Chapter 8

Calibration: Correction for the misalignment of the instruments optical axis

8.1 Introduction

The in-flight calibration of the scientific payload of INTEGRAL was a complex task which took place directly after launch, during the so-called commissioning phase. The commissioning phase lasted about two months and included the following: Transition to the operational orbit, instruments activations, optimization of the instruments configurations, performance and validation (PV) phase. During the PV phase, a set of observations were made on the Cygnus region, testing different dithering combinations. It was thus possible to start calibrating the instruments using the first scientific images produced by INTEGRAL. We started to work on the correction of the misalignment of the instruments optical axis, with these first data, but it took several iterations to finally complete the task in July 2003.

There are several reasons to this delay: The outgassing and cooling down of SPI was completed the 11th of November 2002, but it took nevertheless several more months to have enough statistics in the data to perform the necessary computations for this instrument. For IBIS, it was already possible to progress with the two sources detected during the PV phase (Cyg X-1 and Cyg X-3), but a new iteration using the Crab brought improved results. The Crab observation took place in February 2003, the source was not visible earlier by INTEGRAL.

A refined computation of the ISGRI alignment took place in June 2004 in order to take into account several significant changes which occurred in the analysis software in 2003-early 2004. The first is the distance mask-detector which has been precised and the second is a new point-spread function.

In the X-ray domain covered by JEM-X, the Crab Nebula is an extended source of 1^′ size which has a maximum not coincident with the pulsar position (offset of 10^{′′} to about 20^{′′} depending on the energy range; see Brandt et al. 2003a, see also Pelling et al. 1987). For JEM-X2, it was possible to use an observation of GRS 1915+105 to avoid this problem, but not for JEM-X1 which was put in dormant mode shortly after PV phase, due to the quick deterioration of the instrument caused by the dead anode problem (see Brandt et al. 2003b).

In the following, we first describe the misalignment problem and write down the equations necessary to make the different transformations. We describe the computations of the so-called

“misalignment matrices” (see below) and give an overview of the performances. Finally, the published results are closing this chapter (Walter et al. 2003). The C++ code needed to perform these computations is added in annex C (see also under /home/isdc/favre/misalignment/* on the ISDC system).

8.2 The misalignment of an instrument optical axis

The misalignment of an instrument optical axis with respect to the spacecraft (hereafter S/C) optical axis, given by the star trackers, introduces systematic errors on the source coordinates determined by the analysis software (hereafter S/W; see Courvoisier et al. 2003). We will not elaborate on the possible causes of such a misalignment and just mention that part of it is already existing prior to launch, due to various mechanical constraints in the S/C structure (see e.g. the minutes of the FAR meeting, ESTEC, June 21st 2002). In addition, one expects than the launch itself has brought a part of misalignment, due to induced vibrations, passage from 1 g to 0 g, moisture release and outgassing, but also to the large temperature variations. Note that due to the structure of the S/C itself, it is more likely that we measure the misalignment of the star trackers with respect to the instruments. If this assumption is confirmed, the correction should be of roughly the same amplitude and direction for all instruments.

8.2.1 The six misalignment matrices Once quantified, the problem can be corrected by including a little rotation in the analysis S/W, which in practice takes the form of an Euler matrix, called here the misalignment matrix. Due to the different spatial resolution of the INTEGRAL instruments, a different misalignment matrix is needed for each instrument. The six matrices for each of the six instruments (ISGRI, PICsIT, SPI, JEM-X1, JEM-X2, OMC) were thus computed using in-flight data from the PV and calibration phases, and stored in a specific location in the distributed S/W. They correct automatically the positions when the analysis S/W is run.

8.3 Definition of the problem, for one instrument i

8.3.1 Definition of the geometry We shall work with the following three reference frames:

• Celestial EQUatorial frame J2000, ⃗e_1, ⃗e_2, ⃗e_3 (hereafter EQU);

• Star Tracker frame, ⃗x, ⃗y, ⃗z (hereafter ST);

• INSTrument i frame, ⃗x^′, ⃗y^′, ⃗z^′ (hereafter INST).

These are illustrated in Fig. 8.1.

