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This report is related to a hard X-ray survey covering the letsky performed with the IN-
TEGRAL observatory during seven years. We present the imggkonethod for image recon-
struction with IBIS coded mask telescope. The main impromets are related to suppression
of systematic effects which strongly limit sensitivity ihet region of the Galactic Plane (GP),
especially in the crowded field of the Galactic Center (GC?. &ftended the IBIS/ISGRI back-
ground model to take into account Galactic Ridge X-ray Emis§GRXE). To suppress residual
systematic artifacts on the reconstructed sky image weyapmhparametric sky image filter-
ing based on wavelet decomposition. The implemented matlifics of the sky reconstruction
method decreases the systematic noise-§4% in the region of the GC and practically re-
moves it from high-latitude sky images, leaving sensijivit the only dependence from Poisson
statistics. This allows one to conduct all-sky survey withighest available at the moment sen-
sitivity in Galactic Plane: ¥ x 102 erg s* cm™2? ~ 0.26 mCrab at a & detection level in
the 17— 60 keV working energy band. The survey covers 90% of the skyndm flux limit
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1. Introduction

INTEGRAL observatory [1] gathered a huge observationah d&t allowing to perform the
most sensitive hard X-ray survey up to date. The main séiemésults and source catalogs are
reported in many relevant papers [2, 3, 4,5, 6, 7, 8,9, 101211 3].

Recently, the great progress in surveying hard X-ray skyaeaseved with Burst Alert Tele-
scope [14] onboar&wiftobservatory [15]. Th&wifBAT survey provides very homogeneous sky
coverage in 15-195 keV energy band with current maximumiteéhs2.2 x 10 erg s cm2,
peaked in extragalactic sky. The survey results and sowtaogues are reported in papers [16]
and [17]. As seen from large sample of detected Active Galdtuclei (AGNSs), the results of
SwiftBAT survey are very high value for extragalactic studiebe Eky coverage dbwiftBAT is
nearly uniform, therefore only small fraction of its totgdeyational time is devoted to observations
of the Galaxy.

Contrary toSwift INTEGRAL observatory provides all-sky survey with seivitiy more con-
centrated in Galactic Plane, having typical limiting flusdethan 143 x 10 terg s cm2 (1
mCrab) in working energy range 17—60 keV. This maResffBAT and INTEGRAL surveys com-
plementary to each other.

INTEGRAL accumulated already a lot of exposure time in threation of the Galactic plane
(with maximum~20 Msec of nominal time in the direction of the Galactic CenteHowever,
at the moment the growing exposure time devoted to the pladete Center of the Galaxy is
not reflected in corresponding increase of the survey $éhsit Observations in these regions
are strongly affected by systematics related to crowded H€IGC and strong Galactic X-ray
background radiation. The top panel of Fig. 1 demonstratensructed sky of the central part of
the Galaxy. The underlying sky background is not flat as iufthbe for coded-aperture imaging.
Strong systematic artifacts mimic extended structureshensky at high detection significance
level (5—100), increase background noise, and prevent automatic sdeteetion. Among main
sources of systematic noise in GC observations we emphtagiZellowing:

1. The response of IBIS telescope to the point source is noeted properly. This leads to
small fraction of source flux being unaccounted. In the cdseight source observation, the
systematic residuals can be strong.

2. The extended X-ray emission of the Galaxy (“Ridge”) digantly affects background illu-
mination of the ISGRI detector, and makes the simple backgia@onsiderations wrong.

3. Due to periodicity of IBIS mask pattern, the very signifitaide peaks (“ghosts”) appears in
the point spread function. The proximity of source positiothe “ghost” position of another
source causes ambiguity in flux determination of both sauré@pearence of many bright
sources in FOV strengthens the self-influence of sourcesxrdtermination procedure.

In our related paper [18] we describe methods later refesegeaeral sky reconstruction al-
gorithm. These methods provide basic IBIS/ISGRI data amlyeveloped by one of us (EC), and
used in previous papers [19, 3, 20, 10]. In the following isest we discuss the mentioned sources
of systematic noise and present several improvements f&/IIBGRI sky reconstruction method.
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Figure 1: Map of the sky region near the Galactic plane obtained wittSIEBBGRI in the 17- 60 keV
energy band. The total exposure is about 20 Ms in the regi@saddctic Center. The images are shown in
significances with squared root color scale ranging from aoSuch color scheme is used to emphasize
sky background variations. The black and blue color cooedpo pixel values from 0 to 2. The red
pixels have values around 5. The yellow to white color trémsicorresponds to 15 and mor&Jpper
panel: sky mosaic provided by general sky reconstruction methiomwer panel: sky mosaic produced
by improved reconstruction algorithm with taking into aaob Galactic X-ray Background and removing
systematic artifacts on sky images with wavelet transform.

