THE DIFFUSE COSMIC X—-RAY ( >15 KEV) BACKGROUND WITH THE PDS
INSTRUMENT ABOARD BEPPOSAX

F. Fronteral2 M. Orlandini 1, R. Landi!, L. Amati?, E. Costa, N. Masettil, and E. Palazzt

LINAF/Istituto di Astrofisica Spaziale e Fisica Cosmica, ®&pia, Via Gobetti 101, 40129 Bologna, Italy
2Dipartimento di Fisica, Universit di Ferrara, Via Saragat, 1, 44100 Ferrara, Italy
3INAF/Istituto di Astrofisica Spaziale e Fisica Cosmica, RoWia del Fosso del Cavaliere 100, 00133 Roma, ltaly

ABSTRACT

We report a new measurement of the hard (15-50 keV)
Cosmic X-ray Background (CXB) after the last per-
formed with theHigh Energy Astronomical Observatory
(HEAO-)) in the late 1970s. Our measurement is per-
formed with the PDS instrument aboard tBeppoSAX
satellite. After the recently reported 2-10 keV CXB
measurements obtained with the imaging instruments
aboard the X-ray satelliteBeppoSAXXMM-Newton
and Chandrathat give CXB intensities systematically
higher than those obtained wiHEAO-1in the same en-
ergy band, suspects of systematic errors in HBAO—

1 measurements at low and higher energies have been
raised by several authors. Using tBeppoSAXPDS
pointings at high galactic latitudeb( > 15°) we have
measured the CXB spectrum and intensity level in the
15-50 keV energy band. Our results are consistent with
those obtained witHHEAO—-1at the same energies.
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1. INTRODUCTION

The origin of the Cosmic diffuse X—ray Background
(CXB) after more than 40 years from its discovery [1]
still remains one of the most fascinating issues. Actually
at energies less than 10 keV the situation is being clari-
fied: thanks to various sky surveys, such as the 0.5-2 keV
ROSATsatellite survey [2], the 0.5—-10 keXMM-Newton
deep survey [3] and thehandraDeep Fields North and
South [CDF-N and CDF-S, 4, 5, 6, 7] it appears that,
in the 0.5-8 keV band, from 70% to 90% of the CXB
is resolved into discrete sources, mainly Active Galactic
Nuclei (AGNSs). This result could imply that also at hard
X-ray energies £10 keV), where the instrument sensi-
tivity is much lower than that required, the CXB could be
also resolved into point sources [see, e.g., 8], which are
now impossible to single out but that they could be de-
tected when new missions with focusing telescopes, now
under development, will be launched.

However the ultimate answer about the nature of the
CXB, either at high £10 keV) or at low &10 keV) en-
ergies, depends on the accuracy with which the CXB in-
tensity is measured. Indeed, in spite of the fact that the
CXB was discovered more than 40 years ago, its intensity
is still not well known both at low and at high energies.

After the first pioneer measurements of the CXB spec-
trum, that showed the difficulty of performing an unbi-
ased estimate of the CXB [for a review see 9], the major
effort performed to get a reliable estimate of the CXB
spectrum in a broad energy band starting from a few keV
was done in the late 1970’s with the A2 and A4 instru-
ments aboard théligh Energy Astronomical Observa-
tory 1 (HEAO-]). The CXB spectrum measured with
A2 in the 3-60 keV energy band was first reported by
Marshall et al. [10, hereafter M80] and later by Boldt
[11, 12, 13, 14]. The results reported by M80 gave rise
to a high excitation in the astrophysics community: the
best fit to the data was a thermal bremsstrahlung, which
was interpreted as due to emission from a hot diffuse in-
tergalactic medium with an electron temperatiie =

40 keV, which could solve the dark matter issue. However
this interpretation was not confirmed by tG@smic Mi-
crowave Background Exploré€OBB): the presence of a
truly diffuse hot plasma would produce a severe Compton
distortion of the Cosmic Microwave Background (CMB),
which was not observed lyOBE[15]. The 13-180 keV
CXB spectrum obtained with thdEAO-1A4 Low En-
ergy Detectors (LED) was preliminary reported by Roth-
schild et al. [16] and Gruber [17], and finally by Gruber
et al. (1999, thereafter G99), while that obtained with
the HEAO-1Medium Energy Detectors (MED) in the
100-400 keV energy band was reported by Kinzer et al.
[19]. G99 also performed a comparative analysis of the
HEAO-1A2 and A4 results. Their conclusion was that
all the HEAO-1results on the CXB spectrum are mutu-
ally consistent within their statistical and systematie un
certainties, with the best fit x J(E) spectrum given by

a bell shape with a maximum of 42.6 keV (skeV) !

at 29.3 keV, and an energy spectrum below 60 keV given
by a power-law with a high energy exponential cut-
off (CUTOFFPY F(E) = 7.87TTE~%? exp[—F/41.13]
erg/(keV cnt s sry L.

