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Suzaku
Investigations of 

structure-formation of the universe
environment very close to blackholes 

Using
High-resolution X-ray spectroscopy and
Wide-band X-ray spectroscopy

Highly complementary to Chandra (US) and XMM-Newton (ESA) 

ISAS/JAXA - NASA International collaborations
Scientific instruments 

X-ray optics, X-ray spectrometers
Analysis software

Launched on July 10, 2005 with M-V launch vehicle



XRT (5 units)
NASA/GSFC-Nagoya-

ISAS/JAXA-TMU

XRS
NASA/GSFC-Wisconsin

-ISAS/JAXA-TMU

XIS
MIT-Kyoto-Osaka -
ISAS/JAXA-.....

HXD
Tokyo-ISAS/JAXA-
Riken-Saitama-
HIroshima-Kanazawa-... 

Hard X-ray detector

X-ray CCD camera

X-ray mirrors

X-ray micro calorimeter

Science Payloads
Deployable 

Optical Bench
ISAS/JAXA



XRS: High resolution spectroscopy
An energy resolution of 7eV at 5.9 keV was 
obtained in orbit.
However the functionality was lost due to loss of 
liquid He after ~ 1 month in orbit.

Independent investigations by the JAXA and NASA 
investigation boards.  

Root-level causes, recommendations
JAXA board report issued in January, 2005.  A summary (in 
Japanese) is found in
http://www.jaxa.jp/press/2006/01/20060125_sac_suzaku_j.html 
NASA board report will be submitted soon.

We will do our best to recover as soon as possible 
the science lost by the failure, implementing the 
lessons learned and recommendations.

next talk by Rich Kelley

http://www.jaxa.jp/press/2006/01/20060125_sac_suzaku_j.html
http://www.jaxa.jp/press/2006/01/20060125_sac_suzaku_j.html


Suzaku now

~1000 cm2 effective area 1-6 keV 
Low background 
Good energy resolution 
Improved line spread function on low 
energy side, particularly important <1 
keV

Wide band X-ray spectroscopy



Effective area (XRT+XIS)

Suzaku 4XIS
(3FI+BI CCDs)

XMM 2MOS+PN

MCG 6-30-15 image

HPD ~2arcmin



Low XIS background

Background normalized by effective Area and FOV

Suzaku XIS 
background is 
comprable to 
that of ASCA SIS

Chandra ACIS-S3

Chandra ACIS-I0-3

XMM MOS1
XMM PN
Suzaku BI
Suzaku FI
ASCA SIS



Low HXD background
Background normalized by effective area

Presently 
background can be 
estimated with an 
accuracy of  5%.
Our goal is 1 %.

1Crab

SAX-PDS
RXTE-PCA/HEXE

Suzaku HXD-PIN/GSO

9



Good energy response < 1keV

response for 0.5 keV 
monochromatic X-ray

>103

XMM MOS

XMM PN

Suzaku FI, BI

Observed energy spectrum of the 
supernova remnant, E0102.2-729

Suzaku XIS
Chandra ACIS



PV & GO-1 observations
Performance verification (PV) observations by the 
science working group (SWG)

August 2005 - March 2006
~ 130 pointings

GO-1 observation started from March 31, 2006 
(10h UT)

More than 70 targets were observed so far

Four pre-selected GO-1 observations in 
February - March 2006

Soft (<1keV) X-ray observations
XIS contamination



Data processing and release
Pipeline processing for GO-1 data has started on 
May 30 at ISAS/JAXA and will start soon at NASA/
GSFC.
Data will be distributed to PIs through the internet.  
Some GO-1 data were already delivered from ISAS 
to Japanese PIs. 
Analysis software and calibration data are available 
from NASA/GSFC web pages.
There are limitations in version 1.0 processing. 
Please refer to Suzaku web page 
(http://www.astro.isas.jaxa.jp/suzaku/process/)

Spectral analysis tools for extended sources are 
presently being developed by the Suzaku team, 
including treatment of the XIS contamination.



XIS contamination
Effective area < 1 keV is decreasing

SNR



Growth of contamination



Growth of contamination
significant flattening after day ~ 150



Spatial gradient

N-K

O-K

Atmospheric N-K and O-K emissions
uniform with the XIS field of view

We have developed software which generates XRT+XIS 
response in which both the time growth and spatial 
gradient are took into account.
The software is presently tested by the Suzaku team.



GO-2 program
2nd Guest Observer (GO) observation will start 
April 1, 2007 
AO will be released around the end of August, and 
the proposal due date is December 1, 2006.
International time allocation is the same as that of 
GO-1: 

Japan - 50%, US - 37.5% and Japan/US - 12.5% 
Japan allocation includes all non-US proposals 
(8% of total, will be used for ESA.) 

proposals should be submitted to NASA (US), ESA 
(ESA countries), or JAXA (Japan and all non-US and 
no-ESA countries) 



X-ray binaries
Soft to hard X-ray emissions
Highly time variable
Complex spectral features on steep continuum 
spectrum  

The unique feature of Suzaku, 
“Wide-band spectroscopy all in one observatory” 
is very useful for studies of X-ray binaries.

