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15 Dipartimento di Ingegneria, Università del Sannio, Corso Garibaldi 107, 82100 Benevento, Italy
16 Bellatrix Astronomical Observatory, Via Madonna de Loco 47, 03023 Ceccano (FR), Italy
17 Department of Physics, Sharif University of Technology, P. O. Box 11155–9161, Tehran, Iran
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Within less than 15 years, the count of known planets orbiting stars other than the Sun has risen from none to more than
400 with detections arising from four successfully applied techniques: Doppler-wobbles, planetary transits, gravitational
microlensing, and direct imaging. While the hunt for twin Earths is on, a statistically well-defined sample of the popu-
lation of planets in all their variety is required for probing models of planet formation and orbital evolution so that the
origin of planets that harbour life, like and including ours, can be understood. Given the different characteristics of the
detection techniques, a complete picture can only arise from a combination of their respective results. Microlensing ob-
servations are well-suited to reveal statistical properties of the population of planets orbiting stars in either the Galactic
disk or bulge from microlensing observations, but a mandatory requirement is the adoption of strictly-deterministic cri-
teria for selecting targets and identifying signals. Here, we describe a fully-deterministic strategy realised by means of
the ARTEMiS (Automated Robotic Terrestrial Exoplanet Microlensing Search) system at the Danish 1.54-m telescope at
ESO La Silla between June and August 2008 as part of the MiNDSTEp (Microlensing Network for the Detection of Small
Terrestrial Exoplanets) campaign, making use of immediate feedback on suspected anomalies recognized by the SIGNAL-
MEN anomaly detector. We demonstrate for the first time the feasibility of such an approach, and thereby the readiness
for studying planet populations down to Earth mass and even below, with ground-based observations. While the quality
of the real-time photometry is a crucial factor on the efficiency of the campaign, an impairment of the target selection
by data of bad quality can be successfully avoided. With a smaller slew time, smaller dead time, and higher through-put,
modern robotic telescopes could significantly outperform the 1.54-m Danish, whereas lucky-imaging cameras could set
new standards for high-precision follow-up monitoring of microlensing events.
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1 Introduction

The question of whether gravity affects light was already
raised by Newton (1704), but discussions of this effect
based on a corpuscular theory (Cavendish 1784, unpub-
lished; Soldner 1801) did not attract much attention, not
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only because of the competing wave theory, but also be-
cause it was considered too small to be measured at that
time. It only became of interest to astronomers after Einstein
(1911) derived the gravitational bending of light from an
equivalence principle, and pointed out that bending of light
rays grazing the limb of the Sun would be observable. Just
a year later, in 1912, Einstein also discussed the bending
of light received from stars due to the gravity of interven-
ing foreground stars – other than the Sun – (Renn, Sauer &
Stachel 1997), three years before he properly described the
effect by means of the Theory of General Relativity (Ein-
stein 1915). Despite the success of Einstein’s theory on the
deflection by the Sun (Dyson et al. 1920), for other stars
he concluded that “there is no great chance of observing
this phenomenon” (Einstein 1936). In fact, it required sev-
eral decades of advance in technology until the observation
of such a gravitational microlensing event became a reality
(Alcock et al. 1993).

Effects by intervening planets have already been con-
sidered by Liebes (1964), concluding that “the primary
effect of planetary deflectors bound to stars other than
the sun would be to slightly perturb the lens action of
these stars”. This has then been discussed by Mao & Pa-
cyzyński (1991), and in 2004, gravitational microlensing
joined radial-velocity Doppler-wobble surveys (Mayor &
Queloz 1995) and planetary transit observations (Henry et
al. 2000; Charbonneau et al. 2000; Udalski et al. 2002) as
a successful technique for detecting planets orbiting stars
other than the Sun (Bond et al. 2004).

An overwhelming majority of the more than 400 extra-
solar planets1 identified to date are quite unlike anything in
the Solar system. The recent years, however, have seen the
subsequent detections of more and more Earth-like planets
(e.g. Rivera et al. 2005; Beaulieu et al. 2006; Udry et al.
2007; Marois et al. 2008), and first look-alikes of the the
Solar system (e.g. Marcy et al. 2002; Gaudi et al. 2008;
Marois et al. 2008) have also been discovered. This raises
the chances for detecting a true sibling of our home planet,
and one might even find evidence for life elsewhere. How-
ever, such a pathway towards habitable planets leaves an
even deeper question unanswered: What is the origin of hab-
itable planets and that of Earth in particular, with all their
life forms? Rather than narrowing down the focus to habit-
able planets, it is the distribution of an as large as possible
variety that provides a powerful test of models of planet for-
mation and orbital evolution.

Amongst all the techniques that have been proposed for
studying extra-solar planets, there is no single one superior
to the others in every aspect, but instead, the different ap-
proaches each have a different focus, and complement each
other nicely towards the full picture on planet populations,
where some overlap in the sensitivity to regions of planet
parameter space provides the opportunity to compare results
and thereby check on whether the respective selection biases
have been properly understood.

1 http://exoplanet.eu

Gravitational microlensing favours the detection of
planets in orbits of a few AU around M-, K-, and to a lesser
extent G-dwarf stars at several kpc distance either in the
Galactic disk and bulge – rather than in the Solar Neigh-
bourhood – (e.g. Dominik et al. 2008c), and capable to
even reveal planets orbiting stars in other galaxies, such as
M31 (Covone et al. 2000; Chung et al. 2006; Ingrosso et al.
2009). Planet population statistics arising from microlens-
ing observations are expected to shed light on a possible
mass gap between super-Earths and gas giants, as well as
on a predicted cut-off towards larger orbits, which provides
a measure of the stellar disk surface density as well as the
accretion rate of planetesimals, which constitute fundamen-
tal and crucial parameters for the underlying theories (Ida &
Lin 2005). The technique of gravitational microlensing is a
serious competitor in the race for the detection of an Earth-
mass planet, and Earth mass does not constitute the limit
of current efforts (Dominik et al. 2007). In fact, Paczyński
(1996) already pointed out that in principle objects as small
as the Moon could be detected, and he was not even talk-
ing about space-based observations in this context. More-
over, Ingrosso et al. (2009, 2010) have shown that M31 mi-
crolensing observations with 8m telescopes come with de-
tection probabilities for extra-galactic planets that remain
substantial below 20 M⊕, and even planets of 0.1 M⊕ could
reveal their presence.

