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1. Introduction
銀河団とは

• メンバー銀河 

Optical/HST

20”
114kpc

X-ray/Chandra

20”
114kpc

• 高温ガス: T~107–8 K
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RXJ1347–1145

• 銀河団は衝突合体や周囲からの質量降着で成長
• 総質量 ~ 1014–15M⦿,  うちダークマターが約85%

• 重力ポテンシャルに拘束された高温ガスはX線を放射
→ X線はガスの物理状態や宇宙構造形成のトレーサー



1. Introduction

confirmed the temperature of the excess hot ICM by two
independent methods and have improved the precision of its
position. The excess hot ICM is located at a distance of 27″
(or ∼109 h−1 kpc) to the southeast from the cluster center.

Following Section 3.4, we also measure the equation of state of
the excess hot ICM. We compute Δp and Δρ for an elliptical
region with semimajor and semiminor axis lengths of 14″ and 12″,
respectively, and a position angle of −70° around the centroid of
the excess SZE signal. We assume a line-of-sight depth of
150 kpc. Given that I IX X% � � § in this region, we adopt nexcess
given in Equation (2) as a better proxy for Δρ than Equation (4).
On the other hand,Δp is directly computed from the SZE residual
signal, ΔISZ. We analyze the X-ray spectrum in this region using
the same procedure as described in Section 3.2. The electron
number density and temperature of the excess hot ICM are
(3.29±0.02)×10−2 cm−3 and 20.2 1.8

2.1
�
� keV, respectively. We

then find that the velocity inferred from the equation of state of the
excess hot ICM is 1970±150 km s−1, which matches ∼85% of
the adiabatic sound speed of the 20 keV ICM, ∼2310 km s−1.
This supports the picture that the pressure perturbation in the
southeast quadrant is induced by shock.

The excess hot ICM in the southeast quadrant is most likely
associated with a major merger. The result of SL analysis
indicates that the mass peak of the subcluster is offset from the
location of the southeast substructure. Our results imply that
the gas that was originally in the subcluster is stripped by ram
pressure of the main cluster. As mentioned above, the pressure
perturbation of the southeast substructure in the SZE residual
image is consistent with that created by shock, so it is plausible
that this stripped gas has been heated during the major merger.
Details of shock-heating processes in RX J1347.5–1145using
numerical simulations will be presented elsewhere.

5.2. Major Merger and a Sloshing Cool Core

We have also found a dipolar pattern in the core of
RX J1347.5–1145in its X-ray residual image. This is direct
evidence that the core is experiencing gas sloshing, whose
presence was suggested by Johnson et al. (2012) and Kreisch et al.
(2016). We find that the ICM properties of the disturbed gas

obtained by the X-ray spectral analysis are consistent with those
expected by gas sloshing. In addition, we find that the equation of
state of disturbed gas is consistent with being isobaric, i.e., the
motion of gas sloshing is in pressure equilibrium. The
morphology of this dipolar patter seems to be a spiral. If so,
the direction of the sloshing motion is in the plane of the sky.
Such dipolar spiral patterns are often found in local cool core
clusters (e.g., Churazov et al. 2003; Clarke et al. 2004; Sanders
et al. 2014; Ueda et al. 2017), which show no apparent feature of a
major merger. This indicates that their gas sloshing is induced by
a minor merger. RX J1347.5–1145, however, has a subcluster and
an excess hot ICM in its central 150 h−1 kpc. RX J1347.5–1145is
therefore the first cluster ever known to host both a major merger
and gas sloshing in the cool core.
The size of the dipolar pattern is a factor of 2∼3 smaller

than that often found in local cool core clusters (e.g., Ueda
et al. 2017). Since the size tends to evolve with time after the
passage of a subcluster (e.g., ZuHone et al. 2010), gas sloshing
in this cluster is expected to have occurred recently. The
dipolar spiral pattern indicates that the orbit of the major
merger is in the plane of the sky. This is in accord with the fact
that the redshift difference of the second BCG from the BCG is
less than 100 km s−1 by optical observations (Lu et al. 2010).

Figure 9. Surface mass density map of RX J1347.5–1145measured with SL assuming two (left) or three (right) dark halo components in units of 1015 h M: Mpc−2.
The entire morphology is nearly unchanged by addition of the third dark matter component.

Table 3
Best-fit Parameters of Mass Distributions of the Main Cluster and the

Subcluster Measured by SL

Main Cluster Subcluster

Mass ( h1014 1� M:) 7.2 1.9
2.1

�
� 2.8 1.1

2.4
�
�

Concentration parameter 6.6 0.9
1.0

�
� 4.8 1.6

2.2
�
�

Offset of mass peak relative to each
BCG (arcsec)a

(0.2 0.8
0.8

�
� , 0.1 0.8

1.0
�
� ) (0.5 2.3

1.8
�
� , 3.7 3.9

2.9
�
� )

Semiminor to semimajor axis ratio 0.62 0.05
0.04

�
� 0.31 0.06

0.06
�
�

Position angle (degree) 1.1 5.0
4.6

�
� 31.7 2.2

2.0
�
�

Note.
a The positions of the BCG and the second BCG are (R.A., decl.)=
(13h47m30 639, −11d45m09 589) and (R.A., decl.)=(13h47m31 870,
−11d45m11 20), respectively.
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Lens mass map

We also applied the same procedure for the SZE image. The
obtained SZE residual image is shown in the right panel of
Figure 2. Note that we used the unsmoothed SZE image with a
synthesized beam size of 4 1×2 5 FWHM (Kitayama et al.
2016). The smoothed images are shown only for display purposes.

Figure 2 clearly shows an excess signal in the southeast
quadrant both in the X-ray and SZE images. Thanks to the
high-resolution data, we find that the excess SZE signal has an
average FWHM of ∼28″ (113 h−1 kpc), which is significantly
more extended than that of ∼17″ (69 h−1 kpc) in the X-ray
residual image. This indicates that a high-temperature region

has a larger extent than seen in X-rays. We will present more
detailed analyses and results on this region using two
independent methods in Sections 3.2 and 3.3.
A dipolar pattern around the central AGN is apparent only in

the X-ray residual image (left panel of Figure 2). The dipolar
pattern consists of a northern positive excess and a southern
negative excess. The fraction of each component against the
mean brightness is roughly 20%. The dipolar pattern is clearly
distinct from the excess in the southeast quadrant and extends
over a spatial scale of ∼100 h−1 kpc. We will present more
detailed results in Section 3.4.

Figure 1. Surface brightnesses of the X-ray (left) and the SZE (right) of RX J1347.5–1145. The green cross corresponds to the position of the central AGN identified
by ALMA at 92 GHz. The X-ray surface brightness in the 0.4–7.0 keV band is shown as the logarithm value in units of photon s−1 arcsec−2 cm−2. This image is
smoothed by the Gaussian kernel with 2 3 FWHM. Overlaid is a white elliptical annulus within which variation of this surface brightness is minimized at the mean
radius between 15″ and 35″, excluding the southeast quadrant. The SZE surface brightness is overlaid with the contours of the X-ray surface brightness,
corresponding to 64%, 32%, 18%, 8%, 4%, and 2% of the peak value, after being smoothed by the Gaussian kernel with 2 3 FWHM. Colors indicate the ALMA SZE
map in mJy beam−1 smoothed to a beam size of 5″ FWHM. The beam size is presented as a black circle out of the map.

Figure 2. Residual images of the X-ray and SZE surface brightness. Left:the residual image of ChandraX-ray surface brightness after subtracting the mean profile,
excluding the southeast quadrant. The original surface brightness is the same as in the left panel of Figure 1. For reference, the position of the central AGN is marked
by a cross. Right:same as the left panel but for the ALMA92 GHz brightness in mJy beam−1 with the effective beam size of 5″ FWHM. The original surface
brightness is shown in the right panel of Figure 1.
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SZ/ALMA + X-ray(contours)

(Ueda+18)
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RXJ1347–1145

• 銀河団は衝突合体や周囲からの質量降着で成長
• 総質量 ~ 1014–15M⦿,  うちダークマターが約85%

• 重力ポテンシャルに拘束された高温ガスはX線を放射
→ X線はガスの物理状態や宇宙構造形成のトレーサー

銀河団とは
• ダークマター • 高温ガス: T~107–8 K



銀河団は巨大な実験室

Outskirts of Galaxy Clusters 197

Fig. 1 Simulated galaxy cluster. The white circles indicate r500, r200, rvir, and 3 r200 moving outwards,
respectively (adapted from Roncarelli et al. 2006). Left: X-ray surface brightness in the soft (0.5–2) keV
band. The color scale spans 16 orders of magnitude and has been chosen to highlight cluster outskirts. Right:
Temperature map on a linear scale from 0 keV (blue) to 11 keV (red)

This article is organized in 7 Sections. Section 2 contains our definition of cluster out-
skirts, Sect. 3 provides some basics on cluster mass determination, Sect. 4 includes a sum-
mary of the status of ICM profiles as well as descriptions and illustrations of physical effects
relevant for cluster outskirts, Sect. 5 outlines chemistry aspects, Sect. 6 summarizes techni-
cal considerations for X-ray, SZ, and weak lensing measurements, and Sect. 7 gives a brief
outlook.

2 Where Are the “Cluster Outskirts”?

Let us define, which radial range we consider as “cluster outskirts.” Readers not interested
in more details on the radial ranges can skip this section and just take note of our subjective
choice:

r500 < cluster outskirts < 3r200, (1)

where r500 (defined below) used to be the observational limit for X-ray temperature mea-
surements and the range up to 3r200 captures most of the interesting physics and chemistry
before clearly entering the regime of the warm-hot intergalactic medium (WHIM, Fig. 1).
This range also includes (i) the turn around radius, rturn = 2rvir, from the spherical collapse
model (e.g., Liddle and Lyth 2000), (ii) part of the infall region where caustics in galaxy
redshift space are observed, several Mpc (e.g., Diaferio 1999), (iii) much of the radial range
where accretion shocks might be expected, (1–3)rvir (e.g., Molnar et al. 2009), and (iv) the
region where the two-halo term starts dominating over the one-halo term in the matter power
spectrum, few Mpc (e.g., Cooray and Sheth 2002).

