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racy of determining the positions of the centroids of 
the seeing discs of the components. Provided that both 
are symmetric or at least similar, this is a matter of 
resolution of the image itself, i.e. the size of the pixels 
of the CCD camera in relation to the focal length of 
the telescope. In this respect, relatively long exposure 
times help in averaging image distortions by seeing 
effects. The improvement by using lucky imaging 
techniques, which means using exposure times down 
to the order of milliseconds and registering and stack-
ing only the best images out of longer sequences, 
consists in a significant reduction of the effective size 
of the seeing disc, with particular benefit for splitting 
and measuring close pairs. In the following, the repro-
ducibility and accuracy of this technique is evaluated 
for two representative systems, zeta Aqr (STF 2909, 
WDS 22288-0001) and beta Phoenicis (SLR1 AB, WDS 
01061-4643), with current separations of 2 and 0.4 
arcsec, respectively. These were mainly selected 
because of their brightness (~ 4 mag), with about 
equal values of the components, which allows for short 
exposure times. They are also interesting for other 
reasons. Both are binaries with assumed periods of 
587 and 195 years, respectively, but recent measure-
ments, also by other authors, deviate from published 
orbits. Closer looks appear to be worthwhile. 

Introduction 
High-resolution imaging of celestial objects is 

limited by seeing effects. Even under good seeing 
conditions, the size of the seeing disc is rarely smaller 
than 1 arcsec, which is larger than the Airy diffraction 
disc of modest amateur telescopes. The theoretical 
resolution is usually referred to as Rayleigh or Dawes 
limits, which only depend, besides the wavelength, on 
aperture. Both are somewhat arbitrary, as they are 
calculated under the assumption that two overlapping 
Airy peaks can be split, when the drop of the light 
intensity in between is 25%, or 3%, respectively, 
which may or may not be detected by visual observers. 
As an example, an aperture of 50 cm would produce 
an Airy disc with total diameter 0.55 arcsec, with a 
full-width at half-maximum (FWHM) of 0.23 arcsec, at 
a wavelength of 550 nm, and the resolution limits are 
0.28 or 0.23 arcsec, respectively. In reality, when 
observing close double stars, blurring of the Airy discs 
by seeing effects, if not optical or other defects, re-
duces the resolution accordingly, in particular, when 
taking images with long exposure times.  

While these limits are of interest for estimating 
the splitting power of a telescope, angular resolution 
is not the only criterion for the accuracy of double star 
measurements. In fact, most important is the accu-
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Instrumental 
Recordings were done during several nights 

during one week in September 2008 with two tele-
scopes at the International Amateur Sternwarte (IAS) 
in Namibia [1]. Seeing conditions are generally good 
at this location. The telescopes were of Cassegrain 
type with apertures 40 cm and 50 cm, and focal 
lengths of 6.3 m and 4.5 m, respectively.  In most 
cases, the latter were effectively doubled with a Bar-
low lens, which, however, required insertion of a band 
filter to reduce chromatic aberrations of the lens. A 
red filter was used (Edmund Scientific Co.), which, 
combined with the spectral sensitivity of the camera 
chip, resulted in maximum response at wavelengths 
between 600 and 750 nm. 

Digital images were recorded at high frequencies 
with a b/w-CCD camera (DMK21AF04, The Imaging 
Source) via a firewire interface as bitmaps into a 
computer. The chip contains 640x480 square pixels 
with a size of 5.6 µm, which results in image scales of 
nominally 0.18 arcsecond/pixel for the 40 cm tele-
scope, and 0.26 arcsecond/pixel for the 50 cm. These 
values are halved when using the Barlow lens. More 
exact calibrations were obtained in an iterative way 
by measuring systems with well known and predict-
able separations. This procedure was the same as was 
described in earlier articles [2,3]. The results are 
listed in Table 1. Error limits are estimated to +/- 1 

percent. 
Exposure times were chosen to obtain decent 

signal-to-noise ratios, but to avoid saturation of pixels, 
and ranged from 0.25 milliseconds per frame (beta 
Phe, 40 cm without Barlow) up to 12 milliseconds 
(zeta Aqr, 50 cm with Barlow and red filter). Seeing 
conditions varied between mean and very good, partly 
due to different zenith distances of the stars ranging 
from 20 to about 60 degrees.  