Small pile up and telemetry saturation of the XIS 
also ensure observations of bright sources.

~ 60 mCrab (window mode)
~ 0.5 Crab (burst mode)



A0535+26

2 Mihara et al.

an unprecedented sensitivity to cosmic hard X-rays.
In order to study cyclotron resonance effects at lower

accretion rates than investigated before, we observed
A0535+26 with Suzaku from 13:40 UT on 2005 Septem-
ber 14 to 01:00 UT next day, when the source was in a
declining phase of the second outburst. The observation
was carried out at “XIS nominal” pointing position, for
a net exposure of 22.3 ksec with the XIS and 21.7 ksec
with the HXD. The XIS was operated in “1/8 window”
mode, which gives a time resolution of 1 sec, whereas the
HXD in the nominal mode.

The source was detected clearly in the four XIS cam-
eras, with a typical intensity of 10 ct s−1 per camera. To
process the XIS data, we discarded those events which
were acquired when the data rate was “low,” or when the
telemetry was saturated, or when the source elevation
above the earth’s limb was below 5◦, or when the space-
craft was in the South Atlantic Anomaly (SAA). We then
accumulated nominal-grade events within 6 mm (4

′

.3) of
the image centroid. The XIS background spectra were
taken from a blank sky observation towards the North
Ecliptic Pole region, conducted on 2005 September 2–4
for a net exposure of 95 ksec.

The HXD data were first screened using the same good-
time-interval criteria as for the XIS data. They were
further screened by imposing conditions that the space-
craft spent more than 436 s after leaving the SAA, and
that the geomagnetic cutoff rigidity was higher than 8
GeV/c. Then, we finally accumulated HXD events that
survived the standard anti-coincidence function of the
HXD. The background of the PIN diodes were generated
from non X-ray background database, provided by the
detector team, and that of the GSO detectors was de-
rived from a source-free observation performed on 2005
September 13 for an exposure of 19 ksec. After these
processings, the source was detected significantly at an
intensity of 1.4 cts s−1 in 10–70 keV with PIN, and 0.4
cts s−1 in 45–200 keV with GSO.

Fig. 1.— Time-averaged X-ray spectra of A0535+26, obtained
with the Suzaku XIS (green and purple) and HXD (red and blue).
The background-subtracted spectra are presented without remov-
ing instrumental responses. Error bars are statistical only. The
inset shows background-inclusive pulse profiles in three typical en-
ergy bands, obtained by folding the data at the pulsation period.

3. RESULTS

Figure 1 shows the XIS and HXD spectra of A0535+26,
averaged over the whole observation. The 0.5 – 100 keV
X-ray flux is measured as 9.4 × 10−10 ergs s−1 cm−2,
yielding an X-ray luminosity of 4.5 × 1035 ergs s−1 at
2 kpc in the same band. The source pulsations were
detected at a barycenter-corrected period of 103.378 s,
over the full XIS band (0.5–12 keV) and at least up to
100 keV with the HXD. As shown in the inset to Figure
1, the pulse profiles are basically similar to those previ-
ously obtained with Ginga in 1989 when the source was
80 times brighter (Mihara 1995), although the dip around
phase 0.1, probably caused by absorption, becomes shal-
lower.

Fig. 2.— Ratios of the background-subtracted HXD spectra of
A0535+26 to those of the Crab Nebula. The data obtained with
the HXD PIN and GSO are shown in red and blue, respectively.

In order to evaluate the spectra of Figure 1, first in
a model-independent manner, we normalized them to
those of the Crab Nebula, acquired on 2005 September
13 in the same detector condition. As presented in Fig-
ure 2, the derived “Crab ratios” keep rising up to ∼ 30
keV, and fall steeply beyond. The source intensity is thus
∼ 30 mCrab at 20 keV. Furthermore, the PIN and GSO
data both reveal a clear dip at ∼ 50 keV. Since the Crab
spectrum is a featureless power-law with a photon index
of ∼ 2.1, we may identify this spectral feature with the
CRSF of A0535+26 observed previously (§ 1).