A theoretical recipe that can be used to define a cluster “border,” “boundary,” or at least
a “characteristic” radius is the spherical collapse model (e.g., Amendola and Tsujikawa
2010). Based on this very idealistic model, a virial radius, rvir, separating the virialized

R500
R200Rvir3R200

• How do baryons in groups 
and clusters accrete and 
dynamically evolve in the 
dark matter haloes?

• What drives the chemical 
and thermodynamic evolution 
of the Universe’s largest 
structures?

• What is the interplay of 
galaxy, SMBH, and 
intergalactic gas evolution in 
groups and clusters?

• Where are the missing 
baryons at low redshift and 
what is their physical state? 

Major astrophysical 
questions (Nandra+13)

Simulated X-ray cluster 
(Roncarelli+06)

For review, Böhringer+10; Allen+11; McNamara+12; Reiprich+13; Pratt+19 and many
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物理プロセス
•AGN feedback
•Heating and cooling
•Mergers
•Bulk and turbulent motions, 
particle acceleration, 
magnetic fields

•Chemical enrichment
•…
質量構造
• Intracluster gas
•Dark matter
•WHIM
•…
宇宙論応用
•Mass function
•Gas-mass fraction
•…



Ferrari et al. 2008
Radio Activity

2nd-order acceleration behind shock (turbulence)
→ Quasi-Thermal

1st-order acceleration at strong shock   
→ Nonthermal

Relic
Acquire

high M shock
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Table 1 Main observational properties of the different sources of diffuse radio emission in galaxy clusters.
Note that linear polarisation levels of ∼ 20− 40 % have been detected in filamentary structures of the radio
halo in A 2255 by Govoni et al. (2005).

Type Position Size ! Polarisation Example

Halo Centrally !Mpc ! 1 < few % Coma
peaked

Giant relic Peripheral ∼Mpc ! 1 ∼ 10−30 % Abell 3667

Mini-halo Centrally " 0.5 Mpc ! 1.5 < few % Perseus
peaked

Phoenix Peripheral ∼ 102 kpc ! 1.5 ∼ 10−30 % Abell 85

AGN relic Close to the few × 10 kpc ! 1.5 " 20 % Abell 133
host galaxy

interactions with the Cosmic Microwave Background (CMB) photons (via Compton scatter-
ing emission) and with the ICM (via Coulomb interactions and Bremsstrahlung emission).
The main radiative losses of electrons are due to Compton scattering of the CMB, and syn-
chrotron emission; the former process dominates for B < 3µG (the field equivalent of the
CMB energy density). The radiative lifetime of a relativistic lepton with a Lorentz factor
" < 108 is thus approximately given by (e.g. Longair 1981; Meisenheimer et al. 1989)

# ≈ 2×1012"−1
[

(1+ z)4+
(

B
3.3µG

)2
]−1

years. (2)

Since the expected diffusion velocity of the relativistic electrons is of the order of 100 km s−1
(Alfvén speed), cosmic rays do not have the time to propagate over the Mpc-scales of giant
cluster radio sources. This excludes the hypothesis that relativistic electrons are produced
at a localised point, and requires in situ acceleration mechanisms. Basically, two classes of
models have been proposed:

– the primary models, which predict that electrons are accelerated by shocks and/or tur-
bulence induced during cluster mergers. Shocks can (re-)accelerate particles via Fermi-I
processes (Enßlin et al. 1998) or adiabatic compression of fossil radio plasma (Enßlin & Gopal-Krishna
2001); turbulence via stochastic, Fermi-II processes (Brunetti et al. 2001) or magnetohy-
drodynamic (MHD) waves (Alfvén waves: Brunetti et al. 2004; magneto-sonic waves:
Cassano & Brunetti 2005);

– the secondary models, in which relativistic electrons are continuously injected by ha-
dronic collisions between the thermal ions of the ICM and relativistic protons, the latter
(characterised by significantly longer lifetime compared to relativistic electrons) having
been accelerated during the whole cluster history (e.g. Dennison 1980; Blasi & Colafrancesco
1999; Dolag & Enßlin 2000).

The observational properties of radio halos and relics (see Sects. 2.1 and 2.3) are more
in favour of primary models. The strongest point leading to this conclusion is the fact that
diffuse and extended radio emission has been detected up to now only in merging clusters. A
strong connection between cluster mergers and cosmic ray production is required in primary
models, and is not expected in secondary models. In this respect, the fact that halos and relics
are quite rare in clusters is again disfavouring the hadronic collision hypothesis, based on
which we should expect electron acceleration to be possible in all galaxy clusters.

Major Merger

low M shock

Halo

2. 銀河団進化と非熱的現象

ガスの加熱
粒子加速

ガスバルク運動
乱流

非熱的現象の研究は、銀河団進化や質量構造の理解にとって重要

kinetic energy ~1064 erg

z=0.00

204 V. Petrosian et al.

Fig. 6 The spectrum of electrons required for production of radio and HXR radiation based on the syn-
chrotron and IC models. Values representing the Coma cluster are used. The low energy peak shows the
distribution of thermal electrons along with a NT tail that would be required if the HXRs are produced by
the non-thermal Bremsstrahlung mechanism. The low end of the high energy NT electrons are constrained
to avoid excessive heating. The corresponding radio synchrotron spectra are shown in Fig. 1. From Petrosian
(2003)

processes can produce gamma-ray radiation. Among electronic processes one expects IC
and Bremsstrahlung radiation if electrons have sufficiently high energies. If the electron
spectrum that accounts for radio and HXR emission can be extended to Lorentz factors
of 3 × 105 (say with spectral index p = 3–4) then the IC scattering of CMB photons can
produce 100 MeV radiation with a νF(ν) flux comparable to the HXR fluxes (∼ 10−11–
10−12 erg cm−2 s−1) which can easily be detected by GLAST (the former actually disagrees
with the EGRET upper limit shown in Fig. 1). The lifetime of such electrons is less than
107 years so that whatever the mechanism of their production (injection from galaxies or
AGN, secondary electrons from proton-proton interactions, see the discussion by Petrosian
and Bykov 2008—Chap. 11, this issue), these electrons must be produced throughout the
cluster within times shorter than their lifetime. A second source could be electrons with
γ > 104 scattering against the far infrared background (or cosmic background light) which
will produce > 10 MeV photons but with a flux which is more than 100 times lower than

Electron spectrum
(Petrosian+03)

Maxiwellian 
108 K

Non-thermal 
tail

銀河団衝突はビッグバン以降の宇宙で最大エネルギーの現象

Gas velocity field
(Nelson+14)

The Astrophysical Journal, 782:107 (9pp), 2014 February 20 Nelson et al.

Figure 2. Projected mass-weighted temperature map of a relaxed (top) cluster and an unrelaxed (bottom) cluster with the velocity (left) and acceleration (right)
vector fields overlaid. The black circles denote r2500, r500, and r200 of the clusters from inside to outside. Both the maps and vector fields are mass weighted along a
200 kpc h−1 deep slice centered on their respective cluster centers.
(A color version of this figure is available in the online journal.)

neighboring angular bins. We then compute each mass term
in Equations (5)–(8) by averaging values of the angular bins
over the radial bin. The acceleration term Maccel is computed by
taking the difference of radial velocity in the same radial bin
between two consecutive timesteps (∼0.04 Gyr).

4. RESULTS

First we show projected mass-weighted temperature maps of a
relaxed cluster (top) and unrelaxed cluster (bottom) in Figure 2.
To illustrate the complex velocity and acceleration structure
in the ICM we have overplotted the velocity and acceleration
vectors on the left and right hand panels, respectively. The
unrelaxed cluster shown is a M500 = 5.5 × 1014 h−1 M$ system
undergoing a near 1:1 merger, resulting in a large merger shock.
Its mass has also increased by a factor of five since z = 0.5.
In contrast, the relaxed cluster is a M500 = 3.9 × 1014 h−1 M$
system that has not experienced a major merger since z = 0.6
and has only grown by 9% in mass since z = 0.5. The
differences between the dynamical state of these clusters is also
readily apparent in both the velocity and acceleration maps. The
velocity field of the relaxed cluster is that of a quiescent system
smoothly accreting matter from its environment. The vector field
points predominantly toward the center of the system with larger

velocities outside of r500 and smaller velocities toward the core.
In addition to the gas inflow, clockwise rotation of the ICM can
be seen in the velocity field within r500. On the other hand, the
unrelaxed cluster has a much more varied velocity field. There
is an outwardly propagating merger shock in the bottom left
region of the map at about r ≈ 1.4 r500 with large associated
velocities. As the shock passes through the ICM, it converts
the bulk of the kinetic energy of the gas into thermal energy,
decreasing the magnitude of the inward flowing gas velocity.
This can clearly be seen in contrast between the small velocities
of the gas in front of the shock and the large outward flowing
velocities within the shock. This results in localized net outward
acceleration seen in the acceleration field and hence a negative
Maccel (Equation (10)). A second shock can be seen in this system
at the top right within r500. This shock is not propagating in the
plane of the map and therefore appears to have less ordered
acceleration vectors in this slice. In addition to the two shocks,
the cluster has large gas accelerations throughout r500 induced
by the ongoing merger. The corners of the map with very small
acceleration vectors show regions in the outskirts of the cluster
thus far untouched by the merger. Conversely, the acceleration
field of the relaxed cluster has very small magnitudes to the point
of being almost non-existent in the core of the system. While
the velocities in both systems have comparable magnitudes,
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ガス運動の探査
衝突合体で引き起こされるガスの速度場

• 流体計算から大規模で複雑なガス運動が生まれると予言
→ 非熱的圧力が静水圧条件の質量推定において5–35%も効く(Nagai+07)
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Figure 2. Projected mass-weighted temperature map of a relaxed (top) cluster and an unrelaxed (bottom) cluster with the velocity (left) and acceleration (right)
vector fields overlaid. The black circles denote r2500, r500, and r200 of the clusters from inside to outside. Both the maps and vector fields are mass weighted along a
200 kpc h−1 deep slice centered on their respective cluster centers.
(A color version of this figure is available in the online journal.)

neighboring angular bins. We then compute each mass term
in Equations (5)–(8) by averaging values of the angular bins
over the radial bin. The acceleration term Maccel is computed by
taking the difference of radial velocity in the same radial bin
between two consecutive timesteps (∼0.04 Gyr).

