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Cluster mergers and non-thermal phenomena
✤ Clusters grow into the present shape via mergers
✤ Kinetic energy of a cluster merger ~1064 erg
➡ gas heating and particle acceleration
➡ thermal emission and non-thermal emission?
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Fig. 1 Left panel: Optical image of the central part of the Coma cluster (23 × 23 arcmin) centered on the
galaxy NGC4889; the bright galaxy on the right is NGC4874. Right panel: X-ray image (ROSAT) of Coma
(164 × 150 arcmin) (from http://chandra.harvard.edu/photo/2002/0150/more.html)

where rij is the projected separation between galaxies i and j , and N is the number of
galaxies; (2) assumes that all the galaxies have the same mass. Clusters are not isolated
systems and the correct application of the virial theorem requires the inclusion of a surface
term (The and White 1986; Girardi et al. 1998). However, correcting for this factor, and
correcting also for departures from spherical symmetry, for galaxies of different masses and
for the presence of interlopers, namely galaxies which are not cluster members but appear
projected onto the cluster field of view, is not sufficient to fill in the discrepancy between the
virial mass and the sum of the galaxy masses. We can reach the same conclusion with a more
sophisticated dynamical analysis based on the Jeans equations (Biviano 2006). Zwicky’s
result was the first indication of the existence of dark matter.

With the advent of astrophysics from space in 1960s, the Uhuru satellite revealed
that clusters are the most luminous extended X-ray sources on the sky (Gursky et al.
1972, Fig. 1). The origin of the X-ray luminosity LX was very early interpreted as
thermal Bremsstrahlung emission from a hot intracluster plasma (Felten et al. 1966;
Bykov et al. 2008b—Chap. 8, and Kaastra et al. 2008—Chap. 9, this issue):

LX =
∫

ne(r)nions(r)Λ[T (r)]d3r, (3)

where ne and nions are the electron and ion number densities in the intracluster medium
(ICM) and Λ(T ) is a cooling function. For temperatures kT ! 2 keV (k is the Boltzmann
constant), when the ICM is almost fully ionised, we have Λ(T ) ∝ T 1/2. The existence of
a hot diffuse X-ray emitting gas implies the presence of a deep gravitational potential well
that keeps the gas confined. This evidence made untenable the hypothesis that clusters are
chance superpositions of galaxies or expanding systems (Ambartsumian 1961). By assuming
hydrostatic equilibrium and spherical symmetry, the cumulative mass within radius r is

M(< r) = − kT r

Gµmp

(
d lnρgas

d ln r
+ d lnT

d ln r

)
, (4)

where µ is the mean molecular weight, mp the proton mass and ρgas the gas mass density.
This type of analysis confirmed that at least 70% of the cluster mass is dark (Cowie et al.
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Fig. 1 Top: 90 cm contours of
the radio halo in the Coma cluster
(z = 0.023) are overlaid on the
DSS optical image. Radio point
sources have been subtracted
(Feretti 2002). Bottom: 20 cm
radio contours (Feretti et al.
2001) overlaid on the deep,
R-band image (Maurogordato et
al. 2008) of the galaxy cluster
A 2163 (z = 0.203), hosting one
of the most extended and
powerful halos known so far

2.1 Radio Halos

Coma C is the prototype of the low surface brightness (∼µJy arcsec−2 at 1.4 GHz) and
extended (!1 Mpc) radio sources permeating the central volume of clusters, usually referred
as “radio halos”. Their radio morphology is quite regular (see Fig. 1) and their radio emission
is unpolarised down to a few percent level. The first (and only) successful detection of
polarised emission from a radio halo has been published recently by Govoni et al. (2005).
One can find a compilation of most of the currently known radio halos in the recent review
by Feretti and Giovannini (2008).

