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(@) ABSTRACT
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Context. In coded mask techniques, reconstructed sky images ard@émages: they are maps of the correlation between thedmeagprded
on a detector and an array derived from the coded mask pattern

Aims. The INTEGRALUIBIS telescope provides images where the flux of each detestiarce is given by the height of the local peak in the
correlation map. As such, it cannot provide an estimate effltix of an extended source. What is needed is intensity skgés giving the
00 flux per solide angle as typically done at other wavelengths.

Methods. In this paper, we present the response of IMEEGRALIBIS/ISGRI coded mask instrument to extended sources. We deeelop

1
general method based on analytical calculations in ordergasure the intensity and the associated error of any ielestirce and validated

N with Monte-Carlo simulations.
C Results. We find that the sensitivity degrades almost linearly with slource extent. Analytical formulae are given as well asasy-¢0-use
@) recipe for theINTEGRALuser. We check this method on IBISGRI data but these results are general and applicableyte@ed mask
- 7) telescope.
—
L . _ .
= Key words. Methods: data analysis — Methods: observational — Telescozamma rays: observations
™
LO 1. Introduction in that corresponding to the opaque elements. For each point

source in the field of view the two-dimensional distribution
&ents projected onto the detector reproduces a uniquewhad
of the mask pattern and the recorded shadowgram is the sum

S vaey et 2004 Simbolx, Ferando e al 2008) wil pusfl 50 2L L2, T8 POEAES W 0 e e
this limit up to 60-70 keV with the use of multi-layer graz- . . .
1 ing optics (Ramsey et al. 2002). Collimators using the siahd the recorded image and a decoding array derived from the

F techni imited by th density at | spatial characteristics of the mask pattern. One can dscri
(/) Onoff techniques are limited by the source density at low e e usual properties of telescopes for these systems as fol-

Qergi_es (i 50 ke\_/) and by the internal background V".iriab“i%ws: the angular resolution, defined by the angle subtended
Oat higher energies. Both problems are addressed with COdE ‘the smallest mask element seen from the detector, and the

aperture techniques, which have been employed SUCCQSSfH Id of view (FOV) divided in two parts: the Fully Coded

in high-energy astronomy in several previous missions SUERLId of View (FCFOV) representing the sky region where the

as the GRANATSIGMA instrument (Paul et al. 1991) or the ded diation i
: _ t full dulated by th k and

BeppoSAX Wide Field Cameras (Jager et al. 1997). In sur bt Allreenge il sl

el diation i dall dulated by sk Partially Coded Field of View (PCFQOV) the region where a
clescopes, source radiation Is spatially moduiated by SKma, ..o projects only a part of the mask pattern on the detecto
consisting of an array of opaque and transparent elemedts an .

Many mask patterns have been designed and employed

recorded by a position sensitive detector, allowing siemét i }he past for optimizing the imaging quality of point-like
ous measurement of source plus background in the detecto rces in the high-energy domain. Recently, Schafer4R00

area corresponding to the mask holes and background Oﬁi)ysj presented a novel method for imaging extended sources

Send gprint requests toM. Renaud : mrenaud@cea.fr by constructing mask patterns with a pre-defined Point $prea

00 The usual techniques of imaging the sky by focusing the rad
[~~tion become inffective above- 15 keV due to technological
(O constraints. Future observatories.d. Constellation-HXT,
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Function (PSF). In this paper, we have developed a meth®®. IBIS properties
to reconstruct the intensity and estimate the correspgretin