4. RESULTS

First we show projected mass-weighted temperature maps of a
relaxed cluster (top) and unrelaxed cluster (bottom) in Figure 2.
To illustrate the complex velocity and acceleration structure
in the ICM we have overplotted the velocity and acceleration
vectors on the left and right hand panels, respectively. The
unrelaxed cluster shown is a M500 = 5.5 × 1014 h−1 M$ system
undergoing a near 1:1 merger, resulting in a large merger shock.
Its mass has also increased by a factor of five since z = 0.5.
In contrast, the relaxed cluster is a M500 = 3.9 × 1014 h−1 M$
system that has not experienced a major merger since z = 0.6
and has only grown by 9% in mass since z = 0.5. The
differences between the dynamical state of these clusters is also
readily apparent in both the velocity and acceleration maps. The
velocity field of the relaxed cluster is that of a quiescent system
smoothly accreting matter from its environment. The vector field
points predominantly toward the center of the system with larger

velocities outside of r500 and smaller velocities toward the core.
In addition to the gas inflow, clockwise rotation of the ICM can
be seen in the velocity field within r500. On the other hand, the
unrelaxed cluster has a much more varied velocity field. There
is an outwardly propagating merger shock in the bottom left
region of the map at about r ≈ 1.4 r500 with large associated
velocities. As the shock passes through the ICM, it converts
the bulk of the kinetic energy of the gas into thermal energy,
decreasing the magnitude of the inward flowing gas velocity.
This can clearly be seen in contrast between the small velocities
of the gas in front of the shock and the large outward flowing
velocities within the shock. This results in localized net outward
acceleration seen in the acceleration field and hence a negative
Maccel (Equation (10)). A second shock can be seen in this system
at the top right within r500. This shock is not propagating in the
plane of the map and therefore appears to have less ordered
acceleration vectors in this slice. In addition to the two shocks,
the cluster has large gas accelerations throughout r500 induced
by the ongoing merger. The corners of the map with very small
acceleration vectors show regions in the outskirts of the cluster
thus far untouched by the merger. Conversely, the acceleration
field of the relaxed cluster has very small magnitudes to the point
of being almost non-existent in the core of the system. While
the velocities in both systems have comparable magnitudes,
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neighboring angular bins. We then compute each mass term
in Equations (5)–(8) by averaging values of the angular bins
over the radial bin. The acceleration term Maccel is computed by
taking the difference of radial velocity in the same radial bin
between two consecutive timesteps (∼0.04 Gyr).

4. RESULTS

First we show projected mass-weighted temperature maps of a
relaxed cluster (top) and unrelaxed cluster (bottom) in Figure 2.
To illustrate the complex velocity and acceleration structure
in the ICM we have overplotted the velocity and acceleration
vectors on the left and right hand panels, respectively. The
unrelaxed cluster shown is a M500 = 5.5 × 1014 h−1 M$ system
undergoing a near 1:1 merger, resulting in a large merger shock.
Its mass has also increased by a factor of five since z = 0.5.
In contrast, the relaxed cluster is a M500 = 3.9 × 1014 h−1 M$
system that has not experienced a major merger since z = 0.6
and has only grown by 9% in mass since z = 0.5. The
differences between the dynamical state of these clusters is also
readily apparent in both the velocity and acceleration maps. The
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smoothly accreting matter from its environment. The vector field
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velocities outside of r500 and smaller velocities toward the core.
In addition to the gas inflow, clockwise rotation of the ICM can
be seen in the velocity field within r500. On the other hand, the
unrelaxed cluster has a much more varied velocity field. There
is an outwardly propagating merger shock in the bottom left
region of the map at about r ≈ 1.4 r500 with large associated
velocities. As the shock passes through the ICM, it converts
the bulk of the kinetic energy of the gas into thermal energy,
decreasing the magnitude of the inward flowing gas velocity.
This can clearly be seen in contrast between the small velocities
of the gas in front of the shock and the large outward flowing
velocities within the shock. This results in localized net outward
acceleration seen in the acceleration field and hence a negative
Maccel (Equation (10)). A second shock can be seen in this system
at the top right within r500. This shock is not propagating in the
plane of the map and therefore appears to have less ordered
acceleration vectors in this slice. In addition to the two shocks,
the cluster has large gas accelerations throughout r500 induced
by the ongoing merger. The corners of the map with very small
acceleration vectors show regions in the outskirts of the cluster
thus far untouched by the merger. Conversely, the acceleration
field of the relaxed cluster has very small magnitudes to the point
of being almost non-existent in the core of the system. While
the velocities in both systems have comparable magnitudes,
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Velocity fields overlaid on the temperature map (Nelson+14)

Minor merger
v~300km/s 
(subsonic flow)

Major merger
v~1000km/s
(transonic flow)

R500

(See also e.g., Norman & Bryan 99; Dolag+05; Rasia+06; Vazza+09; Suto+13; Lau+13)
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vector fields overlaid. The black circles denote r2500, r500, and r200 of the clusters from inside to outside. Both the maps and vector fields are mass weighted along a
200 kpc h−1 deep slice centered on their respective cluster centers.
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neighboring angular bins. We then compute each mass term
in Equations (5)–(8) by averaging values of the angular bins
over the radial bin. The acceleration term Maccel is computed by
taking the difference of radial velocity in the same radial bin
between two consecutive timesteps (∼0.04 Gyr).

4. RESULTS

First we show projected mass-weighted temperature maps of a
relaxed cluster (top) and unrelaxed cluster (bottom) in Figure 2.
To illustrate the complex velocity and acceleration structure
in the ICM we have overplotted the velocity and acceleration
vectors on the left and right hand panels, respectively. The
unrelaxed cluster shown is a M500 = 5.5 × 1014 h−1 M$ system
undergoing a near 1:1 merger, resulting in a large merger shock.
Its mass has also increased by a factor of five since z = 0.5.
In contrast, the relaxed cluster is a M500 = 3.9 × 1014 h−1 M$
system that has not experienced a major merger since z = 0.6
and has only grown by 9% in mass since z = 0.5. The
differences between the dynamical state of these clusters is also
readily apparent in both the velocity and acceleration maps. The
velocity field of the relaxed cluster is that of a quiescent system
smoothly accreting matter from its environment. The vector field
points predominantly toward the center of the system with larger

velocities outside of r500 and smaller velocities toward the core.
In addition to the gas inflow, clockwise rotation of the ICM can
be seen in the velocity field within r500. On the other hand, the
unrelaxed cluster has a much more varied velocity field. There
is an outwardly propagating merger shock in the bottom left
region of the map at about r ≈ 1.4 r500 with large associated
velocities. As the shock passes through the ICM, it converts
the bulk of the kinetic energy of the gas into thermal energy,
decreasing the magnitude of the inward flowing gas velocity.
This can clearly be seen in contrast between the small velocities
of the gas in front of the shock and the large outward flowing
velocities within the shock. This results in localized net outward
acceleration seen in the acceleration field and hence a negative
Maccel (Equation (10)). A second shock can be seen in this system
at the top right within r500. This shock is not propagating in the
plane of the map and therefore appears to have less ordered
acceleration vectors in this slice. In addition to the two shocks,
the cluster has large gas accelerations throughout r500 induced
by the ongoing merger. The corners of the map with very small
acceleration vectors show regions in the outskirts of the cluster
thus far untouched by the merger. Conversely, the acceleration
field of the relaxed cluster has very small magnitudes to the point
of being almost non-existent in the core of the system. While
the velocities in both systems have comparable magnitudes,
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Hydrostatic cluster mass biasAstro-H Measurements of the HSE mass bias

Measuring both bulk and random gas 
velocities recovers the total cluster mass

Thermal Pressure

Bulk gas motion 

Random gas 
motion

Gravity

Lau, Nagai, Nelson+13

D. Nagai @Cosmology with clusters, Madrid 2014

Random gas motion

(Turbulence)
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輝線分光によるガス運動測定

2.輝線ブロードニング

1.輝線シフト 

•熱運動
ΔEth = E0(kT/m)1/2 /c
= 3eV (kT/5 keV)1/2   for 6.7keV

•バルク運動 

ΔEbulk = E0 vbulk/c 
= 6.7eV (vbulk/300 kms-1) for 6.7keV

Thermal
Thermal + Bulk 300km/s
Thermal + Turb. 300km/s

CCD
ΔE=130eV

Micro-calorimeter
ΔE=5eV

6.7 keV Fe XXV line for kT=5keV

•乱流運動
ΔEturb = E0 σturb/c 
= 6.7eV (σturb/300 kms-1) for 6.7keV

m: atomic mass    ΔEturb/ΔEth 

➡ 銀河団の速度診断にはFe-K輝線が最適
9

Ota+12



過去の銀河団ガス運動測定

10

Ｘ線CCDによるバルク運動測定*

• Suzaku/XIS
- No detection in 12 clusters (Ota+07; Fujita+08; Sato+08; Sugawara+09; 

Sato+11; Nishino+12; Tamura+14; Ota & Yoshida 16)
- Detection of ΔV~1500 km s-1 in A2256 (Tamura+11)
- Marginal detection of ΔV ~ 200/1400/2100 km s-1 in Perseus/A2029/A2255 

(Tamura+14; Ota&Yoshida16)
• XMM/EPIC

- Gas sloshing ~480 ± 210 km s-1 in Perseus (Sanders+20)
- Gas sloshing and AGN outflow in Virgo/Centaurus (Gatuzz+22a,22b)

• Chandra/ACIS (e.g., Dupke+06)
- ΔV~1400 ± 300/4600 ± 1100 km s-1 in A2142/A115 (Liu+16)

Relaxed/merging両方にガス運動が存在することを示唆
→速度構造や非熱的圧力をより正確に測るにはカロリメータが必要

(*) 他にXMM/RGS乱流測定や間接測定 (共鳴散乱, 表面輝度ゆらぎ), 運動学的SZ効果など.

