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ABSTRACT

We report on the preliminary spectral analysis results of the INTEGRAL and Chandra data of the
Ophiucus cluster, covering the range 0.5-200 keV. Comparing these data with BeppoSAX archival
observations, the scenario is fully consistent with X-ray emission due to thermal hot (∼ 9-11 keV) gas
emission, ruling out the need for any additional non thermal component. Two iron lines are resolved
in the Chandra spectrum at energies of ∼ 6.6 and 6.9 keV. The combined observations are also able
to determine the temperature profile of the intracluster gas, ranging from 5 to 17 keV in the 0.3 to
12 arcmin radius of the emitting region.

Subject headings: Cluster of galaxies: general – Radiation mechanisms: general – X-rays: galaxies:
clusters

1. INTRODUCTION

Clusters of galaxies are bright X-ray sources, with X-ray luminosities ranging from 1043 − 1046 erg s−1 (Fabian &
Allen 2003). The emission is predominantly thermal bremsstrahlung from hydrogen and helium in the intra-cluster
medium. Line emission, particularly from iron, is also often present showing that most of the gas has a mean metalicity
of about 0.3 Solar value. X-ray spectra show that the intra-cluster medium is dominated by a hot, thin Maxwellian
plasma, with a density of ∼ 10−4 − 10−3cm−3 and a temperature of ∼ 107 − 108K. A hard X-ray tail in addition
to the thermal bremsstrahlung component has recently been reported in several clusters (Fusco-Femiano et al. 1999;
Fusco-Femiano et al. 2000; Fukazawa et al. 2001; Fusco-Femiano et al. 2003; Gruber & Rephaeli 2002), although the
detection of such a faint signal is difficult even with the new sensitive instruments available. The most attractive
explanation is that this high energy tail and the ultraviolet bump arise from Inverse Compton scattering of microwave
background photons (radiation from the very early universe cooled to 2.7K) by relativistic electrons (Sarazin & Lieu,
1998).

Knowledge of the radial temperature profile of the hot gas contained within galaxy clusters is a crucial element in
determining the total gravitational mass of clusters. Through the equation of hydrostatic equilibrium, the total mass
of the cluster can be derived if the density gradient, temperature, and temperature gradient of the gas are known.

The Ophiuchus cluster, located near the galactic center (l = 0.5o, b = 9.4o) with an angular extent of ∼ 1 ◦ and
redshift of 0.028±0.003, is one of the most luminous X-ray clusters in the local Universe (Wakamatsu & Malkan 1981;
Watanabe et al. 2001; Ebeling, Mullis & Tully 2002).
For the first time, we report on the broad band spectral behavior of this cluster with an unprecedented sensitivity at
high energy with INTEGRAL and BeppoSAX and with an unprecedented angular resolution from Chandra.

2. OBSERVATIONS AND DATA ANALYSIS

This source was observed with the Chandra X-ray Observatory for ∼51ks on 2002 October 21. Data reduction was
performed using the CIAO v 3.3.0.1 software with the calibration database CALDB v3.2.2, provided by the Chandra

X-ray Center and following the science threads listed on the CIAO website1.
BeppoSAX observed the cluster on 1999 August 30 for ∼55ks. LECS and MECS event files and spectra, available from

the ASI Scientific Data Center, were analysed by means of the Supervised Standard Science Analysis (Fiore et al. 1999).
The PDS spectra were extracted using the XAS v2.1 package, which provides a significant improvement in the signal-
to-noise ratio and a more reliable check of the background fields by taking advantage of the rocking technique. Source
visibility windows were selected following the criteria of no Earth occultation and high voltage stability during the
exposure. In addition, the observations closest to the South Atlantic Anomaly were excluded from the analysis. The
cross-calibration constant values were taken in agreement with the indications given in Fiore et al. 1999.

The INTEGRAL (Winkler et al. 2003) data set consists of all observations in which Ophiuchus cluster was within
the Fully Coded field of view of the high-energy IBIS/ISGRI detector: a total exposure time of 64 ks spanning from

1 Available at http://cxc.harvard.edu/ciao/.
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revolutions 64 to 120. Observations are organized into uninterrupted 2000 s long science pointing windows (SCW):
light curves and spectra are extracted for each individual SCW. Data were processed using the Off-line Scientific
Analysis (OSA version 5.1) software released by the INTEGRAL Scientific Data Centre.