Spectral index studies of extended radio sources can give important hints on the energy
spectrum of relativistic electrons and, due to the dependence of the synchrotron emissivity

Radio 90cm
(Feretti 02)

X-ray 0.5-2keV Hard X-ray

(C)ROSAT/MPE/Snowden
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The Coma cluster (z=0.023)

✤ Non-thermal X-ray emission
• RXTE        21±6 10-12 erg/s/cm2 (Rephaeli & Gruber 02)
• BeppoSAX 15±5 10-12 erg/s/cm2 (Fusco-Femiano+04;11)
• Suzaku       < 6 x10-12 erg/s/cm2 (Wik+09)
• Swift          < 4.2 x10-12 erg/s/cm2 (Wik+11)
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Fig. 1 The RXTE spectrum of
the Coma cluster and folded
Raymond-Smith (kT ! 7.67),
and power-law (photon index
= 2.3) models (from Rephaeli
and Gruber 2002). HEXTE data
points are marked with circles
and 68% error bars. The total
fitted spectrum is shown with a
histogram, while the lower
histogram shows the power-law
portion of the best fit. The quality
of the fit is demonstrated in the
lower panel, which displays the
observed difference normalised
to the standard error of the data
point

quality of the data allowed a meaningful search for emission whose spectral properties are
distinct from those of the primary thermal emission with measured mean temperature in the
range 8–10 keV. A fit to a single thermal component yielded kT = 8.6 ± 0.1 (90% CL),
a low iron abundance ZFe ∼ 0.16 ± 0.02, and large positive residuals below 6 keV and
between 15 to 30 keV. The quality of the fit was very significantly improved when a second
component was added. A two-temperature model yielded kT1 ! 10.1±0.6, kT2 ! 2.8±0.6,
and ZFe ∼ 0.23±0.03, a value consistent with previously measured values. An equally good
fit was obtained by a combination of primary thermal and secondary NT components, with
kT ! 8.9 ± 0.6, and photon index ! ! 2.4 ± 0.3. Similar results were obtained when a joint
analysis was performed of the RXTE data and archival ASCA data. The deduced value of ! is
consistent with the measured spectrum of extended radio emission in A2319. Identification
of the power-law emission as Compton scattering of the radio-emitting electrons by the
CMB resulted in Brx ∼ 0.1–0.3 µG, and ∼4 × 10−14(R/2 Mpc)−3 erg cm−3 for the mean
energy density of the emitting electrons in the central region (radius R) of the cluster.

A 2256 Following a very short ∼30 ks observation of A 2256 (in 1997)—which resulted
in an upper limit on NT emission (Henriksen 1999)—the cluster was observed (in 2001
and 2002) for a total of ∼343 ks (PCA) and ∼88 ks (HEXTE). The data analysis (Rephaeli
and Gruber 2003) yielded evidence for two components in the spectrum. Based on statistical
likelihood alone the secondary component can be either thermal or power-law. Joint analysis
of the RXTE and archival ASCA data sets yielded kT1 = 7.9+0.5

−0.2 and kT2 = 1.5+1.0
−0.4, when

the second component is also thermal, and kT = 7.7+0.3
−0.4 and ! = 2.2+0.9

−0.3 (90% CL), if the
second component is a power-law. Identifying the secondary emission as due to Compton
scattering of the radio producing relativistic electrons yielded Brx ! 0.2+1.0

−0.1 µG in the central
1° region of the cluster, a region which contains both the halo and relic sources.

A 2163 The moderately-distant (z = 0.203) cluster was observed for ∼530 ks (during a
6 month period in 2004). Primary thermal emission in this cluster comes from very hot IC
gas with kT ∼ 15 keV, but analysis of the observations (Rephaeli et al. 2006) indicated very

RXTE
(RG02)
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Figure 8. Suzaku HXD-PIN spectrum (E > 12 keV) and the combined XMM
spectrum (E < 12 keV) corresponding to the spatial sensitivity of the PIN.
Shown as solid lines are the combined spectra of the best-fit models from the
temperature map. The thermal model (“Tmap,” green) is nearly coincident with
the data, though falling below it at higher energies. The other two components
are described in Figure 4.
(A color version of this figure is available in the online journal.)

Figure 7. We weighted these model fits by the PIN spatial sensi-
tivity and combined them. This resulting model was compared
with the PIN spectrum (Table 2, row labeled “Tmap”). Note that
only the overall normalization of the Tmap model was allowed
to be fit, to compensate for a loss of flux due to incomplete
coverage of the map across the HXD FOV. Also, the spectral
shape and normalization of each of the thermal models was
the same as given by the XMM-Newton temperature, and each
model was simply weighted by the average PIN effective area
at that position.