See also Sanders 23; Simionescu+19

relaxed
merging
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ASTRO-H “Hitomi”
Launched on 17 Feb 2016

3. 「ひとみ」衛星



ひとみ衛星によるペルセウス座銀河団の観測Spectrum of the Perseus cluster with SXS

• Hitomi observed 6 celestial objects, including the Perseus cluster and SNRs
… to be continued by XRISM

12

(c)JAXA



ペルセウス座銀河団中心のガスダイナミクス

コア領域の非熱的圧力の寄与は、熱的圧力の<10%と見積もられる

13

 (Hitomi collaboration 2016; 2018)
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we measured a ratio of fluxes in Fe xxv Heα resonant and forbidden 
lines of 2.48 ± 0.16, which is lower than the expected value in opti-
cally thin plasma (for kT = 3.8 keV, the current APEC16 and SPEX17 
plasma models give ratios of 2.8 and 2.9–3.6) and suggests the pres-
ence of resonant scattering of photons18. On the basis of radiative 
transfer simulations19 of resonant scattering in these lines, such res-
onance-line suppression is in broad agreement with that expected for 
the measured low line widths, providing independent indication of 
the low level of turbulence. Uncertainties in the current atomic data, 
as well as more complex structure along the line of sight and across 
the region, complicate the interpretation of these results, which we 
defer to a future study.

A velocity map (Fig. 3b) was produced from the absolute energies 
of the lines in the Fe xxv Heα complex, using a subset of the data for 
which such a measurement was reliable, given the limited calibration 
(see Methods). We find a gradient in the line-of-sight velocities of about 
150 ± 70 km s−1, from southeast to northwest of the SXS field of view.  
The velocity to the southeast (towards the nucleus) is 48 ± 17  
(statistical) ± 50 (systematic) km s−1 redshifted relative to NGC 1275 
(redshift z = 0.01756) and consistent with results from Suzaku CCD 
(charge-coupled device) data20. Our statistical uncertainty on relative 
velocities is about 30 times better than that of Suzaku, although there 
is a systematic uncertainty on the absolute SXS velocities of about 
50 km s−1 (see Methods).

all 1-arcmin-resolution bins have broadening of less than 200 km s−1. 
With just a single observation we cannot comment on how this result 
translates to the wider cluster core.

The tightest previous constraint on the velocity dispersion of a cluster  
gas was from the XMM-Newton reflection grating spectrometer,  
giving11,12 an upper limit of 235 km s−1 on the X-ray coolest gas (that is, 
kT < 3 keV, where k is Boltzmann’s constant and T is the temperature) in 
the distant luminous cluster A1835. These measurements are available 
for only a few peaked clusters13; the angular size of Perseus and many 
other bright clusters is too large to derive meaningful velocity results 
from a slitless dispersive spectrometer such as the reflection grating 
spectrometer (the corresponding limit for Perseus13 is 625 km s−1). The 
Hitomi SXS achieves much higher accuracy on diffuse hot gas owing 
to it being non-dispersive.

We measure a slightly higher velocity broadening, 187 ± 13 km s−1, 
in the central region (Fig. 3a) that includes the bubbles and the 
nucleus. This region exhibits a strong power-law component from 
the AGN, which is several times brighter than the measurement14 
made in 2001 with XMM-Newton, consistent with the luminosity 
increase seen at other wavelengths. A fluorescent line from neutral 
Fe is present in the spectrum (Fig. 1), which can be emitted by the 
AGN or by the cold gas present in the cluster core15. The intracluster 
medium has a slightly lower average temperature (3.8 ± 0.1 keV) than 
the outer region (4.1 ± 0.1 keV). By fitting the lines with Gaussians, 
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Figure 1 | Full array spectrum of the core of 
the Perseus cluster obtained by the Hitomi 
observatory. The redshift of the Perseus cluster 
is z = 0.01756. The inset has a logarithmic scale, 
which allows the weaker lines to be better seen. 
The flux S is plotted against photon energy E.

Figure 2 | Spectra of Fe xxv Heα, Fe xxvi Lyα and Fe xxv Heβ from 
the outer region. a–c, Gaussians (red curves) were fitted to lines with 
energies (marked by short red lines) from laboratory measurements in 
the case of He-like Fe xxv (a, c) and from theory in the case of Fe xxvi 
Lyα (b; see Extended Data Table 1 for details) with the same velocity 
dispersion (σv = 164 km s−1), except for the Fe xxv Heα resonant line, 

which was allowed to have its own width. Instrumental broadening with 
(blue line) and without (black line) thermal broadening are indicated in 
a. The redshift (z = 0.01756) is the cluster value to which the data were 
self-calibrated using the Fe xxv Heα lines. The strongest resonance (‘w’), 
intercombination (‘x’, ‘y’) and forbidden (‘z’) lines are indicated. The error 
bars are 1 s.d.
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Fig. 6. Left: PSF-corrected bulk velocity (vbulk) map with respect to z = 0.017284 (heliocentric correction applied). Right: PSF-corrected LOS velocity
dispersion (σv) map. The unit of the values is km s−1. The Chandra X-ray contours are overlaid. (Color online)

Fig. 7. Same as figure 6, but PSF correction is not applied. (Color online)

Table 4. Best-fitting bulk velocity (vbulk) and LOS velocity

dispersion (σ v) values, with and without PSF correction.

Region PSF-corrected PSF-uncorrected

vbulk σ v vbulk σ v

(km s−1) (km s−1) (km s−1) (km s−1)

Reg 0 75+26
−28 189+19

−18 43+12
−13 163+10

−10

Reg 1 46+19
−19 103+19

−20 42+12
−12 131+11

−11

Reg 2 47+14
−14 98+17

−17 39+11
−11 126+12

−12

Reg 3 −39+15
−16 106+20

−20 −19+11
−11 138+12

−12

Reg 4 −77+29
−28 218+21

−21 −35+15
−14 186+12

−12

Reg 5 −9+55
−56 117+62

−73 −6+25
−26 125+28

−28

Reg 6 −45+29
−29 84+44

−54 −35+22
−22 99+31

−32

after launch (Fujimoto et al. 2016), and these discrepancies
come from the limitations of the method used to correct the
drifting energy scale. The energy scale of the Obs 2 data
was corrected as follows, to align their line centers. First,
the centroid energy of each line of Obs 2 and 3 was deter-
mined by fitting the data separately. Then the energy (PI
column) of each photon in the event file of Obs 2 was recal-
culated by multiplying a factor EObs 3/EObs 2, where EObs 2

and EObs 3 are the best-fitting line center energies of Obs 2
and Obs 3, respectively. The event files of Obs 2, 3, and 4
were then merged and spectral files were generated. Note
that the correction factor was determined for each line and,
hence, a spectral file was generated for each line separately.
Note also that no additional gain alignment among the
detector pixels was applied. The spectra were fitted in the
same manner as described in subsection 3.1. Note that, for
Fe Heα, the resonance (w) line and the forbidden (z) line
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• 乱流速度は164 ± 10 km s-1と小さい
↔ AGNのエネルギー注入とバブル形成

• 中心とキャビティで乱流速度大
• 速度勾配は ~100 km s-1

バルク運動 乱流

1’=21kpc 1’=21kpc

Fe XXV Heα

E (keV) 6.606.556.50

~200km/s
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XRISM X-Ray Imaging and Spectroscopy Mission

(7.9m, 2.3t)

4. XRISM衛星の概要と展望

Field	of	View

Energy	Resolution	@	6	keV

Spatial	resolution

Effective	area	@	1	keV

Effective	area	@	30	keV

NuSTAR

Chandra

XMM

XARM

MISSION CONCEPT

• Realizing X-ray micro-calorimeter science
• Hitomi recovery 

Wide bandpass capability (HXI/SGD) removed

• Athena path-finder

Mass 2.3 t

Dimension 7.9 m x 9.2 m x 3.1 m

Lifetime 3 years + cryogen 
free operation

Orbit Altitude 575 km,  
Inclination 31 deg

Instrument FOV
Pixel#

ΔE 
FWHM @6 keV

Band pass

Resolve
(XMA + X-ray 
µ-calorimeter)

2.9’ x 2.9’□
6 x 6 pix

7 eV
(goal 5 eV) 0.3 – 12 keV

Xtend
(XMA + CCD)

38’ x 38’ □
1280 x 1280 pix

< 250 eV EOL
(< 200 eV BOL) 0.4 – 13 keV

XRISM
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15th IACHEC meeting, 23-27 April 2023, Seeblick Pelham

Talk plan in IACHEC

X-ray Mirror Assembly (XMA)

Resolve
(micro-calorimeter array)

Xtend
(X-ray CCD)

Bus system

Mori, Suzuki

Terada, Shidatsu (Timing WG) 

Hayashi

© JAXA

N/A (2 plots from Tsujimoto)

X-ray Mirror Assembly (XMA)

Resolve (μ-calorimeter array)

Xtend (X-ray CCD)

Tashiro et al. 2020; XRISM quick reference (arXiv:2202.05399)

HPD≦1’.7



Resolve status
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Energy Resolution per pixel

3

Hires

MidresMidres

Energy Resolution per pixel

3

Hires

MidresMidres

Detector Resolution (DS-001)

MnKa midres degradation = 0.32 eV absolute
baseline midres degradtion = 0.21 eV

Resolution with FM templates, good freq pair, post-vibe, meets requirements

6.0 6.5 7.0

Figure 9. (left) Energy resolution (FWHM) of each pixel at 5.9 keV. (right) Histograms of hires events and midres events.
The data were obtained using a Mn target (5.9 keV) at a good cryocooler frequency pair after the Dewar vibration test.

the impact of MTQ interference were worse than 1.2 eV, which was not the case. The set of templates with the
366 Hz cut-o↵ has been implemented as the flight templates set for Resolve.