; ider the IBIS telescope (Ubertinietal. 2003)
ror of extended sources seen through a given coded mask t g consl o
scope. This work is motivated by the fact that several saur gunched onboard the ESprray space missiolNTEGRAL

of interest iny-ray astronomy must be considered as extends(,k\élinkler etal. 2003) on October 2002. The IBIS coded mask

in order to properly derive their intensity such as supezanoUnaging system includes_ a replicated MURA (see section 2.1)
remnants (hereafter, SNRs): the Tycho SNR (with an app ask (Gottesman & Fenimore 1989) of tungsten elements and

ent diameterd of ~ &), SN 1006 ¢ ~ 30), G 347.3-0.5 pixellatedy-ray detectors: ISGRI (Lebrun et al. 2003), the

o o . low-energy camera (15 keV - 1 MeV) and PICsIT, operating
(6 ~ 1°) or RX J0852-4622¢ ~ 2°), clusters of galaxies(g. )
Coma Cluster§ ~ 1°), and difuse interstellar emission frombetween 175 keV and 10 MeV (Labanti et al. 2003). We focus

various high-energy processes. We have applied this metlj?&ﬁe on IBI_$ISGRI but the results_ can be adapt_ed_ to any coded
to the IBISISGRI instrument onboard tHBITEGRALsatellite mask imaging system. The physical characteristics of the IB
but the results presented here could be easily adapted to %erk C(;g? define a FCF_O_V o{_r;8>88.3°_an|d a toltal FOVI Of
coded mask telescope. We briefly describe the basic preperfi 1; Fwatlvlzerodsensncljwt)g ISGeRT(')mma anguiar reIS(:jutlon
of IBIS and the principles of the standard data analysis vee ug® ( ) and standar IMmages are sampied every

for simulating celestial extended sources in section 2sictam- 5, which is the angular size of detector pixels seen from

ing the simplest case of a uniform disk. We present our resJﬁ]e rr:_aslk, aIIowmg_Iane émag(;ng and pOSC;tI(?nlng of detelctded t
concerning the IBIS response for this source geometry ove?%{es lal sources. The decoding array & IS oversampled a

large range of radii (section 3.1) as well as in an astrophygi:‘e pi_xell_icale in ordgr t% optimize the sijgr_]al to n%i)se ratio
cal case: the supernova remnant SN 1006 (section 3.2). ThRE@OINt-like sources in the reconstructed image. One may
er to the papers of Gros et al. (2003) and Goldwurm

results allow us to find a general method to reconstruct th . .
g [. (2003) for details on the shape of the System Point

flux and the associated error of an extended source prese . e
in sections 4.1 and 4.3, respectively. We also describectits t Spread_ Function (hereafte_r, SPSF) and the ful desc_r|pt|on
ogfthe implemented algorithm for IBIS data, respectively.

we performed on the Crab Nebula and compare the results - :
this method to those of the standard analysis (section #h2) Goldwurm et al. (2003) show a variation of finely balanced

a joint paper, we have successfully applied this method en §ross correlation (Fenimore & Cannon 1981) generalized to
IBIS/ISGRI data of the Coma Cluster (Renaud et al. 2006), tﬂ%e total (FG-PC)FOV.

first extended source detected with IBIS. Finally, we givacpr

tical tips on the use of this method for any interested olmerv2 3. Imaging extended sources

) ) In the following, any extended source will be considered as a
2. Imaging sources with a coded mask telescope large number of unresolved points. The principle of our radth
for imaging extended sources is as follows: first, we have cal
culated the fraction of pixel area covered by a given pregct
In coded aperture imaging systems, a mask consists in an aftgask element (called Pixel lllumation Factor, PIF) corocrsp
M of 1 (transparent) and O (opaque) elements. The detectoria to each point-like source given its relative sky positio
ray D (the real image) is simply the convolution of the sky imfFhese calculations take into account all the instrumeretal
age S with M plus an unmodulated background array B. If thetigres of IBIS such asficiency, dead zones between pixels and
exists an inverse correlation array G such thaw(®); = dij, detector modules of ISGRI, mask thickness and transparen-
then the reconstructed sky image is given by the following opies of all the intervening materials in the ISGRI energygean
eration (Fenimore & Cannon 1981): (15keV — 1 MeV). Second, we have performed a weighted sum
of each of the point-like source contributions to obtainghad-
owgram of any extended sky source according to the following
equation:

In the case where the mask M is derived from a cyclic repli-
cation of the same basic pattern and the background B is given
by a flat array then the term-85 is constant and can be re-
moved. The quality of the object reconstruction therefaze d
pends on the choice of M and G (Caroli et al. 1987). Fenimore where L is the image recorded on ISGRI, N refers to the
& Cannon (1978) have found mask patterns with such propamber of unresolved points forming the extended sourak, an
erties, including the Modified Uniformly Redundant Array$w represents the flux of each point source (w) Wity = F,
(hereafter, MURAS). These coded masks are nearly-optimtine total flux of the extended source.
and possess a correlation inverse matrix by settingaZ®1 - 1. In order to illustrate the blurringfiect due to the source
For those systems the resulting sky image of a single pikat-lextent, Figure 1 shows the ISGRI shadowgram of PIF values
source in the FCFOV will have a main peak at the source pmrresponding to an on-axis point-like source and that of a
sition of roughly the size of one projected mask elementy witiniform disk of ~ 20’ radius. The overall pattern of the PIF
flat sidelobes in the FCFOV (for a perfect detector) and 8 mashadowgram has a very little dependence on energy and only
source ghosts in the PCFOV. the relative amplitude of fluctuations depends on the energy

2.1. General imaging procedure

S=DxG=SxMxG+BxG=S+BxG (1)

N
Dy = Z fuy X PIFY )
w=1
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Finally, in order to reconstruct the sky images, we have used
the standard deconvolution included in th&-Oine Scientific Fig.2. The relative reconstructed peak flux as a function of
Analysis (Goldwurm et al. 2003), version 5.0. We decided the radius of the uniform disk for two fiierent positions: on-
perform these simulations in connection with what an obeenaxis (triangles) andGaway from the pointing (labeledisaxis,
can expect by analyzing IBJSSGRI data of any celestial re-squares). The two curves have the same behavior and present
gion. We have chosen to simulate a disk as discussed in g8@ main features: below 8 radius, the loss in flux is limited
tion 1, assuming that each individual point source contidiou Wwhereas above this value, the flux decreases asTRe dotted
forming the extended source emit the same fiux the factor lines give the expected behavior based on the equation 3.
fw in the equation 2 is constant, each extended source is uni-
form). We have distinguished twoftirent relative positions in
the sky: an on-axis source and one in the PCFO¥v@ay from 3 uniform ring) due to the simple flux dilution. One can easily
the telescope axise. where the IBIS sensitivity is reduced byshow that this is well described by the equation:
a factor of almost 2.

2

fmax O-spsf _R2/202
= 2—g X (1-e /%) 3)

3. Sensitivity to extended sources

) ) - ) whereospst is the width of the SPSF and R the source ra-
Simulations were performed for several radii, fromi@.(, @ gjus. The diference between the on-axis arfitaxis curves is
point-like source) to~ 1° keeping constant the total fluX ¢oming from the fact that the width of the IBIS SPSF is not
equal t03,,_, fu. One should notice that in the standard resonstant over the relative positions in the FOV: we haveditte
constructed images, the flux of point-like sources in the FQ{e SPSF for the two positions with a bi-dimensional gamssia
is given by the peak of their associated SPSF after fitting wiknd found that the width in the on-axis case is close to the-nom
a two-dimensional gaussian (see Gros et al. 2003). Therefohy)| value ~ 14’ (FWHM) and is around 17.5’ in thefbaxis
for each reconstructed sky image, we have measured the Ms. These results are similar to those of Gros et al. (2093, F
imal pixel flux within the apparent diameter of each extendefj and explain what we observe in Figure 2: the reconstructed
source (hereafteryfy) to estimate the IBIBSGRI response to peak flux of an extended source depends less sensitivelg to th
the global peak reconstruction. source size when the width of the SPSF is larger. We will dis-
cuss in details the characteristics of the IBIS SPSF in @ecti
3.1. Uniform disk 4.1
This case could relate to the Crab-like SNRs (plerions Qr
pulsar-wind nebulae) containing pulsars that inject atiredga ~
tic wind of synchrotron-emitting plasma into the surrourgli SN 1006 is an historical Galactic SNR of30 diameter, ob-
medium. These pulsar-wind nebulae can be seen in first appregrved withiNTEGRALfor ~ 1 Msec in the first two years of
imation as uniform disks. Figure 2 presentg,fas a function the mission. Reynolds (1999) has modelled the predictedl har
of the radius for the two dierent source positions in the IBISX-ray emission of this SNR with two components: the syn-
FOV. chrotron radiation, concentrated in two bright limbs anegdzh