This Tmap model provides a good fit to the PIN spectrum
with no adjustable parameters that affect the spectral shape
(Figure 8). While the value of χ2 is worse than for all previous
fits, it is only slightly worse, which is not unexpected since it is
not really a fit at all. The fact that XMM-derived temperatures
extrapolated to PIN energies are sufficient to fully account for
the PIN spectrum further suggests that no nonthermal hard X-
ray excess has been detected with the PIN, especially below
40 keV and probably below 70 keV. Also, simulating spectra
of similar quality to our data, assuming the Tmap model for the
underlying source, yields a joint single-T fit consistent with that
found from the actual data, with T = 8.51 ± 0.06 keV.

4.3. Systematic Errors in the Spectrum

We explicitly consider the systematic error for three quanti-
ties: the PIN non-X-ray background, the XMM-Suzaku cross-
normalization factor, and the normalization of the CXB as mod-
eled for the PIN spectrum. To test the effect of these system-
atic errors, we vary the relevant quantity up and down by our
estimate of the 90% systematic error, and evaluate the resulting
change in best-fit model parameters. The detection of a nonther-
mal component cannot be claimed unless it remains robust to
variations of these quantities within their systematic errors. Be-
cause the largest error is in the normalization of the PIN NXB,
we first increase it by 2.3% from 12–40 keV and 4% from 40–
70 keV and repeat the single-T plus nonthermal model fit. The
new best-fit IC normalization is pushed to zero. Even before
considering the effect of other systematic errors, from this exer-
cise alone it is clear that we do not detect nonthermal emission
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Figure 9. Suzaku HXD-PIN spectrum (E > 12 keV) and the combined XMM
spectrum (E < 12 keV) corresponding to the spatial sensitivity of the PIN.
The PIN NXB is increased to its 90% confidence limit, which is 2.3% for
E < 40 keV and 4% for E > 40 keV. The thermal model (“APEC,” green) is
nearly coincident with the data, though falling below it at higher energies. The
other two components are described in Figure 4. Note that the residuals above
the model that exist in the previous fits at E > 40 keV have disappeared.
(A color version of this figure is available in the online journal.)

in the HXD-PIN spectrum, given the current uncertainty in the
NXB normalization. This fit, with a temperature for the thermal
component of 8.33±0.06 keV, is shown in Figure 9. In fact, the
value of χ2 is slightly lower (χ2 = 1672.25 for 1689 dof) than
for the nominal PIN NXB single-T fit. Notice that the residu-
als above the model for E > 40 keV, seen in all the previous
spectral fits, have disappeared.

Though we cannot claim to detect nonthermal emission, we
can derive an upper limit to its flux based on joint fits to
the spectra, including systematic errors in the following way.
First, for an assumed photon index which we fix, we find
the nominal normalization Nnom and corresponding 90% upper
bound Nul

nom of the nonthermal component for a single-T plus
power-law model, allowing the temperature and normalization
of the thermal component to vary. Then, for each systematically
uncertain quantity, we set that quantity to the limit bounded by
the systematic error in the sense that increases the value of the
nonthermal normalization Nsys,i , and we fit for it and its 90%
upper bound Nul

sys,i . The statistical and systematic errors of the
power-law normalization are then given by

δstat = Nul
nom − Nnom, (11)

and
δsys,i = Nul

sys,i − Nul
nom = Nsys,i − Nnom, (12)

respectively. The final 90% upper limit is then given by

Nul
tot = Nnom +

√∑

i

δ2
sys,i + δ2

stat. (13)

We add each systematic error contribution in quadrature because
it is unlikely that we chose normalizations for these three quan-
tities such that each one disfavors the detection of nonthermal
emission in the most severely possible way.