After the HEAO-1results, no other CXB measurement
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Figure 1. Upper panel:Comparison of the 2—10 keV in-
tegral CXB intensities. The dotted line corresponds to
the M80 value.Bottom panel:Corresponding 2—10 keV
Crab fluxes used for flux scale calibration.

was performed in the hard X-ray range-15 keV),
while at lower energies several CXB measurements were
performed with imaging telescopes on board the satel-
lite missionsROSAT[0.1-2 keV, 20],ASCA[1-8 keV,

21, 22], BeppoSAX1-8 keV, 23], XMM-Newton[2—8
keV, 24, 25],Chandra[0.5-8 keV, 7], and with the non
imaging Proportional Counter ArrayfPCA, 3-15 keV,

26] aboard theRossi X—ray Time ExplorgiRossi-XTE

(see Fig. 1). The results of these measurements is that all

the low energy measurements performed after that with
HEAO-1show higher CXB intensities, even if they are
not mutually consistent. The lowest values are those ob-
tained withASCA[21, 22] and with the RXTE/PCA by
Revnivtsev et al. [26]. Regarding the latter measurement,
the derived CXB intensity could be lowered from the
quoted value (18% higher thadEAO-]) down to 6%
higher than that by M80 by adopting a more appropri-
ate calibration of the flux scale. Indeed their adopted
instrument response function is calibrated on the Crab
Nebula spectrum quoted by Zombeck [27] that predicts
an unabsorbed 2—-10 keV flux from Crab®$9 x 108

erg cnT 2 s71, which is the highest of the estimated Crab
fluxes: it is higher by~12% than the mean value of
the fluxes measured with several other instruments (see
Fig. 1). Using the lower flux scale, the CXB intensity is
correspondingly lowered.

The 3-10 keV CXB intensity found by Revnivtsev et al.
[28] from the re-analysis of £IEAO-1A2 data set is
higher than that by M80 by about 20%. But, as also
noticed by Jahoda et al. [29], who have performed the

ported by Revnivtsev et al. [28], can be reasonably low-
ered down to a value about 8% higher than that by M80
by a recalibration of the flux scale (see Fig. 1).

In spite of the discrepancies among the low energy mea-
surements, several authors [e.g., 31, 32] consider the
most recent results more reliable than those obtained with
HEAO-1A2 in the same energy band [see, e.g., 25].
As a consequence, given that the model spectrum given
by G99 is considered to be the likely shape of the true
CXB spectrum, also the intensity level obtained with the
HEAO-1A4 LED detectors, which was consistent with
that of the A2 experiment, is expected to be underesti-
mated. The CXB synthetic models are equally affected
by these observational uncertainties, and favor the most
recent CXB results. As an example, Comastri [8] as-
sumes the analytical fit of G99 renormalized upward by
a factor 1.3, and a similar renormalization is adopted by
Ueda et al. [33].

Given the importance of the CXB normalization in order
to establish the correct contribution of discrete sources
to the CXB and the expected contribution of a yet unde-
tected population of highly obscured sources and/or a dif-
fuse component, we have derived an estimate of the high
energy 15 keV) CXB spectrum and its normalization
exploiting the pointed observations performed with the
Phoswich Detection SystgADS) aboard thBeppoSAX
satellite. This is the first hard X—ray measurement of the
CXB after that ofHEAO-1

2. THE INSTRUMENT

Even though the PDS was not designed to perform a spec-
tral measurement of the CXE posterioriwe became
convinced that such measurement was possible with this
instrument, given its very good performance in terms of
stability, background level, calibration and flux sensitiv
ity. The PDS [34] made use of 4 independent and equal
detectors, each based on a sandwich of two optically cou-
pled Nal(Tl) and Csl(Na) inorganic scintillators of 3 and
50 mm thickness, respectively, both viewed by a photo-
multiplier in which the Nal(TI) had the role of main de-
tector and the Csl(Na) that of active shield. Signals from
each of the two detectors were recognized from their scin-
tillation time constant (phoswich technique). This tech-
nigue is one of the most effective techniques to perform
an unbiased spectroscopy of the continuum emission and
to minimize the intrinsic background. In order to fur-
ther decrease the instrumental background, an active anti-
coincidence shield, made of 4 slabs of Csl(Na) scintil-
lators were used. This shield was also used as Gamma
Ray Burst Monitor, the well known GRBM on boaBep-
poSAX[34] that had a leading role, along with the Wide

spectral analysis of the same data set used by Revnivtsev Field Cameras [35], for the discovery of the origin of

et al. [28] and quote a lower intensity value for the CXB

intensity, a partial explanation of the discrepancy is due
to the flux scale which was calibrated on the Crab spec-
trum given by Zombeck [27]. Thus, also in this case, the
previous considerations hold and the CXB intensity re-