3. THE IMAGE ANALYSIS

Figure 2 (left) shows the ACIS 2-10 keV image of the Ophiuchus cluster. The field of view of each ACIS-S CCD is
8 × 8 arcmin and the pixel size is ∼ 0.5 arcsec. The IBIS error box of 0.8′ radius, centered in the coordinates found
by the OSA software (α(2000) = 17h12m26.88s, δ(2000) = −23◦22′12.0′′), is overimposed on the Chandra image.
The source position is well defined, differing by 0.4’ only from the SIMBAD one. The cluster is spatially well resolved,
showing that its shape is regular and quasi-spherical.

Fig. 1.— Left: The spectra of BeppoSAX data, shown together with the total model and its components: bremsstrahlung and
gaussian components. Rigth: The spectra of INTEGRAL and Chandra data, shown together with the total model and its com ponents:
bremsstrahlung and two gaussian components.

4. THE SPECTRAL ANALYSIS

BeppoSAX fits are performed in the following energy band: 0.5–2.5 keV for LECS, 1.5–10.0 keV for MECS and
20–100 keV for PDS. Both LECS and MECS spectra were accumulated in circular regions of 8’ radius.

Wideband spectra (from 2 to 100 keV) of the Ophiuchus cluster are also obtained using data from the ACIS and IBIS
(Ubertini et al. 2003) instruments on board Chandra and INTEGRAL, respectively. ACIS spectra were extracted from
an area available in the circular region of 8’ radius taking into account the shape of the Chandra CCDs. Uncertainties
are at the 90% confidence level for a single parameter variation.

The simplest model which provides a good fit to the BeppoSAX data consists of the sum of a thermal bremsstrahlung
component, based on the Kellogg, Baldwin & Koch (1975), and a Gaussian Fe line with width σFe. This spectrum is
absorbed by a column density, NH. All parameters were let free to vary. Fits results are reported in table 1 and the
spectrum is shown in figure 1 (left).

The INTEGRAL and Chandra data have been fitted with a model similar to that used for the BeppoSAX data,
with the column density frozen at the value obtained from the BeppoSAX analysis. However, the energy resolution
of the Chandra instrument allows us to study in more detailed the iron line profile. ACIS residuals with respect to
the model used show a clear excess around 6-7 keV and so we take in account two gaussian components instead of
one. Adding an other iron line to the fit, resulted in a substantial improvement, reducing χ2/d.o.f. from 508/318 to
318/315. Fits results are reported in table 1 and the spectrum is shown in figure 1. The lines observed by Chandra

resolved in two components the broad (σ ∼ 0.6 keV) iron line observed with Temna (Okumura et al. 1988) at energies
of EKα

= 6.56± 0.06 keV.
In order to study the temperature distribution we extracted the spectra in the areas available in the following regions:

circular regions with radius of 0.3′, 0.6′ and 0.9′ using ACIS data; annulus region with inner radius of 1′, 3′ and 8′ and
external radius of 3′, 8′ and 16′, respectively, using ACIS and MECS data; finally a circular region with radius of 12′

using IBIS data.
ACIS spectra have been fitted with a thermal bremsstrahlung component, and two Gaussian Fe lines. Iron lines

energy and width are fixed at the values reported in table 1. Since the statistic of the first ACIS spectrum is not
adeguate to study the iron line profile, we fit these data with a thermal component only. MECS spectrum has been
fitted with a thermal bremsstrahlung component, and a Gaussian Fe line. IBIS spectrum has been fitted with a thermal
bremsstrahlung component only. The column density is always fixed at the value obtained from the BeppoSAX data.
Fits results are reported in table 2. Uncertainties are at the 90% confidence level for a single parameter variation. The
temperatures obtained by these fits are used to build the temperature profile shown in figure 2 (rigth).
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Fig. 2.— Left: The Chandra image with overlapped IBIS error box with radius of 0.8′ and centered in the coordinates α(2000) =
17h12m26.88s, δ(2000) = −23◦22′12.0′′. Right: The thermal bremsstrahlung temperature versus the radius of the emitting regions. Stars
indicate the temperature obtained fitting the ACIS spectra, the circle the MECS spectrum and the square the IBIS spectrum. .