The two curves presentftizrent behaviors: below a radiuson the calculations of Reynolds (1998), and a non-thermal

of ~ 8, the extent of the source is still comparable to the IBIBremsstrahlung component more symmetrically distribuA¢d
angular resolution and the flux loss is less than 30 %. For maneergies below about 100 keV, synchrotron emission will dom
extended sources, the SPSHelis from that of a point-like inate. Figure 3 presents four images of this SNR, with the ex-
source and the flux decreases ag Rand R in the case of pected morphology of SN 1006 at 28 keV, the sampled image

2. An astrophysical case: SN 1006
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in the ISGRI sky pixels, and the results of our simulatioms. biased estimation of the flux of an extended source. For prope
this example, SN 1006 is located in the FCFOV. flux estimation, one needs to convert the reconstructedatdn
images into images of intensity€. flux per solid angle or sky
pixel), as is typical in astronomy. In that case, the glohad &f
any source (point-like or extended) would be given by iraégr
ing intensities over the source extent. The method is taldivi
standard flux images by the SPSFeetive area (the solide an-
gle subtended by the SPSF on the celestial spheré)e ratio
between its integral and the peak value) but the médiicdity
is that the shape of the IBIS SPSF varies within the FOV, so it
is necessary to construct a map of itieetive area (hereafter,
A).

We have calculated point-like sources each5' (3 ISGRI
sky pixels sampling) in the first quarter of the IBIS FOV with
a fixed flux and fitted each corresponding reconstructed image
at the source position by a 2D gaussian. We assume that these
images must have a central symmetry due to that of the MURA
coded mask and then we have projected each quarter of im-
ages where we performed the simulations on the three others
according to the central symmetry. Figure 4 presents the map
of Aof the IBIS SPSF and the histogram of its values. The map
. _ _ . is almost flat in the FCFOV and the values globally increase in
Fig.3. () The expected image at 28 keV (in units of 40 he pCFOV. Its histogram shows an appreciable dispersion (
ergs cm? s™* Hz™* sr'') based on simulations performed by_ 1 3 sky pixet) with a mean value of 8.9 sky pixelTo obtain

Reynolds (1999). (b) The sampled sky image in the ISGRI skyconstructed sky images in intensity, one can then apgly th
pixels size (in units of ct¥) . (c) The corresponding ShadOW"foIIowing transformation:

gram of the PIF values and (d) the reconstructed image after
the standard deconvolution (in units of ct)s

S/
= =22 4
m= R (4)
The results of the analysis of the JEM-X and IBEGRI , ,
data of SN 1006 are presented in Kalemci et al. (2006). The ls = Z lron ()
source was not detected with ISGRI. Using the same method @
as in section 3.1, it was possible to extract an upper limit on Where Sosais the reconstructed flux image obtained with
the hard X-ray emission of SN 1006. Since the expected m#te standard deconvolution. The legitimacy of such a tansf
phology is almost symmetric and the emission is concentraf@ation is shown in Appendix A.1 and is based on the sole as-
in two extended limbs, the ratio between the maximal value s¢imption thatA does not change on scales smaller than the
the reconstructed image at the position of each limb and th8PSF width. Thus, for extended sources simulated as deslcrib
respective global flux provides a correction factor. In Kabe in section 2, we have built these intensity imagfgs For each
et al. (2006), the "standard” upper limits (obtained as & thof them we have integrated over the source extent as seen by
SN 1006 is an unresolved source) were divided by this corrdBIS (€, i.e.the physical size of the source convolved with the
tion factor of~ 0.7 to take the flux dilution into account. Note!BIS SPSF~ source radius plus 8o-sps) and we have checked
that a relative reconstructed peak flux of 0.7 is close to wieat that this final value corresponds to the input global flux af ou
obtained for an extended source-olL0 radius (see Fig. 2).  simulations with a dispersion of less than 10 %.

