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ABSTRACT

After confirmation of the presence of a nonthermal hard X-ray excess with respect to the thermal emission in
the Coma Cluster from two independent observations, obtained using the Phoswich Detection System on board
BeppoSAX, we also present in this Letter the results of two observations of A2256 performed with a time interval
of about 2.5 yr. In both spectra a nonthermal excess is present at a confidence level of∼3.3 j and ∼3.7 j,
respectively. The combined spectrum obtained by adding up the two spectra allows us to measure an excess at
the level of∼4.8j in the 20–80 keV energy range. The nonthermal X-ray flux is in agreement with the published
value of the first observation (Fusco-Femiano et al.) and with that measured by aRossi X-Ray Timing Explorer
observation (Rephaeli & Gruber).

Subject headings: cosmic microwave background — galaxies: clusters: individual (A2256) —
magnetic fields — radiation mechanisms: nonthermal — X-rays: galaxies

1. INTRODUCTION

The formation of diffuse radio regions (radio halos or relics)
detected so far in a limited number of clusters of galaxies seems
due to large-scale shocks and turbulence associated with grav-
itational mergers of subclusters and groups that are able to
provide the necessary ingredients, namely, magnetic field am-
plification and particle reacceleration (Tribble 1993; Brunetti
et al. 2001; Fujita et al. 2003). In particular, the megaparsec
scale of radio halos or relics combined with the relatively short
radiative lifetimes of the electrons (∼108 yr) suggests an in situ
electron reacceleration induced by very recent or current
merger events whose link with diffuse radio emission seems
to be evidenced by X-ray observations (Markevitch & Vikh-
linin 2001; Govoni et al. 2004). The existence of these radio
regions could be related to the origin of nonthermal hard X-
ray (HXR) emission that has been detected in a few clusters
thanks to the sensitivity and wide spectral coverage ofBeppo-
SAX and theRossi X-Ray Timing Explorer (RXTE).

A nonthermal HXR excess has been measured in the Coma
Cluster byBeppoSAX andRXTE (Fusco-Femiano et al. 1999;
Rephaeli et al. 1999) and was recently confirmed by combining
the spectrum of the firstBeppoSAX/Phoswich Detection System
(PDS; Frontera et al. 1997) observation with the spectrum ob-
tained with a second deeper observation (Fusco-Femiano et al.
2004). The results of these detections have been challenged by
the data analysis of Rossetti & Molendi (2004, hereafter
RM04). The origin of this difference is currently under inves-
tigation. However, in § 2 we examine the systematic effects
reported in their paper and the possible systematic error in the
net count rates, discussed in Nevalainen et al. (2004, hereafter
NE04), due to unresolved point sources present in the field of
view (FOV) of the PDS.

The nonthermal flux derived from the combined spectrum
of the Coma Cluster, ergs cm�2 s�1 in the�11(1.5� 0.5)# 10
20–80 keV energy range, is consistent with the value of

ergs cm�2 s�1 measured byRXTE in the�11(1.2� 0.3)# 10
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same energy band and confirmed by a second deeper obser-
vation (Rephaeli & Gruber 2002). Nonthermal radiation has
been detected also in A2256 byBeppoSAX andRXTE (Fusco-
Femiano et al. 2000; Rephaeli & Gruber 2003) and in A2319
by RXTE (Gruber & Rephaeli 2002). At a lower confidence
level, with respect to Coma and A2256, nonthermal HXR
radiation has been detected byBeppoSAX in A754 (Fusco-
Femiano et al. 2003b). An upper nonthermal flux limit has
been reported in A3667 (Fusco-Femiano et al. 2001), A119
(Fusco-Femiano et al. 2003a), and A2163 (Feretti et al. 2001).
A nonthermal component is detected at an∼2 j level in ∼50%
of the nonsignificantly active galactic nucleus–contaminated
clusters observed byBeppoSAX (NE04).

