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Abstract

X-ray studies of velocity structures of the intracluster medium is one of the primary goals for future
X-ray missions. High resolution spectroscopy will provide measurements of energy distributions not only
in thermal but also in kinematic forms. These provide understanding of cluster formation and reductions
of systematic uncertainties in cluster total masses for precise cosmology. Using Suzaku we have detected
a motion of a sub component with a velocity of about 1500 km s−1 for the first time by X-ray in a bright
merging cluster, Abell2256. We also detected a hint of bulk motion in the Perseus cluster core. In addition
to these new Suzaku results, future studies of gas bulk motion along with turbulent motions by X-ray
micro calorimeter onboard ASTRO-H will be discussed.
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1. Doppler Mapping of Gas dynamics in Galaxy Clusters

Doppler shifts have been fundamental toolsin astronomy
and astrophysics. This effect was proposed by Doppler in
Prague in 1842. In 1844, Buys Ballot, 1 in the Nether-
lands attempted to dispute this theory. He conducted
experiments with horn players on a moving train and
listeners at a new rail station near Utrecht. After sev-
eral trials, contrary to his initial purpose, he became the
first scientist who verified the Doppler effect. Since then,
this has been used in a number of discoveries in astron-
omy, such as the cosmic expansion and extra-solar planet
searches. In Ballot’s and other findings, precise calibra-
tions were keys. Following these, we have attempted to
measure the Doppler velocity of X-ray lines from the in-
tracluster medium (ICM) in galaxy clusters.

Galaxy clusters have formed hierarchically through
collisions and mergers into the largest and youngest
gravitationally-bound cosmic structure. Spatial and ra-
dial velocity distributions of member galaxies and X-
ray observations of the ICM, along with gravitational
lensings, have provided dynamical measurements of dark
matter in clusters.

Fig. 1 illustrates energy flows among various compo-
nents in a cluster focusing on the ICM. As the structure
forms, gravitational potential governed by dark matter
moves and heats the ICM. These heating processes would

*1 He became a professor of the Utrecht university and the first
director of the international meteorological organization.

then develop gas turbulence, and accelerate particles,
which in turn generate diffuse radio halos and relics.
Around the cluster core, central massive black holes also
disturb and warm up the gas. To directly understand
these energy flows, gas motions should be measured.
Constraining total energy distribution in a system allows
the total gravitational mass to be measured.

Gas bulk or turbulent motions can be measured di-
rectly using the Doppler shift or broadening of X-ray line
emissions. However, the limited energy resolutions of
current X-ray instruments hinders such measurements.
For example typical CCD energy resolution is about
130 eV, compared with a possible energy shift of ∼ 20 eV
corresponding to a radial velocity of 1000 km s−1, all at
the Fe-K line energy.

Numerical studies have been used to study cluster for-
mation histories and the associated origins and develop-
ment of various types of gas motions. Along with these
efforts systematic observations in a wide range of evolu-
tion stages are required. For example, the geometrically-
complex nature of gas dynamics should be spatially re-
solved. Here we present Suzaku measurements in an X-
ray bright merging cluster, Abell 2256, and in nearby
relaxed cluster, the Perseus. Detailed results were given
in Tamura et al. (2011) and Tamura et al. (2014).
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Fig. 1. Energy flows and components in a cluster.

2. The Suzaku XIS calibration

The Suzaku XIS is currently the optimal X-ray spec-
trometer for gas motion search with Fe-K lines. To
measure Doppler shifts of cluster K-shell iron lines in
X-rays, astronomical shifts should be separated from
instrumental effects on the energy scale (i.e. recorded
pulse-height vs. energy). The effects include (i) CCD-
to-CCD variation, (ii) intra-chip spatial variations at-
tributable to charge-transfer inefficiency (CTI) and by
CCD segment-to-segment qualities, (iii) observation-to-
observation temporal variation, (iv) absolute energy de-
termination, and unknown systematics. These charac-
teristics have been calibrated and extensively evaluated
by the instrument team, which is an advantage of the
Suzaku XIS over other CCD-type spectrometers.

Koyama et al. (2007) estimated the systematic uncer-
tainty of absolute energy in the Fe-K band to be within
+0.1 and −0.05%, based on Fe lines observed from the
Galactic center alongside Mn Kα and Kβ lines from the
built-in calibration source. Ozawa et al. (2009) and
Uchiyama et al. (2009) further confirmed the calibra-
tion and reported detailed figures. They archived energy
accuracies of < 0.7% and < 0.1% at 1 keV and 7 keV,
respectively, over the entire CCD position. We based on
these calibration methods in the latest calibration files.