8.3.2 Spacecraft attitude The ⃗x axis gives the pointing direction of the S/C which is derived from its attitude data. The S/C attitude can be defined in two ways: By the ⃗x and ⃗z axis, in the Equatorial (EQU) frame or by the ⃗x axis and position angle (illustrated in Fig. 8.3). We will use here the first possibility (one can convert position angle to ⃗z axis using the DAL3AUXcalcZAxis() tool within isdcroot when necessary; see DAL3AUX User Manual (2004)). We assume here that the star trackers

Definition of the problem, for one instrument i 169

Figure 8.1: The three reference frames. In red: the Celestial EQUatorial frame ⃗e_1, ⃗e_2, ⃗e_3 (EQU); in blue: the Star Tracker frame ⃗x, ⃗y, ⃗z (ST); in green: the INSTrument i frame ⃗x^′, ⃗y^′, ⃗z^′ (INST). All the basis are orthonormal. The detector plane is defined by ⃗z^′ and ⃗y^′.

are not misaligned with respect to the overall S/C axis, i.e. the S/C optical axis is the ST ⃗x axis.

8.3.3 Instrument frame The ⃗x and ⃗x^′ axis are located in the EQU frame through the angles ra_scx, dec_scx and ra_scx_INST, dec_scx_INST (Fig. 8.2).

The same names are used in the DAL3AUX S/W. The pointing direction of the instrument i in the EQU frame is often called the boresight of the instrument.

In a similar way, the ⃗z and ⃗z^′ axis are defined by ra_scz, dec_scz, ra_scz_INST, dec_scz_INST while the ⃗y and ⃗y^′ axis are found by taking the cross-products ⃗y = ⃗z ∧ ⃗x and ⃗y^′ = ⃗z^′ ∧ ⃗x^′.

The relation between the S/C pointing axis and the instrument i pointing axis in the EQU frame is made using a rotation matrix N: Cos(dec_scx_INST )Cos(ra_scx_INST ) Cos(dec_scx_INST )Sin(ra_scx_INST ) Sin(dec_scx_INST ) EQU = N Cos(dec_scx)Cos(ra_scx) Cos(dec_scx)Sin(ra_scx) Sin(dec_scx) EQU (8.1)

Note that since the basis are orthonormal, we have N^{−1} = N^T . The matrix N is not yet the misalignment matrix. N includes two components which must be disentangled: The first is the misalignment itself, which is a small rotation independent of the pointing direction of the S/C and the second is the rotation corresponding to the S/C attitude itself. The relation between these two components is described below (Sect. 8.4).

8.3.4 Method for the derivation of the misalignment matrix The problem can be simply stated as follows. The unknowns are the nine components of the misalignment matrix, for the instrument i, given the S/C attitude and the discrepancy between the source position we measured with a “misaligned” instrument, and the true, catalog

Figure 8.2: Top: definition of the S/C optical axis in the EQU frame. Bottom: definition of the instrument i optical axis in the EQU frame.

position of the source. Prior to launch, the six matrices were set to unity. During PV phase, the six instruments were thus initially “misaligned”.

We shall define the measured source position with two angles ra_src_{EQU} , dec_src_{EQU} , in the EQU frame (Fig. 8.3). These are thus affected by a systematic error and different from ra_src and dec_src which is found in the standard optical/X-ray catalogs, in the EQU frame.

The two vectors describing the same source in the EQU frame can be related using the rotation matrix N defined above: source j measured EQU = N source j catalog EQU (8.2)

Three sources are thus needed to deduce the nine elements of N through the three parameters describing the rotation, e.g. the three Euler angles. Deduction of (8.2) from (8.1) can be understood easily if we imagine that the S/C is exactly pointing on the particular source under study. In other words, if we correct the boresight, then all the sources will be found at

Figure 8.3: An example of a source in the FOV of instrument i. The instrument attitude is defined by the ⃗x^′ and ⃗z^′ axis, or in terms of ⃗x^′ axis and roll angle (this last representation is useful but does not bring more information).

their correct locations.

This is the first part of the problem. We will show below that the previous description is only valid for a particular pointing. To fully understand and solve the problem, we need to go a step further and describe the full transformations between the three reference frames.

8.4 Frame transformations

The following two transformations are needed:

• EQU frame from/to ST frame;

• ST frame from/to INST frame.

8.4.1 Solution using Euler matrices 8.4.2 Reminder Using linear algebra, a transformation matrix T from a frame B to a frame A is constructed by filling the matrix columns with images of the basis vectors of B in the frame A; ( ⃗B_i ) A (see e.g. the textbook by Strang (1988)). We shall write T ()_B = ()_A for the transformation, where () is a vector in 3 dimensions.