GRBs [see, e.g., 36]. The gain of the detection units was
continuously controlled and equalized to each other. The
instrument FOV of 1.3(FWHM) was obtained by means
of two independent rocking collimators which alternated,

with a default dwell time of 96 s, between the neutral po-



sition (ON source) and two symmetrical positions which
were rotated with respect to the neutral positiontt8;5°
(+£OFF). The total detection area through the collimators
was 640 cri. The high PDS sensitivity is mainly due to
the excellent performance of the phoswich analysis sys-
tem and anti-coincidence shields, combined with the al-
most equatoridBeppoSAXrbit (3.7 inclination), which
allowed a radiation environment with a low level of high
energy particles and radioactivity, in addition to a small
change of the cutoff rigidity (10—16 GV) along the orbit,
and a marginal entrance in the South Atlantic Geomag-
netic Anomaly (SAGA) region.

The instrument background level was very low for the en-
tire BeppoSAXife with an intensity 3(15-300 ke =

1.6 x 10~ counts (cm s keV)™! [36] at the beginning

of the mission and a slow decrease with the decay of the
orbit (Orlandini et al., in preparation). The 15-300 keV
limit sensitivity corresponded to about 1% of the back-
ground level with a marginal influence of systematic er-
rors in the background subtraction [37], thanks to its con-
tinuous monitoring with the rocking collimators.

The good spectral determination capabilities of PDS were
also obtained thanks to the excellent performance of the
phoswich electronics, as confirmed by the calibration re-
sults obtained with several repeated observations of the
Crab Nebula. Assuming a power—lawL] model, the
photon indeX” remained unchanged within the statistical
uncertainties for the entirBeppoSAXife time, with a
mean value 0£.121 4+ 0.001. We notice however that
the best fit of the 15-200 keV count rate spectrum of
Crab was obtained with a broken power—laBk{PL),

with a mean low energy indek; = 2.113 £+ 0.001, a
break energy, = 74 + 2 keV, and a high energy index
T'; = 2.198 +0.005, consistent with other measurements
[see, e.g., 38]. The cross-calibration of the PDS with the
MECS telescope on boafeppoSAXperformed with
Crab, has provided a mean normalization ratio between
PDS and MECS oRR(PDS/MECS) = 0.928 + 0.001 in

the assumption of aL model, and).917 4+ 0.001 in the
assumption of @KNPL.

A comparison of the PDS spectrum with that obtained
with other instruments has shown that the 15-60 keV flux
from the Crab, when corrected for the above normaliza-
tion ratio R(PDS/MECS), is consistent within 4% with
both the extrapolation of the recent 0.3—-10 keV spectrum
obtained withXMM-Newton[39], and the classical Toor
and Seward [40] results. Within 10%, it is also consistent
with the 20-1000 keV spectral measurement performed
with the GRIS balloon experiment [38].

3. THE MEASUREMENT METHOD OF THE UN-
RESOLVED CXB

The measurement of the unresolved CXB requires the
knowledge of the instrument intrinsic background level
vin t0 be subtracted to the total background Ieu§1y
measured during the observation of a blank sky field (the

latter is expected to be given by the sum of the CXB count
ratevcxp plusv;,). Thus an unbiased measurement of

voxs IS hot an easy task, given that systematic errors in-
tervene due to either a biased selection of blank fields or
a wrongv;,, evaluation or both.

In the case of thelEAO-1A2 experiment, the 3—60 keV
spectrum was obtained by comparing, for each of three
X-ray similar detectors, the total background levels si-
multaneously observed through two collimators, one with
a solid angle twice that of the other. Assuming to

be independent of the instrument FOV, the difference be-
tween the two total background levels removes the in-
trinsic background and gives directhxg (M80). In

the case of th&lEAO-1A4 experiment which included
both low energy (LED, 13-180 keV) and a high energy
(HED, 100-400 keV) detectors, the CXB estimate was
obtained by subtracting from the total backgroungl
measured when the detectors observed blank sky fields
the background measured when the FOV of the detec-
tors was shielded with a shutter of scintillating material
put in anti-coincidence with the main detectors [18, 19].
In both cases, a systematic error in thexg estimate
cannot be excluded given that the intrinsic background
is mass-dependent. Indeed, in the former case, detectors
of different collimator apertures can have a differept,
while, in the latter case, the shutter can modify the intrin-
sic background due the possible presence of events which
are not anti-coincided.