Fig. 9 shows a distribution of energy resolutions per pixel, and their histograms for events with high resolution
(hires) and middle resolution (midres) primary grades. Energy resolutions of hires were  4.9 eV, and those
of midres primary were  5.4 eV. In the instrument test, the criteria of the energy resolution were 5.1 eV and
5.6 eV for hires and midres primary, respectively, thus the criteria are satisfied with margin. Note that there
was no significant di↵erence between pre- and post-Dewar-vibration tests. The energy scale of each pixel is
represented by a sixth order polynomial. Fig. 10 shows a number of characteristic X-ray lines measured with
Resolve, where the pulse height was converted to energy using the polynomial, with residuals in the lower panel.
The residuals are much smaller than 2 eV in the energy range of 0.3 keV and 9 keV, showing the absolute energy
scale requirement is satisfied. Note that it was also verified that the requirement is satisfied between 4 keV and
18 keV, using a di↵erent dataset.

Detector calibration data were obtained in the instrument test. This includes gain scale and line spread
function in 4–25 keV range, both in He mode and in cryogen-free mode, and those in 0.3–10 keV range in
He mode with GV open. The analysis is ongoing. The calibration database (CALDB¶) files used in the data
processing and data analysis will be constructed using these data. In the instrument test, data when the detector
array was illuminated with high count rate were also taken to evaluate the Resolve performance change. See
Ref. 41 for the results.

In the instrument tests, there were several instances of intermittent interference noise on some pixels that
caused temporary degradation of energy resolution of those pixels. The mechanism and occurrence conditions
of the intermittent noise are not fully understood yet, but it was found that there are several types, each with
characteristic noise spectra, and mitigation plans have been developed. One example is a broadband noise from
several 10 Hz to several 100 Hz occasionally observed in some pixels. This noise was sometimes but usually not
mitigated when ADR/detectors temperature was raised to 1 K, but was consistently reduced when it was raised to
about 6 K, and hence, it is possibly due to magnetic flux motion and trapping in detector aluminum wiring layer.
In case this noise occurs, a “reverse ADR cycle” (ramping up the magnet current starting at the temperature
of the ⇠ 1 K heat sink with the heat switch open) that warms ADR/detectors, makes aluminum normal, and
removes magnetic flux trapping, is e↵ective. Another example is a noise observed in the frequency range below
about 100 Hz in some pixels. Since it changed when the external harness geometry was manipulated, it was

¶https://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/

Proc. of SPIE Vol. 12181  121811S-16
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 01 Sep 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

Repeat energy scale fit without using the compound targets: Teflon (F), KCl, CaF2. The 
residuals are 3x smaller (+/- 0.2 eV) and with less obvious systematic shifrts.

Figure 10. Demonstration of absolute energy scale accuracy for a number of characteristic X-rays. X-rays were generated
using a vacuum RTS (Rotating Target Source), and the measurement was done with the gate valve open.

considered due to electrical pickup in the external harness. A mitigation plan is to manipulate the external
harness geometry. On the spacecraft, the external harness is firmly secured to the Dewar/FOB and to the
brackets on the base panel, and it is less likely that this noise appears. Cryocooler interference (section 5.3), S2
magnet interference (section 5.4), MTQ noise (section 5.6.1) are also categorized as intermittent noise.

5.6 Immunity tests

In the Resolve instrument test, immunity tests to radiation (low-frequency magnetic field and radio-frequency
(RF) electric field), conduction, and microvibration were planned and conducted. A brief summary is described
in this section.

5.6.1 Immunity to low frequency magnetic field

The purpose of this test was to determine whether magnetic coupling explains the interference from the space-
craft MTQ (magnetic torquer) observed in ASTRO-H SXS. The test was performed by placing an ASTRO-H
engineering model (EM) MTQ in the vicinity of the Dewar and driving it in the same way, i.e., pulse width
modulation (PWM) at 127 Hz, and by changing the distance, polarity, and duty cycles. The test reproduced the
polarity dependence and duty-cycle dependence of the noise shape in the time domain. The local injection by
the hand-made solenoid showed that the harness between the Dewar and the XBOX/ADRC is also susceptible.
However the location of the sensitive area was not clear, indicating multiple paths to pick-up magnetic field. See
Ref. 42 for details. This test indicates that the MTQ interference is likely magnetic. Therefore, MTQ interference
for XRISM is expected to be no worse than that of ASTRO-H, and we concluded that it is acceptable, and that
no hardware change to mitigate MTQ interference is needed.

5.6.2 Immunity to RF electric field

This test was done with the gate valve open. A radio transmissive window made of high density polyethylene
(HDPE) was attached to the bell jar that encloses the gate valve, and an anechoic chamber was installed over the
bell jar, which was equipped with radio absorbers inside. This avoided the stationary wave inside the chamber
and also reduced the leakage of the radio wave to outside. The test was performed in both GV open and GV
closed configurations. The frequency of the radio emission was set at 2 GHz (S-band) and 8 GHz (X-band),

Proc. of SPIE Vol. 12181  121811S-17
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 01 Sep 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

エネルギースケール

エネルギー分解能

Hi-res <4.9 eV
Mid-res primary <5.4 eV; 
within margin

Absolute energy scale accuracy < 2 eV in the 0.3–9 keV band

(C) JAXA

Ishisaki et al. 2022; Sato et al. arXiv:2303.01642
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1.  Revealing the structure formation of the Universe and evolution of galaxy clusters
2.  Understanding the circulation history of baryonic matters in the Universe
3.  Investigating the transport and circulation of energy in the Universe
4.  Realizing the new science with high-resolution X-ray spectroscopy

Tashiro et al. 2020; XRISM white paper (arXiv:2003.04962)



Science with XRISM 4.2 Shocks in Clusters and Elsewhere

Figure 12: Left: In a cluster with a centrally peaked surface brightness, the projected radius r determines the size
of the region along the line of sight, from which the largest fraction of photons contributes to the line flux. This size
corresponds to the dominant scale of motions we will probe at each r 134. Right: structure function of turbulence in
the Coma cluster as XRISM would measure if spectra are measured in five pointing regions shown in the bottom left
corner. The assumed Mach number of turbulence is 0.2. Di↵erent colors correspond to di↵erent assumptions about
the injection scale of turbulence23.

4.2 Shocks in Clusters and Elsewhere

Shock fronts are ubiquitous on all scales across the Universe, from the solar wind to supernova
remnants (SNRs) to the intergalactic plasma. They convert kinetic energy into thermal energy of
the medium in which they propagate and accelerate cosmic ray particles via the Fermi mechanism.
The physics of shocks in magnetized astrophysical plasmas is uncertain and complex. XRISM
will uncover interesting aspects of the shock physics in clusters and SNR. For clusters with large
shock fronts, such as A754 and Coma, XRISM’s angular resolution is su�cient to isolate the
post-shock region and derive its spectrum. XRISM will characterize the small-scale turbulence
that could be driven by the shock and look for transient deviations from thermal and ionization
equilibrium caused by the shock passage, probing the energy conversion mechanisms and the various
equilibration timescales in the plasma.

4.3 Plasma Diagnostics

While our usual approach of analyzing an X-ray spectrum is brute-force fitting of the whole energy
interval with a physical model that predicts all the lines and continuum, in many cases the quantities
of interest can be separated and determined independently using certain emission lines sensitive
to those quantities. This can be particularly helpful when deviations from thermal and ionization
equilibrium are possible or when the model includes nonthermal emission. XRISM will provide us
with these new plasma diagnostics.

When a plasma is in thermal equilibrium, all particle species (electrons, protons, and heavier
ions) must have the same temperature, which means that ions of di↵erent atomic mass should have
di↵erent thermal velocities. On the other hand, if the plasma has any bulk streams or turbulence,
all ions participate in those motions at the same velocity. By measuring the line widths for di↵erent
elements, we can disentangle the two broadening mechanisms and thus determine the ion temper-

15

Coma

Figure 9: (left) The simulated SXS spectrum for the central 3’x3’ of M 87 around the 6.7 keV Fe-K lines with a 100 ks exposure.
(right) The same as the left panel but for the central 1.5’x1.5’ of M 87 around the Fe L lines. The Fe L lines with optical depth ⇠ 1 are
labeled. The red and blue lines show the contributions of the two temperature components.

resonant line scattering.
Unfortunately, because of the low average temperature of the ICM in M87, the number of photons in the

He-like Fe line at 7.9 keV over the central SXS field of view is expected to be only 60 counts with a 100 ks
exposure, therefore we must use either a significantly longer observation, or use other pairs of lines in order
to measure the e↵ects of resonant scattering. One possibility is to compare the line strengths of the resonance
line at 6.7 keV to other lines within the 6.7 keV line complex. With a 100 ks exposure, the expected total
counts in the 6.7 keV line complex and the resonance line at the center of M 87 with SXS are about 1700 and
460 counts, respectively, which provides su�cient statistics for constraining the optical depth of the resonance
line. However, the flux ratios of lines in the complex depend also on the ICM temperature, and there may
be systematic uncertainties due to the atomic data. The temperature structure in the ICM can be constrained
accurately, using the bremsstrahlung continuum as well as other line ratios (Si, S, Ar and Ca). To constrain
the systematic uncertainties in the plasma codes, we can use the spatial variation of the contribution of the
resonance line to the other lines in the 6.7 keV line complex. In the cluster core, the optical depth of the
resonance line is expected to be the highest, while this line should be practically optically thin at larger radii.
In the central 1.5’x1.5’ region, we can use 40% of the total counts for the central 3’x3’ region, and test for this
spatial trend (though this measurement will be a↵ected by PSF scattering and require accurate modeling).

