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ABSTRACT 
We present results from our survey for planetary transits in the field of the intermediate-age 
(∼2.5 Gyr), metal-rich ([Fe/H] ∼ +0.07) open cluster NGC 6819. We have obtained high-
precision time-series photometry for over 38 000 stars in this field and have developed an 
effective matched-filter algorithm to search for photometric transits. This algorithm identified 
8 candidate stars showing multiple transit-like events, plus 3 stars with single eclipses. On 
closer inspection, while most are shown to be low-mass stellar binaries, some of these events 
could be the result of brown dwarf companions. The data for one of the single-transit candidates 
indicate a minimum radius for the companion similar to that of HD 209458b. 

Key words: methods: data analysis – binaries: eclipsing – stars: low-mass, brown dwarfs – 
planetary systems – open clusters and associations: general – open clusters and associations: 
individual: NGC 6819. 

1  I N T RO D U C T I O N  

Following the discoveries of hot Jupiter-type extra-solar planets, it 
was apparent that a photometric survey to detect these planets in 
transit was feasible from ground-based telescopes. This was con­
firmed by the detection of transits by HD 209458b by Charbonneau 
et al. (2000) and Henry et al. (2000). Such a survey has the potential 
to broaden the search for planets over a greater volume of space 
by monitoring stars at fainter magnitudes than are accessible to the 
spectroscopic radial velocity technique. The transit method enables 
us to probe far greater numbers of stars simultaneously and so obtain 
a statistically significant sample of planets in a comparatively short 
time. Discoveries can be used to determine the abundance of planets 
in a range of stellar environments, allowing us to investigate the rela­
tionship between planet formation and key properties; for example 
metallicity, age, stellar and radiation density. Follow-up observa­
tions of transiting planets can provide vital information on individ­
ual planets – their true masses, radii and orbital inclinations – crucial 
for testing theories of planetary structure. Once transit candidates 
are obtained from photometric surveys, these data combined with 
spectrographic observations will not only provide this information 
but will also distinguish planetary transits from grazing-incidence 
eclipses by stellar and brown dwarf companions. Follow-up obser­
vations are discussed in greater detail in Section 7.1. 

*E-mail: R.Street@qub.ac.uk 

From the radial velocity survey results, we know that approxi­
mately 1 per cent of F–K type solar neighbourhood stars harbour 
hot Jupiters (giant planets with periods of ∼2–6 d). The typical or­
bital separation (0.05 au) for these planets implies that about 10 
per cent of them should exhibit transits if their orbital planes are 
randomly oriented with respect to the line of sight. Assuming that 
planetary orbits are distributed isotropically, we can expect there 
to be one transit for every 1000 stars. The detection probability is 
affected by factors such as the sampling rate of the observations, the 
efficiency of detection from the data and the fraction of late-type 
dwarfs in the sample. Correspondingly, transit surveys that moni­
tor tens of thousands of stars simultaneously may expect to detect 
tens of planets. This requirement must then be balanced against the 
need to avoid fields so crowded that blending makes stars difficult 
to measure precisely. 

Janes (1996) suggested that open clusters would make a good 
compromise for ground-based surveys. They provide large num­
bers of stars within a relatively small field with minimal blending. 
They also provide a distinct population of stars of known age and 
metallicity and allow us to probe stars in the environment where they 
formed. Additionally, these fields provide a separate population of 
background stars for comparison. 

A number of groups are pursuing transit surveys using large 
(2–4 m) telescopes with wide field, mosaic CCD cameras. Most 
notably, the EXPLORE project has used the Cerro Tolodo Inter-
American observatory (CTIO) 4-m and the 3.6-m Canada-France-
Hawaii telescope (CFHT) to observe two Galactic plane fields in 
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Table 1. Basic data on NGC 6819. Data taken from Kalirai 
et al. (2001) and the SIMBAD data base. 

RA (J2000.0) 19nh41nm 

Dec (J2000.0) +40◦11� 
73◦.97 

b +8◦.48 
Distance (pc) 2754 ± 305 
Radius ∼9.5 arcmin 
Age (Gyr) 2.5 
[Fe/H] +0.07 
E(B − V ) 0.10 

2001 (Yee et al. 2002). These data have revealed 3 possible plane­
tary transit candidates, and the team are in the process of obtaining 
radial velocity follow-up (Mallén-Ornelas et al. 2002). The OGLE 
group have used their microlensing observations of Galactic disc 
stars to search for transits in the light curves of ∼52 000 stars, 
yielding 59 candidates so far (Udalski et al. 2002). Dreizler et al. 
(2002) obtained classification spectra for 16 of these stars, allowing 
them to estimate the radius of the primary and infer the radius of the 
companion. This analysis ruled out 14 candidates as having stellar-
mass companions, while the companions of two objects were found 
to have radii similar to that of HD 209458b. Recently, Mochejska 
et al. (2002) have undertaken a survey of open clusters using the 
F. L. Whipple Observatory’s 1.2-m telescope, discovering 47 new, 
low-amplitude variables. 