Sequences of about 2000 frames were recorded 
within a couple of minutes, out of which the best were 
later selected by visual inspection for further evalua-
tion. However, even under good seeing, the so called 

lucky image is virtually never perfect. Moreover, it is 
sometimes difficult to decide whether an image is 
useful or not, especially, when anisoplanatic effects 
occur. For the close pairs investigated here, this was 
luckily rarely the case. A simple estimate of image 
quality by measuring the Strehl ratio is often not 
sufficient. Rather, the more or less distorted profile of 
the star image, including the diffraction rings, which 
may fluctuate in shape and intensity, has to be taken 
into account. A good strategy is to select good images 
when they come in bunches, although not necessarily 
consecutively, at moments of steadier seeing than 
average. The yield of useful images was generally of 
the order of only a few percent. These were resampled, 
i.e. the images were recalculated by doubling the 
number of pixels in x- and y-direction, up to three 
times, and stacked with sub-pixel accuracy, referred 
to the original pixel size. This procedure results in 
rather smooth intensity profiles and in an accordingly 
more accurate definition of the peak centroids. For 
measuring the position angle, the east-west direction 
was determined from superposed images recorded 
while the telescope drive was temporarily switched 
off. This was done for each individual recording of any 
system, resulting in an average error margin of +/-0.2 
degrees. 

Results 
A) Zeta Aquarii 

Figure 1 shows images of ζ Aqr (WDS 22288-0001) 
produced from recordings with both telescopes at 
different nights, under different conditions, as indi-
cated in the images and in the caption. While the 
seeing varied (qualitative estimates are listed in Table 
2 below), the Airy diffraction rings could be resolved 
in all cases. Slightly asymmetrical brightness may be 
caused by minor changes of telescope collimation, 
possibly by varying tilt angles and/or temperature. 
Collimation was not re-adjusted, as such variations 
are not thought to influence the accuracy of position 
measurements. The image of date 2008.732 suffers 
most from only mediocre seeing, which resulted in 
somewhat enlarged seeing discs and in an inhomoge-
neous background. Moreover, as it was obtained 
without Barlow, it had to be enlarged by a factor of 
two to adapt to the scale of the images with Barlow. 
Nevertheless, the image quality is sufficient to deter-
mine the peak centroids with sub-pixel accuracy, as in 
all other cases. 

A representative line scan of the peak profiles is 
shown in Figure 2. A full-width at half-height 

telescope without Barlow with Barlow 

40 cm Cass. 0.187 0.097 

50 cm Cass. n/a 0.132 

Table 1:  Calibration factors in arcsec/pixel as determined from 
reference systems 
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(FWHM) of 0.39 arcsec was obtained, which is much 
smaller than the blurred seeing disc (~ 1 arcsec) 
resulting from longer exposures, although it does not 
reach the theoretical value of 0.23 arcsec for a 50 cm 
scope. This may have two reasons. First, the theoreti-
cal limit is derived for a non-obstructed light path, 
which does not apply here, and second, seeing effects 
can not completely be eliminated. It should be noted 
that in any case no further smoothing or non-linear 
stretching of the grey levels had been applied during 
image processing. It is also noteworthy that relatively 
small numbers of superposed frames already lead to 
rather well defined profiles. This is a consequence of 
carefully selecting “lucky” images. 

In Table 2, the results of position measurements 
are listed, together with measurements of the bright-
ness differences of the components, and with qualita-
tive estimates of the seeing. The mean value of the 
position angle is 170.5 degrees, with range 1.5 de-
grees, and standard deviation +/-0.55 degrees. The 
mean of separation is 2.094 arcsec, with range 0.037 
arcsec, and standard deviation +/-0.014 arcsec. 