4. General method 4.2. Tests on the Crab Nebula observations

We have shown that any coded mask imager such as IBIS wovks have also tested this method on Crab Nebula observations.
with extended sources just as predicted based on its SPHF pfithis source is considered as point-like for IBIS. We useadat
erties: the reconstructed peak flux follows the simple flux dbbtained during the revolutions 102, 170 and 300 containing
lution over the large number of unresolved points constitut 164 science windows (individual pointings, hereafter gcws
an extended source. Moreover, as previously presenteddsy Gaind applied the same procedure as described above. Figure
etal. (2003), the width of the IBIS SPSF varies within the FO® presents the relative positions of the Crab for the andlyze
scws and the histograms of the fluxes found with our method
and the standard one in the 20-30 keV energy range. Even if
our method shows a larger dispersion in the reconstructak Cr
As described in section 3, the flux of a point-like source infuxes 'method~ 3.1 S* andoosso ~ 2.3 1), the mean val-
reconstructed IBIS image is given by the peak of the SPSks are compatible (ifhot. ~ 78.9 st and jFossoc, ~ 78.7
Therefore, as shown in the previous sections, this will gives™). Since the Crab Nebula is an unresolved source for IBIS,

4.1. Reconstructed flux of extended sources
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400 ‘ ‘ ‘ wof ‘ ‘ ey We have developed the standard equations of the convolu-
. . tion in Appendix A.2 to find a simple analytical expression of
I A N {1  thevariance associated to the equations 4 and 5 such that:
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whereo-é s 1S the detector variance of the background count