With the advent of focusing telescopes, different meth-
ods have been adopted to evaluatg. For example,
with XMM-Newton[24] v;,, was obtained from the count
rate measured by the portion of the focal plane posi-
tion sensitive detector not exposed to the sky (out-FOV),
while with the ASCAGIS detector [22] and with the
BeppoSAXLECS and MECSy;, was obtained from
the count rate measured during Earth pointingarth
pointing metholdd The Earth pointing method was also
adopted with théRossi-XTEPCA detector [26]. The ad-
vantage of the last method is that, for the direct-viewing
detectors, it does not require a variable instrument con-
figuration while, in the case of focusing telescopes, the
same portion of focal plane detector is used to estimate
vp andv,,. Furthermore, the radiation environment is
not expected to change by pointing the sky or the Earth
if both measurements are performed at a similar cutoff
rigidity and at similar time distance from the SAGA pas-
sage. The only effect is, for a sky pointing, a background
level yf;y = v;, + vcxs, While, for an Earth pointing,
vEarth =y, + va, Wherevy is the X-ray terrestrial
albedo entering through the aperture. At least for pho-
ton energies-15 keV, the albedo radiation cannot be ne-
glected.

For our measurement of the unresolved CXB we have

adopted the Earth pointing method, therefore the differ-

enceD between the count rate measured during blank sky
field observations and that measured during Earth obser-
vations is given by



sky

D = (vcx —va) + (v, ety

Various precautions have been taken to maRe =
vEarth First of all, we used only the dark Earth point-
ings. Secondly, we separately derivédfor the ON-
source and OFF-source collimator positions. Indeed we
found a slight difference between ON and OFF sky blank
field spectra [41]. In addition, the differende was de-
rived only for Observation Periods (OPs) during which

the corresponding/sy¥ and v£*"*" were measured at
similar mean values of the cutoff rigidity. Indeed, we
have found that the instrument background shows inten-
sity variations on shorthr) and long £yr) time scales,
with the former £15%) anti-correlated with the cutoff
rigidity, while the latter £10%), strictly correlated with
the altitude of the orbit. The short time variations did
not affect the spectral shape, while the long time varia-
tions did (Orlandini et al., in preparation). To satisfy the
last criterion only OPs longer than 10 ks were considered.
For the Earth pointings, we selected only those with the
PDS axis well below the Earth limb.

Great care was devoted to the selection of blank sky
fields. We discarded those pointings within°15om

the Galactic plane, in order to avoid contamination from
the population of bright Galactic sources and from the
Galactic diffuse emission. The complete list of the se-
lected fields can be found elsewhere [41]. In addition,
for the OFF-source pointings we filtered out those ob-
servations for which the-OFF and—OFF fields could

be contaminated, e.g., from serendipitous X—ray sources,
fast transients or solar flares. This selection was done by
excluding from the sample those observations for which
the difference between the two offset spectra was incon-
sistent with zero at 98% confidence level. Finally, for the
ON-source pointings we accepted only those fields with
the ON-source 15-50 keV net count rates (obtained by
subtracting from the ON-source count rate that measured
at either+OFF—source and OFF—source) are consistent
with zero within1o, and for which a fit with a null con-
stant to the difference between the corresponding offset
spectra gives a? per degree of freedom in the range
0.8-1.2. All the sky observations were done only when
the instrument axis pointed at a direction at ledsaivay
from the Earth limb.

4. RESULTS

4.1. Unresolved CXB

From the whole set of 86BeppoSAXbservations above
the galactic plane, once all the selection criteria havebee
taken into account, the number of valid OPs for the un-
resolved CXB measurement is 172. The corresponding
useful observing time is 2350 ks for the ON—source ob-
servations, and 1680 ks fatOFF—source pointings. The
dark Earth was observed for a total time of 2056 ks.
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Figure 2. Difference spectruf? obtained from the ON-
source and OFF-source pointings.

The obtained average difference specipafor ON—
source,+OFF-source, and- OFF—source pointings are
shown in Fig. 2. As can be seen, the ON-source and
OFF—sourceD spectra are consistent with each other,
within their uncertainties. Thus we concentrated on the
meanD spectrum, which is well determined up to 50 keV.
For the model fitting the spectrum was rebinned follow-
ing the standard criteria of having a sufficient number of
counts/channel and not oversampling the instrument en-
ergy resolution.