8.4.3 ST to EQU From the S/C attitude given by the star trackers, the following transformation matrix can be defined:

S^T = ( ⃗x_{EQU} ⃗y_{EQU} ⃗z_{EQU} )

= Cos(dec_scx)Cos(ra_scx) (⃗z ∧ ⃗x)_1 Cos(dec_scz)Cos(ra_scz) Cos(dec_scx)Sin(ra_scx) (⃗z ∧ ⃗x)_2 Cos(dec_scz)Sin(ra_scz) Sin(dec_scx) (⃗z ∧ ⃗x)_3 Sin(dec_scz) (8.3)

where S^T is the matrix transpose of S. Thus S^T ()_{ST} = ()_{EQU} .

8.4.4 INST to ST One cannot use the same idea for the instrument axis ⃗x^′, ⃗y^′, ⃗z^′, as this will result of a transformation INST to EQU (see also (8.1)). A more general rotation matrix is needed. A rotation in three dimensions is usually simply defined as a combination of three rotations about the basis vectors. In the very intuitive Cardan representation we discuss below, a rotation is made about each axis (roll: ⃗x^′, pitch: ⃗y^′, yaw: ⃗z^′), while in the standard Euler representation, two rotations are made about the ⃗z^′ axis. Note that in both cases, the second rotation is already made around rotated axis (see e.g. Arfken (1985), p.198, for more details on the standard Euler representation).

The rotation about the roll axis by α is given by:

roll(α) =

1 0 0 0 Cos(α) −Sin(α) 0 Sin(α) Cos(α) (8.4)

the rotation about the pitch axis by β is given by:

pitch(β) = Cos(β) 0 Sin(β) 0 1 0 −Sin(β) 0 Cos(β) (8.5)

and the rotation about the yaw axis by γ is given by:

yaw(γ) = Cos(γ) −Sin(γ) 0 Sin(γ) Cos(γ) 0 0 0 1

(8.6)

The final rotation INST to ST is the matrix product:

M(α, β, γ) = yaw(γ)pitch(β)roll(α) = (8.7)

Cos(β)Cos(γ) Cos(γ)Sin(α)Sin(β) − Cos(α)Sin(γ) Cos(α)Cos(γ)Sin(β) + Sin(α)Sin(γ) Cos(β)Sin(γ) Cos(α)Cos(γ) + Sin(α)Sin(β)Sin(γ) −Cos(γ)Sin(α) + Cos(α)Sin(β)Sin(γ) −Sin(β) Cos(β)Sin(α) Cos(α)Cos(β) (8.8)

Note that these definitions are using the standard mathematical conventions, i.e. the coordinate systems are right-handed and the rotations have positive signs when counter-clockwise. Finally ()_{INST} = M ()_{ST} , and M is now the misalignment matrix.

8.4.5 Composition of the transformations. Relation between the three matrices N, S, M Combining the two transformations: EQU^{ST}← ST^{M T}← INST (8.9) thus:

()_{EQU} = S^T M^T ()_{INST} (8.10)

(8.10) allows to convert a source position in the instrument frame to a source position in the equatorial frame: source j catalog EQU = S^T M^T ( source j ) INST (8.11)

Assuming M^T = 11 at launch, the source coordinates will be affected by a systematic error, and (8.11) will become: source j measured EQU = S^T ( source j ) INST (8.12)

As defined earlier in (8.2): source j measured EQU = N source j catalog EQU (8.13)

thus equivalent to the following situation: EQU^{ST}← ST^{M T}← INST (8.14) N^T ↑ EQU^{ST}← ST^{M T =11}= INST (8.15) Inserting the right hand side of (8.12) in (8.13) leads to:

N^T S^T ( source j ) INST = source j catalog EQU (8.16)

now including (8.11):

N^T S^T MS source j catalog EQU = source j catalog EQU (8.17)

thus:

N^T S^T MS = 11 (8.18) and finally:

N = S^T MS (8.19)

To summarize, M is the misalignment matrix used for the correction of the source coordinates for misalignment, and S is the matrix that represents the attitude of the S/C. Both are combined in the analysis S/W (in particular in the routine DAL3AUXcalcInstrumentAttitude()), and updated each time the S/C moves to a new pointing position.