Given that the observed distribution of planets is the
product of the underlying population and the detection effi-
ciency of the experiment, simply counting the observed sys-
tems will not provide an appropriate picture of the planet
statistics. Instead, the detection efficiency needs to be de-
termined, quantifying what could have been detected and
what has been missed. It is crucial that the detection cri-
teria applied to the actual detections are identical to those
used for determining the detection efficiency (e.g. Calchi
Novati et al. 2009). First attempts to calculate the detection
efficiency of microlensing observations (Gaudi & Sackett
2000) adopted χ2 offsets as criterion for a detection, but
this hardly relates to how the reported planets were actually
revealed.

Studying the planet populations therefore calls for
strictly-deterministic procedures for planet detection, while
in contrast, human decisions by their unpredictability and ir-
reproducibility are the enemy of deriving meaningful statis-
tics. The ARTEMiS (Automated Robotic Terrestrial Exo-
planet Microlensing Search) expert system2 (Dominik et al.
2008a,b) enables to take the step from detecting planets to
inferring their population statistics by not only providing
an automated selection of targets, following earlier work by
Horne, Snodgrass & Tsapras (2009), but also the automated
identification of ongoing anomalies by means of the SIG-
NALMEN anomaly detector (Dominik et al. 2007).

Focussing on observations carried out by the Micro-
FUN team3, Gould et al. (2010) have recently estimated the

2 http://www.artemis-uk.org
3 http://www.astronomy.ohio-state.edu/˜microfun
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frequency of planetary systems with gas-giant planets be-
yond the snow line similar to the Solar system from high-
magnification microlensing events. Looking at the planet
detection efficiency as function of planet mass, they found
that planets below ∼10 M⊕ are not best detected by fo-
cusing the efforts on the few high-magnification peaks, but
rather by monitoring the lower-magnification wings of as
many as possible events. Moreover, they stress the need
for what they call a “controlled experiment”, free from hu-
man intervention that would disturb the statistics. In fact,
such campaigns, favourable to studying low-mass planets,
are being piloted by the MiNDSTEp (Microlensing Net-
work for the Detection of Small Terrestrial Exoplanets)4 and
RoboNet-II5 (Tsapras et al. 2009) teams.

While a “controlled experiment” for inferring the statis-
tics of an underlying population is a well-known concept in
particicle physics, it is a rather unusual approach in astron-
omy. We are however approaching an era of large synoptic
surveys, e.g. Gaia6, Pan-STARRS7, SkyMapper8, or LSST9,
which will identify transient phenomena of different origin,
and prompt follow-up observations on these. In particular,
the Gaia Science Alerts Working Group10 explicitly consid-
ers supernovae, microlensing events, exploding and erup-
tive stars. Whenever the opportunities exceed the available
resources, an automated target prioritisation is required.

The framework for optimizing an observing campaign
with regard to the return and required investment, as dis-
cussed in this paper, is a quite general concept, not at
all restricted to the monitoring of gravitational microlens-
ing events with the goal to infer planet population statis-
tics. Moreover, it sets the demands for automated tele-
scope scheduling within a heterogeneous, non-proprietary
network (e.g. Steele et al. 2002; Allan et al. 2006; Hessman
2006), for which the study of planets by microlensing is a
showcase application.

Here, we would like to discuss the specific implementa-
tion of a fully-deterministic ARTEMiS-assisted observing
strategy at the 1.54-m Danish telescope at ESO La Silla
(Chile) as part of the 2008 MiNDSTEp campaign, and by
providing a critical analysis of our operations, identifying
challenges, and deriving suggestions for further improve-
ments, to share our experience. Moreover, there has been
some scepticism on whether the theoretical foundations de-
scribed by Dominik et al. (2007) for a strategy involving
automated anomaly detection, which has been shown to ex-
tend the sensitivity to planets further down in mass by fac-
tors between 3 and 5 (Dominik 2008), can be turned into
something that works in practice. We therefore address this
request from the scientific community in substantial detail.

4 http://www.mindstep-science.org
5 http://robonet.lcogt.net
6 http://www.esa.int/science/gaia
7 http://pan-starrs.ifa.hawaii.edu
8 http://www.mso.anu.edu.au/skymapper
9 http://www.lsst.org

10 http://www.ast.cam.ac.uk/research/gsawg

For making scientific and technological progress, it is of
crucial importance to properly document how experiments
with a devised strategy turned out to actually work (or not
to work).

In Sect. 2, we review the basics of revealing the presence
of planets by gravitational microlensing, before we describe
the adopted strategy for inferring planet population statistics
by means of the MiNDSTEp observations in Sect. 3. Sec-
tion 4 reports how this strategy is implemented by means
of interaction of the observer with the ARTEMiS system,
while Sect. 5 analyses how the strategy goals emerged into
real acquired data. Finally, Sect. 6 presents conclusions and
recommendations for improvements arising from the expe-
rience gained during 2008.