 

Figure 1: Images of zeta Aquarii, obtained with a 40 cm scope (upper row), and with a 50 cm scope 
(bottom row) at the indicated dates, with partly varying f-settings. Recording at 2008.732 (upper left) 
was done without Barlow and filter, all others with Barlow and with red filter. Recordings at 2008.727 a 
and b were consecutively made and only differ by exposure time. At bottom right, the numbers of su-
perposed frames and exposure times are indicated 

Figure 2: Line scan of the intensity profiles in fig. 1, top right 
(40 cm Cass.). A full-width at half-height (FWHM) of 0.39 arcsec 
was obtained. While the Airy diffraction rings are clearly visible, 
although not quite symmetrical, the relatively increased back-
ground at and around the peaks is caused by residual seeing 
effects. 
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Measurements of the intensity ratios IA/IB of the 
components were done for testing the reproducibility 
with regard to variable seeing. From the ratios, the 
differences in magnitude were calculated according to 
Δmag = -2.5 log(IA/IB). Intensities were measured by 
integrating the pixel values in the peaks, and subtrac-
tion of the background in the surroundings. Although 
the DMK camera is not particularly suited for inten-
sity measurements, as the output only delivers 256 
grey levels (although the internal resolution is 10 
bits), standard deviations of IA/IB and of Δmag were in 
the range of only one percent. The mean value of 
Δmag = -0.19 is slightly greater than expected from 
the visual magnitudes, which are listed as 4.m34 and 
4.m49 (difference -0.m15) in the Washington Double 
Star Catalog [4]. With a standard deviation of my own 
measurement of the order of 0.m01, the difference of 0.
m04 with respect to the WDS entry appears to be real, 
and may be due to the different wavelengths at which 
the measurements were done (red filter – visual), 
although the spectra of the components, F3IV - F3V, 
do not seem to be very different. 

The position measurements were compared with 
literature data. For doing this, an additional error of 
the image scale of  +/- 1 percent has to be taken into 
account, which leads to a total error margin of the 
separation of about +/- 0.03 arcsec. In Table 3, data 
from other authors, as well as from my own, which I 
had obtained with my 10-inch Newtonian at home, are 
listed. The last row contains the actual entry in the 
WDS, which probably is the rounded version of the   

data from refs. [6] and [7]. My present data seem to fit 
rather well into this trend. 

The data in Table 3 reflect orbital motion in that 
the position angle decreases, while the separation 
increases. However, deviations from the currently 
assumed orbit have increased in the last few years 
beyond the error margins. Figure 3 is adopted from 
the 6th Catalog of Orbits of Binary Stars (USNO, [5]) 
and shows the orbit with markings of own recent 
measurements. Some more or less obvious, and appar-
ently periodic deviations had also been observed 
earlier, and led to the assumption of distortions by a 
third, unseen component with period of about 25 

telescope date P.A./degrees rho/arcsec IA/IB ** Δ mag ** seeing 

40cm Cass. f/16 * 2008.732 171.3 2.085 1.031 -0.033 mean 

   „      f/32 2008.735 170.9 2.076 1.196 -0.194 mean 

 „        „ 2008.738 170.2 2.113 1.192 -0.191 fair 

50cm Cass. f/9 2008.727 a 170.5 2.089 1.192 -0.191 good 

„ 2008.727 b 170.1 2.108 1.203 -0.201 good 

„ 2008.749 169.8 2.090 1.171 -0.171 very good 

 mean: 170.5 2.094 1.191 -0.190  

 std.dev.: +/- 0.55 +/-0.014 0.012 0.011  

Table 2: Measurements of position angles (P.A.), separations (rho), intensity ratios (I
A
/I

B
), and magnitude differences 

(Δ mag) of the components in the system zeta Aquarii, obtained with two telescopes and at different nights. Qualita-
tive estimates of the seeing are also listed. The total mean values of position and intensity data, as well as their 
standard deviations are given in the last two lines. 
 