In 1999 we began a survey of three open clusters for planetary 
transits: NGC 6819, 7789 and 6940. The wide field of view of 
the Isaac Newton Telescope’s (INT) Wide Field Camera (WFC) is 
ideally suited to this task, and we were awarded a total of 3 bright 
runs of 10 nights each in 1999 June/July and 2000 September for 
these observations. 

Open cluster NGC 6819 was observed during the first 19 of these 
nights and the results presented here stem from our analysis of 
these data. The basic parameters of this cluster are given in Table 1. 
Previous relevant work on this cluster was discussed in Street et al. 
(2002); most important is a recent study by Kalirai et al. (2001) 
which provided B and V magnitudes for large numbers of stars in 
this field. 

In the rest of this paper, Section 2 details these observations, and 
Sections 3 and 4 present the data reduction procedure. Section 5 
discusses our transit-detection algorithm while our results are pre­
sented in Section 6. Finally we draw conclusions in Section 8. 

2  O B S E RVAT I O N S  

We observed NGC 6819 on 19 nights during 1999 June 22–30 
and 1999 July 22–31, using the 2.5-m Isaac Newton Telescope, 
La Palma. The Wide Field Camera (WFC) employs four 2048 × 
4096 pixel EEV CCDs to image a ∼0◦.5 × 0◦.5 field of view with a 
pixel scale of 0.33 arcsec pixel−1. The gain and readout noise values 
for each CCD were taken from the Cambridge Astronomical Survey 
Unit webpage1 and are listed in Table 2. 

Three open clusters, NGC 6819, 6940 and 7789, were observed 
in rotation during these two runs, taking pairs of 300-s exposures 
through the Sloan r� filter on each visit. The readout time of the 
WFC at the time required 160 s of dead time between exposures. 
No dithering was applied between exposures as we aimed to place 
each star as close to the same pixel each time as possible. In practise, 

1 http://www.ast.cam.ac.uk/∼wfcsur/ccd.html 

Table 2. Gain and readout noise values for the four WFC CCDs, 
taken from the Cambridge Astronomical Survey Unit webpage. 

CCD No. Gain (e− ADU−1) Readout noise (ADU) 

1 
2 
3 
4 

3.12 
3.19 
2.96 
2.22 

7.9 
6.4 
8.3 
8.3 

Figure 1. The WFC ∼ 0◦.5 × 0◦.5 field of view covering open cluster 
NGC 6819; North is to the top of the image while east is to the left. The 
CCD numbers are given in the corners. 

the x, y shifts between images were up to a few pixels. NGC 6819 
was observed for ∼7–8 h each night, typically resulting in 16–25 
frames per night or about 2 frames h−1. In total, 361, 384, 364 and 
325 frames were obtained of this cluster for CCDs 1–4 respectively. 
The number of available frames varied owing to unpredictable read­
out failures which could affect individual CCDs. The average gap 
between pairs of exposures was, at most, roughly an hour and we had 
good observing conditions on all nights. The field of view covered 
by the WFC is shown in Fig. 1. 

3  DATA  R E D U C T I O N  

We developed a semi-automated data reduction pipeline in order 
to process this large data set. This pipeline has been previously 
described in Street et al. (2002) and in detail in Street (2002). 

The debiasing, flat-fielding and trimming of the frames were car­
ried out using the Starlink package FIGARO (Shortridge et al. 1998). A 
correction for the non-linear response of each chip was also applied. 
Point-spread function (PSF) photometry was performed using IRAF’s 
DAOPHOT task (Stetson 1987). It was found that stars subtracted from 
an image using a fixed PSF showed residuals that varied with po­
sition. These residuals were best reduced by employing DAOPHOT’s 
‘penny2’ function and allowing it to vary quadratically with po­
sition. This is a two-component model, consisting of an elliptical 
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Gaussian core and Lorentzian wings. Both parts of the model are 
aligned along separate and arbitrary position angles. DAOPHOT han­
dles pixel defects, cosmic rays etc. by employing a formula reducing 
the weights of pixels that do not converge towards the model as the 
fit is calculated. This is discussed in more detail in Davis (1994). 
The post-processing (discussed below) is also able to detect and re­
move strongly outlying points. Where a star of interest is found to 
lie close to dead columns/pixels, conclusions have been drawn with 
caution. We chose to have the star positions refitted independently 
in each frame, having found that the cross-correlation technique 
aligned the star centroids to around ∼1 pixel accuracy. 