In Tamura et al. (2014) we evaluated the absolute
energy scale in different CCD segments by using spec-
tra of calibration sources in a number of observations.
We found the average shifts to be all below 10−3. We
measure residual variation by calculating σsys such that
χ2 = Σ(zi− < z >)2/(σ2

i + σ2
sys) equals the degree of

freedom. Here zi, < z >, and σi are the obtained red-
shift, its average, and statistical errors, respectively. We
found σsys to be 0.8×10−3. This variation includes CCD-
to-CCD (i), segment-to-segment (ii), and temporal (iii)
factors. Averaging the four segments of the FI-CCDs,
we obtain a redshift close to −0.1 × 10−3, while BI red-
shift is close to 0.8× 10−3. This relatively significant BI

spectral deviation could introduce systematic error. In
view of these properties, we use mainly the FI data in
the analysis.

To evaluate energy resolution calibration, we fitted the
Mn lines by adding an artificial line width (σadd) and
found that the best-fit σadd tended to be zero. The 1 σ
upper limit of σadd ranged from 5 to 80 eV depending
on the line counts with an average of 25 eV.

We used all available data of the Perseus center along-
side the latest calibration information and evaluate the
accuracy. Here we group observations by their roll-
angles. Data were obtained in two different roll angles
(255◦–277◦and 66◦–86◦) . Using these data sets with
two different extraction methods (in detector and sky
coordinates), we checked both instrumental and cluster-
intrinsic variations in the energy scale. We conclude that
the CCD-to-CCD variation (i) and intra-chip spatial vari-
ation (ii) within spatial scales of a few arcminutes is be-
low 0.1% (10−3 in redshift or 300 km s−1 around the
Fe-K energy) over the whole CCD position.

3. Discovery of Gas Bulk Motion in a Merging Cluster

3.1. Abell 2256 and Observation

In a search for gas bulk motions we analyzed XIS spec-
tra of the A 2256 cluster (redshift of 0.058). This X-ray
bright cluster is one of the first systems showing sub-
structures not only in the X-ray surface brightness but
also in the galaxy velocity distribution (Briel et al. 1991).
In the cluster central region, there are two systems sep-
arating by 3′.5 in the sky. Briel et al. (1991) integrated
the velocity distribution of galaxies over the cluster and
found the two separated peaks in the velocity distribu-
tion. The two structures are separated by ∼ 2000 km
s−1 in radial velocity peaks of member galaxies. Radio
observations revealed a diffuse halo, relics, and tailed ra-
dio emission from member galaxies (e.g. Rottgering et
al. 1994). The Chandra observation by Sun et al. (2002)
revealed detailed gas structures in and around the main
and second peaks. Thus, this is a prototypical merging
system and hence suitable to study the gas dynamics.
Suzaku observations of A 2256 were performed on 2006

November 10–13.

3.2. Analysis and Results

We extracted two images in different energy bands in-
cluding He-like and H-like iron line emission. In the
He-like iron image, the sub component exhibits bright-
ness comparable to that of the main component. On the
other hand, in the H-like iron image, the sub has lower
brightness. This clearly indicates that the sub has cooler
emission compared with the main.

We extracted sets of spectra from the two components
and fitted with different redshifts. We found gas bulk
motion of the second component. The difference in the
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redshifts and hence radial velocities between the main
and sub systems is found to be 1500 ±300 (statistical)
±300 (systematic) km s−1. This observed shift corre-
sponds to only 0.5% in the energy, but is well beyond
the accuracy of the energy scale. The obtained redshifts
and hence the difference between the two X-ray emitting
gas components are consistent with those of the radial
velocity distribution in member galaxies, strengthening
the reliability of our X-ray measurement.

This is the first detection of gas bulk motion from
Suzaku , which presumably has the best X-ray spectrom-
eter in operation for the velocity measurement. This
improvement is not only due to the better sensitivity
and calibration of the XIS but also due to the well-
separated and X-ray bright nature of the structure in
A 2256. These measurements were used to discuss three
dimensional velocity structure and dynamical age of the
cluster in Tamura et al. (2011).

4. Gas Motions in a Relaxed Cluster

4.1. The Perseus Cluster

The Perseus, the brightest in X-ray, is a prototype of
nearby and relaxed clusters. At the same time, it ex-
hibits a number of activities at core and larger scales.
The cluster X-ray emission peaks sharply toward the cen-
tral galaxy and its central active galactic nucleus (AGN),
3C 84. The AGN also develops jets and radio lobes where
high-energy particles and X-ray-emitting-hot gas inter-
act. Associated with these current and possibly past
activities, fine gas structures such as bubbles, ripples,
and weak shock fronts were revealed by deep Chandra
imaging (Fabian et al. 2011 and references therein).
These processes dissipate energies into various types of
gas motions. Independently, based on the lack of reso-
nant scattering of Fe-K line emissions, Churazov et al.
(2004) suggested gas motions in the core of a velocity
of at least half the speed of sound. West of the center,
a chain of galaxies is distributed toward a radio galaxy
IC 310, while other member galaxies and clusters virtu-
ally aligned with this chain form the Pisces-Perseus su-
percluster. Using XMM-Newton Churazov et al. (2003)
further studied the asymmetric structures around the
core and revealed a hot “horseshoe” surrounding the cool
core. They also assumed a minor merger along the east-
west direction in the sky plane.