*: Recording without Barlow and filter, all others were made with Barlow and red filter. 
**: For statistical analysis of the intensity data, the measurement without Barlow and filter 

author date P.A./
degrees rho/arcsec 

own * 2004.751 177.5 1.88 

A. Alzner [6] 2006.79 172.4 1.95 

own * 2006.792 171.2 1.91 

R. Argyle [7] 2006.810 171.6 2.04 

own * 2007.753 171.3 2.05 

own * 2007.764 170.6 2.06 

R. Argyle [8] 2007.835 170.4 2.11 

WDS [4] 2007 172 2.0 

Table 3: List of other recent measurements of zeta Aqr. 
 
*: own measurements with a 10-inch Newton at f/12 at home, 
unpublished. 
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years, as is described in Burnham´s Celestial Hand-
book [9]. While other authors have suspected this to 
be an over interpretation with regard to the error 
limits, the trend of the recent observations seems to 
support the theory. 
B) Beta Phoenicis 

Six recordings were also made of the system β Phe 
(WDS01061-4643), and the resulting images are 
collected in Figure 4. Exposure times of single frames 
ranged from 0.25 to 3 milliseconds, and between 40 
and 60 best frames were superposed. In all cases, the 
pair is clearly split, and the Airy diffraction rings are 
resolved, but they partly coincide with the peaks of 
the other component. Variations of the seeing condi-
tions are mainly visible in the background.   

Figure 5 shows a representative line scan across 
the peaks of the components. Again, no additional 
smoothing or non-linear stretching of the grey levels 
was applied. Decomposition of the profiles resulted in 
a FWHM of 0.32 arcsec of the individual peaks, which 
is smaller than in the case of zeta Aqr, due to better 
seeing. For demonstrating the gain in resolution by 
lucky imaging, a simulated profile is also plottted, 
which was obtained by superposing 500 unselected 
frames, and simulates an exposure of 1/3 second. The 

Figure 3: Orbit of zeta Aqr, adopted from the 6th Catalog of Or-
bits of Binary Stars (USNO). Own measurements are marked with 
dates. Dates 2008.7xx range from xx = 27 to 49. Error margins 
are of the order of the symbol size. Deviations from the calcu-
lated orbit, as were also seen by other authors, have increased 
in the last few years. 

Fig. 4: Images of beta Phe, obtained with the 40 cm Cassegrain, and with the 50 cm Cassegrain at 
the indicated dates, with partly varying f-settings. Recording at 2008.740 (upper left) was done 
without Barlow and filter, all others with Barlow and with red filter. Figures at bottom right indicate 
numbers of superposed frames and exposure times. 
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peaks and diffraction rings are completely smeared 
out. In Table 4, the results of the individual measure-
ments are listed and analyzed. The range of position 
angles is 3.3 degrees, with a mean value of 119.4 
degrees, and a standard deviation of +/- 1.1 degrees. 
The range of separation values of 0.014 arcsec, at a 
mean value of 0.390 arcsec, and the standard devia-
tion of +/- 0.007 arcsec are surprisingly low. However, 

the total error margin may be somewhat greater for 
two reasons. First, the error of the calibration con-
stant of about 1 percent has to be added. Second, the 
peak profiles are slightly distorted by partly overlap-
ping. This effect was analyzed by decomposition and 
revealed an apparent inward shift of the centroids by 
about 0.01 arcsec in an average. Thus, the end result 
of the separation is shifted to 0.40 arcsec, with an 
estimated total error limit of +/- 0.02 arcsec. These 
profiles were also analyzed with regard to the resolu-
tion limit under the actual seeing conditions. It turned 
out that Rayleigh´s limit would be reached at separa-
tions of about 0.35 arcsec, which is determined by the 
seeing, not by the telescope. 