Moreover, the expected optical depths of two Fe-L lines (Fe XXIII at 1.129 keV and Fe XXIV at 1.168
keV) are about unity (Churazov et al., 2010). As shown in the right panel in Figure 9, these two lines mostly
come from the 1 keV component. Therefore, we can use these two lines to constrain the turbulent motions
of the cool 1 keV component in the cluster core. Because the lines from this cool component are seen at low
energies, where the spectral resolution �E/E is not as high as at 6.7 keV, resonant line scattering may o↵er
the only viable method to measure the turbulent velocities in the cool gas. Again, this will require systematic
uncertainties in the atomic data to be taken into account.

3.3.2 The o↵set pointings

We have extracted spectra of the o↵-center regions shown in Figure 8 using a deep Chandra observation and
applying the latest calibration. Using the SPEX spectral analysis package, the spectra for the E and SW arms
were fit with a two-temperature model, while the spectra for the NW o↵set pointing were fit with a single
temperature model. Following the conclusions of Simionescu et al. (2008), we fixed the abundance of the cool
1 keV gas to be twice that of the hot 2 keV ambient phase. The best-fit abundances of Si, S, Ar, Ca, and Fe
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• AGN feedback　
• Precise mass measurement and cluster cosmology
• Cluster mergers
• Chemical composition
• Missing baryons and WHIM
• New spectral features
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XRISM white paper (arXiv:2003.04962); ASTRO-H white paper (arXiv:1412.1176)
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Motivation
- 銀河団質量関数による宇宙論パラメータ決定 (Allen+11)

- eROSITAは5-10万個の銀河団検出(Merloni+12)、質量較正精度が鍵 

(e.g., Wu+10)

(例)銀河団ガス運動のXRISM模擬観測

The Galaxy Cluster Mass Scale and Its Cosmological Impact Page 51 of 82    25 

Fig. 20 Illustrative predicted eROSITA constraints on ΩM and σ8 from the cluster mass function and their
dependence on the mass calibration accuracy. For the blue contours unbiased mass estimates are assumed
while for the red ones a systematic mass bias of 5% is simulated. Shown are the 68% and 95% credibility
levels as dark and light shades, respectively. One notes that, for eROSITA, this mass bias results in a significant
(at the 95% credibility level) bias for these cosmological parameters. Figure credit: Katharina Borm

Fig. 21 Left: Uncertainties ΩM , As and the sum of neutrino masses from an SZ catalogue carried out with
CMB-S4 in combination with constraints from S4 primary and lensing power spectra, as well as Planck
temperature and polarisation on # < 30. Results are shown in the absence of lensing mass estimates (black
ellipses), and for lensing masses computed using only polarisation (red ellipses) and temperature and po-
larisation (green ellipses). The results are marginalised over all other cosmological parameters as well as
the cluster nuisance parameters. Figure taken from Louis and Alonso (2017). Right: The 1 − σ uncertainty
on neutrino mass obtained when marginalizing over ΛCDM, ΛCDM+w0 and ΛCDM+w0 + wa , from tSZ
clusters detected using a CMB Stage-4 telescope with 1′ beam FWHM at 150 GHz. Constraints when the
mass calibration is a combination of internal CMB and optical WL. Figure taken from Madhavacheril et al.
(2017)

detect on the order of thousands of SZ selected clusters. Both are in the field and operating.
SPT-3G for example is predicted to find ∼ 5000 clusters at a signal-to-noise ≥ 4.5 (Benson
et al. 2014). The ACT 6-meter will join the Simons Observatory, and both SPT and ACT
will likely become part of CMB-S4.
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Figure 9
Examples of cluster data used in recent cosmological work. (a,b) Measured mass functions of clusters at low
and high redshifts are compared with predictions of a flat, !CDM model and an open model without dark
energy (from Vikhlinin et al. 2009b). (c,d ) fgas(z) measurements for relaxed clusters are compared for a flat
!CDM model (consistent with the expectation of no evolution) and a flat model with no dark energy
(from Allen et al. 2008). For purposes of illustration, cosmology-dependent derived quantities are shown
(mass and fgas); in practice, model predictions are compared with cosmology-independent measurements.

The results obtained by these three groups on flat !CDM and constant w models are sum-
marized in Table 2. Note that, for the two works that fit w models, the results on "m and σ 8 are
dominated by the low-redshift data and, so, are not degraded noticeably by the introduction of
w as a free parameter; thus, all three sets of constraints are directly comparable. The agreement
between the different works, as well as others listed in Table 2, is encouraging; in particular, the
close agreement in the constraints on σ 8 reflects the relatively recent convergence in cluster mass
estimates using different techniques and our improved understanding of the relevant systemat-
ics (Section 3.3; see also, e.g., Henry et al. 2009). Importantly, the concordance !CDM model
provides an acceptable fit to the data in each case.
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XRISM模擬観測
- XRISMはどのぐらいガス速度やダークマター質量を正確に測れるか？

(Ota, Nagai & Lau 2018)

Predicted eROSITA constraint

No bias
   

   5% bias 
in mass

68%
95%



バルク運動・乱流とも高精度に測定 (<20%)

→ 5%の精度で質量を再現 @R2500
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Fig. 8. Top panels: Deprojected temperature (left-hand panels), bulk velocity (middle panels), and turbulent velocity (right-hand panels) of the relaxed
cluster CL104 viewed along three orthogonal projections: x (black), y (red), and z (green) (open circles). The projected quantities are shown with the
crosses for comparison. Bottom panels: Deprojected temperature, bulk velocity, and turbulent velocity for the eight azimuthal directions (crosses)
for the x projection. The Cash statistic was used to fit the 0.3–10 keV spectra. The solid lines indicate mass-weighted, spherically averaged values
for temperature and velocity dispersion, and the mass-weighted projected velocity along the line-of-sight, computed directly from simulation. The
dotted line indicates r2500 of the cluster. (Color online.)

Fig. 9. Effects of sample size. Results of deprojection analysis for spectra extracted from one arm (W), two arms (W+N, W+E, W+S), four arms
(W+N+E+S), and eight arms are plotted. Deprojected temperature (top panels), bulk velocity (middle panels), and turbulent velocity (bottom panels)
of the relaxed cluster CL104 viewed along the x projection (crosses). The Cash statistic was used to fit the 0.3–10 keV spectra. The circles indicate
deprojected values. The solid lines indicate mass-weighted, spherically averaged values computed directly from simulation, and the dotted line
indicates r2500 of the cluster. (Color online.)

|!T| < 39%, |!σ turb| < 45% for all radial bins. The
bulk velocities deviate significantly from the true values,
with |!Vbulk| ∼ 2.5. At the merger shock (the location of
which is indicated in figure 7), |!Vbulk| can reach ∼20.
At r = 0.9 r2500, the azimuthal variation in temperature is
larger than that of the relaxed cluster, with !Tarm(min ,
max ) = (−0.34, 0.39). At the same radius, the variations in
turbulent and bulk velocities are slightly larger than those
of the relaxed cluster, with !σ turb, arm(min , max ) = (−0.52,
−0.22) and !Vbulk, arm(min , max ) = (−5.5, 3.1).

3.5 Hydrostatic mass bias

One of the primary sources of astrophysical uncertainties in
cluster cosmology lies in hydrostatic mass bias due to non-
thermal pressure support provided by internal gas motions
in the ICM. Assuming spherical symmetry, the total cluster
mass within some radius r can be expressed as the
following:

M(< r ) ∼= MHSE + Mturb + Mrot + Maccel. (1)
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Recovery of Gas Velocity Profiles with ASTRO-H

ASTRO-H can accurately measure 
both bulk & random gas motions 

Ota, Nagai & Lau, in prep.
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XRISM模擬観測: 銀河団ガス速度分布
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FIG. 1.— Mock ASTRO-H spectrum for the energy range [0.3,10.0] keV,
from annular region (587.5 < r/kpc < 822.5) of CL104 with total exposure
time of 2 Msec. The inset shows the spectrum around the Fe XXV K↵ line
(redshifted to 6.27 keV) where the velocity constraints come from. The red-
line shows the best model BAPEC fit of the spectrum.

velocity dispersion is defined by the Gaussian sigma for ve-
locity broadening. The bulk velocity along the line of sight
is calculated by c(z - zcluster) where z is the fitted redshift and
zcluster = 0.068. The deprojection of annular spectra to recover
the three-dimensional source properties is performed by the
‘projct’ model in XSPEC, assuming that the source emissivity
is constant within the spherical shells whose radii correspond
to the annuli used to extract the spectra. The quoted errors
indicate 1� errors.

