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概要
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X線天文学
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X線天文学がもたらした３つの驚き：その１

質量降着の概念：天体のエネルギー源の重要な形態

Ginga transients
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質量降着: 活動銀河核

あすか衛星
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X線天文学がもたらした３つの驚き：その２
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高温物質は宇宙の主要な構成要素
現在の宇宙＝熱い宇宙

暗黒物質 銀河 高温 (>107K)物質 中高温 (105-7K) 物質

3億光年

計算機シミュレーション (Yoshikawa et al. 2002)

23%

4%

73%

星や銀河(約1万度以下)

銀河団高温ガス 未検出
(50-80 %)

暗黒物質

暗黒エネ
ルギー

ミッシングバリオン
ダークバリオン

1千万から1億度

X線観測!!

バリオン物質
(Baryonic matter)

？

銀河団
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X線天文学がもたらした３つの驚き：その３

およそあらゆる天体がX線を放射する
恒星、原始星、HII領域、、、

0.1 - 2.4 keV (ROSAT) 3 - 20 keV (RXTE)

Einsten
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様々なX線放射

Fig. 1b contain nanosecond X-ray pulses whose emission is correlated
with radiofrequency (r.f.) pulses and slips in the force required to peel
the pressure-sensitive adhesive tape. Furthermore, the short duration
of these X-ray pulses indicated that the emission originates from a
submillimetre regionnear the vertexof peeling,with a transient charge
density (,1012 electrons cm22); that is, more than an order of mag-
nitude greater than is measured in typical tribocharging systems.

The correlation between X-ray emission and peeling force in a
1023 torr vacuum is displayed in Fig. 2a. As the force (black trace)
increases above its value under an applied pressure of 1 atm (ref. 15)
(dashed green trace), emissions with X-ray energies are recorded
(blue trace). No X-ray emission has been observed at 1 atm. The slips
are also correlated with a signal detected by an r.f. antenna16 (red
trace). Figure 2b shows subnanosecond-resolved data used to corre-
late r.f. emission from peeling tape with liquid-scintillator signals
(blue trace). The solid red and dashed red traces are the response
of the antenna to signals generated, respectively, by peeling tape and
by the relative motion of mercury and glass, in which r.f. discharges
due to tribocharging are known to occur16.

The data in Fig. 2a were acquired with tantalum foil shielding the
window of a solid-state X-ray detector. This attenuates X-rays with
energies below about 20 keV in favour of larger events synchronized
to the slips. The spectrum17 of all X-ray photons emitted from the
peeling tape as recorded by an unshielded solid-state detector is
shown in Fig. 3 and in Supplementary Fig. 1. To minimize the pile-
up of photons the detector was placed 69 cm from the peeling vertex
of the tape, so the plotted data have a solid angle correction of
120,000 relative to the raw data (see Methods). The total energy in
the bursts that accompany the slips was obtained from events that

were three-way coincident between a solid-state detector, the liquid
scintillator and the characteristic r.f. pulse (Fig. 2b). The inset to Fig. 3
shows the spectrum of X-ray burst energies that accompany slip
events out to 10GeV. These pulses occur at a rate in excess of 1Hz
and their time traces fall within the 5-ns resolution of the liquid-
scintillator detectors. The spectrum did not change significantly dur-
ing ten rewindings of a given roll of tape.

According to studies of controlled vacuum discharges18, the rise
time of the current is the width of the X-ray flash. From the red trace
in Fig. 2b this implies that the width of the coincident X-ray pulses is
,1–2 ns. Thus a typical 2-ns burst with an energy of 2 GeV has a peak
power of more than 100mW. These bursts, which occur more than
once per second, contain more than 50% of the total energy radiated
as X-ray photons above 10 keV. This includes X-ray photons syn-
chronized to slip events as well as ‘precursor’ X-rays emitted between
slips. According to Fig. 3 the total emission is 1.23 1010 eV s21 or
2 nW average X-ray power.

On the basis of the long-standing phenomenology of tribo-
charging8,12, we propose the following sequence of events: as the tape
peels, the sticky acrylic adhesive becomes positively charged and the
polyethylene roll becomes negatively charged, so that electric fields
build up to values that trigger discharges. At a reduced pressure, the
discharges accelerate electrons to energies that generate Bremsstra-
hlung X-rays when they strike the positive side of the tape. To deter-
mine the current of high-energy electrons that drive this process we
compared Fig. 3 with published scattering data19. A strand of adhesive
tape is thick in comparison with an electron absorption length (the
Kramers limit19) but not so thick as to absorb all theX-rays. Given that
the difference is not significant19, here we take the thick target limit.
The peak near 15 keV with 33 105 X-rays per second is therefore due
to electrons with energies of about 30 keV, which then create an inte-
grated Bremsstrahlung X-ray spectrum with an efficiency of 1024.
Only 5% of these X-rays are above 15 keV. These factors imply a
discharge current of 63 1010 electrons per second, which corresponds
to an average electric power of 0.2mW; this is five orders ofmagnitude
higher than the integrated X-ray spectra displayed in Fig. 3. As the
2-cm-wide tape peels at 3 cm s21, the average density of charge sepa-
rated and discharged is 1010 electrons cm22, which is consistent with
known tribocharging processes12.

The X-ray bursts require charge densities that are substantially
larger than those that characterize the average tribocharging dis-
cussed above. For a Townsend discharge6, the bottleneck is the time
it takes an ion to cross a gap of length l times the number of round
trips (about ten) needed to build up an avalanche. For a hydrogen ion
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Figure 2 | Correlation between X-rays, force and radio frequency. a, The
left axis shows the force for peeling tape at 3 cm s21 in a 1023 torr vacuum
(black line) and at 1 atm (dashed green line). The right axis shows the X-ray
signal (blue trace) from an Amptek detector with tantalum foil shield. The
red upper trace is the r.f. antenna signal. b, Correlation of liquid scintillator
(blue line) with radio frequency (red line) from peeling tape. The rise time of
the scintillator is about 5 ns for the tape signal (blue line) and cosmic-ray
calibration (dashed blue line). The dashed red line is an antenna calibration
signal (Methods); keV e.e. ns21 is the electron equivalent energy per
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Figure 3 | Spectrum of X-ray energies from peeling one roll of tape. The
peel speed was between 3 and 3.6 cm s21 at 1023 torr of air. Data were
acquired with the Amptek CdTe detector. Inset: energies for nanosecond
pulses out to 10GeV for the same run taken with the Amptek 3-Stack
detector (Methods).
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movingwith a velocity v5 !(2eV/m) in a potentialV5 30 kV, a pulse
width Dt5 10l/v of ,1 ns implies a characteristic length l of
,300 mm, which in turn implies an accelerating field E,V/l of
,106V cm21 and a charge density s< e0E of 73 1011 elec-
trons cm22 (ref. 20). According to an alternative theory, the dis-
charge consists of an explosive plasma emission5. The characteristic
time for the current to flow is determined by the time it takes the
plasma moving at 23 106 cm s21 to expand across the gap5,18. It has
been established experimentally that the duration of the pulse
increases linearly with the gap size with proportionality factor of
5 ns/100 mm (refs 5, 18). This implies a gap l of the order of tens of
micrometres, and the corresponding field of 107 V cm21 requires a
charge density of 73 1012 electrons cm22. An image of the X-ray
emission region could distinguish between the various theories.

When the tape is peeled, part of the energy supplied is converted to
elastic deformation of the tape21, cavitation22 and filamentation23 of
the adhesive, acoustic emission24, visible light3,25 and high-energy
electron emission2. According to Fig. 2 the power required to peel
the tape at a speed of 3 cm s21 is 50mW under ambient conditions
of 1 atm. Under vacuum, an additional power of 3mW must be
supplied to overcome the observed stick–slip friction. Of this
3mW at least 0.2mW goes into accelerating electrons to 30 keV so
as to generate an average X-ray power of 2 nW. The power going into
visible triboluminescence is 10 nW, as shownby the spectrum(Fig. 4).

Although tribocharging has substantial technological applica-
tions12, its physical origin is still in dispute. In one view, tribocharging
of insulators involves the statistical mechanical transfer of mobile
ions between surfaces as they are separated adiabatically8. A compet-
ing theory9 proposes that a charged double layer is formed by electron
transfer across the interface of dissimilar surfaces in contact. When
these surfaces are suddenly pulled apart, the net charge of each layer is
exposed.We have observed two timescales in dynamic tribocharging.
One is the long timescale over which average charge densities of
about 1010 electrons cm22 are maintained on the tape. In addition,
there exists a process that concentrates charge on a transient time-
scale of the order of 1 ns to reach densities that are about 100-fold
larger than the average value. The physical process whereby such a
large concentration of charge is attained involves the surface conduc-
tivity of the tape. This conductivity could be provided by mobile
ions12 or perhaps by means of precursor discharges stirring up the
surface of the peeling tape. We propose that X-ray emission should
yield insight into this and other fundamental aspects of tribology.

The intensity of emission is sufficiently strong (see Supplementary
Fig. 2) tomake peeling tape useful as a source for X-ray photography.

Examples of X-ray photos are provided in Supplementary Fig. 3 and
Supplementary Fig. 4. The correlation displayed in Fig. 2 has a
resemblance to the geophysical effect called earthquake lights26, in
which the liberation of stress-induced charge during earthquakes
generates electromagnetic radiation. The macroscopic physical pro-
cesses that spontaneously organize an off-equilibrium throughput of
low-energy density into X-ray emission suggest that it will be worth
while to look for this phenomenon in systems that show fractolumi-
nescence27, stick–slip friction16,28, triboluminescence1 and gecko
adhesion29. The charge density realized in these experiments is about
the same as the effective charge that accumulates on the surface of
pyroelectric crystals used to generate table-top nuclear fusion30.

METHODS SUMMARY
All experiments were performed with off-the-shelf rolls of Photo Safe 3M Scotch
Tape (19mm3 25.4m) thatwere secured to a precision ball-bearingmounted on
a stage supported by two very stiff steel spring leaves (with spring constant
6.63 1036 33 102Nm21; Fig. 1c). The displacement of the leaves from their
equilibriumpositionwasmeasuredwith a commercial inductor position detector
(Baumer Electric)with a resolution of 505mmV21. A free portion of the tapewas
stuck to a cylinder connected to a rotatingmotor, and the whole setupwas placed
in a vacuum chamber. All X-ray data were acquired at a pressure of,1023 torr
and at a peel speed of ,3 cm s21. X-ray energy emissions were recorded with
Amptek (XR-100T 3-stack and XR-100 CdTe) X-ray detectors and with Bicron
501A liquid scintillators 12.7 cm in diameter and 12.7 cm long, coupled to
Hamamatsu 12.7-cm photomultiplier tubes (R1250)30. Radiofrequency signals
were recordedwith antennasmade of the exposed inside conductor of BNCcables
placedwithinmillimetres of the peeling point. All datawere digitized and saved to
disk for offline analysis as detailed in theMethods section. The spectrumof visible
photons (Fig. 4) was taken with a grating spectrometer (300i; Acton Research)
coupled to an intensified camera (Princeton Instruments) and is corrected for the
response function of the instrument.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Figure 4 | Light spectra from peeling tape. The black trace was taken at
1024 torr of air, and the grey dashed trace was taken at 1 atm. The nitrogen
lines, which are prominent in air at 1 atm, are indicative of a gas discharge,
which is typical of other processes such as fractoluminescence27 and
lightning. At low pressure the nitrogen lines are overshadowed by a process
that leads to broadband emission with hydrogen lines.
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“ある現象” に伴う電波からGeV ガンマまでの放射
Optical spectrum

Fig. 1b contain nanosecond X-ray pulses whose emission is correlated
with radiofrequency (r.f.) pulses and slips in the force required to peel
the pressure-sensitive adhesive tape. Furthermore, the short duration
of these X-ray pulses indicated that the emission originates from a
submillimetre regionnear the vertexof peeling,with a transient charge
density (,1012 electrons cm22); that is, more than an order of mag-
nitude greater than is measured in typical tribocharging systems.