For a significant number of images, we found that a position-
dependent element still remained in the magnitude residuals, par­
ticularly dominant along the long (y) axis of the CCD. To counteract 
this problem, we have employed our own post-processing software, 
described in Street et al. (2002). This included a procedure which 
cross-correlates all light curves in the sample in order to identify 
and remove remaining systematic trends. 

Following this processing, the precision achieved is illustrated by 
plotting the rms scatter in each star’s light curve against its weighted 
mean magnitude over the whole data set. Fig. 2 shows these plots for 
each CCD, and for reference shows the effects of the main expected 
sources of noise. While some systematic effects remain in the data, 

CCD1 data 
Readout noise 

Sky noise 
Star noise 

Systematic noise 
Combined noise 

our software improves the precision particularly at brighter mag­
nitudes, where we can achieve the ∼0.004 mag precision required 
to detect planetary transits. We notice that the residual systematic 
variations are reduced to a level of ∼0.0025–0.0035 mag. After post­
processing, these residuals do not appear to show a positional dis­
tribution. We also notice that the ‘backbone’ of points falls slightly 
below the theoretical noise prediction at the faint end. This seems to 
be caused by DAOPHOT underestimating the magnitude errors used to 
weight the calculations at fainter magnitudes. We note the presence 
of ‘clumps’ of stars with high rms magnitudes in CCD3. Investiga­
tion of these points reveals that they are hot pixels located in the 
vignetted areas and dead columns which this CCD suffers from. 

Astrometric positions for all the stars in our sample were obtained 
using the method described in Street et al. (2002). The average rms 
error in the resulting RA and Dec. are presented in Table 3, and 
correspond to an rms scatter of less than 1 pixel on the CCD. 

4  S T E L L A R  R A D I I  

4.1 Colour index calibration 

Kalirai (private communication) kindly provided us with B − V 
colours indices for many of the stars in the NGC 6819 field. These 
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Figure 2. The variation of rms scatter in star light curves with magnitude for each of the four CCDs. Superimposed curves show the effects of various sources 
of noise. 
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Table 3. Average rms error on RA and Dec positions in 
arcsec for each CCD. 

CCD No. δRA 
(arcsec) 

δDec 
(arcsec) 

1 
2 
3 
4 

0.118 
0.232 
0.289 
0.172 

0.110 
0.363 
0.294 
0.180 

data and the procedure used to cross-identify stars are described in 
Street et al. (2002). Although most of our data were taken in the 
Sloan r band, we obtained enough Sloan i data to calibrate approx­
imate V − R colours for all the stars in our sample in the following 
way. We calculated the mean broadband flux using known passband 
functions and the Bruzual, Persson, Gunn and Stryker atlas of stel­
lar spectra. The mean broad-band flux was then used to calculate 
theoretical magnitudes and colours for a range of stellar spectral 
types relative to the flux from Vega in that passband. The INT in­
strumental Sloan r − i colours were calibrated by superimposing 
the XCAL plot of Sloan r − i against B − V over that of the INT 
stars, and applying vertical and horizontal offsets. The horizontal 
offset provided the calibration factor for the INT data, in the sense 
that the true Sloan r − i colour of a star (r − i) is found from the 
instrumental one (r − i)inst by adding the offset, fr−i : 

r − i = (r − i)inst + fr −i . (1) 

fr−i was found to be 0.50, 0.50, 0.30 and 0.41 mag for the data 
from CCDs 1, 2, 3 and 4 respectively. In all cases, the vertical offset 
(the difference between the theoretical and measured B − V ) was  
found to be 0.2 mag. This we attribute to extinction in the direction 
of the cluster, and it is not very different from the value of E(B − 
V ) = 0.1 measured by Kalirai et al. (2001). 

We used a similar method to convert the now-calibrated Sloan 
r − i colours into Johnson V − R. XCAL was used to produce a 
data set of V − R and corresponding Sloan r − i values. To derive 
a formula to convert Sloan r − i colours into Johnson V − R, a  
function was fitted to these data using the method of least squares. 
As the shape of the curve changes at r − i ∼ 0.4, two functions were 
fitted; a straight line for r − i values ∼ −0.2–0.4 and an exponential 
function for the remaining curve: { 

0.009 + 0.93(r − i), −0.2 � r − i � 0.356,
V − R = (2)

6(r−i)1.30 − 1.72e−1. , 0.356 � r − i � 2.5. 

These relations were then used to calculate V − R colour indices 
for all INT stars with Sloan r − i colours. 