8.5 Deduction of the misalignment matrix M from the PV and calibration data

8.5.1 Use of several different sources The simplest method to solve the problem in a unique manner is to measure a number of sources larger or equal than the number of unknowns, i.e. three. It was however not applicable in our case for the following reasons. First, during the PV phase, only two sources were clearly detected: Cyg X-1 and Cyg X-3. This was not sufficient to deduce the three Euler angles uniquely. Second, most of the INTEGRAL observations are made with dithering^{26}. Each time the spacecraft dither to a new position, its attitude changes and the source position on the detector plane as well. While it seems to complicate a lot the computations, it could be used at our advantage. It is possible to use each new “dithered” position of the same source as if it was a different source, thus increasing dramatically the number of inputs to the problem.

8.5.2 Use of several different sources, with several pointings (dithering) This method was used to deduce the misalignment matrices for ISGRI, JEM-X1, JEM-X2 and OMC. For PICsIT, the matrix was chosen to be the same as for ISGRI. This choice has been confirmed correct in spring 2004 by L. Foschini from the PICsIT team. In particular he has compared the results obtained with a unity matrix and concluded that the measured positions were better with the ISGRI matrix.

The sources used for the computations were the Crab (calibration data; revolutions 39 to 45) and Cyg X-1 (PV data; revolutions 12 to 21). As already mentioned in the introduction, the Crab nebula is not a point source in the X-ray range of JEM-X. One thus tried to avoid using this source. It was possible to use GRS 1915+105 (private data loaned to us by D. Hannikainen; revolution 57) instead for JEM-X2, but not for JEM-X1 as it was dormant since revolution 45, after its reactivation for the Crab calibration.

The analysis S/W is first run using a unity misalignment matrix on the selected group of pointings, and the measured ra_src and dec_src of the sources are extracted. The catalog positions of the sources are taken from the Hipparcos catalog for OMC and the ISDC reference catalog (Ebisawa et al. 2003) for the other instruments. Finally, all the corresponding S/C attitudes are extracted from the historic attitude files when available, this was not always the case, but it turned out that the error made using the snapshot attitude was small (at most 3^{′′}, see Walter et al. 2003).

The computation of the matrix is then as follows (in order to ease the understanding, the C++ code is included in annex D; in particular, we will use the same notations).

26a controlled and systematic manoeuvre of the spacecraft which consist of several off-pointings from the target in 2 degrees steps. The hexagonal pattern is composed of 7 points while the raster 5 by 5 pattern is composed of 25 points

Deduction of the misalignment matrix M from the PV and calibration data 175

Using n sources, a measured mes vector and a catalog cat vector are built. They have dimension 3n and the following structure: Cos(dec_src_source1)Cos(ra_src_source1) Cos(dec_src_source1)Sin(ra_src_source1) Sin(dec_src_source1) Cos(dec_src_source2)Cos(ra_src_source2) . . . (8.20)

as well as an error error vector σ_{x,1} σ_{y,1} σ_{z,1} . . . for the measured coordinates:

(Sin^2(dec_src_source1)Cos^2(ra_src_source1)σ^2_{dec}__{src} + Cos^2(dec_src_source1)Sin^2(ra_src_source1)σ^2_{ra}__{src})^{−1/2} (Sin^2(dec_src_source1)Sin^2(ra_src_source1)σ^2_{dec}__{src} + Cos^2(dec_src_source1)Cos^2(ra_src_source1)σ^2_{ra}__{src})^{−1/2} (Cos^2(dec_src_source1)σ^2_{dec}__{src})^{−1/2} (Sin^2(dec_src_source2)Cos^2(ra_src_source2)σ^2_{dec}__{src} + Cos^2(dec_src_source2)Sin^2(ra_src_source2)σ^2_{ra}__{src})^{−1/2} . . . (8.21)

The uncertainties on ra_src σ_{ra}__{src} and dec_src σ_{dec}__{src} were taken to be of the order of the pixel size, i.e. 0.01 degrees for ISGRI, 0.001 degrees for JEM-X and 17^{′′} for OMC. Finally, (8.3) is used to build the attitude matrix S and deduce its transposed S^T .

In the computation, the point is to minimize the distance between the two vectors mes and cat.

Taking all sources into account, the solutions of the problem are the parameters of the rotation which minimize the sum of all the norms of S^T M(α, β, γ)Scat-mes.