The correlation between X-ray emission and peeling force in a
1023 torr vacuum is displayed in Fig. 2a. As the force (black trace)
increases above its value under an applied pressure of 1 atm (ref. 15)
(dashed green trace), emissions with X-ray energies are recorded
(blue trace). No X-ray emission has been observed at 1 atm. The slips
are also correlated with a signal detected by an r.f. antenna16 (red
trace). Figure 2b shows subnanosecond-resolved data used to corre-
late r.f. emission from peeling tape with liquid-scintillator signals
(blue trace). The solid red and dashed red traces are the response
of the antenna to signals generated, respectively, by peeling tape and
by the relative motion of mercury and glass, in which r.f. discharges
due to tribocharging are known to occur16.

The data in Fig. 2a were acquired with tantalum foil shielding the
window of a solid-state X-ray detector. This attenuates X-rays with
energies below about 20 keV in favour of larger events synchronized
to the slips. The spectrum17 of all X-ray photons emitted from the
peeling tape as recorded by an unshielded solid-state detector is
shown in Fig. 3 and in Supplementary Fig. 1. To minimize the pile-
up of photons the detector was placed 69 cm from the peeling vertex
of the tape, so the plotted data have a solid angle correction of
120,000 relative to the raw data (see Methods). The total energy in
the bursts that accompany the slips was obtained from events that

were three-way coincident between a solid-state detector, the liquid
scintillator and the characteristic r.f. pulse (Fig. 2b). The inset to Fig. 3
shows the spectrum of X-ray burst energies that accompany slip
events out to 10GeV. These pulses occur at a rate in excess of 1Hz
and their time traces fall within the 5-ns resolution of the liquid-
scintillator detectors. The spectrum did not change significantly dur-
ing ten rewindings of a given roll of tape.

According to studies of controlled vacuum discharges18, the rise
time of the current is the width of the X-ray flash. From the red trace
in Fig. 2b this implies that the width of the coincident X-ray pulses is
,1–2 ns. Thus a typical 2-ns burst with an energy of 2 GeV has a peak
power of more than 100mW. These bursts, which occur more than
once per second, contain more than 50% of the total energy radiated
as X-ray photons above 10 keV. This includes X-ray photons syn-
chronized to slip events as well as ‘precursor’ X-rays emitted between
slips. According to Fig. 3 the total emission is 1.23 1010 eV s21 or
2 nW average X-ray power.

On the basis of the long-standing phenomenology of tribo-
charging8,12, we propose the following sequence of events: as the tape
peels, the sticky acrylic adhesive becomes positively charged and the
polyethylene roll becomes negatively charged, so that electric fields
build up to values that trigger discharges. At a reduced pressure, the
discharges accelerate electrons to energies that generate Bremsstra-
hlung X-rays when they strike the positive side of the tape. To deter-
mine the current of high-energy electrons that drive this process we
compared Fig. 3 with published scattering data19. A strand of adhesive
tape is thick in comparison with an electron absorption length (the
Kramers limit19) but not so thick as to absorb all theX-rays. Given that
the difference is not significant19, here we take the thick target limit.
The peak near 15 keV with 33 105 X-rays per second is therefore due
to electrons with energies of about 30 keV, which then create an inte-
grated Bremsstrahlung X-ray spectrum with an efficiency of 1024.
Only 5% of these X-rays are above 15 keV. These factors imply a
discharge current of 63 1010 electrons per second, which corresponds
to an average electric power of 0.2mW; this is five orders ofmagnitude
higher than the integrated X-ray spectra displayed in Fig. 3. As the
2-cm-wide tape peels at 3 cm s21, the average density of charge sepa-
rated and discharged is 1010 electrons cm22, which is consistent with
known tribocharging processes12.

The X-ray bursts require charge densities that are substantially
larger than those that characterize the average tribocharging dis-
cussed above. For a Townsend discharge6, the bottleneck is the time
it takes an ion to cross a gap of length l times the number of round
trips (about ten) needed to build up an avalanche. For a hydrogen ion

A
nt

en
na

 (V
)

50403020100–10
Time (ns)

40

20

0

Fo
rc

e 
(N

)

500

400

300

200

100

3

2

1

0

1.6

1.2

0.8
1,0008006004002000

a 2.0

b 4

600

0

60

P
ulse energy (keV)

S
cintillator (keV e.e. ns

–1)

Time (ms)

Figure 2 | Correlation between X-rays, force and radio frequency. a, The
left axis shows the force for peeling tape at 3 cm s21 in a 1023 torr vacuum
(black line) and at 1 atm (dashed green line). The right axis shows the X-ray
signal (blue trace) from an Amptek detector with tantalum foil shield. The
red upper trace is the r.f. antenna signal. b, Correlation of liquid scintillator
(blue line) with radio frequency (red line) from peeling tape. The rise time of
the scintillator is about 5 ns for the tape signal (blue line) and cosmic-ray
calibration (dashed blue line). The dashed red line is an antenna calibration
signal (Methods); keV e.e. ns21 is the electron equivalent energy per

80604020

C
ou

nt
s 

pe
r s

ec
on

d

1086420
Pulse energy (GeV)

1.0

0.8

0.6

0.4

0.2

0

103

104

X-
ra

ys
 (k

eV
–1

 s
–1

)

102

105

1000
Energy (keV)

Figure 3 | Spectrum of X-ray energies from peeling one roll of tape. The
peel speed was between 3 and 3.6 cm s21 at 1023 torr of air. Data were
acquired with the Amptek CdTe detector. Inset: energies for nanosecond
pulses out to 10GeV for the same run taken with the Amptek 3-Stack
detector (Methods).
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Correlation between nanosecond X-ray flashes and
stick–slip friction in peeling tape
Carlos G. Camara1*, Juan V. Escobar1*, Jonathan R. Hird1 & Seth J. Putterman1

Relative motion between two contacting surfaces can produce
visible light, called triboluminescence1. This concentration of dif-
fuse mechanical energy into electromagnetic radiation has pre-
viously been observed to extend even to X-ray energies2. Here
we report that peeling common adhesive tape in a moderate
vacuum produces radio and visible emission3,4, along with nano-
second, 100-mW X-ray pulses that are correlated with stick–slip
peeling events. For the observed 15-keV peak in X-ray energy,
various models5,6 give a competing picture of the discharge pro-
cess, with the length of the gap between the separating faces of the
tape being 30 or 300 mm at the moment of emission. The intensity
of X-ray triboluminescence allowed us to use it as a source for
X-ray imaging. The limits on energies and flash widths that can
be achieved are beyond current theories of tribology.

When a continuous medium is driven far from equilibrium, non-
linear processes can lead to strong concentrations in the energy den-
sity. Sonoluminescence7 provides an example in which acoustic
energy concentrates by 12 orders of magnitude to generate subnano-
second flashes of ultraviolet radiation. Charge separation at contact-
ing surfaces8,9 is another example of a process that funnels diffuse
mechanical energy into high-energy emission. Lightning10, for
instance, has been shown to generate X-rays with energies of more
than 10 keV (ref. 11). Although triboelectrification is important in
many natural and industrial processes, its physical explanation is still
debated10,12.

By peeling pressure-sensitive adhesive tape one realizes an every-
day example of tribocharging and triboluminescence1: the emission
of visible light. Tape provides a particularly interesting example of
these phenomena because it has been claimed that the fundamental
energy that holds tape to a surface is provided by the van der Waals
interaction13. This energy—the weakest in chemistry—is almost 100-
fold smaller than the energy required for generating a visible photon,
yet, as demonstrated in 1939 (ref. 3), light emission from peeling tape
can be seen with the unaided eye. That evenmore energetic processes
were at play had already been suggested in 1930 (ref. 14); it was
observed that whenmica is split under vacuum ‘‘the glass of the vessel
fluoresces like an X-ray bulb’’. This insight led to the discovery in
1953 (ref. 2) that peeling tape is a source of X-rays. The simultaneous
emission of visible and X-ray photons from peeling tape is shown in
Fig. 1a, in which the blue glow is due to a scintillator responsive to
X-ray energies and the red patch near the peel point is neon-
enhanced triboluminescence3. Figure 1b shows that when the
vacuum pressure is 1023 torr the high-energy emission is so strong
that the photo is illuminated entirely with scintillations.

Motivated by these photos, we interpret triboluminescence1, a phe-
nomenon known for centuries, as being part of an energy-density-
focusing process that can extend four orders of magnitude beyond
visible light to X-ray photons. To learn about the processes occurring

in peeling tape, we employed efficient high-speed X-ray detection
equipment. Our measurements indicated that the scintillations in
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様々なX線放射
 Triboluminescence

(Camara+ 2008, Nature 455, 189)

LETTERS

Correlation between nanosecond X-ray flashes and
stick–slip friction in peeling tape
Carlos G. Camara1*, Juan V. Escobar1*, Jonathan R. Hird1 & Seth J. Putterman1

Relative motion between two contacting surfaces can produce
visible light, called triboluminescence1. This concentration of dif-
fuse mechanical energy into electromagnetic radiation has pre-
viously been observed to extend even to X-ray energies2. Here
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tape being 30 or 300 mm at the moment of emission. The intensity
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X-ray imaging. The limits on energies and flash widths that can
be achieved are beyond current theories of tribology.
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energy concentrates by 12 orders of magnitude to generate subnano-
second flashes of ultraviolet radiation. Charge separation at contact-
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debated10,12.
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interaction13. This energy—the weakest in chemistry—is almost 100-
fold smaller than the energy required for generating a visible photon,
yet, as demonstrated in 1939 (ref. 3), light emission from peeling tape
can be seen with the unaided eye. That evenmore energetic processes
were at play had already been suggested in 1930 (ref. 14); it was
observed that whenmica is split under vacuum ‘‘the glass of the vessel
fluoresces like an X-ray bulb’’. This insight led to the discovery in
1953 (ref. 2) that peeling tape is a source of X-rays. The simultaneous
emission of visible and X-ray photons from peeling tape is shown in
Fig. 1a, in which the blue glow is due to a scintillator responsive to
X-ray energies and the red patch near the peel point is neon-
enhanced triboluminescence3. Figure 1b shows that when the
vacuum pressure is 1023 torr the high-energy emission is so strong
that the photo is illuminated entirely with scintillations.