The most likely interpretation of the nonthermal HXR ra-
diation is inverse Compton (IC) emission by the same radio
synchrotron electrons responsible for the extended radio emis-
sion present in all of the mentioned clusters, scattering the
cosmic microwave background photons. It is well know that
the alternative interpretation based on nonthermal bremsstrah-
lung emission from suprathermal electrons (Kaastra et al. 1998;
Ensslin et al. 1999; Sarazin & Kempner 2000) has remarkable
energetic problems (Petrosian 2003). Another possible expla-
nation for the detected nonthermal emission may be due to a
significant contamination by obscured active galactic nuclei
(AGNs; Matt et al. 1999; Hasinger et al. 2001). However, the
Chandra X-Ray Observatory, which is sensitive enough to
probe a significant fraction of the obscured AGN, has not de-
tected such sources in several clusters (e.g., Molnar et al. 2002).
Besides, the co-added spectrum of the sample of clusters in
NE04 gives indication for an extended distribution of the non-
thermal emission against a significant contamination from an
obscured AGN.

In this Letter, we present the combined PDS spectrum of
A2256 obtained by summing the spectrum of a second long
BeppoSAX observation of∼300 ks with that of the previous
shorter observation of∼130 ks. The two observations both
confirm the presence of nonthermal HXR radiation from the
cluster in excess of the thermal emission measured by the
Medium-Energy Concentrator/Spectrometer (MECS) in the en-
ergy range∼2–10 keV. Throughout this Letter we assume a
Hubble constant of km s�1 Mpc�1 h70 and , so1H p 70 q p0 0 2

that an angular distance of 1� corresponds to 65.7 kpc
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Fig. 1.—MECS and PDS data of A2256. The solid line represents a thermal
component (MEKAL code) at the average cluster gas temperature of

keV in the central circular region of 8� in radius. The errors bars7.65� 0.17
are quoted at the 1j level.

( ; Strubble & Rood 1991). Quoted confidencez p 0.0581A2256

intervals are at 90% confidence level (c.l.), if not otherwise
specified.

2. PDS DATA REDUCTION AND RESULTS

A2256 was observed for the first time in 1998 February and
then in 1999 February for a total of∼130 ks (observation 1
[OBS1]) and reobserved in 2001 July for∼300 ks (observation
2 [OBS2]). The pointing coordinates ofBeppoSAX are ata p
17h03m58s.3, d p �78�38�31� (J2000). The total effective ex-
posure times of the PDS in the two observations were 70.1
and 190.3 ks, respectively. The PDS spectra of both the ob-
servations were extracted using the XAS version 2.1 package
(Chiappetti & dal Fiume 1997). The background sampling was
performed by making use of the default rocking law of the two
PDS collimators that samples ON/�OFF, ON/�OFF fields for
each collimator with a dwell time of 96 s (Frontera et al. 1997).
When one collimator is pointing on-source, the other collimator
is pointing toward one of the two off positions. We used the
standard procedure to obtain PDS spectra (dal Fiume et al.
1997).

For both OBS1 and OBS2 the�OFF and�OFF count rate
spectra are consistent with each other, with differences equal
to and counts s�1 in�2 �2(2.7� 3.3)# 10 (3.3� 1.8)# 10
the two observations, respectively. The marginal evidence (be-
low 2 j) for the presence of contaminating sources in the�OFF
field in OBS2 implies that we consider the average of the two
background measurements in order to have a more conservative
determination of the confidence level of the excess with respect
to the thermal emission. The background level for OBS1 is

counts s�1 in the 15–100 keV energy range, and19.50� 0.03
that for OBS2 is counts s�1.4 We have examined16.68� 0.01
the presence of the instrumental background residual reported
in RM04, obtained by these authors analyzing the spectra of
15 “blank fields.” This residual is instead not found by NE04.
We started from the complete sample of 868 PDS pointings
with galactic latitude and selected the 15–100 keVFbF 1 15�
net count spectra for which there is source detection below

4 The∼20% variation in the PDS background is due to theBeppoSAX orbital
decay: the lower orbit for OBS2 increased the shielding to ambient particles,
therefore lowering the diffuse background.

