	  rays	

Microcalorimeters	

High-‐energy	  parBcles	

Thermal	  X-‐ray	  emission	

Plasma	  processes	  and	  spectroscopy	
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ASTRO-‐H	  will	  fly	  in	  early	  2016	

June21,	  2015	

Detector Assembly (FM) 

Richard Kelley, Astro-H Summer School No. 6, Nara, August 2015 6 

Thermal	  vacuum	  test	

Microcalorimeter	  (SXS)	  
36	  pix,	  5	  arcmin	  FOV,	  300	  cm2	
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DIOS:	  dark	  baryon	  surveyor	
衛星外観図 -軌道上コンフィグレーション- 

Z�

Y�X�

Z�

Y�
X�

12&m�

図 5: DIOS衛星の外観図。2014年度の検討でバスと観測系を一体設計とし，従来デザインよりコンパクトに
なっている。但しＸ線望遠鏡は焦点距離 70 cmの従来モデル。衛星重量は 697 kg、平均消費電力は約 760 W。

2.4 開発チーム

衛星システム全体： DIOSはプロマネ、PI分離体制で進めることを考える。プロマネは JAXA一般
職 (研究者でない)で、衛星マネージメントに実績のある方にお願いし、PIは大橋、その定年後は石
崎が責任担当する。主たる担当メーカーとしてはバスを含めた衛星全体としては三菱電機を考えてい
る。冷却系の担当メーカーは住友重機械を考えているが、室温での熱と電子回路系を含むミッション
系全体のとりまとめ担当として NECにその上位にはいってもらうことを想定する。
その上でミッション系とバス系はクリアーインターフェスとして、サイエンティストはミッショ
ン系にできる限り注力できるような開発スタイルをとることを考える。具体的には、まず、プロマネ
の下にサブマネとシステムマネージャーを置く。サブマネは JAXA一般職とする。システムマネー
ジャーは ISAS工学系の教育職をまずは想定するが、（適切な方がいれば）JAXA一般職でもよい。次
に，ASTRO-Hシステムの深い経験を積んだ研究者を ISAS内でミッションマネージャーとして想定
する (個人名は未定)。システムマネージャーの下には，JAXAつくばを含めたエンジニアが（一部は
マトリックスにより）はいり、プロジェクトにかかわる専門技術をエンジニアの立場からサポートす
る。システムマネージャー配下のエンジニアの担当範囲は、衛星システムあるいは衛星バスだけでは
なく、ミッション系の様々な技術に衛星プロジェクト内マトリックス的にかかわってもらう想定で
ある。一方，ミッションマネージャーの下には、ミッション系を、4回反射Ｘ線望遠鏡、TESカロリ
メータ（信号処理系を含む）、冷却系の 3つのコンポーネントに分け、それぞれの責任者が設定され
る。これらの責任者は以下で述べる。PIはプロマネの上にたち、プロジェクトの全責任を負う。
なお、山崎はAthenaのX-IFU Consortium Boardに参加する予定のため、DIOSの PI/プロマネレベ
ルは担当できない。ただし、Athena冷却系DMの同一品をDIOSへ搭載する上での連携作業では、主
要な役割を担ってもらうと考えている。

4回反射Ｘ線望遠鏡： 名古屋大学が責任担当。現責任者の田原が 2年後に定年退職になるので、三
石が責任者となり、望遠鏡開発を主導する。なお松本以下、名大チームは全面的に 4回反射望遠鏡の
開発をサポートし、宇宙研からも、すでにビームライン実験等でサポートをいただいている。まだ非
公式だが、NASA/GSFC岡島氏から名古屋大へ打診があり、ミラーの製作段階での協力を得られる可
能性があり、その検討のためにミラーの金型を GSFCへ提供する準備をしている。

8

ダークバリオン探査ミッションDIOS 
開発の進展状況 

山崎典子（宇宙航空研究開発機構） 
の代理講演で、山田真也 (首都大) 

 
満田和久、竹井 洋 (ISAS/JAXA)、大橋隆哉、石崎欣尚、江副祐一郎(首都大) 
田原 譲、三石郁之 (名大)、太田直美(奈良女)、DIOS ワーキンググループ  

DIOS�

日本天文学会2015年�季年会 9月9日～11日@甲南大学 V310a  

ASTRO-‐H	  
(2016)	

DIOS	  
(2022-‐23)	

Athena	  
(2028-‐)	

Si	  calorimeter	  
	  36	  pix,	  7	  eV	

TES	  calorimeter	  
	  256	  pix,	  2-‐5	  eV	  
Bme	  domain	  mpx	  

TES	  calorimeter	  
	  3800	  pix,	  2-‐3	  eV	  
freq	  domain	  mpx		  He	  +	  ST/JT	  +	  3ADR	

Cryogen	  free	  
ST/JT	  +	  3ADR	

Cryogen	  free	  
ST/JT	  +	  	  
SorpBon+ADR	  or	  
DiluBon	

Satellite	  mass:	  800	  –	  900	  kg	  
FOV:	  30	  –	  50	  arcminmin	  
Area:	  200	  –	  1000	  cm2	  

Angular	  resoluBon:	  3	  –	  5	  arcmin	  
WHIM	  emission	  +	  GRB	  axerglow	  
Spectroscopy	  of	  bright	  or	  extended	  
objects	  

Technology	  demonstraBon	  for	  Athena	
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Summary	
•  Athena	  will	  open	  many	  new	  features	  about	  how	  the	  
“Hot	  Universe”	  has	  been	  formed	  over	  the	  cosmic	  
Bme	  scale.	  

•  Athena	  brings	  substanBal	  improvement	  in	  all	  
sensiBvity	  axis	  (effecBve	  area,	  angular	  resoluBon,	  
and	  energy	  resoluBon).	  

•  What	  I	  have	  introduced	  here	  are	  only	  small	  
examples,	  and	  much	  more	  will	  be	  presented	  later.	  

•  Finally,	  let	  us	  hope	  the	  successful	  launch	  of	  ASTRO-‐H,	  
which	  will	  show	  us	  the	  power	  of	  microcalorimeters.	