Motivated by these photos, we interpret triboluminescence1, a phe-
nomenon known for centuries, as being part of an energy-density-
focusing process that can extend four orders of magnitude beyond
visible light to X-ray photons. To learn about the processes occurring

in peeling tape, we employed efficient high-speed X-ray detection
equipment. Our measurements indicated that the scintillations in
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Clusters of galaxies

重力的に束縛された系としては、宇宙最大の天体

重力：宇宙の大構造のノード

z< 2 の 宇宙の大構造形成史

Baryonic matter interactions：高エネルギー実験室

高温ICM: thermal energy, kinetic energy

高エネルギー電子、宇宙線(陽子)、磁場

Dark matter annihilation (?) 
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Clusters of galaxies as a probe of 
structure formation of the universe

Cluster mass function
Vikhlinin+ 20094 VIKHLININ ET AL.
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Fig. 2.— Illustration of sensitivity of the cluster mass function to the cosmological model. In the le! panel, we show the measured mass function and predicted
models (with only the overall normalization at z = 0 adjusted) computed for a cosmologywhich is close to our best-"tmodel.!e low-zmass function is reproduced
from Fig. 1, which for the high-z cluster we show only the most distant subsample (z > 0.55) to better illustrate the e#ects. In the right panel, both the data and the
models are computed for a cosmology withΩΛ = 0. Both the model and the data at high redshi!s are changed relative to theΩΛ = 0.75 case. !e measured mass
function is changed because it is derived for a di#erent distance-redshi! relation.!e model is changed because the predicted growth of structure and overdensity
thresholds corresponding to ∆crit = 500 are di#erent. When the overall model normalization is adjusted to the low-zmass function, the predicted number density
of z > 0.55 clusters is in strong disagreement with the data, and therefore this combination ofΩM and ΩΛ can be rejected.

of interest in our study; at this level, the theoretical uncertain-
ties in the mass function do not contribute signi"cantly to the
systematic error budget. Although the formula has been cali-
brated using dissipationless N-body simulations (i.e. without
e#ects of baryons), the expected e#ect of the internal redistri-
bution of mass during baryon dissipation on halo mass func-
tion are expected to be < 5% (Rudd et al. 2008) for a realistic
fraction of baryons that condenses to form galaxies.
Similarly to Jenkins et al. (2001) andWarren et al. (2006), the

Tinker et al. formulas for the halo mass function are presented
as a function of variance of the density "eld on amass scaleM.
!e variance, in turn, depends on the linear power spectrumof
the cosmologicalmodel, P(k), whichwe calculate as a product
of the initial power law spectrum, kn , and the transfer func-
tion for the given mixture of CDM and baryons, computed
using the analytic approximations of Eisenstein & Hu (1999).
!is analytic approximation is accurate to better than 2% for
a wide range of cosmologies, including cosmologies with non-
negligible neutrino contributions to the total matter density.
Our default analysis assumes that neutrinos have a negligi-

bly small mass.!e only component of our analysis that could
be a#ected by this assumption is when we contrast the low-
redshi! value of σ8 derived from clusters with the CMB power
spectrum normalization. !is comparison uses evolution of
purely CDM+baryons power spectra. !e presence of light
neutrinos a#ects the power spectrum at cluster scales; in terms
of σ8, the e#ect is roughly proportional to the total neutrino
density, and is ≈ 20% for ∑mν = 0.5 eV (we calculate the ef-
fect of neutrinos using the transfer function model of Eisen-
stein & Hu 1999). Stringent upper limits on the neutrino mass
were reported from comparison of theWMAP and Ly-α forest
data,∑mν < 0.17 eV at 95%CL (Seljak et al. 2006). If neutrino
masses are indeed this low, they would have no e#ect on our
analysis. However, possible issues with modeling of the Ly-α
data have been noted in the literature (see, e.g., discussion in

§ 4.2.8 of Dunkley et al. 2008) and so we experiment also with
neutrino masses outside the Ly-α forest bounds (§ 8.5).

4. FITTING PROCEDURE
We obtain parameter constraints using the likelihood func-

tion computed on a full grid of cosmological parameters a#ect-
ing cluster observables (and also those for external datasets).
!e relevant parameters for the cluster data are those that a#ect
the distance-redshi! relation, as well as the growth and power
spectrumof linear density perturbations: ΩM,ΩΛ ,w (dark en-
ergy equation of state parameter), σ8 (linear amplitude of den-
sity perturbations at the 8 h−1 Mpc scale at z = 0), h, tilt of the
primordial 'uctuations power spectrum, and potentially, the
non-zero rest mass of light neutrinos.!is is computationally
demanding and we describe our approach below.
!e computation of the likelihood function for a single com-

bination of parameters is relatively straightforward. Our pro-
cedure (described in Paper II) uses the full information con-
tained in the dataset, without any binning in mass or redshi!,
takes into account the scatter in the Mtot vs. proxy relations
and measurement errors, and so on. We should note, how-
ever, that since the measurement of the Mgas and YX proxies
depends on the assumed distance to the cluster, themass func-
tions must be re-derived for each new combination of the cos-
mological parameters that a#ect the distance-redshi! relation
— ΩM, w, ΩΛ , etc. Variations of h lead to trivial rescalings of
the mass function and do not require re-computing the mass
estimates. Computation of the survey volume uses a model for
the evolving LX −Mtot relation (see § 5 in Paper II), which is
measured internally from the data and thus also depends on
the assumed d(z) function. !erefore, we re"t the LX −Mtot
relation for each new cosmology and recomputeV(M). Sen-
sitivity of the derived mass function to the background cos-
mology is illustrated in Fig. 2. !e entire procedure, although
equivalent to full reanalysis of the Chandra and ROSAT data,

14
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Clusters of galaxies as the largest 
laboratory for high energy astrophysics
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重力：Dark matterが支配。
Baryonic matter: 高エネルギー粒子（AGN、accretion 
shock, merger shock、dark matter annihilation(?) ）や磁
場を含めた複雑な系
宇宙最大の高エネルギー物理の Zoo

Galaxies Hot ICM Dark matter

Cluster mass budget
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Multi-wavelength view
 of a cluster
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Figure 6. Left panel: ROSAT 0.1–2.4 keV surface brightness of Coma with BAT significance contours superimposed. The contours range from 2.5σ to 20σ . Right
panel: joint fit to XMM-Newton–BAT data. The best-fit model (solid line) is the sum of two thermal models (dashed and dotted lines).
(A color version of this figure is available in the online journal.)

RXTE detection (Rephaeli 2001; Rephaeli & Gruber 2002) of
the hard X-ray excess remains unchallenged.

Lately, Coma has also been targeted by INTEGRAL (Eckert
et al. 2008a; Lutovinov et al. 2008). Eckert et al. (2008a)
showed, in their combined XMM-Newton–INTEGRAL analysis,
the presence of a hotter region (gas temperature of 12 ± 2 keV
as compared to 7.9 ± 0.1 keV at the center) in the south-west
region. The authors favored the possibility that this emission
is produced by IC scattering because its spatial distribution
overlaps the halo of radio synchrotron radiation. Lutovinov et al.
(2008), by using INTEGRAL, ROSAT, and RXTE data, showed
that the global Coma spectrum is well approximated only by
a thermal emission model and found very marginal evidence
(1.6σ ) for hard X-ray excess. Thus, in light of these results,
the evidence for nonthermal emissions in Coma does not seem
conclusive.

Coma is the only cluster in our sample whose extent is larger
than the BAT PSF. The analysis of point-like sources in the
vicinity of the Coma cluster shows that the PSF full width at
half-maximum (FWHM) is 22′ while the FWHM of the Coma
detection is 26′. Using a simple Gaussian profile for the surface
brightness of Coma yields a 1σ extent in the 10′–15′ range.
This is in agreement with the morphological analysis of Eckert
et al. (2008a). Moreover, from Figure 6, the offset between the
BAT and the ROSAT centroids is apparent. Indeed, the BAT
centroid falls ∼4′ west of the ROSAT surface-brightness peak.
As discussed by Eckert et al. (2008a) and Lutovinov et al. (2008)
for INTEGRAL, the high-energy centroid coincides with a region
of hot gas likely due to an infalling subcluster.

Coded-mask detectors suppress the flux of diffuse sources
and in order to recover the exact source flux and significance,
one needs to develop dedicated methods for the analysis of
extended objects (e.g., Renaud et al. 2006b). Given the fact
that Coma is the only cluster “resolved” by BAT, a dedicated
analysis will be left to a future paper (M. Ajello et al. 2008,
in preparation). However, we can extract the spectrum treating
Coma as a point-like source. This translates into an analysis
of the source emission within a radius of ∼10′ from the BAT
centroid. The BAT spectrum is well fitted by a thermal model
with a gas temperature of 9.13+1.68

−1.31 keV.
XMM-Newton observed Coma several times. We analyzed

an observation of 16 ks, which took place in 2005 June. The

XMM-Newton spectrum was extracted (as described in
Section 2.2) including all photons within 10′ from the BAT
centroid. Integrating the surface-brightness profile derived by
ROSAT (beta model with β = 0.74 and core radius Rc = 10.′7;
Lutovinov et al. 2008) shows that our selection includes ∼75%
of the total Coma flux. A fit to the XMM-Newton–BAT spec-
trum with a single-temperature model does not yield satisfac-
tory results (χ2/dof = 1168.9/858). We then tried to add a
power law to the APEC model. Adding a power-law model
improves the fit (χ2/dof = 905.5/856) and results in a well-
constrained photon index of 2.11+0.11

−0.13. However, this fit leaves
evident (“snake”-like) residuals at low energy (see below for the
residuals of all Coma fits). These residuals might highlight the
presence of another thermal component. Indeed, we find that
a satisfactory fit (χ2/dof = 846.5/856) is achieved using two
APEC models. The most intense component has a temperature
of 8.40+0.25

−0.24 keV and an abundance of 0.21+0.03
−0.03, consistent with

what was found by Arnaud et al. (2001) and Lutovinov et al.
(2008). The low-temperature component (T = 1.45+0.21

−0.11 keV
and Z = 0.05(±0.02)Z$) very likely accounts for one or more
of the X-ray sources in the field of Coma. Indeed, a hardness
ratio analysis of these X-ray sources shows that their spec-
tra are compatible with thermal models with temperatures in
the 0.1–2 keV range (Finoguenov et al. 2004). According to
Finoguenov et al. (2004), these objects are (non-AGN) galax-
ies with a suppressed X-ray emission due to reduced star-
formation activity. Summarizing, we believe that the double-
thermal model explains the data better than the thermal plus
power-law model because (1) it produces the largest improve-
ment in the fit (i.e., largest ∆χ2), (2) it better reproduces the
low-energy part of the spectrum, and (3) it accounts for all
the point-like sources that are present in the XMM-Newton
observation. The best fit, the sum of two APEC models, is
shown in Figure 6. The residuals of all the fits described in
this section are reported in Figure 7 while their parameters are
summarized in Table 5.