1 j (i.e., blank fields). We summed together these spectra (with
a total exposure of∼2.4 Ms), imposing a net exposure greater
than 10 ks, and found a net count rate of (0.66� 3.29)#

counts s�1, consistent with the definition of blank field�310
(see details in Landi 2005). We have then investigated the
possible systematic differences between the two background
fields �OFF. RM04 analyze 69 observations chosen only on
the base of a long exposure and high galactic latitude. They
find that the mean value is significantlyA(�OFF)� (�OFF)S
different from zero. Analyzing a larger sample, NE04 report
evidence of a systematic instrumental residual that cancels out
in the standard usage of both offsets. In agreement with NE04,
our analysis on thewhole sample of PDS observations gives
a value of counts s�1, consistent with no�3(5.3� 6.3)# 10
contamination at all. Finally, using our PDS blank field sample,
we examined the possibility of a point-source fluctuation (jfluc)
that is not significantly detected between the offsets. The re-
sulting value (counts s�1)2 is con-2 �4j p (9.5� 10.3)# 10fluc

sistent with that in NE04. Since the value is also consistent
with zero, we assume in the following that this background
component is absent in A2256 observations.

2.1. Spectral analysis

In Figure 1 we report the PDS and MECS spectra obtained
by summing the spectra of the two observations. The PDS
background-subtracted combined count rate is 0.154� 0.011
counts s�1 in the 15–100 keV energy range at the confidence
level of ∼14 j. The PDS data of the first observation has been
reanalyzed using the same procedure utilized for the second
longer observation. The MECS spectrum is in the range∼2–
10 keV obtained from a circular region of 8� corresponding to
about 0.5 Mpc centered on the primary emission peak. The
ROSAT PSPC radial profile indicates that∼70% of the total
cluster emission falls within this radius (see Fusco-Femiano et
al. 2000 for details regarding MECS data reduction, the cross-
correlation between MECS and PDS, and results for only
OBS1). The total exposure time is 386.4 ks. The spectral anal-
ysis of the MECS data alone gives a temperature ofkT p

keV using the MEKAL code on the XSPEC package,�0.197.57�0.14

while the simultaneous fit to the MECS and PDS data gives
keV (the MECS and PDS normalizations are treated7.65� 0.17

as free parameters). This value of the temperature is consistent
with the measurements ofGinga (7.32–7.70 keV; Hatsukade
1989) with a field of view comparable to that of the PDS,Einstein
MPC (6.7–8.1 keV; David et al. 1993),ASCA GIS (6.78–
7.44 keV; Henriksen 1999), and with the more recent joint anal-
ysis of ASCA and RXTE (PCA and HEXTE) data (7.66�

keV; Rephaeli & Gruber 2003).Chandra has reported sev-0.12
eral emission regions giving evidence of the presence of a merger
event (Sun et al. 2002). These detections show temperature var-
iations with a mean value of keV in the central 8�.36.7� 0.2
square. Also, the flux of∼ ergs cm�2 s�1 in the 2–�115.4# 10
10 keV energy range measured byBeppoSAX is consistent with
previous observations. The iron abundance is , in agree-�0.010.29�0.03

ment with theASCA results (Markevitch & Vikhlinin 1997).
The presence of an excess with respect to the thermal emission

in the spectrum of A2256 is evidenced (1) by the fit to the PDS
data alone in the 15–80 keV energy range with a thermal com-
ponent that determines a temperature of keV well above�4.314.6�3.2

the average gas temperature given byGinga in the interval 7.32–
7.70 keV (David et al. 1993); (2) by the fit to the PDS data
alone with a bremsstrahlung component at the fixed temperature
of 7.6 keV, derived by the MECS data alone, that gives an
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Fig. 2.—Confidence contours of a thermal and a nonthermal component
(MEKAL and POW codes in XSPEC) at the 68%, 90%, and 99% confidence
levels using the MECS and PDS data.