2 Planetary microlensing

The ‘most curious’ effect of gravitational microlensing
(Einstein 1936) involves a single characteristic physical
scale, namely the angular Einstein radius

θE =

√
4GM

c2

(
D−1

L − D−1
S

)
, (1)

characterized by the mass M of the intervening foreground
‘lens’ star at distance DL, whose gravitational field yields
a characteristic brightening of the observed background
‘source’ star at distance DS, which reads

A(u) =
u2 + 2

u
√

u2 + 4
, (2)

where u θE is the angular separation between lens and
source star, which simply follows from geometry with the
deflection angle

α(ξ) =
4GM

c2 ξ
(3)

for a light ray with impact parameter ξ. More precisely,
A(u) results as the combined magnification of two images
at x± θE, where

x± =
1
2

(
u ±

√
u2 + 4

)
, (4)

which are too close to each other to be resolved (see the
estimate on θE below).

If one assumes a constant proper motion μ, the angu-
lar separation becomes a function of time (Refsdal 1964;
Paczyński 1986),

u(t) =

√
u2

0 +
(

t − t0
tE

)2

, (5)

where the event time-scale is given by tE = θE/μ, while
u0 θE is the closest angular approach occuring at epoch t0.
With FS > 0 denoting the flux of the observed source star
(which we assume to be practically constant), and FB de-
noting the flux of any background within the potentially un-
resolved target on the detector, the total observed flux reads

F (t) = FS A(t) + FB = Fbase
A(t) + g

1 + g
, (6)
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with Fbase = FS+FB and the blend ratio g = FB/FS. Con-
sequently, the effective observed magnification becomes

Aobs(t) =
A(t) + g

1 + g
, (7)

while the observed magnitude is given by

m(t) = mbase − 2.5 lgAobs(t) , (8)

where mbase denotes the observed baseline magnitude and

mS = mbase + 2.5 lg(1 + g) (9)

is the magnitude of the source star.
If for observations towards the Galactic Bulge

(Paczyński 1991; Kiraga & Paczyński 1994), one assumes
typical distances of DS = 8.5 kpc and DL = 6.5 kpc for the
source and lens star (of mass M ), respectively11, the angular
Einstein radius becomes

θE ∼ 300 μas

(
M

0.3 M�

)1/2

, (10)

where M ∼ 0.3M� corresponds to a rather typical M-
dwarf star, which corresponds to a length

rE = DL θE ∼ 2 AU

(
M

0.3 M�

)1/2

, (11)

at the distance of the lens star, while for a typical proper
motion μ ∼ 15 μas d−1, the event time-scale is

tE ∼ 20 d

(
M

0.3 M�

)1/2

. (12)

With only one in a million observed stars being mag-
nified by more than 30% at a given time, the detection
of microlensing events requires a substantial monitoring
programme. Nowadays, the OGLE (Optical Gravitational
Lensing Experiment)12 and MOA (Microlensing Observa-
tions in Astrophysics)13 surveys regularly monitor >∼108

stars each night, resulting in almost 1000 events being de-
tected each year. Real-time data reduction systems allow for
ongoing events, along with photometric data, being reported
promptly to the scientific community (Udalski 2003; Bond
et al. 2001).

Following the considerations by Liebes (1964), one ex-
pects planets to reveal their presence by causing small per-
turbations to the otherwise symmetric light curves of stars.
If a planet were an isolated object of mass Mp, the planetary
deviation would last

tp = (Mp/M)1/2 tE , (13)

which evaluates to about a day for a Jupiter-mass and about
1.5 hours for an Earth-mass planet. However, as Mao &
Paczyński (1991) found, the tidal field of the planet’s host
star at the position of the planet not only substantially in-
creases the planet detection probability, but also increases

11 Full probability density distributions can be obtained by means of a
proper model of the Milky Way (e.g. Dominik 2006).

12 http://ogle.astrouw.edu.pl
13 http://www.phys.canterbury.ac.nz/moa/

the signal duration by a fair factor. In fact, a ‘resonance’ oc-
curs if the angular separation θp of the planet from its host
star becomes comparable to the angular Einstein radius θE,
which makes gravitational microlensing most sensitive to
planets orbiting at a few AU. In any case, due to the finite
radius R� of the observed source star, the signal duration
cannot fall below

2 t� =
2 R�

DS μ
∼ 2 h

(
R�

R�

)
. (14)

While the finite source size leads to spreading of the sig-
nal over a longer duration, it also reduces the signal ampli-
tude and imposes a limit on it. As long as the source star
can be approximated as point-like, the signal amplitude can
reach any level regardless of the planet’s mass, while just
the signal duration and the probability for a signal to occur
decreases towards smaller masses.

The need for both a huge number of stars to be mon-
itored and a dense sampling to be achieved for being able
to detect the planetary signatures led to the adoption of a
three-step strategy of survey, follow-up, and anomaly mon-
itoring (Elachi et al. 1996; Dominik et al. 2007). A first mi-
crolensing follow-up network for planet detection that al-
lows round-the-clock monitoring with hourly sampling was
put into place in 1995 by the PLANET (Probing Lensing
Anomalies NETwork) collaboration14 (Albrow et al. 1998;
Dominik et al. 2002). Figure 1 shows the model light curve
of the event OGLE-2005-BLG-390 together with data col-
lected at 6 different sites. A planetary ’blip’ on the night
starting on 10 August 2005 showed a signature of a planet
of 3–10 Earth masses (Beaulieu et al. 2006; Dominik, Horne
& Bode 2006). Going for the next substantial science goals
required an upgrade from the PLANET operations, and the
case of event OGLE-2005-BLG-390 shows explicitly that
with an immediate dense monitoring (of 10 min cadence)
on the suspicion of a deviation from an ordinary light curve,
an Earth-mass planet in the same spot could have been re-
vealed. This pushed the timely development of the SIG-
NALMEN anomaly detector (Dominik et al. 2007), and
subsequently its integration into the ARTEMiS system (Do-
minik et al. 2008a,b).