Our 99% CL upper limit in the 50–100 keV band is 1.70 ×
10−12 erg cm−2 s−1. However, we remark that this spectrum
is representative only of the 10′ radius region centered on the
BAT centroid. Indeed, since the IC and the thermal emissions
are proportional to the electron density and to its square,
respectively (FIC ∝ ne and Fthermal ∝ n2

e ; e.g., Sarazin et al.
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Fig. 1. Broad band continuum spectrum of Coma. The radio data and the best-fit spectrum at source (corrected for self-absorption) are taken
from TH03 (not corrected for the thermal Sunyaev-Zeldovich effect). The dotted line represents the CMB field corrected for the thermal
Sunyaev-Zeldovich effect using a y-parameter of 0.75 × 10−4 (Enßlin 2002). The IC and non-thermal bremsstrahlung fluxes are calculated
for field strengths B = 0.1, 0.68, 1.9, 6 µG (from upper to lower curves) using an exponential e− distribution (with adjusted Q0, pc to fit the
radio data), and ni = 10−3 cm−3. They are extended to lower energies assuming the synchrotron spectrum follows a power law down to at
least 10−9 eV. The hatched regions in the X-ray domain represent the data from PDS/BeppoSAX (Fusco-Femiano et al. 2004), HEXTE/RXTE
(Rephaeli et al. 1999) and EUVE (Lieu et al. 1999). The RXTE and EUVE fluxes are integrated within a ring of 21′ and 18′, respectively, while
the PDS data include only fluxes within 8′ from the cluster center.

by the broadband observations for the π0-decay γ-ray compo-
nent including its secondary pair initiated radiation. Finally we
discuss Coma’s detectability with current/future γ-ray instru-
ments such as INTEGRAL, GLAST-LAT and the new Imaging
Air Cherenkov Telescopes (IACTS).

2. Non-thermal electron spectrum and radiation

The volume-integrated radio emission from the radio halo
has been studied in detail by e.g. Schlickeiser et al. (1987),
Kim et al. (1990), Venturi et al. (1990), Giovannini et al.
(1993), Deiss et al. (1997), TH03. Figure 1 shows the volume-
integrated radio continuum spectrum of the diffuse radio halo
source Coma C as published in TH03 with the best fit model.
TH03 confirmed the findings of Schlickeiser et al. (1987)
that among the three basic models for cluster halos (pri-
mary electron model: Jaffe (1977), Rephaeli et al. (1999); sec-
ondary electron model: e.g. Dennison (1980); in-situ acceler-
ation model: Jaffe (1977), Roland (1981), Schlickeiser et al.
(1987)) the in-situ acceleration model fits the observed ex-
ponential steepening of the synchrotron spectrum best. This
model, though discussed critically by Petrosian (2001), con-
siders shock wave and resonant diffusion acceleration out of
a thermal pool of particles where radiation losses and par-
ticle escape have been taken into account. A secondary ori-
gin for the radio halo has been proposed by many authors

(e.g. Dennison 1980; Blasi & Colafrancesco 1999; Dolag &
Enßlin 2000; Atoyan & Völk 2000; Blasi 2001; Miniati et al.
2001b). Recently, however, arguments have been given which
suggest that secondary pairs as the underlying particle pop-
ulation of the radio halo emission are problematic (Brunetti
2003; Kuo et al. 2004). Along these Brunetti et al. (2004) found
that the observations of non-thermal radiation of galaxy clus-
ters are only reproducible within the picture of particle accel-
eration through cluster merger generated Alvén waves, if the
fraction of relativistic hadrons in the ICM is small (5−10%).
This hadron content is insufficient to reproduce the radio halo
from secondary pairs (see below). Curved spectra are also pos-
sible at an energy where losses balance the acceleration rate if
the acceleration time decreases more slowly than the loss time.
In the following we therefore consider an exponential shape
of the e− spectral distribution, suitable to explain the volume-
averaged synchrotron spectrum, irrespective of its formation
mechanism. This rather phenomenological ansatz will not shed
light on the mechanisms responsible for the formation of the
e− distribution, however, it leads to model-independent con-
straints for the high-energy component arising from this lep-
tonic particle population.

We fit the radio flux density with a power law synchrotron
spectrum extended by an exponential cutoff:

Isyn(ν) ∝ ν(3−s)/2 exp
(
−
√
ν/νs

)
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Fig. 2. Same as Fig. 1 but the IC and non-thermal bremsstrahlung fluxes are shown only for a field strength B = 0.1 µG. The π0-decay γ-ray
spectra (most right curves) are calculated for a αp = 2.1 (dashed line), 2.3 (dotted line), 2.5 (dashed-dotted line) proton spectrum and the
normalization of the particle spectra are adjusted to avoid violating the EGRET upper limit as well as the integral fluxes in the HXR and radio
domain (see text). The required relativistic proton energy densities are 3%, 8% and 28% of the thermal energy content forαp = 2.1, 2.3 and 2.5,
respectively. The corresponding IC and synchrotron fluxes are shown as dashed/dotted lines.

The use of gas and proton density profiles as applied in e.g.
Blasi (1999) instead of the volume-averaged parameters leads
to only minor changes in the π0-decay γ-ray intensity for the
volume of Coma considered here (with an effective radius
of ∼330 kpc). Above∼1 TeV, photon absorption due to photon-
photon pair production in the cosmic infrared-to-optical back-
ground radiation field must be taken into account. For this cor-
rection we used the background models in Aharonian (2001).

Proton energy densities up are calculated in the following
from the proton spectrum above the threshold for hadronic
pp-collisions, and are compared to Coma’s thermal energy
density utherm ≈ 3.8×10−11 erg/cm−3 (for kTe = 8.2 keV, a ther-
mal e− density of 10−3 cm−3 and a 4He mass fraction of 0.24).
The synchrotron flux in the MHz-to-GHz regime from the sec-
ondary pairs is dependent on up and αp as well as on B.

For αp ∼ 2.4 and Xp ≡ up/utherm ∼ 20% the radio data
are explainable by synchrotron emission from secondary e± in
a volume-averaged magnetic field of 0.15 µG if the steepen-
ing of the radio spectrum at high frequencies is disregarded,
in agreement with Blasi & Colafrancesco (1999), Dolag &
Enßlin (2000). If the steepening of the >1 GHz radio data is
taken into account, obviously the synchrotron flux from the
secondary pairs must lie below the GHz-radio observations. In
fact, we find that these high frequency radio data place the most
stringent constraint on the proton energy content in the Coma
Cluster. The resulting upper limits for the relativistic hadronic
energy density of Xp < 3% . . . 0.009%, Xp < 8% . . .0.01% and
Xp < 28% . . .0.07% (assuming B = 0.1 . . .2 µG) for αp = 2.1,

2.3 and 2.5, respectively, are significantly lower than those used
in structure formation triggered acceleration scenarios. For ex-
ample, the model of Miniati (2003) required ∼34% of the ther-
mal energy in the form of cosmic ray ions for B = 0.15 µG,
and ∼4% for B = 0.5 µG with a proton spectrum αp ∼ 2 to ex-
plain the radio halo emission as originating from the secondary
pairs. Our cosmic ray limits are also lower than the limits de-
rived from Pfrommer & Enßlin (2004) (Xp < 45% . . .25% for
αp = 2.1 . . .2.5) which solely relied on the EGRET upper limit
constraint. For the case αp = 2.1 and B = 0.68 µG we find
approximative equipartition between particles and fields with
Xp ≈ 0.05%. Except for proton spectra harder than αp ≤ 2.3
we find in all cases the radiation spectra at >1 keV from the
secondary pairs to lie below the corresponding photon spectra
from the primaries. This is shown in Fig. 2 for B = 0.1 µG,
which simultanously gives the most optimistic flux predictions
at high energies. Below the hard X-ray band, IC from both pri-
maries and secondary pairs determine the shape of the volume-
averaged spectrum. Depending on the proton spectral index and
overall hadron content in Coma, a turnover from primaries’
to secondaries’ dominated IC below the soft X-ray band may
occur. This is in agreement with the finding of Bowyer &
Berghöfer (1998) that the non-thermal halo component de-
tected with the EUVE may stem from an additional compo-
nent of low-energy cosmic ray e− which we interpret as the
secondary pairs. Independent hints for a EUV emission of sec-
ondary pair origin has been given by Bowyer et al. (2004) who
found a striking spatial correlation between the EUVE excess
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Energy density estimation (1)
ICM thermal energy

ICM kinetic energy
Cen cluster Suzaku-XIS Ota+2007
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Energy density estimation (2)
GeV electrons and magnetic field

(ν0に対応するエネルギーの10%以上のエネルギーの電子を積分)

を仮定
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Figure 4. Left panel: ROSAT 0.1–2.4 keV surface brightness of A3266 with BAT significance contours superimposed. The contours range from 2.5σ to 5.5σ . Right
panel: joint fit to XMM-Newton–BAT data for A3266 with a thermal model. The best model is shown as a solid line.
(A color version of this figure is available in the online journal.)

component, which accounts for the cool core of the cluster, has a
temperature of 3.0+0.4

−0.7 keV and an abundance of 0.43+0.20
−0.16 solar.

The warmer component displays a temperature of 6.40+0.62
−0.71 keV

and an abundance of 0.31+0.15
−0.15 solar. These results are in line with

the analyses of Churazov et al. (2003) and Sanders et al. (2005).
Both the power-law photon index of 1.7+0.3

−0.7 and the luminosity
in the 0.5–8.0 keV band of ∼8 × 10−42 erg s−1 are compatible
with the values found for NGC 1275 by Churazov et al.
(2003) and those determined in the next section. The photon
index is slightly harder than the average photon index (2.0) of
BAT AGN; however it is not unusual for radio-loud objects (e.g.,
Ajello et al. 2008c).

