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Abstract. Using a first approximation to the Hubble space telescope
point-spread function, the problems concerning observation and reduction
of globular clusters in the Andromeda nebula are analysed through a
simulation procedure in order to study the feasibility of accurate photometry of individual stars in the clusters.
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1. Introduction
The astronomical community is devoting growing attention to the forthcoming launch
of the Hubble space telescope (ST). Considering that the scientific results achievable
from the observations depend not only on the performance of the instruments but also
on the technical ability to decode the information stored in the data, we have begun to
equip ourselves with the ability to plan and execute an observational programme on ST,
and to analyse the data that would be acquired. If the sources of noise are properly
considered, simulated observations may provide grounds for more stringent tests of
reduction techniques than the observational data. Such simulations also provide the
possibility of defining the scientific objectives better, with quantitative estimates of the
final precision of measurements.
Our current interest in the scientific use of ST is concerned with the determination of the age of the globular clusters in order to estimate the value of the
Hubble constant H0. Particular attention was paid to the study of problems inherent to
the photometry of stars in crowded fields taking into account the induced background
noise. The observations were thought to be done using the Faint Object Camera (f /96,
512 × 512 pixels, 1 pixel = 0.022 arcsec) and, in part, with the Planetary Camera (f /30,
1600 × 1600 pixels, 1 pixel = 0.044 arcsec). The study was undertaken with the
following objectives:
1· to investigate the possibility of planning a project of photometry in highly
crowded fields observed with ST;
2· to define possible targets within each cluster (or galaxy) in view of the strong
gradient of contamination level and sampling of stellar population;
3· to establish the exposure times;
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4· to adapt our current data reduction software to the new requirements presented
by ST characteristics;
5· to study the errors in the measurements and to investigate the influence of each
component of these global errors on the immediate scientific aims.
2. Simulations
2.1 Choice of the Point-Spread Function
As the images of ST will be almost diffraction limited, the study of the points-pread
function (PSF) is of fundamental importance. A detailed study of the PSF properties of
the Hubble space telescope has been made by Bendinelli et al. (1985). For a
monochromatic, on-axis image with no jittering, Bendinelli et al. give the following
normalized expression of PSF:

where a = 2πR/(206265λ), R is the mirror external radius, mR is the mirror internal
radius, J1 is the Bessel function.
Α simpler, smoothed, normalized function which does not take into account the
possible diffraction rings (and represents a zero-order approximation) has been
proposed by King (1983). Figs la, b show the comparison between these two functions

Figure 1. Comparison between the PSFs given by King (1983) and Bendinelli et al. (1985);
(a) in the units of mag arcsec–2; (b) in intensity units. King’s PSF is the smoother of the two.
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expressed in mag arcsec–2 and in intensity units, respectively. It is evident from the
figure that King’s function smooths out the diffraction rings and shows higher
concentration of light at the centre. In the simulation, the choice of the PSF has the
obvious meaning of selecting the weight function to distribute the photons coming
from each single star. The two calculated weight functions are given in Fig. 2.
2.2 Selecting the Exposure Times
I. R. King (personal communication) has kindly made available to us a table giving the
limiting magnitude (in the V and Β bands) needed to detect one count per second, as a
function of spectral type of the source. The reflectivity, transmission, and efficiency of
the FOC detector (August 1985) have been taken into account by King. Using these
data we have derived Vlim and Blim (as defined above) versus colour index. From the
table, the exposure times required to detect a given number of photons from a star of
given magnitude and colour can readily be calculated. It is also important to stress the
presence of a strong but definite colour equation (particularly in B) which strongly
influences exposure times when colours of the stars in the target change.
2.3 Choice of the Field
The radial behaviour of many properties in a globular cluster (like for instance the
luminosity function) is not known well. The proper simulation of a cluster thus requires
particular care. As a first step in the simulation, we used, as hypothetical target, the
galactic globular cluster Μ 15. For this cluster, from a careful photometric analysis
(Buonanno et al. 1983), we derived U BV magnitudes and positions for all the stars in a
given region up to a magnitude limit of Β=18.6. Considering Μ 15 as a ‘typical’
globular cluster, we scaled the magnitudes and coordinates of all the stars to the
distance of Μ 31 (globular clusters in which are proposed to be observed with ST), thus
obtaining the ‘granular’ contribution to the simulated field. In synthesis, this means that
we have adopted, as resolved component of the cluster population, all the stars with
Β < 18.6 (Β < 27.6 when shifted to Μ31).