Next, we jointly fitted the PIN and GSO spectra,
over 11–70 keV and 45–200 keV bands respectively, with
the smooth continuum model called NPEX (Negative
and Positive power-laws with EXponential; Mihara 1995;
Makishima et al. 1999). We left free all five parameters
describing the model; two normalizations, two power-law
indices (α1 and α2), and the exponential cutoff param-
eter (kT ). The interstellar absorption was not incor-
porated, since the employed energy range is sufficiently
high. The relative PIN vs. GSO normalization was fixed
to 1.0. The NPEX fit failed to reproduce the spectra
(χ2

ν
= 2.67 for ν = 70), because of significant negative

residuals around 50 keV as shown in Figure 3b. This
reinforces the reality of the 50 keV feature.

To better describe the HXD spectra, we multiplied the
NPEX continuum with a cyclotron absorption (CYAB)
factor (Mihara et al. 1990; Makishima et al. 1999), and
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In order to evaluate the spectra of Figure 1, first in
a model-independent manner, we normalized them to
those of the Crab Nebula, acquired on 2005 September
13 in the same detector condition. As presented in Fig-
ure 2, the derived “Crab ratios” keep rising up to ∼ 30
keV, and fall steeply beyond. The source intensity is thus
∼ 30 mCrab at 20 keV. Furthermore, the PIN and GSO
data both reveal a clear dip at ∼ 50 keV. Since the Crab
spectrum is a featureless power-law with a photon index
of ∼ 2.1, we may identify this spectral feature with the
CRSF of A0535+26 observed previously (§ 1).

Next, we jointly fitted the PIN and GSO spectra,
over 11–70 keV and 45–200 keV bands respectively, with
the smooth continuum model called NPEX (Negative
and Positive power-laws with EXponential; Mihara 1995;
Makishima et al. 1999). We left free all five parameters
describing the model; two normalizations, two power-law
indices (α1 and α2), and the exponential cutoff param-
eter (kT ). The interstellar absorption was not incor-
porated, since the employed energy range is sufficiently
high. The relative PIN vs. GSO normalization was fixed
to 1.0. The NPEX fit failed to reproduce the spectra
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ν
= 2.67 for ν = 70), because of significant negative

residuals around 50 keV as shown in Figure 3b. This
reinforces the reality of the 50 keV feature.

To better describe the HXD spectra, we multiplied the
NPEX continuum with a cyclotron absorption (CYAB)
factor (Mihara et al. 1990; Makishima et al. 1999), and

Cyclotron resonance of A0535+26 at low luminosity 3

repeated the joint fitting. We left free the energy Ea1,
depth D, and width W of the resonance. As presented
in Figures 3a and c, this NPEX×CYAB model has suc-
cessfully reproduced the PIN and GSO spectra with
χ2

ν
= 0.95 for ν = 67. The CYAB parameters were

constrained as Ea1 = 45.6+1.3
−1.4 keV, D1 = 2.0+0.4

−0.3, and
W1 = 11.5+3.9

−2.8 keV (90% errors), while the NPEX pa-
rameters as α1 = −0.97, α2 = +3.0, and kT = 10.3 keV,
with the positive and negative power-law components
crossing over at ∼ 20 keV. If we instead adopt a “Boltz-
mann” continuum with Gaussian absorption (GABS;
Kreykenbohm et al. 2004), the fit becomes unsuccessful
unless ignoring the GSO data below 50 keV. This alter-
native modeling gives a resonance at 47.0 ± 1.4 keV, a
Gaussian sigma of 4.8± 0.9 keV, and an optical depth of
4.2+1.7

−1.2, with χ2
ν

= 1.44 for ν = 67.
The NPEX×CYAB fit in Figure 3a is fully consistent

between PIN and GSO, even though their relative nor-
malization is fixed. For further examination, we fitted
the PIN data only with the NPEX×CYAB model, and
obtained Ea1 = 45.9+2.5

−1.8 keV. Similarly, fitting the GSO

data alone yields Ea1 = 45.3+6.7
−16.8 keV. Thus, the PIN

and GSO data independently confirm the CRSF, and
consistently determine its parameters.

In Figure 3a, the 2nd harmonic resonance could be
present at ∼ 100 keV. Actually, the successful joint
NPEX×CYAB fit is further improved from χ2 = 63.6
to 59.4, by incorporating another CYAB factor with Ea2

and W2 fixed at 2Ea1 and 2W1, respectively. The ob-
tained best-fit depth of D2 = 1.8+1.1

−1.1 also implies that the
2nd harmonic resonance is statistically significant. The
fundamental resonance parameters remain unchanged
within errors; Ea1 = 45.4 ± 1.4 keV, D1 = 2.4+0.4

−0.3, and

W1 = 14.0+3.0
−2.3 keV. However, the 2nd harmonic feature

becomes insignificant when we take into account system-
atic uncertainties in the current GSO background repro-
ducibility, which is estimated as ∼ 1%. Therefore, we
conservatively quote an upper limit as D2 < 2.9.
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Fig. 3.— Model fittings to the pulse phase-averaged HXD spectra
of Figure 1. Panel (a) shows the NPEX × CYAB fit, and panel
(c) its residuals. Panel (b) gives residuals from the best-fit NPEX
model without incorporating the CYAB factor.