F|g 5. Left: Relative pOSitionS of the Crab Nebula for the 16ﬂate (|n ljnits of Count‘g)’ Emn is the |mag|ng mciency and
analyzed pointings during the rev. 102, 170. Right: Hisaogs < ;2 > is the OSA flux variance averaged over the region of
of the reconstructed fluxes of the Crab with the standard angilxe| fluxes summatiof. Nsps¢ refers to the number of SPSFs
ysis OSA 5.0 (in blue) and with our method (in black) within Q. Equation 7 can be interpreted as follows: the width
of the SPSF¢sps1) is the correlation length of the instrument
beyond which sky pixels are uncorrelated. Therefore, aethe
scales, the final variance associated with the reconstticte
of an extended source by summing the pixel fluxes is simply
given by the sum of the variances. This can be then approxi-
the reconstructed flux with our method depends on the sourgated to the mean variance times the number of SPSFs within
location sinceA varies with the position in the field of view. Q (see Appendix B).
However, the sensitivity of this dependence decreasestidgth  In order to check this analytical estimation of the assedat
source extent. error, we have performed Monte-Carlo simulations of exéshd
sources seen through the IBIS coded mask as a sum of unre-
solved points. Shadowgrams are given by equation 2 for which
4.3. Estimation of the associated errors we have added a constant background term. The total flux of
each extended source was fixed at 50and that of the back-
Although the flux of any extended source can be measured wgitound at 18s1. 500 shadowgrams are simulated fafelient
the method described above, the estimation of the correlsposource sizes (assumed to be uniform disks), fron{p®int-
ing errors is not simple. In fact, the reconstructed coumtké like) to 1° radius, following the equationy/Dy; x N(0, 1) + Dy
sky pixels within the SPSF of the IBIS telescope are coreelat where D defines the ISGRI expected count rate shadowgram at
Since we propose to sum the fluxes previously dividedibythe pixel (k,I). N(0,1) is the normal distribution. Each bese
over the size of the source, the associated variance sheuldimulated shadowgrams was deconvolved using the standard
S o2/ R2, (02, is the OSA flux variance) plus a covariancenethod of the IBIS data analysis in order to obtain 500 re-
term. The latter depends on the position in the FOV and thenstructed images in flux, variance and significance. We per
source extent. formed these calculations for threefdrent source positions
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in the FOV: one on-axis (¥200.5, Z200.5) and two in the mask instrument such as IBIS onboard thE EGRALsatel-
PCFOV at~ 9.5 (Y=300.5, Z250.5, labelled “@ Axis1”) lite. For IBIS, extended sources with a radius greater than
and~ 13.5 near the edge of the FOV §120.5, Z50.5, la- 4.5 will be confused with their associated ghosts. One will
belled “Off Axis2”). These calculations allow us to controheed a specific method to clean the images but this is beyond
the statistics for any source extent and position in the FO¥ie scope of this paper. The advantage of this method, as long
We have reconstructed the source fluxes using the method akethe integration region contains all the source, is trabth
scribed in section 4.1 and measured the width of each flsgrver does not have to assume any source geometry during
histogram, which corresponds to the error associated & ttlie analysis as is the case for methods using model fitting. Of
method. course, in principle, the optimum signal to noise ratio is at
tained with the smallest integration region still contagiall
the source. However, due to the flux dilution, the geometry of
A N B the extended source is generally not apparent in the maps and
the observer may not always be provided with a precise source
geometry. Nevertheless, the signal to noise ratio does ot d
1 crease rapidly with the integration region size once thew®u
] is fully contained in it. In order to check the global method o
] an astrophysical case, we analyzed the |JEBSRI data on the
Coma Cluster, a bright known cluster of galaxies with an X-ra
size of order 30diameter. We applied this method, increasing
the integration region until a maximum signal to noise ratis
reached. In that way, we were able to extract for the first time
] the global intensity of this extended source as well as éster
. 1 ing constraints on its morphology. The results are presente
<& On Axis 1 e . .
A Off Axisl | a joint paper (Renaud et al. 2006). In a forthcoming papés, th
r 0 Off Axis2 | method will be also used on the IBISGRI observations on
10 ] the Vela Junior SNR (Renaud et al. 2006, in preparation).
S — Usually, the observer needs a lot of integration time for
00 02 04 _0-6 08 10 detecting an extended source b x 10° secondes for the
Source Radius (deg) Coma Cluster) and will have to construct mosaics of indigidu
images. After obtaining the individual images with the slzrd
Fig. 6. The ratio between the measured error of our method aé.'ﬁlalysis, the next step is to build mosaics as usual by weight
that predicted for a point-like sourcerd) as a function of the ing each image by their associated variance and transfam th
source radius for the three relative source positions. Bhié s following the practical tips on the use of the method given in

line is given by the equation 6 and its large-scale behawior pppendix B. Any observer interested in this method may con-
to the total IBIS FOV is shown in the encapsulated plot. tact the first author to obtain the map

Omeasured/ o

0-measured/ 0-0
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expect to observe in theray domain through a MURA coded Volume 5900, pp. 195-204
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Goldwurm, A., David, P., Foschini, L., etal. 2003, A&A, 411 Appendix A: Deconvolution Algorithm
L223

Gottesman, S. R. & Fenimore, E. E. 1989, Appl. Opt., Zg? this section, we will adopt the following notations:

4344

Slrci,sLﬁ.?,gGoldwurm, A., Cadolle-Bel, M., et al. 2003, A&A, (k1) - detector (A1)
Jager, R., Mels, W. A., Brinkman, A. C., et al. 1997, A&AS, (i, j) — real sky (A.2)
125, 557 (m,n) — reconstructed sky (A.3)
Kalemci, E., Reynolds, S. P., Boggs, S. E., etal. 2006, ApJ, i

press, preprintin astro-p#602335 D is the detector, S and S’ the real and reconstructed skies,
Labanti, C., Di Cocco, G., Ferro, G., et al. 2003, A&A, 411\ the coded mask, R the decoding matrix, and B the back-
L149 ground. By definition:

Lebrun, F., Leray, J.-P., Lavocat, P., et al. 2003, A&A 411,

L141

Hailey, C. J., Christensen, F. E., Craig, W. W., et al. 2004)y = ZSL]MHK]H + By (A.4)
Optics for EUV, X-Ray, and Gamma-Ray Astronomy. ij

Proceedings of the SPIE, Volume 5168, pp. 90-99 r_

Paul, J., Ballet, J., Cantin, M, et al. 1991, Advances in Spa%mn %“ RamtenDi (A-5)

Research, 11, 289
Ramsey, B. D., Alexander, C. D., Apple, J. A,, et al. 200&yith the following arrays:

ApJ, 568, 432
Renaud, M., Bélanger, G., Paul, J., Lebrun, F., Terrier, R. N ~
2006, A&A, in press _ Glimien — BalmX Gy
Rk+m,|+n = (A-6)
Reynolds, S. P. 1998, ApJ, 493, 375 Emn
Reynolds, S. P. 1999, Astrophys. Lett. Commun., 38, 425 2k Cremisen
Schafer, B. M. 2004, submitted to MNRAS, preprintin astro- Balnn = SuGo (A7)
ph/0407286 kemlen

Ubertini, P., Lebrun, F., Di Cocco, G., et al. 2003, A&A, 411, Emn = ZGLm.kamlm - Balmnz GsmitnMi+f8)
L131 k k

XVérK(IZrl,lc.ﬁCourvmsmr, TJ-L., Di Cocco, G., et al. 2003Where G, G the decoding arrays related to the coded mask M

(see Goldwurm et al. 2003), Bgl is called the balance array
in order to have a flat reconstructed flux image ang Eorre-
ponds to the imagingficiency to correct for partial exposure
outside the FCFOV.

A.1. Reconstructed fluxes

The standard reconstructed flux image is given by:

Stin= Z Retmi+n Z SijMisk j+ + Z RemisnBk  (A.9)
Ki ] Ki

We propose to construct images of flux per steradian (per
sky pixel) I'mn = Sh/Amn WhereAy, is the SPSF area. The
global flux of any source (point-like or extendedy i's then
given by the sum of the intensities within a regi@nrencom-
passing the source extent. Therefore:

I§ = Z ~i Z Sij Z Rk+ml+nMi+k,j+l+Z ~i Z Ric+my1-nBi
a Amn G K o Amn 4
(A.10)

Assuming that the detector D was well background-substdact
before the deconvolution, the second term of the right-hand
side of the above equation is null.

Aunn represents the integrated normalized SPSF. By defini-
tion, we have:
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In the FCFQV, the balance array is almost -1 and only varies
within ~ 5 % in the PCFOV. Therefore:

SPSHMN) = > RemisaMisk o (A.11)
K
~ , .M
Am = > SPSEyn,n) A12) of ~ 2083 ) Rt ena: Micrmeinz (A.19)
mY.veKmn s T oo, AmuntAmzn2Emzne
where SPSf{m,n) is the SPSF value at the position (m,n) of _ 2 Z Z _ Rk+£n1,l+n1-1 (A.20)
the source at the position (i,j) with a unit-flux™ defines the ® T o, AminAnn2Eman2
local region encompassing the SPSF of the point source at the
position (m,n). Substituting equation A.11 in A.10: The second term of the equation is assumed to be 0, since
the deconvolution of any flat image gives a reconstructeasky
0 values. We have expanded the first term, following the above
, SPSK(mn) o ~ - . .
lg = Z Sij Z _— (A.13) definitions ofA and R, and finally found a simple expression
i] mneQ Amn for the associated intensity variance such that:
SPSK(m,n)
=>'s; Y * (A.14) .
i i n ,
1] mneK' O—Ii =~ O—é,ct.gl Z m (A21)
For each point source;;Swe have reduced the sum over Q —mmmn
Q (i.e.the source extent) to the sum over'Kthe local region > _ 2k Dl (A.22)
around the point source at (i,j). Thus, if we assume for eaeh u Bets? Time? '
resolved point tha®n, = Ajj is constant within K!, we finally E _ Emn (A.23)
obtain: ™ 7 On- AxisAperture '
1§~ Z Sij (A.15) In this expression, the final varianmﬁ is in count s? for ho-
ij

mogeneity with I5 (in count s1). The On-Axis Aperture is the
number of detector pixels which are illuminated through the
A.2. Reconstructed variances mask by an on-axis source half of the ISGRI camerd,e.

) ) o 8192 pixels) and,,, is the imaging #iciency of the telescope.
From equation A.9, the reconstructed flux variance is given b

) Appendix B: Practical tips on the use of the
O'S%,mn = Z Oé,ij (%: Ricrml+n Mi+k,j+|)2 + %: O—ZB,kIRi+m,I+n method
ij

_ _ - (A16) Equation A.21 presents a simple expression of the intensity
Whereo-g’ij is the variance related to the celestial source at thariance associated with the method we developed for recon-
position (i,j) ando3 ,, that related to the detector backgroundstructing the flux of an extended source. In order to provige t

U/S% S equivalent to the OSA flux Varianc'éozsA' observer analyzing the IBIS data with an easy-to-use expres

’|n most cases in the high_energy domain, the variance dij@n, in relation to the standard OSA Sky maps, we found that:
to the celestial source(s) is very small compared to thatdue 5
the background count rate. Therefore, in the calcul of thie va o2 A Thcts (B.1)
ance associated to the transformatiofn # Y Sin/Amn, the OSA™ E . '
contribution of the first term in equation A.10 can be negldct 5 then, from equation A.21:
Given that the detector pixels are independent, we obtain:

2 2 O-/OZSA
2 2 Riem+n Ty = Z A (B.2)
ot = %: [ZQ: K} (A.17) o Am

) ) o If A does not sfier from large variations ove2, one may ap-
In the above equation, we have assumed for simplicity treat tBroximate the last equation:

detector variance—ZB’kl is spatially constant. As the decoding
arrays G and G are given by (2M - 1) and (2M - 1, re-

spectively, we obtain: 2 Npi

/2 X /2
o < O > X—= =N < O, > (B.3)
OSA spsf OSA
Is <A>

Rirmeient (MY 0 e — BalmeneMi, 0 1.n0)  WhereoSs 4 is an estimate of the OSA flux variance averaged

2 2 . . .
oy~ 20% A =N overQ. The sum in equation B.2 is reduced to the number of
K 2.0 ’ ’ ’ sky pixels withinQ divided by< A >, i.e.the number of IBIS
. - SPSFs. The transformati@j, , — |’ allows the construction
2 Rermyini (1" — Balpne X 17) (A.18) Of sky images where anybody may integrate intensities over

00, AmtniAve.n2Eme any regionQ in order to properly measure the global flux of
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an extended source. The associated variance is then given by
equation B.2. The following equations allow the user to con-
struct mosaics of a set of individual images:

, Z (S A/O_/Z
Shosaic = —Zols/g osA (B.4)
OSA
~ Alo2
osaic = bl =554 (B.5)
Y 1/0Gsa
1
2 (B.6)

T mosaic =
Z 1 O—OSA

As for an individual image, the global flux and the associated
error of an extended source will be given by:

I [ mosalc (B . 7)
S Q Amosalc
2
0_1/2 — O-mosalc (BS)
s Amosalc