4.2 Colour–magnitude diagram 

Fig. 3 shows the (V , V − R) colour–magnitude diagrams (CMD) 
for the four CCDs. The cluster main sequence is clearly visible in 
the data from CCD4 and faintly in the other three plots. This is 
expected from the radius of the cluster (Kalirai et al. 2001) which 
fits within the field of view of one of the WFC CCDs. Field stars 
greatly outnumber cluster members in these data, and are located 
above and below the cluster main sequence in the CMD. The field 
stars above and below the cluster main sequence are predominantly 
main-sequence stars at closer and more remote distances than the 
cluster, respectively. In our following analysis, we assume that all 
stars in our sample are main sequence. This is reasonable since class 
IV subgiants are sufficiently rare that their frequency in the sample 

is negligible. Giant stars are so bright (−0.4 mag < MV < 1.2 mag) 
that for one to be measurable (unsaturated) in our data it would have 
to be at a distance of ;9 kpc. We therefore adopt main sequence 
relationships and use the likely distance and spectral type and hence 
radius of the stars in our sample. 

4.3 Stellar radii 

We use the V − R index to estimate the radius of each star in this 
survey. This was done by interpolating between measured values 
of V − R and R∗ for the range of main-sequence star types from 
Gray (1992). These values were supplemented at the low-mass end 
by data from Reid & Gizis (1997), who list V − R index, absolute 
magnitude and spectral type for 106 low-mass systems. The absolute 
magnitudes were then used to calculate the radii of these stars. An 
exponential curve was least-squares fitted to the Reid and Gizis data 
and used to calculate values of stellar radii at fixed intervals of V − 
R in order to provide one smooth, continuous data set. Interpolation 
over this data set was then used to compute main-sequence star radii 
from the V − R colour index of each star. Fig. 4 plots rms scatter 
versus V − R colour. This is overlaid with curves illustrating the 
predicted transit depth of planets with radii of 0.5, 1.0 and 2.0 Rjup 

orbiting cluster member stars of various masses. If the rms of a given 
star falls below one of these curves, then we would expect to be able 
to detect a transit of a planet that size around that star. 

We find that ∼30 per cent of the stars in our sample fall be­
low the 1.0 Rjup-transit curve, while ∼79 per cent fall below the 
2.0 Rjup line. Thus around ∼11 500 and ∼30 000 stars, respectively, 
are measured to sufficient precision to allow the detection of transits. 
Assuming ∼1 per cent of all main sequence stars have hot Jupiter 
companions and ∼10 per cent of those transit, then we can roughly 
expect to detect ∼11 Jupiter-radius objects in our data. 

5  T R A N S I T  D E T E C T I O N  A L G O R I T H M  

Having obtained the required high-precision photometry, there are 
a number of different approaches to the problem of detecting transit 
events. We have developed our own transit-finding software, using 
the method of matched-filter analysis. 

After identifying and removing known large-amplitude variables 
from the data, the software works in two stages. The first stage, 
or ‘standard search’, generates a series of model light curves with 
a single transit. These models are generated for a range of transit 
durations 0.5 < δ t < 5.0 h, in intervals of 0.25 h and with the time 
of mid-transit ranging from the start to the end of the observing 
campaign in steps of δt/4. A constant magnitude is least-squares­
fitted to each light curve and the corresponding χ 2

c is calculated. 
Each model is then χ 2-fitted to each light curve, the transit depth 
and out-of-transit magnitude being optimized by minimizing the 
quality-of-fit statistic χ2 . The details of the best-fitting model with m

the lowest value of χ 2 are stored. m 

A transit-finder index, fχ2
tf, is then calculated as 

2 2 2fχ = χ − χ . (3)tf c m

Plotting this index against χ 2 allows us to separate transit events m 

from constant stars and other types of variables. A genuine transit 
event would be expected to show a significant improvement in χ2 

when comparing the fit of a constant line and a suitable transit model; 
hence it would have a relatively low value of χ2 and a high value m 

of fχ 2
tf. To isolate these candidates, a straight line is least-squares 

fitted to the ‘backbone’ of points. This fit is iterated, rejecting all 
points ±3σ above the line, until the parameters change by less than 
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Figure 3. V versus V − R colour–magnitude diagrams for the four WFC CCDs. The transit candidate stars are highlighted. 
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Figure 4. Rms scatter against V − R colour for all ∼38 000 stars in 

with known parameters into the data stream. Transits were added 
to 1 per cent of stars in the CCD1 data, with a period of 3.4 d, a 
duration of 2.5 h, and an amplitude of 0.02 mag. The first transit 
occurred at HJD 2451355.5 and at every multiple of the period. The 
transit-finder algorithm was then applied to this modified data set 
and the resulting plot of f χ2

tf against χ 2 is shown in Fig. 5. The m 

transits of an HD 209458b-like planet are clearly separated from the 
rest of the data. This figure was used to set the detection threshold. 
It was found that a +4σ threshold retains all but 5 of the 90 fake 
transits while excluding ∼99.2 per cent of the constant stars. 