TABLE 1
Fits results. We assume z=0.028

NH kT nbremss Ec σFe EW Ec σFe EW χ2/d.o.f.

1022cm−2 keV 10−2 keV keV eV keV keV eV

BeppoSAX 0.35 ± 0.01 9.3 ± 0.2 8.37 ± 0.05 6.65 ± 0.02 < 0.1 266 ± 20 153/136

Chandra+INTEGRAL 0.35 fixed 10.7 ± 0.4 8 ± 1 6.64 ± 0.01 narrow 177+24

−13
6.93 ± 0.01 narrow 94+10

−4
318/315

TABLE 2
Fits results. NH = 0.35 × 1022cm−2fixed. Iron line are narrow

Instrument Extraction region kT nbremss Ec EW Ec EW χ2/d.o.f .

keV 10−2 keV eV keV eV

ACIS R < 0.3′ 4.8+0.6

−0.3
0.16 ± 0.01 20/18

ACIS R < 0.6′ 6.0 ± 0.4 0.36 ± 0.01 6.64f 520+24

−34
6.93f 94+39

−40
81/47

ACIS R < 0.9′ 6.8 ± 0.4 0.60 ± 0.01 6.64f 430+16

−47
6.93f 79+32

−21
107/79

ACIS 1′ < R < 3′ 10.9+0.6

−0.3
2.28 ± 0.02 6.64f 140+15

−14
6.93f 103+16

−15
274/253

ACIS 3′ < R < 8′ 14+1

−2
0.5 ± 0.1 6.64f 150+65

−45
6.93f 84+39

−38
113/106

MECS 8′ < R < 16′ 17 ± 2 2.4 ± 0.1 6.7 ± 0.1 131+43

−45
89/51

IBIS R < 12′ 16+9

−6
4+5

−2
11/17
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5. DISCUSSION

The spectral analisys confirmed the standard theory according to which the emission is due to thermal plasma,
in agreement with previous ASCA, HEAO-1 and Temna data. Also the average cluster temperature values ob-
tained from BeppoSAX, Chandra and INTEGRAL fits are consistent with previous ones Tthermal = 9.7 − 11.6keV
(Okumura et al. 1988; Matsuzawa et al. 1996; Johnston et al. 1981; Ikebe et al. 2002). The two emission features at
∼ 6.6 and 6.9 keV seen in the Chandra spectrum can be emitted by recombination of Fe XXV and Fe XXVI or
alternatively by iron Kα-fluorescence from XXIV up to XXVI ionization states, exactly as expected at the observed
temperature following calculations reported in Charles and Seward (1995).

The temperature profile of this cluster is shown in figure 2. This model is shown in the figure as a solid line for R<12′.
The temperature behavior of the Ophiuchus cluster presented here confirm previous indications of not isothermal
emission in this cluster of galaxies: Okumura et al. (1988) assumed the existence of a temperature distribution, not
resolved by their observations, to explain the iron lines energies were lower than those estimated from the continuum
temperature. Also in the ASCA image, Watanabe et al. (2001) found two regions (20’ off to the south and off to the
west extending to the north) hotter than the central region, with kT∼10 keV and kT>13 keV.

In order to test the eventual presence of non thermal phenomena, we added a power law component to the model
and we computed the upper limit on its normalization. The best fit results show that this component is not required
to fit the Chandra and INTEGRAL data, reducing the χ2/d.o.f. from 318/315 to 313/313 only. This corresponds to
the F-test (Bevington & Robinson 1992) chance probability of 8 × 10−2.

The temperature profile and the plasma high temperature measured by INTEGRAL have shown that the Ophiuchus
cluster emission at high energy is due to the very hot thermal gas emission. This idea is strengthened by the INTEGRAL

survey results (Bird et al. 2006), which reported only three hot and bright clusters out of 209 sources, while CIZA
(Clusters In the Zone of Avoidance) survey found 73 bright clusters at |b|<20◦ in the 0.1-2.4 keV energy range (Ebeling
et al. 2002).
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