We thus defined the following chi-square:

χ^2 = n∑ i=0 ( {S^T M(α, β, γ)S cat_{3i} cat_{3i+1} cat_{3i+2} }_{3i} − mes_{3i} error_{3i} )^2 (8.22)

+( {S^T M(α, β, γ)S cat_{3i} cat_{3i+1} cat_{3i+2} }_{3i+1} − mes_{3i+1} error_{3i+1} )^2

+( {S^T M(α, β, γ)S cat_{3i} cat_{3i+1} cat_{3i+2} }_{3i+2} − mes_{3i+2} error_{3i+2} )^2

and used MINUIT called from isdcroot to minimize it, using the robust MIGRAD algorithm (James 1998). It produced α, β and γ which are introduced in (8.8) to reconstruct M.

8.5.3 Use of one single source, with several pointings (dithering) This method was used for SPI to increase the matrix precision and is similar to the previous one. It used only one source: The Crab, measured at several S/C attitudes using hexagonal dither patterns. Basically, the equation (8.22) above applies, the sum is made on the pointings, the S matrices are different for each index i. Since with SPI the roll axis is inevitably poorly determined, we tried to fix the angle α to 0. The uncertainties on ra_src σ_{ra}__{src} and dec_src σ_{dec}__{src} were taken to be 0.05 degrees for SPI.

8.5.4 Results for OMC Our results for OMC have been compared to the ones of A. Domingo from the OMC team. Using the IRAF package, he centered a large number of stars on the CCD boxes. He worked directly in the detector plane and thus probably reduced the projection effects. The precision of his matrix was slightly better than ours, it was thus decided to store his matrix in the archive.

It is important to note that the definition of the +roll angle used by the OMC team is clockwise while it is anti-clockwise in our (DAL3AUX) system.

The accuracy of the misalignment matrix for OMC has been estimated to be of the order of 9^{′′} i.e. about half an OMC pixel. No differences were noticed on the border of the OMC FOV.

8.5.5 Results and tests The six resulting matrices M are as follows. For ISGRI:

0.99999672 −0.00106535 −0.00232783 0.00106619 0.99999936 0.00036281 0.00232744 −0.00036529 0.99999722

For PICsIT (same as ISGRI, by choice):

0.99999672 −0.00106535 −0.00232783 0.00106619 0.99999936 0.00036281 0.00232744 −0.00036529 0.99999722

For SPI:

0.99999713 0.00026549 −0.00237837 −0.00026902 0.99999887 −0.00147732 0.00237797 0.00147796 0.99999608

For JEM-X1:

0.99999674 −0.00104390 −0.00232831 0.00104556 0.99999919 0.00071200 0.00232757 −0.00071443 0.99999703

For JEM-X2:

0.99999708 −0.00064733 −0.00232631 0.00064816 0.99999972 0.00035513 0.00232608 −0.00035663 0.99999723

New computation of the ISGRI matrix in 2004 177

For OMC (as given by OMC team):

0.99999870 −0.00096954 −0.00128844 0.00096954 0.99999830 0.00156844 0.00128841 −0.00156844 0.99999794

To evaluate the number of significant digits in the matrix components, we used the uncertainty given by MIGRAD on the three angles α, β, γ. With (8.8), we have propagated the uncertainties and obtained values of the order of 10^{−7}, and thus decided to take 8 digits after the coma.

SO(3) tests M has to be orthogonal to conserve the orthonormality of the rotated basis, i.e. the matrix has to satisfy M^T M = 11 (it can easily be shown that this imply det M = 1). Both relations are met by construction but we checked them afterward anyway and found that in all the results we discussed, this was always the case.

Test on the data The next test is to make sure that the rotation goes in the correct direction. To do this, we apply N^T = (S^T MS)^T on the mes vector and make sure that the result (the corrected cor vector) matches the cat values.

To give a more detailed example of the application of the method, we will detail hereafter the computation of the ISGRI matrix which was repeated in 2004.

8.6 New computation of the ISGRI matrix in 2004

Two major modifications have been included in the ISGRI software in 2003-early 2004. The first is the distance mask-detector which has been precised and the second is a new modeling of the sources during the cleaning phase, i.e. a new Point-Spread Function (PSF) has been introduced. As these changes should slightly modify the source localisation, a new misalignment matrix for ISGRI was computed in June 2004.