Figure 2. Companion between the weight functions obtained from the PSFs due to King
(smoother curve), and Bendinelli et al.
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2.4 Contribution due to the Background

In order to properly take into account the luminosity of the unresolved component of
the cluster, we used the brightness profile described by King (1962), adopting for the
structural parameters (k, rc, rt) those derived by Peterson & King (1975) (scaled to the
distance of Μ 31). This brightness profile can be expressed in photons arcsec–2, and
after the subtraction of the resolved contribution, it gives the background contribution
due to the unresolved stellar component.
Two additional components of the background have also been considered: zodiacal
light and stray light. At this stage, for both these components we referred to the figures
provided by the ST Science Institute (ESA SP–1028).
The noise added to the data has been considered as only due to photon statistics and,
therefore, given by L + bA, where L is the signal (number of counts for a star of a given
luminosity), b is the number of photons given by the total background for unit area, and
A is the considered area.
A typical simulated field is shown in Fig. 3 where King’s PSF has been used. The
array here is only 64×128 pixels (instead of the 512×512 anticipated for ST).
3. Reductions
3.1 Determination of the PSF
The data have been reduced using the Rome code (Buonanno et al. 1979), a technique
based on a two-dimensional multipeak fit to the digital array which makes the full use
of available information. Dealing with a method for stellar photometry, which requires

Figure 3. Map of a simulated field: matrix of 64 pixels × 128 pixels.
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the knowledge of stellar profiles, the obvious question arises: what is the accuracy
required in describing the PSF? Figs 4a, b give a first-order answer. The figures show the
results of reduction of two different simulations: the first field has been simulated using
in the ‘observation’ phase the approximate PSF given by King (1983), the second one
(identical in the stellar and nonstellar content) has been created making use of the more
accurate PSF given by Bendinelli et al. (1985). Both fields have then been reduced using
Moffat’s (1969) curve
I = I0(1+r2/R2)β
for the PSF. In other words, the first field has been reduced adopting a fairly ‘realistic’
PSF. As King’s PSF is a particular case of Moffat’s curve, both ‘observations’ and
reductions are based on similar PSFs. In the second case, the adopted PSF represents
only a rough approximation of the ‘unknown’ original PSF. The comparable
dispersion shown by the data in Figs 4a and 4b indicates that a relatively low accuracy is
sufficient for describing the PSF during the reduction phase. Therefore, we can draw
the first conclusion: although the real PSF of the ST will not be described by a simple
expression, however, when dealing with photometric reductions it can be approximated
by a much simpler function.
3.2 The Searching Phase
Unlike in the ‘observation’ phase, the choice of different PSFs makes a great difference
in the results during the searching phase. In fact,
1. the interference of the secondary maxima due to different stars having different
magnitudes and colours (present only if a sufficiently accurate description of the PSF is
provided), and
2. the shape of the pixels themselves can create spurious images (see Fig. 5) which
appear as ‘ghost’ stars or can lead to losses, particularly in the search for the faintest
objects. In order to eliminate this bias, we therefore devised a hierarchical searching

Figure 4. Results of the reduction of the field in Fig. 3 simulated with the PSFs given by:
(a) King (1983) (σ = 0.13 mag after discarding the two largest deviants); (b) Bendinelli et al.
(1985) (σ = 0.19 over the interval V = 20–28 and σ = 0.12 over the interval V = 2025)
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Figure 5. Interference effects amongst different images: the faint, starlike image between two
bright objects (in the right part of the map) is a ‘ghost’ star produced by a positive interference of
the secondary maxima of the two bright objects.

procedure. After having experimentally derived the PSF of stars in the frame, the
algorithm finds the most luminous star and subtracts from the frame a star of known
profile and intensity equal to the detected maximum (centred on the maximum). If all
the stars were properly subtracted, the final residuals should be negligible. A first, very
rough, approach led to a final mapping of the residuals shown in Fig. 6a. Since most of
the effect is essentially due to errors in the definition of the position of the selected stars,
we improved the procedure by finding the position of each star via a simple Gaussian
fitting of the central maximum of the diffraction-limited image and then making the
hierarchical subtraction. The results of this second method are illustrated in Fig. 6b.