2.4.2. The Nucleus of Perseus

In order to study the nuclear emission in more details, we
analyzed a 125 ks long XMM-Newton observation (observation
0305780101). We extracted the spectrum of the nucleus in a
radius of 25′′ and evaluated the local background in an annulus
around the source region. We note that the results presented here
are not sensitive to the radius of the extraction region if this is
in the 10′′–30′′ range. The 0.2–9.0 keV spectrum of the nucleus
is well fitted (χ2/dof = 960.1/731) by an absorbed power-law
model with absorption consistent with the Galactic one and
a photon index of 1.60 ± 0.02. Moreover, we find evidence
(at the 95% CL) of a Kα iron line with an equivalent width of
90.2 ± 45.0 eV. An absorbed APEC model with a temperature
of 12.6 ± 0.7 keV provides the worst fit (χ2/dof = 1167.1/732)
to the data. In particular, the absorption would be required to be
lower than the Galactic one at 99% CL. This fact, in conjunction
with the presence of the iron line, supports the evidence that the
nonthermal emission in the nucleus of the Perseus cluster is pro-
duced by the central AGN. The nonthermal luminosities in the
0.5–8.0 keV and 2.0–10.0 keV bands are 7.6+0.2

−0.2 × 1042 erg s−1

and 6.5+0.2
−0.2 × 1042 erg s−1, respectively. In order to check these

results, we extracted a similar spectrum of the nucleus using
Swift/XRT data and selected an extraction region of 10′′. The
XRT data are compatible with those of XMM-Newton. Indeed,
fixing the absorption at the Galactic value, we find that the
XRT data are compatible with a power-law model with a pho-
ton index of 1.6 ± 0.1 and that the 2.0–10.0 keV luminosity is

8.2+1.1
−1.0 × 1042 erg s−1. Thus, the nucleus displays a moderate

variability between the XMM-Newton and Swift/XRT observa-
tion epochs. This supports, once more, the interpretation that
the nonthermal emission is produced by the central AGN.

2.4.3. A3266

Swift J0431.3−6126 is associated with A3266. Figure 4
shows that the BAT source is well centered on the cluster
emission as seen by ROSAT. A3266 (also known as Sersic 40-6)
was first detected in X-rays by the Uhuru satellite (Giacconi et al.
1972). According to many authors (e.g., Sauvageot et al. 2005;
Finoguenov et al. 2006, and references therein), A3266 recently
underwent a major merger, probably with a subcluster that was
stripped during the encounter with the A3266 dense core. De
Grandi & Molendi (1999) and Nevalainen et al. (2004) observed
A3266 with BeppoSAX. The first group modeled the BeppoSAX
broad-band spectrum (2–50 keV) with a simple, optically thin,
thermal emission model at the temperature of 8.1 ± 0.2 keV,
while the second group found marginal evidence (0.8 σ ) of
nonthermal X-ray excess.

The BAT spectrum, shown in Figure 4, is consistent with
the findings of De Grandi & Molendi (1999). A bremsstrahlung
model with a plasma temperature of 6.9+2.5

−1.8 keV indeed provides
a good fit to the data (χ2/dof = 7.2/10). XMM-Newton
observed A3266 for 8.6 ks in 2000 September. The cluster is
not centered on the EPIC-PN CCD. Thus, we could extract
only photons within a circular region of ∼8′ radius centered
on the BAT centroid. In order to estimate the flux missed by
our selection, we adopt, for the cluster surface brightness,
a beta profile with β = 0.51 and core radius Rc = 3.′1
(Sauvageot et al. 2005). According to our estimate, 80% of
the total cluster flux is contained in our selection. Therefore,
when jointly fitting the XMM-Newton and the BAT data, we
use such a cross-normalization factor. The combined XMM-
Newton–BAT spectrum is well fitted by a single APEC model
with a plasma temperature of 8.0+0.4

−0.4 keV and 0.41+0.13
−0.13 solar

abundance. We derive a 99% CL on the nonthermal 50–100 keV
flux of 5.70 × 10−13 erg cm−2 s−1.

Extended radio emission correlated with A3266 has been
reported (Robertson & Roach 1990; Brown & Burns 1991). In

A3266
B > 0.55 µG

Swift-BAT + XMM/Swift-XRT
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Figure 9. Left panel: ROSAT 0.1–2.4 keV surface brightness of A2029 with BAT significance contours superimposed. The contours range from 2.5σ to 5.0σ . Right
panel: joint XRT–BAT spectrum of A2029. The best fit (thick solid line) is the sum of two thermal models (thin solid and dashed line).
(A color version of this figure is available in the online journal.)
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Figure 10. Left panel: ROSAT 0.1–2.4 keV surface brightness of A2142 with BAT significance contours superimposed. The contours range from 2.5σ to 7.0σ . Right
panel: joint fit to XMM-Newton–BAT data for A2142 with a single thermal model. The best-fit model is shown as a solid line.
(A color version of this figure is available in the online journal.)

the Seyfert 1 galaxy 2E 1556.4+2725. Given the distance, both
objects, the cluster and the Sy1, are not separated by BAT.

The BAT data are well fitted by a simple bremsstrahlung
model (χ2/dof = 7.96/10) with a plasma temperature of
10.1+3.7

−2.7 keV. We analyzed an XMM-Newton observation of 800 s
in conjunction with the BAT data. In this case, we separately
extracted the spectrum of the cluster and the spectrum of the Sy1
2E 1556.4+2725. The latter shows an X-ray spectrum typical
of a Sy1 object, that is, absorption consistent with the Galac-
tic one and a photon index of 1.98+0.16

−0.14. The extrapolated flux
in the 15–55 keV range is 2.3 × 10−12 erg cm−2 s1 and it is
well below the BAT sensitivity. Therefore, we can consider the
Sy1 contribution to be negligible in the BAT band. The surface
brightness profile of A2142 follows a beta model with β = 0.83
and core radius Rc = 4.′2 (Henry & Briel 1996). Integrating
the beta profile up to 10′ yields that 97% of the total cluster
emission is included in our selection. However, for the case of
A2142, the beta profile underestimates the brightness of the in-
ner 3′ region, which is characterized by a bright core (Henry &
Briel 1996). Thus, our selection might include a higher fraction
of the total cluster emission. Indeed, BAT and XMM data are

well fitted without the need for a cross-normalization constant.
The cluster XMM-Newton–BAT spectrum is well fitted by a sim-
ple APEC model with a plasma temperature of 8.40+0.64

−0.45 keV.
The fit is shown in the right panel of Figure 10. This is in
good agreement with the temperatures of 8.8+1.2

−0.9 keV and 9.0 ±
0.3 keV measured by Chandra and Ginga, respectively (Marke-
vitch et al. 2000; White et al. 1994). From our fit, the abundance
is 0.27+0.13

−0.13 solar. Since no hard X-ray excess is detected, we
report 99% CL upper limits. Using a power law with a pho-
ton index of 2.0, we derive from the XMM-Newton–BAT data
a 99% CL upper limit to the 50–100 keV nonthermal flux of
1.6 × 10−12 erg cm−2 s−1. The 99% CL limit on the nonther-
mal luminosity is 6.1 × 1043 erg s−1. The marginal (∼ 2σ )
BeppoSAX detection of a nonthermal emission (Nevalainen et al.
2004) is a factor of 5 larger than our upper limit and is, thus,
incompatible with our data.

The presence of a radio halo was already reported by Harris
et al. (1977). Giovannini & Feretti (2000) measured S1400 MHz =
18.3 mJy. In the absence of a measured index α, we adopt the
arbitrary value of α = 1.5 to obtain the magnetic field constraint
listed in Table 3.
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Energy density estimation (3)
Cosmic rays

Diffusion time

< 4 x 105 GeV のproton は宇宙年齢以上閉じ込められる 

Colafrancesco & Blasi 1998

CR sources

cluster内でのlossは LCR に比べて小さい 
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Multi-wavelength view
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Figure 6. Left panel: ROSAT 0.1–2.4 keV surface brightness of Coma with BAT significance contours superimposed. The contours range from 2.5σ to 20σ . Right
panel: joint fit to XMM-Newton–BAT data. The best-fit model (solid line) is the sum of two thermal models (dashed and dotted lines).
(A color version of this figure is available in the online journal.)

RXTE detection (Rephaeli 2001; Rephaeli & Gruber 2002) of
the hard X-ray excess remains unchallenged.

Lately, Coma has also been targeted by INTEGRAL (Eckert
et al. 2008a; Lutovinov et al. 2008). Eckert et al. (2008a)
showed, in their combined XMM-Newton–INTEGRAL analysis,
the presence of a hotter region (gas temperature of 12 ± 2 keV
as compared to 7.9 ± 0.1 keV at the center) in the south-west
region. The authors favored the possibility that this emission
is produced by IC scattering because its spatial distribution
overlaps the halo of radio synchrotron radiation. Lutovinov et al.
(2008), by using INTEGRAL, ROSAT, and RXTE data, showed
that the global Coma spectrum is well approximated only by
a thermal emission model and found very marginal evidence
(1.6σ ) for hard X-ray excess. Thus, in light of these results,
the evidence for nonthermal emissions in Coma does not seem
conclusive.

Coma is the only cluster in our sample whose extent is larger
than the BAT PSF. The analysis of point-like sources in the
vicinity of the Coma cluster shows that the PSF full width at
half-maximum (FWHM) is 22′ while the FWHM of the Coma
detection is 26′. Using a simple Gaussian profile for the surface
brightness of Coma yields a 1σ extent in the 10′–15′ range.
This is in agreement with the morphological analysis of Eckert
et al. (2008a). Moreover, from Figure 6, the offset between the
BAT and the ROSAT centroids is apparent. Indeed, the BAT
centroid falls ∼4′ west of the ROSAT surface-brightness peak.
As discussed by Eckert et al. (2008a) and Lutovinov et al. (2008)
for INTEGRAL, the high-energy centroid coincides with a region
of hot gas likely due to an infalling subcluster.

Coded-mask detectors suppress the flux of diffuse sources
and in order to recover the exact source flux and significance,
one needs to develop dedicated methods for the analysis of
extended objects (e.g., Renaud et al. 2006b). Given the fact
that Coma is the only cluster “resolved” by BAT, a dedicated
analysis will be left to a future paper (M. Ajello et al. 2008,
in preparation). However, we can extract the spectrum treating
Coma as a point-like source. This translates into an analysis
of the source emission within a radius of ∼10′ from the BAT
centroid. The BAT spectrum is well fitted by a thermal model
with a gas temperature of 9.13+1.68

−1.31 keV.
XMM-Newton observed Coma several times. We analyzed

an observation of 16 ks, which took place in 2005 June. The

XMM-Newton spectrum was extracted (as described in
Section 2.2) including all photons within 10′ from the BAT
centroid. Integrating the surface-brightness profile derived by
ROSAT (beta model with β = 0.74 and core radius Rc = 10.′7;
Lutovinov et al. 2008) shows that our selection includes ∼75%
of the total Coma flux. A fit to the XMM-Newton–BAT spec-
trum with a single-temperature model does not yield satisfac-
tory results (χ2/dof = 1168.9/858). We then tried to add a
power law to the APEC model. Adding a power-law model
improves the fit (χ2/dof = 905.5/856) and results in a well-
constrained photon index of 2.11+0.11

−0.13. However, this fit leaves
evident (“snake”-like) residuals at low energy (see below for the
residuals of all Coma fits). These residuals might highlight the
presence of another thermal component. Indeed, we find that
a satisfactory fit (χ2/dof = 846.5/856) is achieved using two
APEC models. The most intense component has a temperature
of 8.40+0.25

−0.24 keV and an abundance of 0.21+0.03
−0.03, consistent with

what was found by Arnaud et al. (2001) and Lutovinov et al.
(2008). The low-temperature component (T = 1.45+0.21

−0.11 keV
and Z = 0.05(±0.02)Z$) very likely accounts for one or more
of the X-ray sources in the field of Coma. Indeed, a hardness
ratio analysis of these X-ray sources shows that their spec-
tra are compatible with thermal models with temperatures in
the 0.1–2 keV range (Finoguenov et al. 2004). According to
Finoguenov et al. (2004), these objects are (non-AGN) galax-
ies with a suppressed X-ray emission due to reduced star-
formation activity. Summarizing, we believe that the double-
thermal model explains the data better than the thermal plus
power-law model because (1) it produces the largest improve-
ment in the fit (i.e., largest ∆χ2), (2) it better reproduces the
low-energy part of the spectrum, and (3) it accounts for all
the point-like sources that are present in the XMM-Newton
observation. The best fit, the sum of two APEC models, is
shown in Figure 6. The residuals of all the fits described in
this section are reported in Figure 7 while their parameters are
summarized in Table 5.