Unfortunately, no recent data of this system are 
available in the literature to compare with [10]. An 
orbit has been calculated in 2001, and the interpo-
lated ephemeris for the date 2008.74 would be 147.7 
degrees and 0.420 arcsec [5]. An image of the orbit, 
adopted from the 6th Catalog of Orbits of Binary 
Stars, is shown in fig. 6 [5]. The deviation of my 
measurements is greater than the error limits. The 
last entry in the 4th Catalog of Interferometric Meas-
urements of Binary Stars with date 2001.862 only 
gives an upper limit of separation of 0.266 arcsec, but 
no value for the position angle [11]. While the orbit is 
of grade 5, more measurements in the near future, 
becoming more feasible with further increasing sepa-
ration, should reduce ambiguities. 

Summary 
The technique of so called lucky imaging with 

Figure 5: Line scan of the pixel values along the line crossing 
the peak centroids of both components (black line and data 
points), taken from the image in fig. 4, bottom right (50 cm 
telescope). The profile dotted in red is from a superposition of 
500 unselected frames (exposure time 0.67 milliseconds), and 
represents an exposure of 1/3 second.  

telescope date P.A./degrees rho/arcsec seeing 

40cm Cass. f/16* 2008.740a 117.4 0.398 good 

  „        f/32 2008.740b 119.2 0.387 very good 

50cm Cass. f/9 2008.724 119.4 0.385 mean 

„ 2008.728 119.8 0.392 very good 

„ 2008.743 120.7 0.381 mean 

„ 2008.746 119.7 0.399 very good 

 mean: 119.4 0.390  

 std.dev.: +/- 1.09 +/-0.007  

Table 4: Measurements of position angles (P.A.) and separations (rho) of the system beta Phoenicis. Qualitative 
characterizations of the seeing conditions are also listed. The total mean values, as well as their standard devia-
tions are given in the bottom two lines. 
 
*: without Barlow, all other recordings were made with Barlow. 
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careful selection of only the best images was shown to 
significantly reduce the size of the seeing disk, and to 
obtain diffraction limited images almost routinely. 
However, seeing effects could not completely be elimi-
nated, and the theoretical values of the angular reso-
lution could not quite be reached. Nevertheless, the 
system beta Phe, with separation 0.40 arcsec, was 
clearly resolved with both telesopes, and resolution 
limits according to Rayleigh´s criterion, but affected 
by the seeing, were estimated to about 0.35 arcsec. 

On the other hand, the reproducibility and accu-
racy of determining peak centroids with standard 
deviations of the order of +/- 0.01 arcsec is much 
better than would be expected from the theoretical 
resolution limits. This scatter is expected to virtually 
not depend on separation, if not seeing effects like 
anisoplanatic variations play a role. The total error 
margin, however, has to include that of the scaling 
factor of about one percent. In addition, a correction 
had to be applied in the case of beta Phe, due to partly 
overlapping peaks, which resulted in the value given 

above. Clearly, the error margins of the position 
angle, i.e. +/- 1.1 degrees for beta Phe, and +/- 0.6 
degrees for zeta Aqr, with separation 2.09 arcsec, 
depend on separation, because the resolution in the 
image is fixed by the pixel size.  

The results were compared with literature data, 
as far as possible. In the case of zeta Aqr, deviations 
from the currently assumed orbit, which have also 
been observed by other authors, support the assump-
tion of the existence of a third component, which 
produces a periodic wobble on the orbit, not only 
recently. The system beta Phe seems to have been 
neglected in recent years, and no actual data exist to 
compare with. My own measurements deviate from 
the currently assumed orbit by more than the error 
limits. Provided that this will be confirmed in the 
future, the ephemeris could possibly be upgraded. 
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lated from the ephemeris, and my own measurements are 
marked with dates. 

The author is a retired physicist from Hamburg University, Germany, and 
has worked on double stars with fast cameras since 1995 at home, and 
sometimes in Namibia. 