The number of ongoing microlensing events reported by
the microlensing surveys at some point exceeded the num-
ber of targets that can be monitored by follow-up networks
with the intended time sampling. This has prompted the
need to select the most promising targets at any time.
Griest & Safizadeh (1998) pointed out that the planet detec-
tion probability depends on the current angular separation
between lens and source star, and thereby on the current
event magnification. Based on this, Horne et al. (2009) have
devised a priority algorithm, primarily for use with robotic
telescopes. Vermaak (2000) and Han (2007) have also stud-
ied the roles of blending and the size of the source star on
the target selection.

14 http://www.planet-legacy.org
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Fig. 1 (online colour at: www.an-journal.org) Model light curve
for microlensing event OGLE-2005-BLG-390 (Beaulieu et al.
2006; Dominik et al. 2006), along with the data acquired by the
PLANET/Robonet, OGLE, and MOA collaborations. The ∼15 %
blip, lasting about a day, revealed the 5-Earth-mass (with a factor
2 uncertainty) planet OGLE-2005-BLG-390Lb. The thinner line
refers to the hypothetical detectable 3% deviation that would have
arisen from an Earth-mass planet in the same spot.

3 The 2008 MiNDSTEp strategy

The central aim of ARTEMiS is to enable the realisation
of an optimal planet search strategy by serving each tele-
scope with the most promising target to be observed at any
given time. However, a single global optimal strategy does
not exist (Dominik 2008). Instead, the optimal choice of
targets critically depends on 4 different kinds of input: the
capabilities of potential observing sites, the science goals,
the currently available data, and the current observability.
Moreover, the science goals themselves can be manifold:
one might want to (1) maximize the number of planets de-
tected, (2) determine their abundance, or (3) obtain a census
of their properties. In addition, the specific choice of strat-
egy will depend on the kind of planets one would like to
focus on. Actually, there is no need for any adopted strat-
egy to be ‘optimal’ (whatever metric is used to measure
this). Instead, the requirement for a successful strategy is
to be reasonable and deterministic, where the determinism
eliminates the interference of the planet abundance statistics
with human judgement, and allows to derive proper results
by means of Monte-Carlo simulations applying the defined
criteria.

It is in fact favourable to miss out on some fraction of
the optimally achievable detection efficiency (which could
be gained by human intervention) if that would corrupt the
statistics that are needed as ingredient for drawing the right
conclusions about the acquired data set. The provision of
alerts and monitoring by both the OGLE and MOA surveys
however involve human decisions, but such can be modelled
from the a-posteriori statistics of the vast number of events
that comprise the respective sample, whereas such an ap-
proach is not viable for the small number of planetary events

and the decision process that led to the identification of the
planet.

Based on some simple thoughts and experience gained
during the course of their observations, PLANET arrived at
a rather pragmatic observing strategy that may not be op-
timal in a mathematical sense, but appears to be a work-
able match for achieving the science goals of the campaign
(Albrow et al. 1998; Dominik et al. 2002). The fundamen-
tal principle behind the adopted strategy is in demanding
a fixed photometric accuracy of 1–2 per cent, and select-
ing an exposure time texp for each of the targets, so that
this can be met. For a target flux F , the number of col-
lected photons becomes N ∝ F texp, and if the photon-
count noise σN =

√
N dominates the measurement uncer-

tainties, σF /F = σN/N , so that
σF

F
=

κ√
F texp

, (15)

where κ denotes a proportionality constant. Appendix A
presents an extension to the presented formalism, taking
into account a systematic uncertainty, which will dominate
at some point as the exposure time increases, and prevent
σF /F from approaching zero as texp → ∞.

Rather than from a flux contrast σF /F , planets are to
be detected from a contrast in the magnification σA/A (e.g.
Gaudi & Sackett 2000; Vermaak 2000; Dominik et al. 2007;
Han 2007), which frequently makes a substantial difference,
given that the observed targets are generally blended with
other stars (e.g. Smith et al. 2007). With the blend ratio g =
FB/FS as defined in the previous section, one finds

σA

A
=

σF

F

A + g

A
. (16)

The effort to achieve a fixed σA/A is proportional to
t−1
exp required for the target at current flux F (t), for which

we find by combining Eqs. (15) and (16)

(texp)−1 = κ−2 F

(
A

A + g

)2 (σA

A

)2

. (17)

Dominik et al. (2007) noted the need to invest data-
acquisition efforts into the provision of the ability to suf-
ficiently predict the underlying ordinary light curve of the
event monitored, since deviations can only be detected in
real time against a known model, whereas all deviations
smaller than the uncertainty of model prediction cannot be
properly assessed. The SIGNALMEN anomaly detector ap-
pears to fix this issue in practice to some extent by suspect-
ing a deviation on a departure from the model expectations
and requesting further data to be taken, which not only can
lead to the detection of an anomaly, but also leads to a more
appropriate model constraint if indicated. Imperfect event
prediction has been ignored in the priority algorithm pro-
posed by Horne et al. (2009), realised as web-PLOP (Snod-
grass et al. 2008), and used by RoboNet (Burgdorf et al.
2007; Tsapras et al. 2009), which is based on the assumption
that the model parameters are exactly known. However, the
data-acquisition patterns of current campaigns do not make
this a good approximation for practical purposes, and the

www.an-journal.org c© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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degree of predictability of ongoing events is a quite relevant
issue (Dominik 2009). Rather than thinking about increas-
ing the prospects for detecting planets, it was the need for
proper event prediction that initially prompted PLANET to
monitor events more densely over their peaks, where model
uncertainties can result in rather severe misprediction of the
current magnification. It is definitely worth studying how
to optimally sample a light curve in order to make it suf-
ficiently predictable. However, at this stage, we have just
adopted a simple model that is expected to do the job rea-
sonably well.