Our 99% CL upper limit in the 50–100 keV band is 1.70 ×
10−12 erg cm−2 s−1. However, we remark that this spectrum
is representative only of the 10′ radius region centered on the
BAT centroid. Indeed, since the IC and the thermal emissions
are proportional to the electron density and to its square,
respectively (FIC ∝ ne and Fthermal ∝ n2

e ; e.g., Sarazin et al.
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Fig. 1. Broad band continuum spectrum of Coma. The radio data and the best-fit spectrum at source (corrected for self-absorption) are taken
from TH03 (not corrected for the thermal Sunyaev-Zeldovich effect). The dotted line represents the CMB field corrected for the thermal
Sunyaev-Zeldovich effect using a y-parameter of 0.75 × 10−4 (Enßlin 2002). The IC and non-thermal bremsstrahlung fluxes are calculated
for field strengths B = 0.1, 0.68, 1.9, 6 µG (from upper to lower curves) using an exponential e− distribution (with adjusted Q0, pc to fit the
radio data), and ni = 10−3 cm−3. They are extended to lower energies assuming the synchrotron spectrum follows a power law down to at
least 10−9 eV. The hatched regions in the X-ray domain represent the data from PDS/BeppoSAX (Fusco-Femiano et al. 2004), HEXTE/RXTE
(Rephaeli et al. 1999) and EUVE (Lieu et al. 1999). The RXTE and EUVE fluxes are integrated within a ring of 21′ and 18′, respectively, while
the PDS data include only fluxes within 8′ from the cluster center.

by the broadband observations for the π0-decay γ-ray compo-
nent including its secondary pair initiated radiation. Finally we
discuss Coma’s detectability with current/future γ-ray instru-
ments such as INTEGRAL, GLAST-LAT and the new Imaging
Air Cherenkov Telescopes (IACTS).

2. Non-thermal electron spectrum and radiation

The volume-integrated radio emission from the radio halo
has been studied in detail by e.g. Schlickeiser et al. (1987),
Kim et al. (1990), Venturi et al. (1990), Giovannini et al.
(1993), Deiss et al. (1997), TH03. Figure 1 shows the volume-
integrated radio continuum spectrum of the diffuse radio halo
source Coma C as published in TH03 with the best fit model.
TH03 confirmed the findings of Schlickeiser et al. (1987)
that among the three basic models for cluster halos (pri-
mary electron model: Jaffe (1977), Rephaeli et al. (1999); sec-
ondary electron model: e.g. Dennison (1980); in-situ acceler-
ation model: Jaffe (1977), Roland (1981), Schlickeiser et al.
(1987)) the in-situ acceleration model fits the observed ex-
ponential steepening of the synchrotron spectrum best. This
model, though discussed critically by Petrosian (2001), con-
siders shock wave and resonant diffusion acceleration out of
a thermal pool of particles where radiation losses and par-
ticle escape have been taken into account. A secondary ori-
gin for the radio halo has been proposed by many authors

(e.g. Dennison 1980; Blasi & Colafrancesco 1999; Dolag &
Enßlin 2000; Atoyan & Völk 2000; Blasi 2001; Miniati et al.
2001b). Recently, however, arguments have been given which
suggest that secondary pairs as the underlying particle pop-
ulation of the radio halo emission are problematic (Brunetti
2003; Kuo et al. 2004). Along these Brunetti et al. (2004) found
that the observations of non-thermal radiation of galaxy clus-
ters are only reproducible within the picture of particle accel-
eration through cluster merger generated Alvén waves, if the
fraction of relativistic hadrons in the ICM is small (5−10%).
This hadron content is insufficient to reproduce the radio halo
from secondary pairs (see below). Curved spectra are also pos-
sible at an energy where losses balance the acceleration rate if
the acceleration time decreases more slowly than the loss time.
In the following we therefore consider an exponential shape
of the e− spectral distribution, suitable to explain the volume-
averaged synchrotron spectrum, irrespective of its formation
mechanism. This rather phenomenological ansatz will not shed
light on the mechanisms responsible for the formation of the
e− distribution, however, it leads to model-independent con-
straints for the high-energy component arising from this lep-
tonic particle population.

We fit the radio flux density with a power law synchrotron
spectrum extended by an exponential cutoff:

Isyn(ν) ∝ ν(3−s)/2 exp
(
−
√
ν/νs

)
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Fig. 2. Same as Fig. 1 but the IC and non-thermal bremsstrahlung fluxes are shown only for a field strength B = 0.1 µG. The π0-decay γ-ray
spectra (most right curves) are calculated for a αp = 2.1 (dashed line), 2.3 (dotted line), 2.5 (dashed-dotted line) proton spectrum and the
normalization of the particle spectra are adjusted to avoid violating the EGRET upper limit as well as the integral fluxes in the HXR and radio
domain (see text). The required relativistic proton energy densities are 3%, 8% and 28% of the thermal energy content forαp = 2.1, 2.3 and 2.5,
respectively. The corresponding IC and synchrotron fluxes are shown as dashed/dotted lines.

The use of gas and proton density profiles as applied in e.g.
Blasi (1999) instead of the volume-averaged parameters leads
to only minor changes in the π0-decay γ-ray intensity for the
volume of Coma considered here (with an effective radius
of ∼330 kpc). Above∼1 TeV, photon absorption due to photon-
photon pair production in the cosmic infrared-to-optical back-
ground radiation field must be taken into account. For this cor-
rection we used the background models in Aharonian (2001).

Proton energy densities up are calculated in the following
from the proton spectrum above the threshold for hadronic
pp-collisions, and are compared to Coma’s thermal energy
density utherm ≈ 3.8×10−11 erg/cm−3 (for kTe = 8.2 keV, a ther-
mal e− density of 10−3 cm−3 and a 4He mass fraction of 0.24).
The synchrotron flux in the MHz-to-GHz regime from the sec-
ondary pairs is dependent on up and αp as well as on B.

For αp ∼ 2.4 and Xp ≡ up/utherm ∼ 20% the radio data
are explainable by synchrotron emission from secondary e± in
a volume-averaged magnetic field of 0.15 µG if the steepen-
ing of the radio spectrum at high frequencies is disregarded,
in agreement with Blasi & Colafrancesco (1999), Dolag &
Enßlin (2000). If the steepening of the >1 GHz radio data is
taken into account, obviously the synchrotron flux from the
secondary pairs must lie below the GHz-radio observations. In
fact, we find that these high frequency radio data place the most
stringent constraint on the proton energy content in the Coma
Cluster. The resulting upper limits for the relativistic hadronic
energy density of Xp < 3% . . . 0.009%, Xp < 8% . . .0.01% and
Xp < 28% . . .0.07% (assuming B = 0.1 . . .2 µG) for αp = 2.1,

2.3 and 2.5, respectively, are significantly lower than those used
in structure formation triggered acceleration scenarios. For ex-
ample, the model of Miniati (2003) required ∼34% of the ther-
mal energy in the form of cosmic ray ions for B = 0.15 µG,
and ∼4% for B = 0.5 µG with a proton spectrum αp ∼ 2 to ex-
plain the radio halo emission as originating from the secondary
pairs. Our cosmic ray limits are also lower than the limits de-
rived from Pfrommer & Enßlin (2004) (Xp < 45% . . .25% for
αp = 2.1 . . .2.5) which solely relied on the EGRET upper limit
constraint. For the case αp = 2.1 and B = 0.68 µG we find
approximative equipartition between particles and fields with
Xp ≈ 0.05%. Except for proton spectra harder than αp ≤ 2.3
we find in all cases the radiation spectra at >1 keV from the
secondary pairs to lie below the corresponding photon spectra
from the primaries. This is shown in Fig. 2 for B = 0.1 µG,
which simultanously gives the most optimistic flux predictions
at high energies. Below the hard X-ray band, IC from both pri-
maries and secondary pairs determine the shape of the volume-
averaged spectrum. Depending on the proton spectral index and
overall hadron content in Coma, a turnover from primaries’
to secondaries’ dominated IC below the soft X-ray band may
occur. This is in agreement with the finding of Bowyer &
Berghöfer (1998) that the non-thermal halo component de-
tected with the EUVE may stem from an additional compo-
nent of low-energy cosmic ray e− which we interpret as the
secondary pairs. Independent hints for a EUV emission of sec-
ondary pair origin has been given by Bowyer et al. (2004) who
found a striking spatial correlation between the EUVE excess

Reimer+2004, Ajello+2009
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Astro-Hへの期待
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Main futures:
Hard X-ray imaging Spectroscopy (2-80 keV)

Soft X-ray high-resolution Spectroscopy (FWHM ≤ 7eV)

Main objectives:
Evolution of super massive black holes

Evolution of clusters of galaxies
Accelerations in clusters and SNRs

Vicinity of black holes
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Astro-Hへの期待

Kinetic energy of ICM
Direct measurement by SXS (µ calorimeter)

Cosmic ray
A window in EUV to soft X-ray
Soft X-ray excessはあるのか、ないのか？
Emission lines (WHIM)なのか、continuum (IC of CR 
secondary e+e-) なのか ?
Combined analysis with Fermi

Magnetic field
Hard X-ray excess by HXI

銀河団 Energy budget の理解
宇宙の大構造進化とバリオン物質史の理解へ

µ calorimeterの分解能と
＜ 0.3 keVの感度が重要

24
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バリオン物質史
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Baryonic matter in present 
universe

the Universe reionizes. As cosmic structures take shape, gravitational collapse of Dark
Matter halos creates the seed regions where star formation occurs; subsequently
galaxies form and merge into groups and clusters through a hierarchical build-up
process. EDGE traces this evolution by observing the death of massive stars that
explode as GRBs back to the first generations in the dark Universe. The associated
supernovae inject nucleosynthesis products and energy into their environment. EDGE
will detect this first metal enrichment through X-ray absorption spectroscopy of bright
GRB afterglows.