We used the software prepared for the OSA 4.0 release, i.e. ibis_science_analysis 7.2 which includes ii_skyimage 3.8.1, with IC_TREE 5.9. We analysed the data COR to IMA in the 15–100 keV energy range using a unity matrix. The following data were analysed: 366 science windows (scw) revolutions 12–21 (Cygnus X-1) and 449 scws, revolutions 39–45 (Crab). The historic attitude data were used for all scws.

The modeling is indeed better as much less sources were fitted (only one) when compared to the previous computation. We thus used the coordinates found in isgri_sky_res.fits. The results are shown in Fig. 8.4.

The method described above was then used to deduce the misalignment matrix; the two sets of data - Cygnus X-1 and Crab - were used to minimize the χ^2. The angles found are: α = −0.00044487 ± 0.00006120, β = −0.00231001 ± 0.00000531, γ = 0.00102758 ± 0.00000482 and can be compared with the angles found in 2003: α = −0.00036529 ± 0.00006923, β = −0.00232744 ± 0.00000770, γ = 0.00106620 ± 0.00000615. The matrix found is:

0.99999680 −0.00102655 −0.00231046 0.00102757 0.99999937 0.00044249 0.00231000 −0.00044486 0.99999723

(8.23)

Figure 8.4: Position of Cygnus X-1 (left panel) and Crab (right panel) after analysis with a unity misalignment matrix. The catalog position is indicated by a red star.

and will be active starting the 29th of June 2004.

The orthogonality test M^T M yielded a matrix very close to unity, with off-diagonal terms of the order of 10^{−20}. We have applied (S^T MS)^T on the mes vector and compared it to the catalog position. The correction after minimization is shown in Fig. 8.5.

Figure 8.5: Deviation from the catalog position (0,0) for Cygnus X-1 and Crab, corrected with the 2004 ISGRI misalignment matrix (in red). In black, deviations given by the analysis S/W using a unity matrix.

The matrix was then tested on Crab data, 427 scws, revolutions 39–45, i.e. the S/W was run using the new misalignment matrix. The deviations from the catalog position are shown in Fig. 8.6, right panel.

Figure 8.6: Results obtained with the analysis software including the 2004 ISGRI misalignment matrix. The deviations of the Crab positions with respect to the catalog position obtained in 2003 (left panel) are compared to the results obtained in 2004 (right panel). The black points include observations with source offset between 0 and 5 degrees while the red points include offset between 5 and 15 degrees.

The cluster of points obtained in 2004 is better centered on the (0,0) position with respect to the 2003 results. Its size has been reduced as well. The residual offsets, computed with: of_i = ({Cos(dec_cat_i)(ra_src_i − ra_cat_i)}^2 + {dec_src_i − dec_cat_i}^2)^{−1/2} (8.24) is now almost independent of the off-axis angle: a_i = ({Cos(dec_cat_i)(ra_scx_i − ra_cat_i)}^2 + {dec_scx_i − dec_cat_i}^2)^{−1/2} (8.25) see Fig. 8.7.

8.6.1 Residual offsets for JEM-X The residual offsets computed with (8.24) and (8.25) on the 2003 data, as a function of the off-axis angle are presented in Fig. 8.8.

8.7 Discussion

The misalignments are similar in direction and amplitude and dominated by an offset of 9^′, thus suggesting that the star trackers are responsible for a large part in the systematics.

Once the systematics corrected, the on-axis residuals are quite small (Table 8.1). Fig. 8.9 summarizes the results for the high energy instruments. It shows the distributions of the deviations from the catalog positions for the Crab (ISGRI, SPI, JEM-X1) and Cyg X-1

Figure 8.7: Residual offsets as a function of the off-axis angle. Results obtained in 2003 (left panel) and 2004 (right panel).

Figure 8.8: Residual offsets as a function of the off-axis angle. Results obtained in 2003 for JEM-X1 on the Crab (left panel) and for JEM-X2 on Cygnus X-1 (right panel).

for JEM-X2, once the misalignment matrices were used in the analysis. For SPI, each point in the figure represents a group of 10 dither pointings.

Using the residual offsets vs the off-axis angle plots, we deduced the residual error on average (roughly at the border of the FCFOV) and on the edge of the PCFOV, see Table 8.2.

Whenever possible, we tried to minimize the intrinsic uncertainties prior to the compu-

Table 8.1: The value of the residual offset (1 sigma) after analysis of Crab data with the misalignment matrices. The (expected) spatial resolution and pixel size are given to ease comparison.