The upper limits for a range of assumed photon indices is
provided in Table 3, and in Figure 10 we show, for Γ = 2, the

Suzaku
(W09)



Radio – X-ray connection
✤ Radio bi-modality (Brunetti+09)

- merging clusters hosts diffuse radio emission and follows 
P1.4GHz–LX correlation
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“Is there any scaling relation for 
non-thermal X-ray emission?”
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- generation of high-energy particles is connected to 
dynamical evolution of clusters
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Purpose

✤ Search for non-thermal hard X-ray emission from merging 
clusters using the Suzaku broad-band X-ray spectroscopy

➡ reveal the origin of hard X-ray emission and understand 
the cluster dynamical evolution

✤ Constrain magnetic fields in clusters using the relation  
SIC/Ssync = UCMB/UB (e.g., Rybicki’s textbook)



Suzaku overview
✤ The 5th Japanese X-ray satellite (2005 July–)

XRT

XIS

HXD
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0.4–10keV

10–600keV

✤ The lowest background
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✤ Narrower field of view
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✤ We have observed objects
- that are bright in X-rays
- that have radio halos, indicative of recent merger

Targets

Log(LX 0.1–2.4keV [erg/s])
Lo

g(
P 1

.4
G

H
z 
[W

/H
z]

) Brunetti+09

A2163
Bullet

Object Redshift k<T> 
[keV]

A2163 0.20 14

Bullet 0.30 13

RXJ1347 0.45 13

✤ We’ll make a comparison with nearby objects (Coma, 
Centaurus,  A2199,  A3376,  A3667 etc.)

RXJ1347



Analysis strategy

✤ To measure non-thermal hard X-ray emission, we need:
1. Careful assessment of background 

• Systematic error of non-X-ray background for Suzaku/
HXD is ~2%

2. Detailed modeling of thermal component 
• Single-, two-, multi-temperature models are applied.
✓ mergers can have multi-T structure including very hot 

thermal gas that emits hard X-rays (e.g., Ota+08)

➡The Suzaku+XMM/Chandra joint analysis allow us to take 
advantage of Suzaku’s spectral sensitivity and XMM/Chandra’s 
spatial resolution. 



A2163: Previous observations

• RXTE  FNT= 1.1       x 10–11 erg/s/cm2 (Rephaeli+06)

• BeppoSAX FNT < 5.6 x 10–12 erg/s/cm2 (Feretti+01)

• see also Million & Allen+09

✤ The hottest Abell cluster

(Govoni+04; Feretti+04)

400kpc

1.4GHz 
(contours)

15keV 
Non-thermal

400kpc

18.5keV7.5 13.0

X-ray

Shock in the North-East 
(e.g., Bourdin+11;Markevich+01)
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–0.9

RXTE
~530ks

color=X-ray



Suzaku observations of A2163

XMM image: 0.2–10 keV

5’
1 Mpc

HXD-PIN (FWHM~30’)

r=10’

41 ksec 
2009-Feb
(PI: Ota)

113 ksec
2008-Aug

(PI: Reiprich) 

NE

South



Suzaku/HXD spectrum of A2163

✤ 12–60 keV flux
F = 1.52 ± 0.06 (± 0.28) x 10–11 erg/s/cm2 

>5σ significance

+ HXD-PIN

South+NE
154ks

NXB, CXB subtracted
Point sources are negligible
NXB systematic error ~2%



XMM+HXD broad-band spectral analysis
✤ APEC thermal emission model

•kT = 13.5             keV
•Z = 0.29±0.10 solar
•χ2/dof = 1249/1180

+0.5
–0.5

+1.9
–1.6

• 0.3~60 keV spectra can be fitted with a kT~14 keV thermal model
➡Hard X-ray emission is likely to be dominated by thermal emission

χ
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/s
/k
eV XMM
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Constraint on non-thermal emission
✤ APEC + Power-law with Γ=2.18 (the same index in radio; Feretti+04)

• No significant non-thermal emission in 12-60keV
FNT <   1.2 x 10–12 erg/s/cm2  for Γ=2.18 (90% upper limit)

APEC

Power-law 

Free parameters
APEC: kT, Z, norm
Power-law: norm

χ
co
un
ts
/s
/k
eV

χ2/dof = 1248/1179

XMM
Suzaku/HXD



Multi-temperature modeling with XMM
✤ Use XMM spectra in 2’x2’ grids to construct the Multi-T model

Multi-T model

2’

21

5

13

2’

kT
[keV] Temperature map

Temperature of the NE “shock” region:
 kTNE~18 keV,  LNE~5x1044 erg/s



HXD spectral fitting with Multi-T + Power-law model
✤ Multi-T APEC + Power-law

• The 90% upper limit on the non-thermal emission
FNT <   9.4 x 10–12 erg/s/cm2  for Γ=2.18