The second stage of the search is a ‘period search’ applied to 
candidates highlighted by the standard search. For each candidate, 
multiple-transit models are generated across a range of periods (2– 
5 d) and fitted to the light curve as described above. Once again, the 
minimum value of χ2 sets the best-fitting model, and candidates are m 

selected by the method described above. This two stage approach 
ensures that all the relevant transit parameters are determined for all 
candidates, but restricts the number of least-squares fits required by 

our sample. The overlaid curves give the predicted transit depth for cluster 
member stars transited by planets of various radii. applying the period search to transit candidates only. This allows a 

statistically optimal matched-filter technique to be applied without 
0.0001. A cut-off line is established by raising this line by +Nσ prohibitive computational time requirements. 
where N is set by the user; all stars falling to the top left of this We note that an element of human judgement enters into our tran­
cut-off are regarded as candidates. To illustrate how this isolates sit detection procedure. The candidates presented by the algorithm 
transit candidates, we tested the algorithm by injecting fake transits are sorted by manual examination. In the process we have rejected a 
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Figure 5. Plot of fχ2
tf against χ2 for the CCD1 data set with fake HD m 

209458-like transits added; these points are highlighted. Transits fall to the 
upper left of this diagram, above the main backbone of points – the threshold 
is set at +4σ . 

large number of ‘possible’ transits; light curves which show dips at 
the beginning or end of a night which do not repeat, for example, or 
those that show dips sampled with very few data points. Of course 
this means we could potentially miss transit ingresses/egresses, but 
a real candidate must show at least two well-sampled transit events. 

6  R E S U LT S  

In total, over 38 000 star light curves have been analysed in this 
way. The transit search algorithm highlighted 276 stars worthy of 
further investigation, (see Fig. 6) and these were examined manu­
ally. The majority (∼51.9 per cent) were found to show only a few, 
fainter-than-average, scattered points. The cause of the scattering 
was found to be one of three situations: (a) the presence of nearby 
or blended companion star(s), (b) the star is bright and saturated in 
a significant number of images or (c) the star falls close to a dead 
column or vignetted area on the CCD. The algorithm also detected 
what we judge to be stellar variability in ∼20.3 per cent of cases; 
most of these stars showed eclipses due to stellar companions while 
some displayed low-amplitude ‘dips’ in brightness owing to stellar 
activity, although on longer time-scales than transits. No obvious 
explanation for spurious detection could be found for 67 of these 
stars; in these cases examination of the light curve revealed uncon­
vincing ‘transits’ consisting of well-scattered points, often on nights 
of poor conditions. 

Of the remaining stars (∼2.9 per cent), 8 appear to show short-
duration transit-like eclipses. The sample includes a number of ac-

Table 4. The parameters of the stars that show transit-like eclipses. 

Star V V  − R δm δt R∗ Rc 

(mag) (mag) (mag) (h) (Ro) (Ro) 

249 18.879 0.623 0.19 2.4 0.84 0.37 
4619 16.603 0.283 0.03 4.8 1.51 0.26 
6690 18.667 0.719 0.09 3.1 0.77 0.23 
10400a 18.906 0.343 0.14 4.3 1.16 0.43 
11644 19.130 0.397 0.04 3.6 1.32 0.26 
16155 18.018 0.408 0.07 2.6 1.32 0.35 
20910 18.464 0.798 0.10 1.9 0.73 0.23 
22790 20.075 0.813 0.25 4.6 0.73 0.37 

aBlended. 

�

tive stars which show brief eclipses. This is not unexpected since 
transit amplitude scales inversely with star radius squared, while 
stellar activity is more common among small, young stars. All short-
duration eclipses were considered regardless of amplitude, since hot 
Jupiter transits could reach depths of up to several tenths of a mag­
nitude, given a late-M type primary. 

A full light-curve solution to a fitted model is not possible because 
of the sparseness of the data. However, the V − R colours for 
these stars can be used to estimate the radius of the primary star 
(R∗), assuming for the moment that the star is main sequence and 
that negligible light is contributed from the companion body. The 
amplitude, δm, of the transit is proportional to the ratio of the star’s 
radius to that of the companion (Rc):  

Rc 

 2 

δm ≈ , (4)
R∗

We estimate Rc from equation (4), noting that this gives a lower 
limit because a larger companion can cover the same fraction of 
primary star if the eclipse is partial rather than total. The radius 
of the companion gives a general indication of its nature. However, 
while the radius of a main sequence M star can be ∼0.1–0.5 Ro, the 
radii of gas giant planets (Rjup ≈ 0.1 Ro) are thought to be similar 
to those of brown dwarfs (�0.2 Ro), owing to their degenerate 
nature. The transits of HD 209458b have also shown that hot Jupiter 
radii can be larger than expected due to their early proximity to their 
primary star slowing the rate of contraction (Burrows et al. 2000). 
For this reason, follow-up radial velocity measurements yielding the 
minimum mass will be required to distinguish between planetary and 
stellar companions. 