As discussed above, the spectrum gives the difference
vexB — va. Thus we fitD with the difference of two
model spectra, one describing the unresolved CXB spec-
trum and the other describing the terrestrial albedo.

As far as the albedo spectrum is concerned, its shape is
investigated since the late 1960s [see, e.9., 42, 43]. There
is a general agreement [43, 44, 45] that above 40-50 keV,
specially at low latitudes, it is consistent withpa with
photonindeX" 4 = 1.4, while below it shows a flattening
with a definitive low energy cutoff below 30 keV, consis-
tent with a self-absorption of the radiation emitted from
deeper and deeper atmospheric layers.

On the basis of these results, we have assumed as in-
put model for the albedo spectrum a photoelectrically ab-
sorbedpPL. In order to quantify the amount of absorption
that produced the observed cutoff, we developed an at-
mospheric absorption model within the XSPEC software
package [46], that we adopted for our model fitting. The
model makes use of a grid of values of air mass X-ray at-
tenuation coefficients as a function of the photon energy
[47].

The D count rate spectrum was thus fit with the differ-
ence of an input model spectrum for the unresolved CXB
and a photoelectrically absorbed for the albedo. For

the model fit we used XSPEC v11.2. All the reported un-
certainties are single parameter errors at 90% confidence
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In order to decrease the number of free parameters in
the fit we fixed the value of the albedn. photon in-
dexT'4 to 1.39 [42, 44], but we varied it in the range
1.2-2.0 in different fits finding that these changes do not
significantly affect the CXB spectrum parameters. We
also fixed the atmospheric depth to 2.0 g@nbut also

in this case we found no significant effect on the CXB
spectral parameters if this value is varied in the range 1—
6 g cnT 2. For the CXB we used as input modeba, a
BKNPL and acuToFFPLmodel, with the best fit results
reported in Table 1, after correction for the normalization
factor R(PDS/MECS). All these laws fit the data. In
the case of @L its parameters can be constrained. In
the case of @uToFFPLModel (x E~' exp (—E/E.)),
which was used to describe thEEAO-1data (G99), the 25 TS 200
value of E, is unconstrained and we assume the value Energy (keV)

reported by G99. In the case ofexNPL model, even Figure 3. Comparison of the best fit albedo photon spec-
fixing the low energy photon indek)., to the value trum as derived by the PDS measurement (red points)
(1.40) obtained with all the lower energy measurements with the results found by Schwartz and Peterson (1974,
[20, 21, 22, 23, 24, 25], the other parameters could notbe OSO-3satellite, blue points) and by Imhof et al. (1976,
well constrained. Only by freezing also the break energy 1972-076Bsatellite, green points).

Ey, it was possible to constrain the high energy photon

index and the normalization. In order to determine the
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most likely value ofE}, we changed it in different fits,  In Fig. 4 we show the photon spectrum of the total CXB
finding that 18 keV gives the minimung®. With this in the case of a modeling with @uTOFFPL, and com-
value frozen, the other best fit parameters are reported in pare it with the most relevant results obtained thus far.
Table 1. As it can be seen, our measurement result is consistent

with those derived with that oHEAO-1 A more de-
tailed analysis of our data along with the final results and

I their astrophysical consequences are discussed elsewhere
4.2. The contribution of resolved sources [49].

As discussed above, the unresolved CXB spectrum was

obtained from properly selected ON- and OFF-source 5 CcONCLUSIONS

blank sky fields. While most of the ON-source fields

were pointed observations of specific targets, all the

selected OFF—source fields were expected to be blank \ye can state that at present it appears unjustified the
fields. Instead in 33 of them (for a total exposure 0f 432.8  yengrmalization of the CXB intensity level measured with
ks) we detected significant count excesses (in the range 4HEaAO—1A2 and A4 by a factor of 1.3 adopted in cur-
2.5-7) in 15-100 keV, with a weighted mean value of  rent CXB synthesis models [e.g., 8, 33]. Thus also the
theirpL photon indices of .65+ 0.20 and an energy flux  eypectations of these models, like the role of heavily ob-
in the range (1.4-20)10~ 12 erg cn12 s—l,_cor_respond- scured AGNs Vi > 1024 cm~2, [33, 8]) or the predic-
ing to 0.1-1.5 mCrab. We found that, taking into account  tion of a new population of sources with a peculiar hard

these excesses, the CXB intensity is increased by 4.7%. x_ray spectrum [8] should be reconsidered in the light of
The contribution of stronger sources [see, e.g., 48] does he present results.

not significantly change this figure.
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