χ2dof =15/12

Power-law

Multi-T model gives an 
acceptable fit to the PIN data
Additional power-law does 
not improve the fit

3-times stronger 
constraint than 

RXTE

χ
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• The 90% upper limit on the non-thermal emission
FNT <   9.4 x 10–12 erg/s/cm2(PIN),   for Γ=2.18 
FNT < 10.2 x 10–12 erg/s/cm2 for Γ=2.0   (PIN)  
FNT < 12.8 x 10–12 erg/s/cm2 for Γ=1.5   (PIN) 

Ota et al. in prep



A2163: Summary & Discussion

✤ Origin of hard X-ray emission from A2163
• Emission in the HXD band is well represented by the thermal 

models
- Very hot (~18 keV) gas in the NE shock contributes by ~15%
➡ The existence of high-temperature gas supports the scenario of 

recent ~0.5Gyr merger                                                            
(Bourdin+11; Takizawa+99; see also Ota+08 for the case of RXJ1347)

- We did not find any significant non-thermal hard X-ray emission

✤ Estimation of cluster magnetic field
• Using the relation SIC/Ssync = UCMB/UB & the radio flux 

Ssyn=155mJy@1.4GHz, 
- SIC < 0. 26 μJy @12 keV → B > 0.09  μG for Γ=2.18



The Bullet Cluster
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The Suzaku data is well fitted by 2-T 
model.  Additional PL model does not 
improve the fit. 
Non-thermal flux reported by Swift (Ajello
+10) is not confirmed by Suzaku.



Suzaku XIS+HXD

Ota et al. 2008

SZ150GHz

15”

86kpc

Kitayama+04; Komatsu+01

RXJ1347+1147

Thermal emission
from ~25keV gas!

• SE clump kTex > 20keV ! 
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✤ Hard X-ray emission is dominated by thermal emission from very 
hot thermal gas in the SE 

→ Non-thermal X-ray emission is not significant < 8 x10-12 erg/s/cm2

✤ The most X-ray luminous cluster



Comparison with other clusters
Non-thermal hard X-ray flux

The upper limits on NT emission were reported in ~10 clusters with Suzaku
→ No clear scaling relation is seen 

RXTE & SAX (Rephaeli+08 review), Swift (Ajello et al. 09,10; Wik+11; See also Wik+12), 
Suzaku (Kitaguchi+07; Kawaharada+10; Kawano+09; Wik+09; Sugawara+09; Nakazawa+09; Fujita+08; Ota+08)



Comparison with other clusters

• 0.3-1.4GHz spectral index α = 1.18±0.04 (Feretti et al. 2004)
• Equipartition condition => B~0.9μG Feretti et al. 2001
• UIC/Usyn & α=1.6       => B=0.4±0.2μG Rephaeli et al. 2006

If B~1μG,  x100 sensitivity is required to detect NT emission from A2163

Cluster magnetic field

3σ or 90% or 99%
12-60/20-80keV/?

RXTE & SAX (Rephaeli+08 review), Swift (Ajello et al. 09,10; Wik+11; See also Wik+12), 
Suzaku (Kitaguchi+07; Kawaharada+10; Kawano+09; Wik+09; Sugawara+09; Nakazawa+09; Fujita+08; Ota+08)



Summary

✤ To search for non-thermal emission, we observed hot clusters with radio 
halo, A2163, Bullet, & RXJ1347, with Suzaku.

• The Suzaku/HXD spectra are well represented by thermal models
• Very hot (~20 keV) thermal gas contributes to the hard X-ray emission
➡ determination of thermal component to high accuracy is indispensable!
• No significant non-thermal emission is detected

✤ Present limits on the non-thermal hard X-ray emission and magnetic field
• The upper limits on NT emission were obtained in ~10 clusters with 

Suzaku 
• No clear scaling relations (LNT-T, B-T) are seen so far



Future prospects

✤ What’s next?
• Application of this method to other clusters observed with Suzaku

• ASTRO-H!
- Hard X-ray Imagers will enable more accurate measurement of high-T 

thermal component & identification of shock region to get higher S/N
→ detection of IC to B ~ 1μG level

- High spectral resolution of micro-calorimeter will enable measurements 
of bulk/turbulent gas motions

→Total view of the cluster dynamical evolution



Thank you for your attention!