Table 4 presents the details of the 8 candidates. Note that one 
candidate is marked as being blended with nearby stars. The con­
clusions drawn from these stars come with the caveat that the re­
sults need to be confirmed. All the candidates are found to have 
a minimum companion radius below 0.5 Ro, while 2 have Rc 

0.25 Ro. The phased light curves of the stars with M-dwarf or 
smaller companions are presented in Fig. 7. The candidates are dis­
cussed individually below. Some of the companion objects could 
be brown dwarfs although most are found to be low-mass stars. In 
these cases, we note that stellar companions will contribute by red­
dening the measured colour – this would mean that the primary and 
companion stars are of larger radii than calculated here, as would 
inclinations of less than 90◦ . Stellar binaries would also exhibit 
secondary eclipses not seen in transit light curves. We have not in­
cluded objects which clearly show eclipses of different depths, as 
these will be stellar binaries. Where objects showing similar eclipse 
depths turn out to be stars, then the period will be twice that given in 
Table 4. 

Period Epoch N tr RA Dec. 
(d) (HJD −2400000) (J2000.0) (J2000.0) 

2.233(31) 51352.535(1) 2 19 42 15.05 +40 04 42.1 
3.682(1) 51387.609(4) 2 19 41 21.32 +40 02 14.3 
1.682(1) 51356.578(7) 3 19 40 56.71 +40 05 05.0 
1.46(6) 51357.506(1) 5 19 40 05.30 +40 14 17.7 
2.302(2) 51382.534(4) 3.5 19 40 13.93 +40 11 21.9 
3.486(5) 51359.526(2) 3 19 40 12.44 +40 00 45.1 
1.3112(6) 51356.4832(9) 5 19 41 57.10 +40 18 25.3 
3.621(2) 51383.490(15) 2 19 41 33.86 +40 26 35.0 
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Figure 6. Plots of fχ2
tf against χ2 for all four CCDs. All light curves above the superimposed cut-off thresholds are visually examined for transits. m 

6.1 Star 249 – P = 2.233 d, δm = 0.19 mag 

With all binary objects with periods as short as these it is possible 
for the rotation of the primary to have become synchronized with 
the orbital period of the companion. If this is the case, then stellar 
activity on the primary is expected, resulting in the variable out-
of-eclipse light curves. This seems to be the case for star 249: the 
implied companion radius (0.37 Ro) is that of an M dwarf or larger. 
While the eclipses are not well sampled there is some suggestion 
that they may be rounded-bottomed. 

6.2 Star 4619 – P = 3.682 d, δm = 0.03 mag 

This candidate shows the classic transit light curve: sharp 
ingress/egress to low-amplitude eclipse with no out-of-transit varia­
tions. The eclipse profiles are not well sampled but could be rounded-
bottomed, and the period is typical of the known hot Jupiters. The 
V − R colour (0.283 mag) indicates a primary radius of ∼1.5 Ro 
which together with the low amplitude implies a companion radius 
of ∼0.26 Ro. The companion could be a brown dwarf. 

6.3 Star 6690 – P = 1.682 d, δm = 0.09 mag 

This candidate also shows the expected transit light curve, except 
that the eclipses appear to have a sharp, pointed profile, suggest­

ing that these are grazing incidence eclipses. This would mean that 
the companion radius is larger than 0.23 Ro. However, the colour 
(0.719 mag) and amplitude (0.09 mag) imply a relatively small pri­
mary and secondary radii. In this case the companion is likely to be 
a low-mass star. 

6.4 Star 10400 – P = 1.46 d, δm = 0.14 mag 

Measurements of this star are complicated by the presence of close, 
blended companions. The colour (0.343 mag) and amplitude (0.14 
mag) indicate that both primary and secondary radii are stellar. 

6.5 Star 11644 – P = 2.302 d, δm = 0.04 mag 

The light curve of this star also shows some modulation between the 
eclipses, which seem to be flat-bottomed; further photometric data 
are needed to confirm this. The colour (0.397 mag) and amplitude 
(0.04 mag) suggest that the primary has a radius of ∼1.32 Ro 
while the minimum secondary radius is found to be ∼0.264 Ro. 
The companion object could therefore be a brown dwarf. 