4. DISCUSSION

We observed A0535+26 with Suzaku in a state of very
low luminosity, 4.5×1035 ergs s−1 in 0.5–100 keV, or 3.7×
1035 ergs s−1 in 3–50 keV. In spite of the source faintness
(∼30 mCrab), we successfully detected the CRSF at ∼46
keV, thanks to the wide energy band and high sensitivity
of the HXD. The CRSF was observed in absorption, and
was as deep as, or probably deeper than, that in high
luminosity states; e.g., D1 ∼ 0.5 and D2 ∼ 2 when the
source was 100 times more luminous (Kendziorra et al.
1994; Grove et al. 1995). In addition, the pulse profiles
did not differ significantly from those observed in much
more luminous outbursts.

Except for the case of X Persei (Coburn et al. 2001)
which exhibits a rather unusual spectrum for an accret-
ing pulsar, the present result is thought to provide the
detection of a CRSF in the lowest luminosity state ever
achieved from binary X-ray pulsars. Since the CRSF ap-
peared in absorption, not in emission, Thomson optical
depth of the accretion column is inferred to be still larger
than ∼10 even with this low luminosity, referring to the
modeling by Nagel (1981). This inference may be sup-
ported independently by the unchanged pulse profiles.
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this work
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Fig. 4.— Luminosity dependence of the cyclotron resonance en-
ergy in binary X-ray pulsars. The fundamental cyclotron energies,
determined with the Gaussian absorption modeling, are plotted
against the 3–50 keV source luminosity. The other data points for
A0535+26 refer to the measurements with RXTE (Lx = 1.09×1037

ergs s−1; Wilson & Finger 2005), INTEGRAL (0.41 × 1037;
Kretschmar et al. 2005), the CGRO/OSSE (3.6×1037 assuming 110
keV as the second resonance; Grove et al. 1995), and Mir-KVANT
(3.8 × 1037, Kendziorra et al. 1994). The results on 4U 0115+63
are taken from Nakajima et al. (2006), while those on X0331+53
from Nakajima (2006b). Both 4U 0115+63 (Negueruela & Okazaki
2001) and X0331+53 (Negueruela et al. 1999) are assumed to be
at a distance of 7 kpc.

In Figure 4, we compare the present results with the
reported CRSF measurements from A0535+26, on the
plane of the observed CRSF energy vs. luminosity. The
CRSF energy refers to the GABS modeling for consis-
tency, and the luminosity, Lx, is converted to that in the
3–50 keV band assuming a distance of 2 kpc. Thus, the
cyclotron resonance energy of A0535+26 stayed constant
within ±10%, even though the luminosity changed by
nearly two orders of magnitude from 4× 1035 to 4× 1037

ergs s−1. Therefore, the implied magnetic field strength,

Observed on September 14, 2005, during the decay 
phase of a flare

Crab 
ratio

Detection of  Cyclotoron resonance 
line at lowest X-ray luminosity 
(4x1036 erg s-1).
Constant energy over 2 orders of 
magnitude luminosity variation.

Terada et al.  submitted to ApJL Suzku 20ks observation
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HEXTE

Ratio to power-law model 
with absorption)

soft excess

Cutoff
(Te=110keV)

narrow Fe 
(6.4keV)

Wide band spectra 

Hot plasmaAccretion disk

reflection

Suzaku 17 ks observation 
Kubota et al.  preliminary 

Geometry of the low state black hole
Cyg X-1



RXTE/ASM light curve
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XIS HXD-PIN

4U1630-472 

6 observations in 2 months

Kubota, Cottam et al.  preliminary 

absorption line feature



5-9keV spectra (XIS0+2+3) model: Voigt profile

He-like & H-like Fe absorption lines

preliminary 



Suzaku
Wide-band spectroscopy all in one observatory 

Low background over a very wide X-ray band 
Good energy resolution with greatly improved 
line spread function, in particular, < 1keV 
compared to Chandra and XMM-newton 

Very much a unique and powerful observatory 
Cluster of galaxies, SNRs, Accreting BHs, ISM, 
IGM, ......

We, the Suzaku team, would like to thank all the 
support from US astronomy community and would 
like to ask continuous support. 

talks in this session and two talks in wam-
hot gas session  this afternoon



Conference 
in Kyoto

SN1006 millennium

please visit the 
conference web site:
http://www-
cr.scphys.kyoto-u.ac.jp/
conference/
suzaku2006/

Diary of Fujiwara Teika who 
lived in Kyoto in 12th 
century.  Here he wrote 
about the guest star on May 
1, 1006 in Lupus.
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