The cluster center has been observed twice-yearly as a
calibration target of XIS. We use the data obtained from
2006 to 2013 taken in the normal window mode with the
total exposure time of 576 ks. We also used some offset
region data (R < 30′; total exposure time of 327 ks) and
derived larger scale ICM emission properties.

Table 1. Summary of gas velocity limits. Results of the Perseus and
Centaurus clusters are taken from Tamura et al. (2014) and Ota
et al. (2007), respectively.

Parameter Perseus Perseus Centaurus
(center) (large)

(unit)
redshift 0.0183 – 0.0104
1′ (kpc) 22.2 – 15.3
kT a (keV) 4.5 6 3
cs

b (km s−1) 1100 1300 900
region size c 2′.2/4.4′ 18′ 2′.1
(kpc) 50/100 400 30
R d (kpc) 200 600 150
∆vbulk

e (km s−1) 300–400 550 700
sys. ±300 ± 300 ±500
vturb

f (km s−1) 900–2200 900–3000 900
sys. (km s−1) ± 1250 ± 1250 ± 1250

aTypical temperature within the measured region. b

Sound speed. c Individual region sizes. d Averaged sep-
aration among regions. e Upper limit of the velocity
variation. Systematic error is indicated by ’sys’. Limits
are taken from the standard deviation from samples. f

Upper limit of the turbulent velocity.

4.2. Analysis and Results

We summarize the limits for gas motion along with re-
lated parameters in Table 1. For comparison, results
of Ota et al. (2007) are also presented. Our limits on
gas bulk velocities are comparable to theirs. The wider
physical size covered by our observations allowed us to
constrain the gas motion and hence the total mass within
a volume significantly exceeding that in theirs. This is an
important step to measure total masses in cluster scales.

We found a hint of gas bulk motions within the cluster
core, a lower velocities in regions 2 − 4′ west of center.
Here, clear X-ray enhancement was found and a past
minor merger in an east-west direction was suggested.
The obtained gas motion is consistent with this merger
model and additionally suggests a velocity component in
the line of sight.

In addition to the gas bulk motion, we searched for the
turbulent motion using the line width. We obtained the
limits generally larger than the sound speed (Table 1).
Our result is the first attempt to constrain the turbulent
motion based on the spatially-resolved X-ray spectra.

Our measurements along with other Suzaku results of
ICM motions are summarized in Table 2.

5. Suzaku to ASTRO-H

Suzaku observations provided the first detection of gas
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Table 2. Suzaku results of gas bulk motions in clusters. (1) Ota et
al. (2007); Velocity variation among 2′×2′ regions. (2) Fujita et
al. (2008) (3) Sato et al. (2008); a hint of a velocity difference
between two regions is found. (4) Sugawara et al. (2009). (5)
Tamura et al. (2011); errors are 68% confidence limit. Errors
are of statistical and systematic figures. See § 3.. (6) Sato et
al. (2011). (7) Nishino et al. (2012); relative velocity of a sub
component. (8) Tamura et al. (2014); See § 4.. (9) Yoshida and
Ota (2014; this conference).

target result (∆v)
Centaurus (1) < 1400 km s−1

Oph. (2) < 3000 km s−1

AMW 7 (3) < 2000 km s−1

A 2319 (4) < 2000 km s−1

A 2256 (5) 1500 ± 300 ± 300km s−1

Coma (6) < 2000 km s−1

A 3627 (7) < 800 km s−1

Perseus (8) < 400/600 km s−1

A2029,A2199 (9) sign of motions
A2255 (9) 1500 km s−1

A2142, A3667, A133 (9) No bulk motion

bulk motion in a merging cluster A 2256. In addi-
tion, deep observations of the Perseus cluster provided
strongest constraint on the gas dynamics along with a
hint of small gas motion associated with a past minor
merger. To understand the cluster dynamics dominated
by non-linear processes, systematic measurements in a
sample of clusters are required. For example, some clus-
ters such as the Bullet cluster at violent merging stages
show segregation of the gas from the galaxy and possibly
from dark matter components. In these systems, we ex-
pect different situations in the gas and galaxy dynamics
compared with what we found. The systematic study re-
quires new instruments with higher spectral resolutions
and better sensitivities. In fact, this kind of assessment
is one of the primary goals for planned X-ray instruments
such as SXS (Mitsuda et al. 2010) onboard ASTRO-H
(Takahashi et al. 2012). Fig. 2 illustrate the power of
SXS. Using SXS with an energy resolution better than
7 eV we could measure gas bulk motions in a fair number
of X-ray bright clusters. Furthermore, we may find line
broadening originated from the gas turbulence, as a re-
sult of mergers, related shocks, or some activities in the
massive black hole at cluster centers. In addition, the
SXS potentially will constrain for the first time the line
broadening from the thermal motion of ions (and hence
the ion temperature). We hope success in development
and launch of ASTRO-H in 2015.
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