Clusters of galaxies are the last and most massive structures to collapse. Besides
containing a significant portion of the total mass, the outskirt regions of clusters
show the most visible signs of the hierarchical formation of cosmic structures, of the
accretion shocks and turbulence injection, as well as of the metal enrichment from
relatively recent star formation. EDGE will conduct high sensitivity imaging and
high-resolution spectroscopy out to the virial radius, thus performing a detailed
thermo- and chemo-dynamical study of diffuse baryons inside and around clusters.
Moreover, EDGE will carry out surveys that will detect the formation of the first
cluster-sized objects thereby placing tight constraints on the values of cosmological
parameters by tracing the growth-rate of cosmic density fluctuations.

As we approach the current epoch, between a third and one half of the baryons are
expected to reside in the WHIM [2], which is currently undergoing gravitational
collapse. The bulk of this medium remains still undetected. EDGE will observe the
WHIM and measure its properties via absorption and emission in atomic transitions
of highly ionized metals. These observations close the baryon budget at z=0 by
constraining their density. In addition, EDGE will shed light on the star formation
history from the imprint by the energy and metal injection left on the WHIM.

The unique capability of EDGE on diffuse structures is visualized in Fig. 2
through the phase diagram of the baryons at z=0 as predicted by a cosmological

Fig. 2 The EDGE contribution to the sampling of the phase diagram of cosmic baryons (from the
hydrodynamical simulation of Borgani et al. [17] at z∼0). EDGE will extend the current observations of the
central regions of galaxy clusters (green and top right) out to their outskirts (red, top center) and to the dense
part of the WHIM (blue, just below the part filled by clusters), down to the regions with lower density
(overplotted purple dots). The star forming region is the sharp line at higher densities and lower temperatures
(T<105) and the Lyman-forest is the orange area at the bottom left (see online paper for color plot)

Exp Astron (2009) 23:67–89 73

Piro+ 2009 (simulation by Branchini)
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WHIMの尻尾
Searches for IGM at a known z > 0 with T > 106K

1352 BUOTE ET AL. Vol. 695

Sculptor Wall

Figure 1. Sky map (top) and wedge diagram (bottom), each expressed in R.A.,
of the region of the Sculptor Wall where the blazar H 2356-309 is located.
Galaxy redshifts are taken from NED. The (blue) dashed lines in the upper
panel define the range of declination of the galaxies displayed in the lower
panel. Conversely, the (blue) dashed lines in the lower panel define the redshift
range of the points in the upper panel. The blazar line of sight is indicated by
the (red) dotted line in the wedge diagram.
(A color version of this figure is available in the online journal.)

to catch the blazar in a high state. The observations were per-
formed four months apart because of different triggering criteria
used for the different satellites.

Despite H 2356-309 being observed in its low state
(∼10−11 erg cm−2 s−1 0.5–2.0 keV flux), we detected a can-
didate WHIM O vii resonance line in the Sculptor Wall from a
simultaneous fit of the XMM and Chandra data. Although we
examined other candidate lines from other parts of the spectra
using all the XMM and Chandra data, here we present only the
results for the O vii line because only for it do we achieve a
detection of at least 3σ significance.

The paper is organized as follows. In Section 2, we present
the observations and describe the data preparation. The spectral
fitting, modeling approach, and systematic errors are discussed
in Section 3. We present our conclusions in Section 4.

2. OBSERVATIONS

On 2007 June 2 XMM observed H 2356-309 (ObsID
0504370701) for approximately 130 ks with the Reflection Grat-
ing Spectrometer (RGS) as the primary instrument. The RGS is
comprised of two nominally identical sets of gratings, the RGS1

and RGS2. But due to the failure of one of the CCD chips early
in the mission, the RGS2 lacks sensitivity over the energy range
(20–24 Å) relevant for the O vii lines. Consequently, we focus
on the RGS1 in this paper. We analyzed the RGS1 data with
the most up-to-date XMM-Newton Science Analysis Software
(SAS 8.0.0)6 along with the latest calibration files.

We generated a light curve of the background events using
CCD number 9; i.e., the CCD that is close to the optical axis
and is most likely to be affected by the background flares.
Inspection of the light curve does reveal a flare near the end of the
observation, which we removed, resulting in a clean exposure
of 126 ks for the RGS1. Using these good time intervals, we
reprocessed the RGS1 data to produce the data files required
for spectral analysis; i.e., the response matrix, the background
spectrum, and the file containing the spectrum of H 2356-309
(which also contains background). We restrict our analysis to
the first-order spectra, because the second order does not cover
the relevant O vii line energies and its count rate is much
lower.

Chandra observed H 2356-309 for 95.5 ks with the Low-
Energy Transmission Grating (LETG) and the HRC-S detectors,
which offer the best compromise between sensitivity and spec-
tral resolution in the wavelength range of the O vii lines. We
reduced the data using the standard Chandra Interactive Analy-
sis of Observations (CIAO) software (version 4.0) and Chandra
Calibration Database (CALDB, version 3.4.0) and followed the
standard Chandra data reduction threads.7 To ensure up-to-date
calibration, we reprocessed the data from the “level 1” events
file to create a new “level 2” file for analysis. We applied the
latest HRC gain map and pulse-height filter for use with LETG
data.8 This procedure removed a sizable portion of background
events with negligible X-ray event loss. From inspection of the
light curves extracted from source-free regions of the detector,
we concluded that the observation was not affected significantly
by background flares.

We used the CIAO software to produce the files required
for spectral analysis; i.e., the response matrix, the background
spectrum, and the file containing the spectrum of H 2356-309
(which also contains background). Unlike the RGS, different
orders cannot be separated from the LETG–HRC-S spectra,
and so a given spectrum contains all orders. Consequently, by
default we use a response matrix that includes information up
to the sixth order. In Section 3.5, we compare results using a
response matrix that includes information only on the first-order
spectrum.

We rebinned the spectra to optimize detection of the absorp-
tion lines. After some experimentation, we achieved this by
requiring a minimum of 75 and 40 counts per bin, respectively,
in the RGS1 and LETG spectra.

In Figure 2, we present the background-subtracted Chandra
and XMM spectra (the background subtraction is achieved
in the normal way in xspec via the “data” and “backgrnd”
commands). Two candidate absorption lines in each detector
are immediately apparent upon visual inspection. The line near
21.6 Å corresponds to O vii for z = 0, consistent with nearby
WHIM in the Local Group or hot gas in the Milky Way. However,
the other candidate line near 22.3 Å corresponds to O vii
for z ≈ 0.03, consistent with the redshift of the unvirialized

6 http://xmm.esac.esa.int/sas/8.0.0/
7 http://cxc.harvard.edu/ciao/threads/
8 http://cxc.harvard.edu/contrib/letg/GainFilter/
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Figure 2. Background-subtracted XMM (black) and Chandra (red) spectra of the blazar H 2356-309 over the wavelength range 21.0 Å–22.5 Å used to study the
candidate O vii lines. The spectral models represent a power-law continuum, two absorption lines broadened by the instrumental resolution and the Voigt function,
and foreground Galactic absorption from cold gas. The wavelength positions of the two absorption lines, nearby and Sculptor, are indicated.
(A color version of this figure is available in the online journal.)

structure in the Sculptor Wall. (The absorption line near 21.8 Å
in the RGS1 is a known instrumental feature.)

3. SPECTRAL FITTING

We performed spectral fitting using xspec version 11.3.2ag
(Arnaud 1996) and minimized the Cash C-statistic (Cash 1979),
rather than χ2, to obtain unbiased parameter estimates from
the Poisson-distributed spectral data (Humphrey et al. 2009).
In all the fits the foreground absorbing Hydrogen column
density from cold gas in the Milky Way was fixed at the value
(1.33 × 1020 cm−2; Dickey & Lockman 1990) using the phabs
model in xspec.

3.1. Models

A common practice in X-ray studies of the WHIM is to char-
acterize the properties of a candidate absorption line by sub-
tracting a Gaussian component from a model of the continuum.
The equivalent width is computed from this composite model,
from which the column density of the absorber is inferred. This
procedure is well suited to the case where the absorber is op-
tically thin (i.e., linear part of the curve of growth), which we
show is not the case for the candidate Galactic and extragalactic
WHIM absorbers in H 2356-309. In these cases, a compos-
ite continuum-minus-Gaussian model takes negative values at
the line centers. Consequently, we constructed a physical line-
absorption model as follows.

Let I (E; 0) be the monochromatic specific intensity of photon
energy E incident at coordinate s = 0 assuming plane-parallel
geometry. The emergent radiation at coordinate s is then

I (E; s) = I (E; 0)e−τ (E;s), (1)

where the optical depth9 is

τ (E; s) = N(s)
πe2

mec
f φ(E). (2)

The quantity, N(s) =
∫ s

0 nds, is the column density of absorbing
atoms, and f is the absorption oscillator strength of the spectral
line transition. The line-profile function

φ(E) = h

∆ED

√
π

H(a, u) (3)

is expressed in terms of the Doppler width as

∆ED = E0
b

c
, (4)

where E0 is the rest-frame energy of the line, and

b =
√

2kBT

m
= 32.24

√
T

106 K
16
A

km s−1, (5)

is the Doppler b-parameter. We have expressed b in terms of
an oxygen atom of 16 atomic mass units. The quantity H(a, u)
is the Voigt function which combines the effects of natural and
Doppler broadening through the parameters,

a = hΓ
4π∆ED

, u = ∆E

∆ED

, (6)

where, Γ is the Einstein-A coefficient of the line transition,
and ∆E = E − E0. We used the implementation of the Voigt

9 We do not correct for stimulated emission because (1) the effect is small for
the resonance O vii line for expected WHIM temperatures, (2) the WHIM
temperature is not precisely determined by our fits, and (3) the
(1 − exp[−E/KBT ]) correction term applies assuming a thermal plasma,
which may not be strictly valid for the WHIM.

XMM

Chandra

Buote+2009Fujimoto+2004
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2.8-σ with XMM
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Takei+  2007

EmissionNo. ] WHIM around A2218 9

Fig. 6. A2218 BI (black) and FI (red) spectra and models with redshifted O lines. The two emission lines of solid line in 0.4–0.6 keV
shows the maximum allowed level (2σ) of O VII and O VIII lines. Dashed lines indicate the background emission. (upper left) without
considering systematic uncertainty, using the best-fit model of Offset-A observation as the Galactic emission. (upper right) without
considering systematic uncertainty, using Offset-B observation. (bottom) the model of maximum O line intensity after considering sys-
tematic uncertainties: with the ARFs of 20% thicker contaminant and 10% fainter Galactic model of the one determined from Offset-B
observation. The O VII and O VIII surface brightness was 1.1 × 10−7and 2.7 × 10−7 photons cm−2 s−1 arcmin−2, respectively.

Fig. 7. Comparison of O VII (left) and O VIII (right) surface brightness. From left to right, those in the Coma-11 field (Finoguenov
et al., 2003), the Coma cluster, A1795, Sérsic 159–03, MKW 3s and A2052 (Kaastra et al., 2003), Galactic emission of Lumb et al.
(2002), Galactic emission estimated with our Offset-A observation, and the upper limits in A2218 outskirts (this work) are plotted.