Instrument Residuals on-axis Matrix date Spatial res. Pixel size

ISGRI 2003 15^{′′} 17-07-2003 12^′ 4.6^′ ISGRI 2004 10^{′′} 28-06-2004 12^′ 4.6^′ PICsIT < 5^′ 17-07-2003 12^′ 9.6^′ SPI ∼ 40^{′′} 17-07-2003 30^′ 2.3^′ JEM-X1 4^{′′} 17-07-2003 1^′ 4^′ JEM-X2 < 4^{′′} 17-07-2003 1^′ 4^′

Figure 8.9: Distributions of the deviations from the catalog positions, for the Crab (ISGRI, SPI, JEM-X1) and Cyg X-1 for JEM-X2, once the misalignment matrices were used in the analysis.

tation, e.g. by using groups of pointings in SPI. For JEM-X, we selected only the pointings which had an attitude stable within 2.5^{′′}. The remaining limitations in the precision of the

Table 8.2: Residual offset (radius) on the positions of the Crab corrected for misalignment.

Instrument Position residuals On-axis Mean Edge of the PCFOV ISGRI 2003 15^{′′} 40^{′′} 140^{′′} ISGRI 2004 10^{′′} 18^{′′} < 40^{′′} PICsIT 2003 < 5^′ 10 − 12^′ SPI 40^{′′} JEM-X1 4^{′′} 18^{′′} 50^{′′} JEM-X2 4^{′′} 18^{′′} 50^{′′}

matrices are due to the fact that snapshot attitude was used for JEM-X and SPI, and that the Crab is not a point source for JEM-X1. Increasing the number of (different) sources taken in the computation could improve the results as well.

We have seen that a new PSF modeling has improved severely the ISGRI results, one could hope that similar improvement could be made for SPI as well.

8.8 Localisation of Gamma-ray bursters

The 2004 results for ISGRI should improve the accuracy on the position of Gamma-ray bursts (GRB) detected with IBAS (Mereghetti et al. 2003a). In 2003, the error was smaller if the burst was located in the FCFOV, this should not be the case anymore.

The localisation of GRB was a first application of the misalignment correction. On 12 December 2002, S. Mereghetti, D. Gotz and J. Borkowski, reported the detection of GRB021219 in the field of view of ISGRI (GCN 1766). GRB021219 was the second GRB in the FOV of INTEGRAL (the first was GRB021125, see GCN1706) and the first detected with IBAS. The burst lasted about 4 seconds, and had a peak flux of about 10^{−7} erg cm^{−2} s^{−1} in the 25–100 keV range. The preliminary position was ra=18h50m and dec=+31deg 52m with an uncertainty of 20^′ (radius) dominated by systematics.

Since it happenened in the middle of the PV phase, the misalignment matrix computation was not ready for ISGRI due to the lack of data. The method was however completed and we could derive relatively quickly a refined position for this GRB by adapting the C++ code. Together with D. Götz from the IBAS team, we were able to bring down the uncertainty on the position to about 4^′ (see GCN1768, Fig. 8.10). Triangulation by the IPN (see GCN1771, 1772; Figs. 8.11, 8.12) allowed to reduce the size of the error box (see Fig. 8.13). Finally, the Gamma-ray data (ISGRI and SPI) were published in the special issue of A&A dedicated to INTEGRAL (Mereghetti et al. 2003b).

At the time of writing (2nd of August 2004), 14 GRBs have been detected in the FOV of INTEGRAL, 13 have been triggered with IBAS.

8.9 Technical details

The next two sections are provided to allow the ISDC staff to repeat the computations described above whenever necessary in the future.

Technical details 183

Figure 8.10: GCN GRB OBSERVATION REPORT 1768.

Figure 8.11: GCN GRB OBSERVATION REPORT 1771.

The six misalignment matrices are grouped in the file "inst_misalign_<time stamp>.fits". It is part of data structures with auxiliary information and is not IC data as in some other missions. The extension name of the data structure is GNRL-IROT-MOD and the repository of the FITS file is $REP_BASE_PROD/aux/adp/ref/irot.

The file includes 3 keywords and the matrices. TVALID is the observation time starting from which the misalignment matrix is valid, ST_ID is the star tracker number (1 or 2) while INSTRUMENT is the instrument name and should take the following: ISGRI, PICSIT, SPI, JMX1, JMX2, OMC. The matrices are stored in MATRIX.