2. Source projection model

IBIS is coded aperture imaging telescope [21]. The sky igepted to the detector plane
through transparent/opaque elements of the mask mountae aletector plane. Generally, the
sky reconstruction is based on deconvolution of the detéatage with known mask pattern.

The quality of reconstructed sky image directly dependswruaderstanding of coding pro-
cedure. The IBIS telescope coding procedure of incomindgutsais not only the function of mask
transparency. For example, the mask supporting struataresignificantly reduce number of low
energy photons passed though the open mask elements. Téremtifmontage elements of the
IBIS mask block the incoming photons, modifying the detedtoage created by a point source
(shadowgram). We have implemented the best known to dafegooation of all known elements
of the telescope, which make contribution to the shadowgrahe parameters of these elements
were approximately found by comparison of actual and modtdalor shadowgrams illuminated
by strong source at different azimuthal angles.
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Figure 2: Right: Sky image of bright source Crab Nebula centered on axis.ofiermask pattern leads
to many false sources on reconstructed sky. The most signiffalse peaks are located in vertexes of a
~ 10.5° square around source, oriented in detector coordinatdisistsdted by yellow squard.eft: Image
profile extracted from 1x 29 green region. The profile demonstrates response of thelBBHI imaging
system to the point source.

Additional complication arises due to fact that the IBIS kilaas replicated patterns [21]. This
pattern of the mask have some advantage because in idedt basemuch narrower point spread
function and flat sidelobes in the central part of the recongtd image [22]. But at the same time
it causes serious complications due to presence of veryfisem side peaks of the point spread
function. It means that simple deconvolution algorithmssgost” sources at certain sky positions
(Fig. 2), related to the position of the real source and the sf the replicated mask pattern.

The presence of significant side peaks of the PSF means tlnagesadn a variety of sky po-
sitions within a field of view create shadows with similartpats, which causes self-influence of
sources and uncertainty of its flux determination. Unfaatety, this situation is not rare in the
crowded field of Galactic Center, as shown on Fig. 3.

In order to obtain a good quality all-sky map, suitable faarsd of new weak sources, the
ghosts of known bright sources have to be removed. Sincedtterp of the shadowgram cast by
a point source through the mask is not ideally known, thecmtemoval procedure is not perfect.
Some photon counts might be left or oversubtracted at spguifsitions on the detector. This
effect is usually small but can become significant for deefa&ia Center observations and fields
containing very bright sources. For the last, characteristosses” and “rings” appear around the
bright sources (see Fig. 4). The former artifact appearsine observational program of a bright
source is dominated by observations with a constant rolleandy variable roll angle diminishes
this effect but produces concentric structures. The lewvet@ch imperfect ghost removal starts to
play a role depends on the observational pattern and typicairesponds te-(3-5)x 102 of the
flux of the brightest source within the IBIS field of view. Forenple, systematic residuals around
Crab reach~ 10 mCrab flux (17 60 keV), near Sco X-* 5—7 mCrab, and GC region contains
artifacts with flux~ 0.5— 1 mCrab.
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Figure 3: Zoom in map of the sky region around Galactic Center. The bipeares demonstrate relative
sky positions of false side peaks (“ghosts”) of selectedHtirsources (see Fig. 2). Due to observational
constrains IBIS FOV was mainly co-aligned with axes of eqriat coordinate system (“N-E” notation). As
a result, there are a number of bright sources which perntigreggpeared in mutual “ghost” positions. This
fact leads to source self-influence in flux extraction prared The following source pairs can be affected
by mutual flux interplay: GX 340+0 and XTE J1743-363, XTE J1-/452 and GX 349-2, GX 9+ 9 and
GX 13+1, and triplet GX H-4, XTE J1818— 245 and GX 1#4- 2.

3. Galactic X-ray Background

From early X-ray observations we know, that Galaxy revealsdfias a strong diffuse emitter
[23]. The morphology of Galactic X-ray background at enesgabove 20 keV is now relatively
well known. As shown in RXTE and INTEGRAL investigations [220], X-ray background is
traced by near infrared brightness of the Galaxy, havingpmorants of Galactic disk and Bulge.

The presence of Galactic X-ray Background in the IBIS FOUrggiy affects the overall shape
of the ISGRI detector shadowgram, which leads to signifisgatematic artifacts on reconstructed
sky images. According to our estimations, Ridge emissitmodtuces~ 40% of total systematic
noise for source-free field ok 300 ksec exposure. We extended IBIS/ISGRI background model
to take into account Galactic Ridge X-ray Emission [18].