6.6 Star 16155 – P = 3.486 d, δm = 0.07 mag 

This light curve is similar to that of star 6690, with pointed eclipse 
profiles. However, in this case even the companion’s minimum 

© 2003 RAS, MNRAS 340, 1287–1297 C

http:1.522.533.544.555.56
http:1.522.533.544.555.56


1294 R. A. Street et al. 

(a) Star 249 (b) Star 4619 

(c) Star 6690 (d) Star 10400 

(e) Star 11644 (f) Star 16155 

(h) Star 22790 (g) Star 20910 

Figure 7. The phase-folded light curves of stars showing transit-like eclipse events. 

radius (0.35 Ro) implies a small star and a grazing incidence eclipse period and early-K spectral type suggest that magnetic starspot 
suggests a larger companion. activity driven by the tidally-synchronized rotation of the pri­

mary is responsible for the modulation. The lack of a clear
6.7 Star 20910 – P = 1.3112 d, δm = 0.1 mag 

secondary eclipse suggests a very low effective temperature for 
This light curve displays eclipses apparently rounded and weak the companion, which is probably a late-M dwarf or a brown 
rotational modulation of the out-of-eclipse light curve. The 1.3-d dwarf. 
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Table 5. The parameters of the stars that show single transit-like eclipses. 

Star V 
(mag) 

V − R 
(mag) 

δm 
(mag) 

δt 
(h) 

R∗ 
(Ro) 

Rc 

(Ro) 
Epoch 

(HJD −2400000) 
RA 

(J2000.0) 
Dec. 

(J2000.0) 

829 20.178 0.500 0.04 2.4 1.08 0.22 51385.561(9) 19 42 07.06 +39 59 38.9 
8153a 21.720 1.120 0.21 4.8 0.63 0.27 51390.522(9) 19 40 37.98 +40 01 04.8 
9329b 16.743 0.534 0.03 2.4 1.00 0.17 51389.656(3) 19 40 21.71 +40 04 10.0 

aBlended.
 
bNear saturation.
 

6.8 Star 22790 – P = 3.621 d, δm = 0.25 mag 

The eclipse profile again suggests a grazing incidence orbit while 
the minimum radius (0.37 Ro) implies that the companion is a 
low-mass star. 

6.9 Single-transit candidates 

Normally we would require at least two transits in a light curve in 
order to consider a star as a candidate, but the range of possible 
orbital periods means that in ∼50 per cent of cases, a transiting 
planet will only show a single transit in 20 nights of observations. 
The procedure outlined above also identified 3 light curves which 
appear to show single transit-like eclipses. The calculated minimum 
radii of these companions are all less than 0.3 Ro. Table 5 gives the 
details of these stars, while Fig. 8 displays the full light curves next 
to light curves of the ‘transits’. 

In all three light curves the transit-like events could be flat-
bottomed, although better sampled photometry is required to de­
termine this conclusively and to confirm the events. The calculated 
minimum radii suggest brown dwarf companions; the radius of star 
9329 could even be planetary. We strongly urge follow-up of these 
candidates. 

7  F U T U R E  O B S E RVAT I O N S  

7.1 Follow-up of transit candidates 

Since hot Jupiter planets can have similar radii to brown dwarfs 
and even small stars (Burrows et al. 2000), it is necessary to obtain 
radial velocity measurements in order to determine the minimum 
mass of the companion. Together with high precision, continuously 
sampled light curves, the true companion mass can then be derived. 
While this survey has not produced any clear planetary candidates, 
several of our companion objects may be brown dwarfs, and follow-
up study would be valuable to confirm or deny this. Although the 
candidates from this survey are much fainter than those covered by 
the radial velocity planet hunting surveys, spectroscopic follow-up 
of low-radius companions is possible and can provide very useful 
information. 

First, low-resolution spectra of each would provide a more secure 
spectral classification (and radius) of the primary than our present 
estimates based on broad-band colour indices. For the faintest can­
didates (V ; 18m. 5), this will be the only spectroscopy follow-up 
possible. For most of our candidates however, it is possible to obtain 
radial velocity measurements using 8–10 m class telescopes (see for 
example, Yee et al. 2002). While they will not be precise enough to 
measure a planetary mass, they will place useful limits on the mass, 
confirming or ruling out stellar companions. 

Continuously sampled photometric follow-up is highly desirable, 
in two colours if possible. In our original observation strategy we de­

cided to cycle around three separate cluster fields in order to cover 
as many stars as possible. In retrospect, we find that continuous 
observations of a single field is preferable, in order to get clear, 
well defined eclipses. Highly sampled photometry would clearly 
reveal the eclipse morphology, distinguish total eclipses from graz­
ing incidence events and allow detailed models to be fitted. For the 
fainter candidates with no radial velocity observations, this will be 
crucial in determining the nature of the system. Photometry would 
also improve the ephemeris, allowing us to time radial velocity ob­
servations better. The INT/WFC or similarly equipped 2-m class 
telescope could be used for this purpose. 