The ability to claim the detection of even Earth-mass
planets does not require a follow-up sampling interval of
more than 90 min, because this leaves sufficient opportu-
nity to properly characterize arising anomalies by means of
immediate anomaly monitoring activated after the first sus-
picion by the SIGNALMEN anomaly detector (Dominik et
al. 2007). Such a moderate sampling on the other hand al-
lows for a large enough number of targets to be followed
for arriving at a fair chance to detect such in practice. The
simple choice of a sampling interval

τ = 90 min

√
3/

√
5

A
(18)

does not produce sampling overload as events get brighter,
and for unblended events even leaves room to use exposure
times that lead to a more accurate photometry over the peak
region. We moreover require minimal and maximal values
τmin = 2 min and τmax = 120 min, respectively, thereby
avoiding over- or undersampling of events. In order to sim-
plify the construction of an observing sequence of targets,
we chose to further discretize the sampling intervals to val-
ues τ ∈ {2, 3, 4, 5, 7.5, 10, 15, 20, 30, 45, 60, 90, 120}min.

For the effects of planets orbiting lens stars, Gould
& Loeb (1992) recovered the two-mass-scale formalism
brought forward by Chang & Refsdal (1979) in a different
context (lensing of quasars by stars within a galaxy), find-
ing that these are maximal if the planet happens to be in the
vicinity of one of the images due to light bending by the star.
Horne et al. (2009) found that the area of the resulting planet
detection zone on the sky Sp scales with the current event
magnification A approximately as Sp = 2A − 1, which
moreover consists of zones around either of the images at
x+ or x−, so that Sp = S+

p + S−
p with S+

p = 2 A+ − 1
and S−

p = 2 A−. However, this would directly yield the
planet detection probability only if planets were distributed
uniformly on the sky around their host star. The distortions
of the detection zones are not far from those of the images,
so that a tangential probability density proportional to 1/x,
where x is the image position, reflects an isotropic distri-
bution. Very little however is known about a good radial
prior, but rather than probing parameter space uniformly in
the orbital axis, we adopt (with a degree of arbitrariness)
a logarithmic distribution, leading to a further factor 1/x.

Thereby, one arrives at a planet detection probability pro-
portional to

Ψp =
2 A+ − 1

x2
+

+
2 A−
x2−

. (19)

With Eq. (4), one finds

x2
± =

1
2

(
u2 + 2 ± u

√
u2 + 4

)
, (20)

so that with

A+ =
A + 1

2
, A− =

A − 1
2

, (21)

and Eq. (2), Ψp as a function of the lens-source separation
parameter u evaluates to

Ψp(u) =
4

u
√

u2 + 4
− 2

u2 + 2 + u
√

u2 + 4
. (22)

In general, the prioritisation of microlensing events will
meaningfully follow a respective gain factor Ωs ∝ R/I ,
where R denotes the return and I the investment. In
accordance with the previous considerations, we choose
R = Ψp(u) and I ∝ texp τ−1, where the increased sam-
pling effort τ−1 ∝ √

A is seen as a burden required to keep
the event predictable rather than any further opportunity for
planet detection. With Eq. (6), this leads to

Ωs = 0.614
Fbase

F18

A3/2 Ψp(u)
(A + g) (1 + g)

, (23)

where
Fbase

F18
= 10−0.4(mbase−18), (24)

with mbase being the baseline magnitude. The normaliza-
tion has been chosen so that Ωs = 1 for an unblended target
(g = 0) of 18th magnitude, separated from the lens star
by the angular Einstein radius θE (i.e. u = 1), which corre-
sponds to a magnification A = 3/

√
5.

If one considers a finite effective slew time ts, which in-
cludes all immediate overheads (such as the read out, slew,
starting guiding and setting up the new exposure, and the
observer reaction time), the relative investment becomes
I = tobs τ−1, where tobs = texp + ts. Thereby, with defin-
ing t18 as the exposure time required for achieving the de-
sired photometric accuracy of 1.5% on an unblended target
(g = 0) of 18th magnitude, one finds for the gain factor

Ωs = ωs
Ψp(u)

√
A

[
(A+g) (1+g)

A2

(
Fbase
F18

)−1

+ ts
t18

] , (25)

where ωs absorbs all constants, and we choose it so that
Ωs = 1 for an unblended target (g = 0) of 18th magnitude,
separated from the lens star by the angular Einstein radius
θE (i.e. u = 1), which corresponds to a magnification A =
3/

√
5. For the 1.54-m Danish telescope at ESO La Silla, we

adopt ts = 2 min, and t18 = 20 min.
At some point, the invested time tobs becomes domi-

nated by the slew time, so that there is a minimal investment
for any bright target. In particular, for large magnifications
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A, ζ = ts/t18 will rule over the denominator in the expres-
sion for the gain factor Ωs, so that with Ψp(u) 	 2/u 	 2A
in this case, one finds

Ωs =
2 ωs

ζ

√
A . (26)

We populate the target list in order of decreasing gain
factor Ωs, until the slew time ts and the specific exposure
times tobs and sampling intervals τ do not allow any further
observations to be accommodated. Events with ongoing or
suspected anomalies thereby take precedence over ordinary
events, as discussed in more detail in the next section. This
procedure implies that if overheads turn out to be larger than
expected or losses occur due to weather conditions or tech-
nical problems, the coverage of all events will be degraded
in proportion, whereas no kind of redistribution of the lesser
available resources will take place.