Fig. 3.—Confidence contours of two thermal components (MEKAL and
BREM codes in XSPEC) at the 68%, 90%, and 99% confidences level using
the MECS and PDS data.

TABLE 1
Nonthermal HXR Excess in the 20–80 keV Energy Range

Observation Epoch
PDS Exposure

(ks)
T a

(keV)
Observed Rate

(10�2 counts s�1)
Predicted Rate

(10�2 counts s�1)
Excess
(c.l.)

Fluxb

(10�12 ergs cm�2 s�1)

1 . . . . . . . . . . . . . . . . 1998/1999 Feb 70.1 7.43 �0.27
�0.21 10.630� 1.854c 4.485 c�0.195

�0.083 3.3 j 9.5�7.8
�5.9

2 . . . . . . . . . . . . . . . . 2001 Jul 190.3 7.67� 0.21 8.324� 1.004 4.649�0.170
�0.146 3.7 j 8.0�4.4

�4.1

Combined. . . . . . 260.4 7.65� 0.17 8.944� 0.888 4.628�0.154
�0.126 4.8 j 8.9�4.0

�3.6

Note.—Quoted errors for the observed count rates are at 1j.
a Derived from the joint analysis of the MECS and PDS data.
b A photon index of 1.5 was used to derive the flux (see text for details).
c In agreement with the value derived by NE04.

unacceptable -value of 3.96 (p31.69/8 degrees of freedom2x
[dof]). The nonthermal nature of this excess results from fitting
the PDS data with two thermal components, one of these at the
fixed temperature of 7.6 keV. For the second component we
obtain an unrealistic temperature greater than∼30 keV. In the
joint MECS and PDS data analysis the introduction of a second
nonthermal component, modeled as a power law, allows us to
obtain an improvement of the -value that is significant at more2x
than the 99.99% confidence level, according to theF-test
(198.51/175 dof vs. 176.96/173 dof). The presence of the non-
thermal component has the effect of slightly decreasing the best-
fit value of the temperature ( keV) with respect to7.32� 0.18
the temperature obtained by considering only the MECS data.
The confidence contours of the parameterkT and photon spectral
index (aX) show that, at a 90% confidence level, the temperature
is well determined, 7.1–7.7 keV, whileaX describes a large in-
terval of 0.3–1.8 (see Fig. 2). The contribution of the nonthermal
component to the thermal flux in the 2–10 keV energy range is
�10% for . In the 20–80 keV energy band the excessa ≤ 1.8X

with respect to the thermal component derived from the MECS
and PDS data is at a level of∼4.8 j (see Table 1) considering
the average of the two background measurements. The uncer-
tainties in the thermal flux prediction, reported in Table 1, are
obtained considering the variations of the gas temperature in the
90% c.l. range that imply variations of∼0.1 j for the level of
the nonthermal excess. The flux of the nonthermal component,

ergs cm�2 s�1 in the 20–80 keV energy range,�4.0 �128.9 # 10�3.6

is obtained by fixing the photon spectral index (aX) at the best-
fit value of∼1.5. The flux error is derived by varying the PDS
normalization within the 90% c.l. range. The two separate ob-

servations OBS1 and OBS2 show a hard excess of∼3.3 j and
∼3.7 j, respectively, and the nonthermal fluxes are consistent
with each other (see Table 1). The difference in the confidence
level of the excess between that shown here for OBS1 and the
one presented in Fusco-Femiano et al. (2000) is mainly due to
a more conservative procedure for the background subtraction
and for the bad events’ rejection of the PDS data (details in
Landi 2005).