I = C(T ) (1+ z)3 n2
e ZL, (1)

where C(T ) is the coefficient that depends on the temperature of the cloud. Here, we will constrain the den-
sity of the cloud assuming the temperature to be T ∼ 2 × 106 K, since the O VII line is strongest at this tem-
perature. Substituting C(T = 2 × 106 K) with the value given in Table of REFERENCE, our constraint, I <
1.1× 107 photons cm−2 s−1 arcmin−2 at z = 0.1756, gives the following condition

Suzaku upper limit
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Fig. 2. image of A2218 in 1.0–4.0 keV observed with XIS. The events of the two observations obtained by four CCDs were all
summed up. The spectra were extracted from the annulus between the two white circles. Vignetting effect was not corrected.

Fig. 3. Spectra of A2218 observations. (left) spectra taken with the BI chip. (right) spectra takein with the FI chips, where
three FI spectra were averaged. Black, red, green and blue points show A2218, Offset-A, Offset-B, night earth spectra, respectively.

emission of the hot ICM hampers the study of warm-hot emission. We also excluded outside of 8′ because the position
dependence of the contamination on the OBF is not well known there. Although XIS sensors are always illuminated
by 55Fe calibration source at the field edge, their influence to the spectra below 5 keV is negligible. Therefore, we did
not remove these regions in the present analysis.

To estimate and subtract the internal background, we also extracted spectra from the data sets for night Earth
observations distributed by the XIS team. It is known that the variation of the internal background spectrum is well
correlated with the cut-off rigidity (COR) of the Earth magnetosphere at the position of the satellite; the smaller
the COR value is, the larger the background level becomes. To estimate accurately the internal background level, we
collected events when the detector is looking at the dark Earth (night Earth events) and sorted them by COR. We
extracted the spectrum for each 1 GeV/c interval of COR, and then added them with the weight of exposure time
for the respective COR range in the actual observation. This process gives different night Earth spectra for the four
observations, since the detailed distribution of COR was different among the observations. The background spectra

OVII & OVIII @ z =0.18

Virgo cluster
A2218 H2356-309

 LBQS1228+1116

Sculptor wall



日本のスペース天文学の現状と展望 2009年6月20日 京都テルサK.Mitsuda

the Universe reionizes. As cosmic structures take shape, gravitational collapse of Dark
Matter halos creates the seed regions where star formation occurs; subsequently
galaxies form and merge into groups and clusters through a hierarchical build-up
process. EDGE traces this evolution by observing the death of massive stars that
explode as GRBs back to the first generations in the dark Universe. The associated
supernovae inject nucleosynthesis products and energy into their environment. EDGE
will detect this first metal enrichment through X-ray absorption spectroscopy of bright
GRB afterglows.

Clusters of galaxies are the last and most massive structures to collapse. Besides
containing a significant portion of the total mass, the outskirt regions of clusters
show the most visible signs of the hierarchical formation of cosmic structures, of the
accretion shocks and turbulence injection, as well as of the metal enrichment from
relatively recent star formation. EDGE will conduct high sensitivity imaging and
high-resolution spectroscopy out to the virial radius, thus performing a detailed
thermo- and chemo-dynamical study of diffuse baryons inside and around clusters.
Moreover, EDGE will carry out surveys that will detect the formation of the first
cluster-sized objects thereby placing tight constraints on the values of cosmological
parameters by tracing the growth-rate of cosmic density fluctuations.

As we approach the current epoch, between a third and one half of the baryons are
expected to reside in the WHIM [2], which is currently undergoing gravitational
collapse. The bulk of this medium remains still undetected. EDGE will observe the
WHIM and measure its properties via absorption and emission in atomic transitions
of highly ionized metals. These observations close the baryon budget at z=0 by
constraining their density. In addition, EDGE will shed light on the star formation
history from the imprint by the energy and metal injection left on the WHIM.

The unique capability of EDGE on diffuse structures is visualized in Fig. 2
through the phase diagram of the baryons at z=0 as predicted by a cosmological

Fig. 2 The EDGE contribution to the sampling of the phase diagram of cosmic baryons (from the
hydrodynamical simulation of Borgani et al. [17] at z∼0). EDGE will extend the current observations of the
central regions of galaxy clusters (green and top right) out to their outskirts (red, top center) and to the dense
part of the WHIM (blue, just below the part filled by clusters), down to the regions with lower density
(overplotted purple dots). The star forming region is the sharp line at higher densities and lower temperatures
(T<105) and the Lyman-forest is the orange area at the bottom left (see online paper for color plot)

Exp Astron (2009) 23:67–89 73
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Future high-resolution spectroscopy
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進化するX線マイクロカロリメータ
— 精密X線分光で解き明かす宇宙の大規模構造 —

江副祐一郎 〈 首都大学東京理工学研究科 192–0397 東京都八王子市南大沢 1-1 e-mail: ezoe@phys.metro-u.ac.jp 〉

篠崎慶亮 〈JAXA 研究開発本部 305–8505 茨城県つくば市千現 2-1-1 e-mail: shinozaki.keisuke@jaxa.jp 〉

竹 井 洋 〈JAXA 宇宙科学研究本部 229–8510 神奈川県相模原市由野台 3-1-1 e-mail: takei@astro.isas.jaxa.jp 〉

X線マイクロカロリメータはX線の吸収により生じた熱を温度変化として検出することで, eV レベルのエネルギー分解能を達成で
きる分光素子であり, 従来の X線検出器では困難な新しい宇宙物理を拓くことができる. 我々は宇宙のまだ見つかっていないダーク
バリオンの発見などを目指して, 科学衛星用の X線マイクロカロリメータの開発を進めている. 本稿では X線マイクロカロリメータ
の原理と近年の進展について紹介する.

1. はじめに
X線輝線や吸収線を用いた分光は物質中の電子のエネル

ギーや運動状態を知るため, 地上実験のみならず宇宙観測
でも必須の手段である. 例えば宇宙の高温プラズマからの
X線輝線のエネルギーや強度を精密に決定すれば, プラズ
マの温度や密度, ガスの運動や, 我々からの距離などを推定
できる. X線マイクロカロリメータはこれまでのX線CCD
などの半導体検出器に比べ, 1桁以上優れた分光能力, すな
わちX線のエネルギーを正確に決定する能力を持つ検出器
である. 50 mK 程度の極低温で動作し, X線の吸収によっ
て生じたmK の温度変化を精密に読み取ることで, 高い分
光能力を実現する. 分光能力だけ取れば回折格子も同等で
あるが, 回折格子では入射光を波長分散して検出する必要
があるため、検出効率が低く, 大面積を実現するのが難し
い. X線マイクロカロリメータでは望遠鏡で集めたX線を
直接吸収して検出するため大面積が可能である. また点源
だけでなく, 広がった天体にも用いることができる. 図 1に
我々のグループで製作したX線マイクロカロリメータ素子
と典型的な半導体検出器である Si PIN ダイオードとの性
能の比較を示す.
史上初めての衛星用 X線マイクロカロリメータは, 2000

年 2月に打ち上げられた X線天文衛星 ASTRO-E に搭載
された. しかし打ち上げロケットの問題によって衛星は失
われてしまった. 本誌には打ち上げ直前に解説が掲載され
ている.1) 再起をかけて, 続く「すざく」衛星に再度同タイ
プの検出器が搭載され, 軌道上で検出器を 60 mK に冷却す
ることに成功した. 較正用線源で実現したエネルギー分解
能は 7 eV であった.2) だが排気系の不備による冷媒の突然
の消失が生じ, 宇宙観測は行えなかった. 宇宙物理に新展開
をもたらすと期待された, さまざまな観測を実現できなかっ
たことは, 日本の開発グループとして痛恨の極みである. 幸
いカロリメータ以外の検出器は無事に軌道上で動作し, 現
在も順調に観測を続けている.3, 4)

こうした中, この 9年開発は続けられ ASTRO-E と同タ
イプの半導体温度計型カロリメータのエネルギー分解能は
2倍以上も向上した. 我々はこれを 2013年打ち上げを目指
す ASTRO-H 衛星へ搭載する予定である. さらに超伝導遷
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図 1 我々が開発したTES型 X線マイクロカロリメータで取得した 55Fe
線源の Mn Kα および Kβ スペクトル. 半導体検出器 Si PIN ダイオー
ドのものと比較した. Mn Kα ピークの拡大が右上図 (点線および文字は
モデルフィットの結果)。X線マイクロカロリメータでは微細構造まではっ
きりと分解できる.

移端温度計 (Transition Edge Sensor, TES) を用いた, より
高エネルギー分解能の巨大アレイの開発も世界中で進めら
れている.
我々は緊密な日米国際協力により ASTRO-H 搭載の X

線マイクロカロリメータを開発している. ∗ さらに将来を目
指した TES型も開発している. † 本稿ではまず, X線マイ
クロカロリメータが必要な様々な科学的目標の中から, 我々
が最も重要と位置づけているテーマの一つとして, ダーク
バリオン探査について紹介し, 次に検出器の原理と近年の
開発について述べる.

2. ダークバリオン探査
X線マイクロカロリメータで期待される最大の科学的成

果の 1つがダークバリオンの正体解明である. 米WMAP
衛星による宇宙背景放射の観測などによって, 現在の宇宙
のエネルギー密度は 73%がダークエネルギー (斥力の重力),

∗日本の参加機関は JAXA (宇宙研, 研究開発本部), 首都大, 金沢大,
埼玉大, 理研, 立教大, 筑波大, 物材研, 米国が NASA, ウィスコンシン大,
イェール大ほかである. さらに欧州から SRON 等が参加する. 国内メー
カーでは住友重機械工業, 日本電気, NEC東芝スペースシステム, 三菱重
工業が参加している.

†参加機関は JAXA 宇宙研, 首都大, 金沢大, 産総研, SII ナノテクノ
ロジー, 三菱重工業など.

実験技術 進化する X 線マイクロカロリメータ — 精密 X 線分光で解き明かす宇宙の大規模構造 — 1

宇宙研+首都大のインハウス製作 TES µ caloreimeter
Akamatsu+2009
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バリオン物質の密度分布
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ある宇宙論モデルに基づく予想

銀河団質量関数の低密度側への拡張

Takei 2007 より (Sculptor を除く)
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From dark age to present

from the Edge proposal, also in Piro et al. 2009 (Figure compiled by Y. Takei)
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まとめ

過去から現在
X線天文学がもたらした３つの驚き

質量降着をエネルギー源とする天体
バリオン物質の多数を占める高温物質
ほとんど全ての天体がX線源

現在から未来
動物学と基礎科学

天文学による基礎科学のためには、動物学が必須
宇宙最大の高エネルギー実験室

銀河団：バリオン物質のzoo
その向こう側と手前側：Dark age から現在

最初の天体形成期の環境、現在の宇宙の3D地図
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