The adopted strategy explicitly forces the telescope to
slew between targets rather than sticking on the same one
for a longer time, and moreover we try to spread requested
observations on the same target as equally as possible over
the night. In contrast, Horne et al. (2009) considered the
gain in total invested time by avoiding frequent slewing
between targets. However, by not moving to another ob-
ject, one runs into redundancy at some point as the achiev-
able photometric precision approaches the systematic un-
certainty which leads to lots of data points at high ca-
dence not carrying substantially more information than a
smaller number.15 An optimal sampling strategy would not
only consider the planet detection probability at any given
time for all ongoing events, but also aim at: 1) maximiz-
ing the information, 2) avoiding redundancy for planet de-
tection arising from overlapping detection zones, 3) avoid-
ing gaps that would prevent a timely detection of an ongo-
ing anomaly without investing more time than necessary.
Given that these points are not sufficiently accounted for in
the approach presented by Horne et al. (2009), we prelim-
inarily adopted a hybrid strategy merging those concepts
with the event selection criteria that evolved from expe-
rience with the PLANET campaign. Designing a strategy
that is truly ‘optimal’ would require a proper assessment of
the information content of acquired data with regard to the
predictability of the event magnification. In fact, a strategy
aiming at just observing the most favourable events, peak-
ing at large magnifications, as pursued by the MicroFUN
collaboration16, has a similar requirement of being able to
know the magnification sufficiently ahead of time before
the light curve peak actually occurs, and thereby success of
such a campaign also needs investment into collecting data
for event predictability.

As a pilot setup to a more sophisticated system that we
plan to put into place at a later stage, we took a simpli-
fied approach, and neglected for the time being some more

15 See Appendix A for a modification of the gain factor that better
matches these considerations.

16 http://www.astronomy.ohio-state.edu/˜microfun

complex dependencies on further parameters, such as var-
ious effects related to the finite angular size of the source
stars (e.g. Vermaak 2000; Han 2007), the event time-scale
tE, the exact relation between the light curve prediction and
the required efforts, the sky background, the availability of
information from observations at other sites, etc. In fact, ig-
noring the finite angular extent of the source star leads to an
overprediction of the planet detection prospects for small u,
but given that there are never more than a handful of events
falling into that category, and the sampling rate does not de-
pend on this, the amount of actually invested efforts remains
unaffected. The adopted strategy also neglects any informa-
tion about previous coverage of the events under consider-
ation. In particular, there are no attempts to favour events
that have received attention before, nor is it tried to explic-
itly keep coverage gaps to a minimum.

4 Implementation of strategy via ARTEMiS

Rather than wasting precious efforts on putting parallel in-
frastructure into place, MiNDSTEp has realized the imple-
mentation of its 2008 observing strategy via the ARTEMiS
system, thereby profiting from the existing tools for real-
time data assessment for anomalies (by means of the SIG-
NALMEN anomaly detector), as well as for the display of
model light curves and data of ongoing events. It is a ma-
jor design feature of ARTEMiS not to dictate on the adopted
strategy that leads to the selection of targets, but to provide a
general and freely-available framework able to cater for var-
ious needs and allow to choose between different options.

In 2008, data from the OGLE, MOA, MiNDSTEp,
RoboNet-II, and PLANET-III campaigns were made avail-
able for assessment by SIGNALMEN shortly after the ob-
servations had taken place. We were short of time getting
a data link to MicroFUN installed, but as of 2009, OGLE,
MOA, MiNDSTEp, RoboNet-II, and MicroFUN data can
be exchanged efficiently via rsync servers, which means
that a substantial fraction of the total acquired data can
be assessed within minutes of their acquisition. The rsync
server running in St Andrews acts as a gateway to both the
ARTEMiS and the RoboNet-II systems. We have realized a
special direct internal link with privileged access between St
Andrews and Santa Barbara in order to connect SIGNAL-
MEN with the PLOP event prioritisation system (Snodgrass
et al. 2008). To ensure availability of the provided services
to the outside world, we plan to get all relevant software
running in St. Andrews and Santa Barbara (courtesy of Las
Cumbres Observatory Global Telescope Network) in paral-
lel, thereby gaining protection from network and/or power
outages.

The event modelling by SIGNALMEN is immediately
triggered by new incoming data, where the respective events
are entered into a queue system, from which agents for each
of the telescopes pick events to be processed. This guaran-
tees that a large amount of data released for a specific site
does not block the processing of events that have recently
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been monitored elsewhere. A live data monitoring system17

allows one to see the acquired data for a selected set of
telescopes together with model light curves, with the dis-
play automatically switching to the event that was most re-
cently observed. Moreover, this live monitor also shows the
SIGNALMEN assessment indicating potential deviations or
identified ongoing anomalies. Thereby, one can directly see
how the adopted strategy works out in practice. Since the
SIGNALMEN anomaly assessment might not be able to
keep track with the data acquisition rate, preliminary plots
showing the most recent data without remodelling and as-
sessments are being provided, so that observers can always
see their data displayed in the sequence in which these have
been collected.

While the data monitoring system provides plots with
pre-defined ranges, full flexibility is given with an interac-
tive plotter18, using graphics routines derived and advanced
from the PLANET light curve plotter, earlier developed by
M. Dominik and M.D. Albrow.

A further tool provided by ARTEMiS is the event
overview19, which displays the event model parameters,
namely u0, t0, tE, mbase, g, and current properties at time
tnow, namely tnow − t0, A(tnow), Aobs(tnow), m(tnow),
along with links to the data and up-to-the-minute light curve
plots. The event prioritisation is carried out just as an op-
tion to the event overview script, which optionally leads to
a display of the gain factor Ωs. In fact, the event overview
allows to select events matching widely customizable cri-
teria, where user-defined requests can be saved simply as a
URL with a respective query string.