In order to assess the accuracies of velocity measurements
from the mock data, we compare them against the “true"
values measured directly from the simulations. Specifically,
we computed mass-weighted spherically averaged tempera-
ture and velocity profiles for each analyzed cluster. For the
velocity profiles, we basically follow the procedure from Lau
et al. (2009), where we first define the rest frame of the clus-
ter as the mass-weighted dark matter velocity within r500,
and then we compute the gas mass-weighted mean hvimw and
root-mean-square velocity

p
hv2imw in this rest-frame. We

take the “turbulent” velocity to be the velocity dispersion
�mw ⌘

p
hvi2

mw - hv2imw, which is then compared to the turbu-
lent velocities estimated from line broadening in correspond-
ing mock ASTRO-H spectra. We also compute the projected
mass-weighted mean velocity averaged along the line-of-sight
to be the “bulk” velocity, corresponding to the velocity es-
timated from line shifts in the spectra. Lastly, we compute
the mass-weighted gas temperature and compare against the
mock ASTRO-H measurements.

3. RESULTS

3.1. Dependence on Photon Counts in the Fe XXV K↵ Line
The primary constraints of the velocity measurements of

the ICM with ASTRO-H come from the shifting and broad-
ening of the bright 6.7 keV Fe XXV K↵ line, therefore we first
study the effect of photon counts in the Fe line on the param-
eter estimation. We simulated SXS spectra of isothermal gas
assuming the BAPEC model with kT = 6.0 keV, Z = 0.3Z�,
and input turbulent velocity of �turb = 0,100, · · · ,600 kms-1

and zero bulk velocity. The normalization was calculated so
that the Fe XXV K↵ line contains 30 – 30000 counts. The sim-

r500

r2500

FIG. 2.— Mock ASTRO-H image of CL104 in the 0.3–10.0 keV band. 9⇥9
boxes, each with a size of 30 ⇥ 30, were used for the analysis of projected
velocity field.

ulated spectra in 5–10 keV were fitted by the BAPEC model.
Figure 4 shows the best-fit parameters and their 1� statistical
errors using Cash statistics. It shows that & 200 counts in the
Fe XXV K↵ line are required to measure the turbulent velocity
accurately through line broadening for the assumed range of
velocities. Note that the requirement for calibration accuracy
of SXS energy-scale is 2 eV with a goal of 1 eV (Mitsuda
et al. 2014), which corresponds to the line shift of 90 kms-1

(or 45 kms-1) at 6.7 keV. Thus in very bright regions like
cluster cores, the measurement is limited by the instrumental
uncertainty rather than the statistical error.

3.2. Fitting Statistics: Cash vs. �2

Two statistics, Cash (Cash 1979) and �2, are commonly
used in X-ray spectral fitting. We compare how these two
statistics differ in the parameter estimation for the relaxed
cluster CL104. Because velocity measurement requires suffi-
cient photon counts (> 200 counts) in the Fe XXV K↵ line, the
spectral regions are limited to the central 5⇥5 grids (approx-
imately r < r2500). The left panels of Figure 3 shows results
of the BAPEC model fitting to the 5.0–10.0 keV spectra using
the Cash statistics and the middle panels shows comparison
of resultant parameters between Cash and �2 statistics. Each
spectrum contains at least 200 counts in the Fe XXV K↵ line.
The differences in the fitted temperature, bulk and turbulent
velocities between the two different methods are typically less
than 20%, which is reasonable as the Cash statistic approaches
the �2 statistic in the limit of large photon counts. Since two
methods produce consistent results, the unbinned spectra are
analyzed by utilizing the Cash statistics in the following anal-
ysis. Cash statistics is preferred for low photon counts, the
spectrum does not need to be rebinned as in the case of �2

statistics, thus preserving the spectral energy resolution cru-
cial for measuring gas velocities from line broadening.

3.3. Spectral Energy bands and Multiphase ICM
The temperature of the ICM may affect the accuracies

of turbulent velocity measurements from line broadening.
The line broadening originates from both thermal and tur-
bulent motions and given by a combination of �Eth =

Ota, Nagai, & Lau (2018)

Photon map from hydrodynamical sims by Nagai+07; Nelson+14
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Fig. 8. Top panels: Deprojected temperature (left-hand panels), bulk velocity (middle panels), and turbulent velocity (right-hand panels) of the relaxed
cluster CL104 viewed along three orthogonal projections: x (black), y (red), and z (green) (open circles). The projected quantities are shown with the
crosses for comparison. Bottom panels: Deprojected temperature, bulk velocity, and turbulent velocity for the eight azimuthal directions (crosses)
for the x projection. The Cash statistic was used to fit the 0.3–10 keV spectra. The solid lines indicate mass-weighted, spherically averaged values
for temperature and velocity dispersion, and the mass-weighted projected velocity along the line-of-sight, computed directly from simulation. The
dotted line indicates r2500 of the cluster. (Color online.)

Fig. 9. Effects of sample size. Results of deprojection analysis for spectra extracted from one arm (W), two arms (W+N, W+E, W+S), four arms
(W+N+E+S), and eight arms are plotted. Deprojected temperature (top panels), bulk velocity (middle panels), and turbulent velocity (bottom panels)
of the relaxed cluster CL104 viewed along the x projection (crosses). The Cash statistic was used to fit the 0.3–10 keV spectra. The circles indicate
deprojected values. The solid lines indicate mass-weighted, spherically averaged values computed directly from simulation, and the dotted line
indicates r2500 of the cluster. (Color online.)

|!T| < 39%, |!σ turb| < 45% for all radial bins. The
bulk velocities deviate significantly from the true values,
with |!Vbulk| ∼ 2.5. At the merger shock (the location of
which is indicated in figure 7), |!Vbulk| can reach ∼20.
At r = 0.9 r2500, the azimuthal variation in temperature is
larger than that of the relaxed cluster, with !Tarm(min ,
max ) = (−0.34, 0.39). At the same radius, the variations in
turbulent and bulk velocities are slightly larger than those
of the relaxed cluster, with !σ turb, arm(min , max ) = (−0.52,
−0.22) and !Vbulk, arm(min , max ) = (−5.5, 3.1).

3.5 Hydrostatic mass bias

One of the primary sources of astrophysical uncertainties in
cluster cosmology lies in hydrostatic mass bias due to non-
thermal pressure support provided by internal gas motions
in the ICM. Assuming spherical symmetry, the total cluster
mass within some radius r can be expressed as the
following:

M(< r ) ∼= MHSE + Mturb + Mrot + Maccel. (1)

D
ow

nloaded from
 https://academ

ic.oup.com
/pasj/article-abstract/70/3/51/4989157 by N

ara W
om

en's U
niversity user on 08 M

ay 2019

51-9 Publications of the Astronomical Society of Japan (2018), Vol. 70, No. 3

Fig. 8. Top panels: Deprojected temperature (left-hand panels), bulk velocity (middle panels), and turbulent velocity (right-hand panels) of the relaxed
cluster CL104 viewed along three orthogonal projections: x (black), y (red), and z (green) (open circles). The projected quantities are shown with the
crosses for comparison. Bottom panels: Deprojected temperature, bulk velocity, and turbulent velocity for the eight azimuthal directions (crosses)
for the x projection. The Cash statistic was used to fit the 0.3–10 keV spectra. The solid lines indicate mass-weighted, spherically averaged values
for temperature and velocity dispersion, and the mass-weighted projected velocity along the line-of-sight, computed directly from simulation. The
dotted line indicates r2500 of the cluster. (Color online.)

Fig. 9. Effects of sample size. Results of deprojection analysis for spectra extracted from one arm (W), two arms (W+N, W+E, W+S), four arms
(W+N+E+S), and eight arms are plotted. Deprojected temperature (top panels), bulk velocity (middle panels), and turbulent velocity (bottom panels)
of the relaxed cluster CL104 viewed along the x projection (crosses). The Cash statistic was used to fit the 0.3–10 keV spectra. The circles indicate
deprojected values. The solid lines indicate mass-weighted, spherically averaged values computed directly from simulation, and the dotted line
indicates r2500 of the cluster. (Color online.)

|!T| < 39%, |!σ turb| < 45% for all radial bins. The
bulk velocities deviate significantly from the true values,
with |!Vbulk| ∼ 2.5. At the merger shock (the location of
which is indicated in figure 7), |!Vbulk| can reach ∼20.
At r = 0.9 r2500, the azimuthal variation in temperature is
larger than that of the relaxed cluster, with !Tarm(min ,
max ) = (−0.34, 0.39). At the same radius, the variations in
turbulent and bulk velocities are slightly larger than those
of the relaxed cluster, with !σ turb, arm(min , max ) = (−0.52,
−0.22) and !Vbulk, arm(min , max ) = (−5.5, 3.1).

3.5 Hydrostatic mass bias

One of the primary sources of astrophysical uncertainties in
cluster cosmology lies in hydrostatic mass bias due to non-
thermal pressure support provided by internal gas motions
in the ICM. Assuming spherical symmetry, the total cluster
mass within some radius r can be expressed as the
following:

M(< r ) ∼= MHSE + Mturb + Mrot + Maccel. (1)
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Ota, Nagai, & Lau (2018); Kitayama et al. (2014)
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Fig. 8. Top panels: Deprojected temperature (left-hand panels), bulk velocity (middle panels), and turbulent velocity (right-hand panels) of the relaxed
cluster CL104 viewed along three orthogonal projections: x (black), y (red), and z (green) (open circles). The projected quantities are shown with the
crosses for comparison. Bottom panels: Deprojected temperature, bulk velocity, and turbulent velocity for the eight azimuthal directions (crosses)
for the x projection. The Cash statistic was used to fit the 0.3–10 keV spectra. The solid lines indicate mass-weighted, spherically averaged values
for temperature and velocity dispersion, and the mass-weighted projected velocity along the line-of-sight, computed directly from simulation. The
dotted line indicates r2500 of the cluster. (Color online.)