The storage of the 3 × 3 matrices in a 6 × 9 array is as follows. First line: ISGRI(0,0), ISGRI(0,1), ISGRI(0,2), ISGRI(1,0), ISGRI(1,1), ISGRI(1,2), ISGRI(2,0), ISGRI(2,1), IS- GRI(2,2). Second line: PICSIT(0,0), PICSIT(0,1), picsit(0,2), etc. The instruments are in this order: ISGRI, PICSIT, SPI, JMX1, JMX2, OMC.

Figure 8.12: GCN GRB OBSERVATION REPORT 1772.

Figure 8.13: IPN map for the localisation of GRB021219.

The matrices are used as well by ISOC for the planning of the observations.

Cookbook 185

8.10 Cookbook

The following commands are needed in order to force the S/W to use a particular matrix instead of the official one, for computation and testing purposes. cd $REP_BASE_PROD rm aux mkdir aux cd aux ln -s /isdc/arc/rev_1/aux/org mkdir adp cd adp foreach file (/isdc/arc/rev_1/aux/adp/0*) ln -s $file end mkdir ref cd ref ln -s /isdc/arc/rev_1/aux/adp/ref/crst ln -s /isdc/arc/rev_1/aux/adp/ref/de200 ln -s /isdc/arc/rev_1/aux/adp/ref/leap ln -s /isdc/arc/rev_1/aux/adp/ref/revno mkdir irot cd irot copy the modified (or unity) matrix here

cd ../../../../

Steps to derive a new matrix

1. set the latest OSA environment;

2. set a unity matrix and change its timestamp i.e. save it under "inst_misalign_<date of today>.fits"; the best is to copy the latest file from the archive and modify it, this would avoid template problems;

3. rebuild the auxiliary tree as explained a few lines above;

4. select the pointings which will be used for the computation;

5. run the S/W on the selected pointings;

6. get the measured ra_src and dec_src; e.g. for ISGRI get RA_FIN and DEC_FIN from all the isgri_sky_res.fits files. It is useful to save as well the corresponding scw number;

7. get the attitude data, e.g. ra_scx, dec_scx, ra_scz, dec_scz from swg_idx_ibis.fits;

8. using the scw number, make sure the correct attitude data corresponds to each ra_src and dec_src;

9. fill an ascii file (called “source” in annex C)with the following columns (in this order):

ra_cat, dec_cat, ra_mes, dec_mes, ra_scx, dec_scx, ra_scz, dec_scz;

10. modify the “numlines” variable in the file misfit.cpp, adapt sigma_ra, sigma_dec, they can be adjusted by checking “sigma on coordinate”;

11. run isdcroot.

To run isdcroot:

source /isdc/scripts/login isdcroot .L misfit.cpp misfit()

Finally, a few checks are needed: the matrix should have passed the orthogonality tests and have been correctly copied and at the correct location in the fits file. OSA should be run on a set of data to verify its accuracy.

Bibliography

Arfken, G., 1985, Mathematical Methods for Physicists, Academic Press, 198 Brandt, S., Budtz-Jorgensen, C., Lund, N., et al. 2003a, A&A, 411, L433 Brandt, S., Budtz-Jorgensen, C., Lund, N., et al. 2003b, A&A, 411, L243 Courvoisier, T. J.-L., Walter, R., Beckmann, V., et al. 2003, A&A, 411, L53 DAL3 Auxiliary User Manual, 2004, http://isdc.unige.ch/index.cgi?Software+downloads Ebisawa, K., Bourban, G., Bodaghee, A. et al., 2003, A&A, 411, L59 James, F. 1998, CERN Program Library Long Writeup D506, MINUIT reference manual Mereghetti, S., Gotz, D., Borkowski, J. et al., 2003a, A&A, 411, L291 Mereghetti, S., Gotz, D., Beckmann, V. et al., 2003b, A&A, 411, L311 Pelling, R.M., Paciesas, W.S., Peterson, L.E., et al. 1987, ApJ, 319, 416 Strang, G., 1988, Linear Algebra and its Applications, Harcourt Brace & Company Walter, R., Favre, P., Dubath, P., et al. 2003, A&A, 411, L25

188

Publication. 3. Instruments misalignment 189

190

Publication. 5. Timing information 191

192