Given that ARTEMiS is a fully transparent and publicly
accessible system, it offers the opportunity to share live re-
sults at the forefront of scientific research with the general
public. In fact, an ARTEMiS-powered “Catch-a-planet” dis-
play formed part of an exhibit “Is there anybody out there?
Looking for new worlds” designed for the 2008 Royal So-
ciety Summer Science Exhibition and shown thereafter at
various other locations. An overview of the currently moni-
tored targets, as distributed over the Galactic bulge, acts as
entry point, which is also available on the web.20

The list of the selected targets to be monitored at the
1.54-m Danish telescope at ESO La Silla by the MiND-
STEp consortium is obtained from running the ARTEMiS
event overview script after the observer has set appropriate
exposure times texp that match the data quality requirements
via a password-protected area. The target list is converted
into an observing sequence using a simple combinatorial
approach that aims at spreading the observations around as
much as possible. This observing sequence is accessed by
the observer via the ARTEMiS webpages.

The SIGNALMEN anomaly detector assigns one of
three possible status to an event: ‘ordinary’, ‘check’, or

17 http://www.artemis-uk.org/livecurves.cgi
18 http://www.artemis-uk.org/plot.cgi
19 http://www.artemis-uk.org/event overview.cgi
20 http://www.artemis-uk.org/catch-a-planet.html

‘anomaly’ (Dominik et al. 2007). The status ‘ordinary’
means that there is no hint for an anomaly in progress,
‘anomaly’ means that there is evidence for an ongoing
anomaly, and ‘check’ means that there is a fair chance
for an anomaly in progress, but sufficient evidence has not
been found yet. While ‘anomaly’ status justifies immediate
scheduling of the respective event at high cadence, ‘check’
status is meant to turn either into ‘anomaly’ or to ‘ordi-
nary’ status with the acquisition of further data. However,
in order to avoid misestimates on crucial statistical proper-
ties due to small samples, data from a given telescope are
only assessed once there are at least 6 data points in total
spreading over at least 2 previous nights. Therefore, events
in ‘check’ status are only put on the target list (at a fixed
sampling interval of 10 min) if these criteria are met. Events
in ‘anomaly’ status are initially added at the same sampling
interval of 10 min, and once SIGNALMEN has put events
into ‘anomaly’ status, these need to be controlled manu-
ally by revising the sampling interval or clearing ‘anomaly’
status and setting the event back to ‘ordinary’. Events in
‘anomaly’ status are allocated the highest priority in order
of sampling interval (shortest first), followed by events in
‘check’ status, in order of decreasing Ωs. Manual control of
events in ‘anomaly’ status does not break our paradigm of
a fully-deterministic strategy for probing lens stars for the
presence of planets, given that we only increase the sam-
pling interval in order to allow for more time to be spent on
other targets if a denser sampling is not required for prop-
erly characterising the anomaly, i.e. we only lose data that
are redundant anyway. Moreover, any monitored events that
are not selected by our prioritisation algorithm, or anoma-
lies declared by means other than SIGNALMEN constitute
a separate monitoring programme rather than being part of
the primary MiNDSTEp strategy, and are therefore to be
discarded from the statistical analysis.

The survey campaigns acquire a substantial amount of
their data while the event is close to baseline, i.e. A ∼ 1.
Given that SIGNALMEN is designed to call checks on sus-
pected anomalies on about 5% of the incoming data if no
anomalies are present, it will mean that ‘check’ status is in-
voked frequently at such event phases, whereas the proba-
bility that a real deviation is present is rather small. More-
over, the large number of events at small A(t) as compared
to a much smaller number at larger A(t) means that extraor-
dinary observing conditions or a failure in the data reduction
preferentially affects the set of events with A ∼ 1. In order
to avoid a substantial false alert rate without compromising
too much on the sensitivity to real deviations, we therefore
decided, with some arbitrariness, to schedule follow-up ob-
servations only if Ωs ≥ 1 for invoked ‘check’ status or if
Ωs ≥ 0.5 for invoked ‘anomaly’ status.

As a result, there are events in ‘anomaly’ or ‘check’ sta-
tus that are effectively treated as ‘ordinary’ events, which is
handled by assigning each event not only a SIGNALMEN
status, but also a substatus (depending on the telescope) that
indicates how to respond. Similarly, there is also the option
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to put an event at high priority by manually setting a sam-
pling interval, which will set its substatus to ‘anomaly’. Fi-
nally, uninteresting events can be dropped from the target
list by setting the SIGNALMEN anomaly flag, while not
assigning a sampling interval, which will lead these events
to be marked as ‘dropped’ instead of ‘anomaly’. Accord-
ing to the primary status of ‘ordinary’, ‘check’, ‘anomaly’,
or ‘dropped’, the events are marked with the colours black,
yellow, red, and white, respectively, in the ARTEMiS event
overview.

5 The adopted strategy in practice

5.1 2008 season MiNDSTEp observing campaign

The main focus of the MiNDSTEp consortium is on dense
follow-up of microlensing events in order to study planet
populations within the Milky Way, but a number of other
projects are also carried out in parallel (e.g. Southworth et
al. 2009a,b,c), mainly while the Galactic Bulge is not visi-
ble. During 2008, observations at the Danish 1.54-m tele-
scope at ESO La Silla lasted from June 1 to October 5.
While the first 3 weeks were devoted mainly to building up
and testing new infrastructure, the last 6 weeks were dom-
inated by projects not following our microlensing follow-
up strategy. Therefore, the time-span of a systematic cam-
paign with automated scheduling using the ARTEMiS sys-
tem by the MiNDSTEp consortium at the Danish 1.54-
m telescope at ESO La Silla ranges from the night of 23
June (JD = 2454641.xxx) until the night of 25 August (JD
= 2454704.xxx). Rather than scheduling observations on
all ongoing events that were reported by the OGLE and
MOA surveys, we avoided having to deal with a mixture
of two different selection biases by only including events
announced by OGLE in our target list, while we monitored
events that were only alerted by MOA (but not by OGLE)
solely in manual-selection mode whenever those were con-
sidered highly-interesting prime targets. In fact, the OGLE-
III campaign concluded on 3 May 2009 after having pro-
vided a total of 4057 events towards the Galactic bulge since
2002, comprising a well-defined sample for statistical stud-
ies.