Figure 6. Map of the residuals after subtracting stars from the image frame; (a) with a rough
determination of star positions; (b) after a hierarchical subtraction of Gaussian components.
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Figure 6. Continued.

Figure 7. The region of Μ 15 used for the simulation; the region with 1.9 < r (arcmin) < 5.0
corresponds to 1.8 < r (arcsec) < 4.6 at the distance of Μ 31.
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3.3 ‘Observations’ and Errors

After considering all these aspects, we were able to apply the entire procedure, starting
from the simulation of a well-studied globular cluster moved at the distance of Μ 31, up
to the reduction of the data as if ‘observed’ via ST-FOC. Fig. 7 shows the region of Μ 15
selected for the simulation. The ‘observed’ output is then presented in Fig. 8 for a small
area in the outer regions. Two exposures have been simulated: one in Β (4200s) and the
other in V (3600 s) bands. The degree of crowding can be deduced from the estimate of
the mean number of pixels per star in the frame. In the considered region this number
turns out to be 250 pixels/star. The results obtained from the reduction of the simulated
observations are then shown in Fig. 9 where the original C–M diagram of Μ 15 (Fig. 9a)
and that obtained after simulated ST-observations (Fig. 9b) are shown.
It is important to note here that we started the simulation not from an ‘ideal’ C–M
diagram but from an experimental one, where each star is plotted with its own
photometric error. Thus, as a first approximation, the measure of the errors due to the
‘observation’ (and reduction) with ST is represented by the increased scatter found
along the main branches and by the residual colour effects still present in the final C–M
diagram.
Α quantitative estimate of the error due to both ‘ST-observation’ and
reduction procedure can be drawn from Fig. 10 where the plots of residuals
(‘original’ — ‘measured’) versus measured Β and V magnitudes are presented.

Figure 8. 3-D map of a small outer field.
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3.4 Photometric Sampling
A few words are needed here on the problem of photometric sampling. For each object
this problem is a physical feature intrinsically related to the telescope–detector
combination. We cannot act on it, but we can—at least—handle the data correctly. In
fact, when we fit a curve through the experimental points, in general, we equate the
mean value of the function within a pixel to the value of the function at the mean point
of the pixel. This is essentially correct if the pixel is small in comparison with the typical
size of the stellar image. When the image is insufficiently sampled, we should ascribe to
each pixel the integral of the function within the pixel area and fit this integral against
the experimental points. This requires integrating the PSF over each pixel area.
We have applied this procedure (using King’s expression of the PSF) in two cases:
1 pixel = 0.022 arcsec (FOC) and 1 pixel = 0.044 arcsec (WF/PC) respectively.
Whereas in the first case we did not notice any significant variation in passing from
the first to the second approach (which confirms a sufficient sampling of the stellar

Figure 9. C–M diagrams of Μ 15 obtained from the stars in the field analyzed: (a) data from
Buonanno et al. (1983); (b) after the simulated shift to the distance of Μ 31. Exposure times are
3800 s in B, and 4200 s in V.
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Figure 9. Continued.

images), a clear photometric improvement is noticed while dealing with WF/PC data.
The significance of the improvement is apparent from Fig. 11 where the derived
magnitudes are plotted against the ‘input’ magnitudes for both cases: the rms
decreases from σ = 0.22 to σ = 0.10, when the integral is computed.
4. Conclusions
In summary, the results obtained through this simulation seem useful for planning
observations (and reductions) with ST. The adopted procedure is still rather rough and
only qualitative conclusions can be drawn. However, ST-observations of individual
stars in globular clusters in Μ 31 seem feasible with the required photometric accuracy
(σ = 0.1 mag) down to the blue extreme of the Horizontal Branch. Updated data on the
optical system, detectors, and filters are necessary to properly simulate future
observation. We plan to revise and extend the present procedure as soon as definitive
data on ST performance become available.
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Figure 10. Plots of residuals (original – measured) against (a) measured V magnitudes,
(b) measured Β magnitudes.

Figure 11. Derived magnitudes versus input magnitudes (in the case of WF/PC): (a) giving the
mean value of the function to each pixel, and (b) giving the mean value of the integral of the
function to each pixel.
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