4. Sources self-influence in Galactic Center

By summing up all shadowgrams of bright sources in GC obsensg we show [18] that
practically all detector pixels are illuminated by at lease source. It means, thahy measure-
ments of source fluxes in GC will be affected by correlatioasMeen sources, especially for that
ones having replicated patterns (see Fig. 3). This facslémdource self-influence in flux extrac-
tion procedure. The situation is further complicated byftwt, that practically all ISGRI pixels
are illuminated at the same time by the Ridge emission. Asutrehe correlation arises between
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Figure 4: Sky maps around four bright sources: Crab (5#0D2 Ms), Sco X-1 (073 Crab, 4500, 1.5 Ms),
Cyg X-1 (0.78 Crab, 5600, 2.2 Ms), and GRS 1915+105 @b Crab, 3000, 4.5 Ms). The approximate
17— 60 keV flux in units of Crab flux, detection significance, ancddi¢ime corrected exposure on each
source, respectively, are indicated in brackets.

shadowgrams of a manifold of sources and the Ridge. In oaddisentangle the Ridge detector
component from source shadowgrams we use different sgdtedentations relative to Galactic

Plane. To do this, we simultaneously process nearest aigars before and after the given one.
As a result, undesired self-influence of sources and Ridgesémn is significantly reduced. For

details, we refer reader to [18].

5. Noise reduction on sky images

To reduce systematic noise on sky images we use spatiakfnegunformation. As seen from
deep staring observations of NGC 4151 on Fig. 5, systenedidwals introduce background varia-
tions at some angular scale (characteristic chessbdaddjuares and ripples), which is apparently
different from spatial scale of the point sources. Thisvedlas to construct image filtering pro-
cedure based on wavelet decomposition. The key point ofalelet methods is that the wavelet
transform (WT) is able to discriminate structures as a foncof spatial scale. In the context of
individual IBIS/ISGRI observation, we are interested imowing all large scale structures from
non-uniform sky background. The task is greatly simplifigdte fact, that coded-mask aperture
technique is not able to reconstruct image of objects withiapsize greater then angular resolution
of telescope. Therefore, all structures on image, morendete than point source are artificial and
can be surely removed. By other words, we do not need in aegltbid clipping to discriminate
noise and signal, we can remove systematic residuals witbea @ngular scale. In this way, the
WT works as non-parametric (model-free) background appration. To decompose sky image,
we usea trousdigital wavelet transform algorithm [25].

We performed WT decomposition and filtering of sky images @&@4151 staring mode
campaign. It is clearly seen from Fig. 5 that all systematiifaats are totally removed from the
image, leaving clean sky image with unit standard deviati®axpected for pure Poisson statistics.

6. Results and conclusions

By taking into account Galactic X-ray Background and using Sy filtering we obtain new
deep image of Galactic Plane which is demonstrated on therlpanel of Fig.1. As seen from
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Figure 5: Top Panel: 30° x 30° sky region around NGC 4151 accumulated with sequence of@thgt
observations (rev. 74—76). The total dead-time correckpdsure is 280 ksec. The left mosaic image is
obtained by general method. Image on the right was produgetditmming up images of individual ScWs
corrected with WT algorithm. Standard deviation of souiree pixels on the left and right images relates
as 1.3 and 1.0, respectively. Previously unknown hard Xs@yrce IGR J11203+4531 detected during
this observation is marked by green lab&ottom Panel: Vertically averaged profiles of corresponding
sky images extracted from denoted green region. The X-axiseiasured in offset from IGR J11203+4531
position (marked by red arrow). Note, that source ampligld®vn on this plot is averaged, for actual source
detection significance see Fig. 10 in [18]. Blue, green andenta curves are profiles of corresponding
decomposition components at spatial scalek 2, and 4 degrees, respectively. Actually, the sum of these
components (red curve) is sky image background approxamathich is to be removed from original image.

the sky image most of the systematic artifacts are remowealjiig more or less uniform sky
background. Obviously, the quality of reconstructed skiriproved. To estimate the efficiency
of improved reconstruction method, we measured the stdrikviation of image pixels masking
out bright sources. For cleaned and general sky standardtidevrelates as.83/1.84, which
gives us the total sensitivity improvement §y28%. Assuming pure statistics having unit standard
deviation, the suppression of systematic noise in GC reigiend4%.

Most of the INTEGRAL observing time was spent in Galacticrieland Center, giving us
possibility to conduct the most sensitive survey of Milky Yvabove 20 keV ever made. The
minimal detectable flux with & detection level reached the level of73 1012 erg st cm 2,
which is~ 0.26 mCrab in 17-60 keV energy band. The survey covers 90% afkireown to flux
limit of 6.2 x 10 erg s'* cm 2 (~ 4.32 mCrab) and 10% of the sky area down to flux limit of
8.6 x 10712 erg st cm~? (~ 0.60 mCrab).
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We conclude, that the implemented modifications of IBISEEBRKy reconstruction method
significantly decreases the systematic noise in the redi@alactic Center and practically removes
it from high-latitude observations. This allows to moreaéitly reflect the growing sky exposure
into the sensitivity of INTEGRAL survey.
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