Fig. 9. Effects of sample size. Results of deprojection analysis for spectra extracted from one arm (W), two arms (W+N, W+E, W+S), four arms
(W+N+E+S), and eight arms are plotted. Deprojected temperature (top panels), bulk velocity (middle panels), and turbulent velocity (bottom panels)
of the relaxed cluster CL104 viewed along the x projection (crosses). The Cash statistic was used to fit the 0.3–10 keV spectra. The circles indicate
deprojected values. The solid lines indicate mass-weighted, spherically averaged values computed directly from simulation, and the dotted line
indicates r2500 of the cluster. (Color online.)

|!T| < 39%, |!σ turb| < 45% for all radial bins. The
bulk velocities deviate significantly from the true values,
with |!Vbulk| ∼ 2.5. At the merger shock (the location of
which is indicated in figure 7), |!Vbulk| can reach ∼20.
At r = 0.9 r2500, the azimuthal variation in temperature is
larger than that of the relaxed cluster, with !Tarm(min ,
max ) = (−0.34, 0.39). At the same radius, the variations in
turbulent and bulk velocities are slightly larger than those
of the relaxed cluster, with !σ turb, arm(min , max ) = (−0.52,
−0.22) and !Vbulk, arm(min , max ) = (−5.5, 3.1).

3.5 Hydrostatic mass bias

One of the primary sources of astrophysical uncertainties in
cluster cosmology lies in hydrostatic mass bias due to non-
thermal pressure support provided by internal gas motions
in the ICM. Assuming spherical symmetry, the total cluster
mass within some radius r can be expressed as the
following:

M(< r ) ∼= MHSE + Mturb + Mrot + Maccel. (1)
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Fig. 8. Top panels: Deprojected temperature (left-hand panels), bulk velocity (middle panels), and turbulent velocity (right-hand panels) of the relaxed
cluster CL104 viewed along three orthogonal projections: x (black), y (red), and z (green) (open circles). The projected quantities are shown with the
crosses for comparison. Bottom panels: Deprojected temperature, bulk velocity, and turbulent velocity for the eight azimuthal directions (crosses)
for the x projection. The Cash statistic was used to fit the 0.3–10 keV spectra. The solid lines indicate mass-weighted, spherically averaged values
for temperature and velocity dispersion, and the mass-weighted projected velocity along the line-of-sight, computed directly from simulation. The
dotted line indicates r2500 of the cluster. (Color online.)

Fig. 9. Effects of sample size. Results of deprojection analysis for spectra extracted from one arm (W), two arms (W+N, W+E, W+S), four arms
(W+N+E+S), and eight arms are plotted. Deprojected temperature (top panels), bulk velocity (middle panels), and turbulent velocity (bottom panels)
of the relaxed cluster CL104 viewed along the x projection (crosses). The Cash statistic was used to fit the 0.3–10 keV spectra. The circles indicate
deprojected values. The solid lines indicate mass-weighted, spherically averaged values computed directly from simulation, and the dotted line
indicates r2500 of the cluster. (Color online.)

|!T| < 39%, |!σ turb| < 45% for all radial bins. The
bulk velocities deviate significantly from the true values,
with |!Vbulk| ∼ 2.5. At the merger shock (the location of
which is indicated in figure 7), |!Vbulk| can reach ∼20.
At r = 0.9 r2500, the azimuthal variation in temperature is
larger than that of the relaxed cluster, with !Tarm(min ,
max ) = (−0.34, 0.39). At the same radius, the variations in
turbulent and bulk velocities are slightly larger than those
of the relaxed cluster, with !σ turb, arm(min , max ) = (−0.52,
−0.22) and !Vbulk, arm(min , max ) = (−5.5, 3.1).

3.5 Hydrostatic mass bias

One of the primary sources of astrophysical uncertainties in
cluster cosmology lies in hydrostatic mass bias due to non-
thermal pressure support provided by internal gas motions
in the ICM. Assuming spherical symmetry, the total cluster
mass within some radius r can be expressed as the
following:

M(< r ) ∼= MHSE + Mturb + Mrot + Maccel. (1)
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Fig. 8. Top panels: Deprojected temperature (left-hand panels), bulk velocity (middle panels), and turbulent velocity (right-hand panels) of the relaxed
cluster CL104 viewed along three orthogonal projections: x (black), y (red), and z (green) (open circles). The projected quantities are shown with the
crosses for comparison. Bottom panels: Deprojected temperature, bulk velocity, and turbulent velocity for the eight azimuthal directions (crosses)
for the x projection. The Cash statistic was used to fit the 0.3–10 keV spectra. The solid lines indicate mass-weighted, spherically averaged values
for temperature and velocity dispersion, and the mass-weighted projected velocity along the line-of-sight, computed directly from simulation. The
dotted line indicates r2500 of the cluster. (Color online.)

Fig. 9. Effects of sample size. Results of deprojection analysis for spectra extracted from one arm (W), two arms (W+N, W+E, W+S), four arms
(W+N+E+S), and eight arms are plotted. Deprojected temperature (top panels), bulk velocity (middle panels), and turbulent velocity (bottom panels)
of the relaxed cluster CL104 viewed along the x projection (crosses). The Cash statistic was used to fit the 0.3–10 keV spectra. The circles indicate
deprojected values. The solid lines indicate mass-weighted, spherically averaged values computed directly from simulation, and the dotted line
indicates r2500 of the cluster. (Color online.)

|!T| < 39%, |!σ turb| < 45% for all radial bins. The
bulk velocities deviate significantly from the true values,
with |!Vbulk| ∼ 2.5. At the merger shock (the location of
which is indicated in figure 7), |!Vbulk| can reach ∼20.
At r = 0.9 r2500, the azimuthal variation in temperature is
larger than that of the relaxed cluster, with !Tarm(min ,
max ) = (−0.34, 0.39). At the same radius, the variations in
turbulent and bulk velocities are slightly larger than those
of the relaxed cluster, with !σ turb, arm(min , max ) = (−0.52,
−0.22) and !Vbulk, arm(min , max ) = (−5.5, 3.1).

3.5 Hydrostatic mass bias

One of the primary sources of astrophysical uncertainties in
cluster cosmology lies in hydrostatic mass bias due to non-
thermal pressure support provided by internal gas motions
in the ICM. Assuming spherical symmetry, the total cluster
mass within some radius r can be expressed as the
following:

M(< r ) ∼= MHSE + Mturb + Mrot + Maccel. (1)
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XRISM模擬観測: ガス運動の方位角依存性
Photon map from hydrodynamical sims by Nagai+07; Nelson+14

R2500



Schedule and current status

2016
2017

2018
2019

2020
2021

2022
2023

Hitomi failure
Investigation
Hitomi termination→Lessons

“XARM” proposed

JAXA MDR/SRR

JAXA pre-project/NASA project start

NASA CDR

AOs for participating scientists

JAXA PDR

Basic design phase

Fabrication & Integration

Detailed design phase
Verifications & Ground calibration

Launch
CDR Pre-flight test

PV targets selection

Guest scientists selection
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XRISM in orbit (1/2)
Launch Day

NET(no earlier than) August 2023

spacecraft is waiting for launch at the launch site.

Schedule in orbit

Under the assumption of Launch in Aug 2023, the calibration campaign will be in Dec 2023.

Date Event

Aug 2023 (Assumption) Launch

Aug to Nov 2023 Critical & Commissioning operation

Nov 2023 First Light

Dec 2023 Early release target, Calibration target

Dec 2023 to June 2024 Performance Verification (PV) and 

Calibration

June 2024 Guest Observers Program (GO-1)

Hitomi Launch by HIIA rocket

© JAXA

Terada 2023 IACHECより

15th IACHEC meeting, 23-27 April 2023, Seeblick Pelham

Current Status (1/2)
Instruments, Spacecraft

2016

2017

2018

2019

NASA-JAXA 
XARM Proposal

Lessons & Close
Investigation

Hitomi Failure

Hitomi Lessons
XARM proposal
JAXA-NASA collaboration

JAXA MDR/SRR
JAXA pre-project start
NASA project start / NASA CDR

JAXA PDR

2021

2020

XARM→ XRISM 

Basic design

Detail design

Fabrication

Verification Tests

Launch!JAXA CDR/MOR

JAXA PQR/PSR

JAXA CDR
Integration

© JAXA Vibration test @TKSCThermal Vacuum test @TKSC 

Ship to TNSC

2022

2023

Commissioning

PV/Calibration

Ground Calibration

We are here!
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Instruments, Spacecraft

2016

2017

2018

2019

NASA-JAXA 
XARM Proposal

Lessons & Close
Investigation

Hitomi Failure

Hitomi Lessons
XARM proposal
JAXA-NASA collaboration

JAXA MDR/SRR
JAXA pre-project start
NASA project start / NASA CDR

JAXA PDR

2021

2020

XARM→ XRISM 

Basic design

Detail design

Fabrication

Verification Tests

Launch!JAXA CDR/MOR

JAXA PQR/PSR

JAXA CDR
Integration

© JAXA Vibration test @TKSCThermal Vacuum test @TKSC 

Ship to TNSC

2022

2023

Commissioning

PV/Calibration

Ground Calibration

We are here!

XARM→XRISM

Ship to TNSC

Thermal Vacuum test@TKSC

Call for AO1
~2mo after launch

xrism.isas.jaxa.jp

8月以降

http://xrism.isas.jaxa.jp


まとめ
銀河団は宇宙の構造形成, ガスの熱力学的進化, プラズマ物理
のユニークな実験室

ガス運動は銀河団の“missing energy”源
• Ｘ線観測や流体計算は、銀河団形態によらずガス運動が存在し、
非熱的圧力が無視できないことを示唆

• 「ひとみ」は詳細Ｘ線分光が、銀河団の力学的進化やプラズマ診
断に威力を発揮することを証明

XRISMは2020年代の主要な国際天文台として、詳細Ｘ線分光
の新しい窓を開く！

22Naomi Ota@山田研究会 2023-Jun-03