7.2 Transit search strategy 

The results reported here were obtained from our survey’s first ob­
serving season, and several improvements to our strategy have now 
been adopted as a result. First, well-sampled light curves are crucial. 
Originally, we tried to include as many stars as possible by covering 
3 clusters in rotation, resulting in a sampling rate of about 2 obser­
vation star−1 h−1. A planetary transit, of typical duration ∼2.5 h, 
would be represented by perhaps 4–6 data points. We have shown 
that our algorithm can detect such transits (see Fig. 6). However, 
in practice a greater signal-to-noise ratio is very desirable. It also 
helps in distinguishing stellar eclipses from transits, in determining 
the properties of the system, and not least in calculating an accurate 
ephemeris for follow-up. We have now begun continuously sampled 
observations. 

From the point of view of detecting transits, blended stars in 
crowded fields represent the most significant problem. The addi­
tional scattering caused in the light curve can resemble a transit 
sufficiently well to distract the algorithm, and even visual inspec­
tion. Better sampled data will help to alleviate this, and we are 
investigating image-subtraction techniques which should deal with 
blending more effectively (see for example, Mochejska et al. 2002). 
The other major source of false detections is stellar activity and 
eclipsing binaries, which obviously the algorithm is very good at 
finding. We are currently investigating improvements which will 
reject these stars automatically. 

Another issue raised by this work was cluster membership. First, 
it is difficult to know whether any given star is a member or not. 
Although this can be decided by astrometry, few clusters have been 
studied in this way, and usually not to faint enough magnitudes. The 
best photometric solution is to obtain good quality colour data for 
colour–magnitude and if possible colour–colour diagrams. These, 
together with separation from cluster centre measurements, can be 
used to assign membership probabilities. Secondly, a transit survey 
needs to cover large numbers of stars in its chosen population. This 
survey found that only ∼6 per cent of the stars measured were cluster 
members from their colours, amounting to just over 2113 stars out 
of 38 118. This total could be improved slightly by selecting larger 
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Figure 8. The light curves of stars showing single transit-like eclipse events. In the left-hand column, arrows mark the location of the suspected transit. 

radius clusters which would better cover the field of view and reduc- at most. This highlights the need to survey a number of clusters, in 
ing the number of unmeasured stars due to blending/crowding. A order to observe enough cluster stars with similar ages and metal-
combination of short/long exposures would cover stars over a larger licities to be able to make definitive statements about the planetary 
range of magnitudes, although some caution is required not simply population. The ultimate aim is then to extend the survey to include 
to increase the number of unsuitable early-type stars in the sample. a significant number of clusters covering ranges of age and metal-
Ultimately, however, open clusters only contain a few thousand stars licity, which will reveal the dependence of planetary formation and 
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evolution on these parameters. As each cluster requires around 20 
nights of observing time on a 2–4 m class telescope, these aims 
are best achieved by collaborative efforts between survey teams in 
order to obtain sufficient telescope time or else a large dedicated 
telescope. 

8  C O N C L U S I O N S  

We have obtained high-precision photometry on over 38 000 stars 
in the field of open cluster NGC 6819. We have developed an algo­
rithm which can effectively identify transit-like events in sparsely-
sampled data. This has produced 8 candidates showing multi­
ple transit-like events plus a further 3 candidates showing single 
eclipses. Closer analyses of these light curves indicates some of 
these candidates could be brown dwarfs, while one has a minimum 
radius similar to that of HD 209458b. Follow-up observations of 
these candidates are well worth exploring, especially for the single-
transit candidates, as mass limits could be derived for most of them, 
allowing us to distinguish their real nature. This is particularly im­
portant as the periods of these objects are all 5 d or less. If brown 
dwarfs are confirmed among the sample, then they would fall into 
the so-called ‘brown dwarf desert’. This in turn might indicate that 
the low-mass object population in this field differs from that of the 
solar neighbourhood. 

Such a result would be interesting given the lack of transiting 
planets (and brown dwarfs) found in the old, metal-poor globular 
cluster, 47 Tuc. Brown et al. (2001) concluded that the absence of 
planets might be explained by the low metallicity, and/or crowded 
environment serving to disrupt planetary formation and evolution. 
NGC 6819 is comparatively metal-rich and provides a different en­
vironment in which to study the importance of these factors. Our 
rough estimate suggests that we should have detected about 11 tran­
siting planets in these data, if hot Jupiters are as common as they are 
in the solar neighbourhood. Of course, the transit method favours 
stars of later spectral type than the RV technique, so it is possible 
that planetary frequency decreases for later spectral type. We will 
discuss the significance of this result in detail in an forthcoming 
paper. 
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