3. DISCUSSION

The combined spectrum of twoBeppoSAX observations per-
formed with a time interval of∼2.5 yr confirms the presence in
A2256 of a nonthermal HXR component in excess of the thermal
emission at an∼4.8 j confidence level. The nonthermal flux of
∼ ergs cm�2 s�1 in the energy range 20–80 keV is�129 # 10
consistent with the published value of the firstBeppoSAX ob-
servation,∼ ergs cm�2 s�1 (Fusco-Femiano et al.�111.2# 10
2000). The joint data analysis ofRXTE/PCA and HEXTE and
ASCA/GIS and SIS observations (Rephaeli & Gruber 2003)
yields evidence of two components in the spectrum. The sec-
ondary component can be either thermal with a low gas tem-
perature, keV, or a power law with a photon index ofkT ∼ 1.5
∼2.2 with a nonthermal flux in the 90% confidence error interval
of ergs cm�2 s�1 consistent with our detection.�12(0.3–10)# 10
The confidence contours of two thermal components performed
using the MECS and PDS data (see Fig. 3) confirm the non-
thermal origin for the second component in the spectrum of
A2256. At the 90% c.l. the temperature value of the secondary
feature must be greater than∼20 keV. The hottest regions of the
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cluster shown by theChandra temperature map are at the level
of ∼9 keV (Sun et al. 2002). The combined spectrum also con-
firms the upper limit of 1.8 for the HXR photon index reported
in the first data analysis of OBS1 (Fusco-Femiano et al. 2000).

As stated in § 1, we cannot exclude a significant contami-
nation by obscured sources located in the PDS FOV able to
simulate the nonthermal flux detected in Coma and A2256, but
so far the observations do not seem to support this interpre-
tation. The most likely interpretation is IC emission by the
relativistic electrons responsible for the radio diffuse emission
present in both the clusters. An extended radio emission (halo)
permeates the center of A2256 with a steep radio spectral index
of ∼1.8–2.0 (Bridle & Fomalont 1976; Rengelink et al. 1997).
This region could be responsible for the second component that
was noted by Markevitch & Vikhlinin (1997) in their spectral
analysis of theASCA data in the central spherical bin.′r p 3
Their best-fit favors a power-law model with a photon index
of , and therefore a nonthermal component may be2.4� 0.3
present in the soft region of the X-ray spectrum (for details,
see Fusco-Femiano et al. 2000). Instead, the probable source
of the nonthermal HXR emission detected byBeppoSAX, in
the framework of the IC model, may be the large and bright
relic in the northwest region of the cluster at a distance of∼7�
from the cluster center. The extent of this relic is estimated to
be ∼ Mpc with a rather uniform spectral index of1.0# 0.6

. This low value of the radio spectral index indicates0.8� 0.1
a broad reacceleration region, probably the result of the ongoing
merger event that is due to a subcluster shown by the X-ray

observations. In particular, theChandra X-ray image reported
in Figure 1 of Sun et al. (2002) shows that the connection of
the northwest radio relic with the ongoing merger event seems
to be very likely. The merger is probably still at the early stage
(Briel & Henry 1994) and seems to be confirmed by the tem-
perature variations across the cluster, which are not as strong
as those expected in a major merger. This phase of the merger
event may explain the nonthermal HXR and radio synchrotron
emissions that are expected only in clusters with a recent or
current injection of relativistic electrons because of their rather
short lifetimes due to radiative losses. In the hypothesis that
the northwest relic is the source of the nonthermal HXR flux,
theBeppoSAX observations allow us to derive a uniform mag-
netic field of∼0.05mG ( ) in the radio region. Instead,a p 0.8R

in the central radio halo a uniform magnetic field of∼0.5 mG
( ) is derived, assuming a reasonable contribution ofa p 1.8R

∼5%–10% by the power-law component detected byASCA to
the total X-ray flux in the 2–10 keV energy range (Markevitch
& Vikhlinin 1997). Further evidence that the origin of the
nonthermal HXR radiation detected byBeppoSAX is probably
not due to the central radio halo seems to be given by the
inconsistency between the observed radio index ( ),a p 1.8R

which implies a photon index , and thea p 1 � a p 2.8X R

upper limit of the nonthermal HXR slope of 1.8 (see Fig. 2).
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