Out of the 64 nights that comprise our observing win-
dow, data were acquired on 53 of them, making 11 nights
(i.e. about 17%) a total loss. Over the 53 nights with obser-
vations, we operated the telescope for a total of 313 hours
(on average 5.9 hours per observing night), where 131 hours
were used for exposures, 95 hours for overhead time in be-
tween, and 87 were further operational losses with regard
to our microlensing programme. The latter include weather,
technical, and operational issues, such as clouds, strong
winds, high humidity, focus sequences, telescope tests, and
also sequences devoted to other projects than microlensing
monitoring. In particular, we adopted the simple statistical
approach to count any break between exposures of 5 min or
less as overhead time, and longer breaks as loss time (not

Fig. 2 Nightly breakdown of the exposure, overhead, and loss
time, the events monitored, and the images taken during the sys-
tematic phase of the 2008 MiNDSTEp campaign at the 1.54-m
Danish telescope at ESO La Silla (Chile), extending from June 23
to August 25.

to be confused with the usually reported down time loss).
The total time of 226 hours for exposures and overheads
corresponds to an average of 4.3 effectively used hours per
observing night. Figure 2 shows a breakdown of the accu-
mulated exposure, overhead, and loss time for each of the
nights. Moreover, it shows the number of targets monitored
(typically between 8 and 15 each night), and the number of
images taken (3603 in total, or 68 on average per observing
night). One clearly sees that losses and overheads were quite
substantial. The overall structure reflects a combination of
the typical weather pattern at La Silla (with July rather un-
stable) and the fact that the microlensing field (the Galac-
tic bulge) is visible a smaller fraction of the night during
August than in June–July. The lack of observations in mid-
August results from a combination of moonlight close to
the targets and bad weather. With the observations spread-
ing over 68 monitored events (see next subsection), we were
strikingly close to the rough prediction of the capabilities
by Dominik et al. (2002), namely being able to monitor 20
targets per night or 75 per observing season, despite some
smaller differences in the adopted strategy.

It is hard to establish a correlation between the nightly
overhead time averages, and other parameters that charac-
terize the target selection. A strong hierarchy of sampling
intervals, rather than events with comparably dense moni-
toring, would lead to observations getting clustered on the
same target, thereby reducing the overhead times, but this
does not imply that nights with a smaller number of targets
see less slewing per exposure. In fact, we encounter the ‘re-
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Fig. 3 Night averages of the overhead time (any break between
exposures of 5 min or less) as a function of the number of tar-
gets observed during that night or the spread coefficient κs =
Nslew/(Nexp − 1), where Nexp denotes the number of exposures
and Nslew the number of slew operations.

venge of bright targets’ which means that with their shorter
exposure times, a smaller fractional amount of time is ac-
tually spent on the exposures themselves. For nights with
more than 2 observations, Fig. 3 shows the overhead time
average as a function of the number of targets and a spread
coefficient κs, which is defined as

κs =
Nslew

Nexp − 1
, (27)

where Nexp is the number of exposures (during a given
night) and Nslew is the number of slew operations to a dif-
ferent target. This means that κs = 0 corresponds to staying
on the same target during all of the night, while κs = 1 cor-
responds to always switching to a different object. As can
be seen in the figure, the spread in the overhead time night
average is substantial for κs = 1, and the correlation with κs

turns out not to be large in practice, unless one really sticks
to a single target. In fact, it seems that operational delays
on short time-scales significantly contribute to the statistics.
We experienced an overall mean overhead time of 1.6 min.
In theory, it would be possible to reduce the overhead time
to something close to 30 s at the Danish 1.54-m telescope,
since this is the typical slew time between objects in the
bulge as well as the typical read-out time (the read-out being
done simultaneously). However, we find that adjusting the
auto-guiding, adjusting for drifts, “human overhead”, etc. is
the major factor of the delay time between the exposures in
this type of projects.

5.2 Targets and observing mode

Any classification using the categories ‘ordinary’ and
‘anomalous’ for the events will lead to a substantial num-

Fig. 4 Observations carried out per target in ‘anomaly/manual’,
‘check’ and ‘ordinary’ mode, respectively, during the systematic
MiNDSTEp campaign at the 1.54-m Danish telescope at ESO La
Silla (Chile) from 23 June to 25 August 2008. In particular, the
total number of observations, the total hours spent (exposure time
plus overhead time), the exposure hours spent, the mean total ex-
posure time (in hours) averaged over observing nights, and the
mean number of observations during observing nights are shown.
The event names OGLE-2008-BLG-xxx and MOA-2008-BLG-
xxx have been abbreviated as Oxxx and Mxxx, respectively.

ber of them being unclear or marginal, resulting in a large
degree of arbitrariness. While no event will perfectly con-
form to being due to a single perfectly isolated lens star
(given that such do not exist), the ‘typical’ event will show
some weak deviation, frequently below the limit of char-
acterizability. This means that ‘ordinary’ events exist only
as approximation (no event can ever be proven not to in-
volve any anomalies), and a comprehensive statistical anal-
ysis needs to take care of more general models for all events
consistently. Consequently, we will avoid talking about ‘or-
dinary’ and ‘anomalous’ events here as far as possible, but
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instead refer to data being acquired in different SIGNAL-
MEN status (‘ordinary’, ‘check’, ‘anomaly’), which are
well-defined. More precisely, we use the telescope-specific
substatus (as explained in the previous section) for the clas-
sification, so that all manually-controlled events go un-
der ‘anomaly/manually’, ‘check’ mode means that further
dense observations have actually been requested, while all
other data arose from ‘ordinary’ mode, prioritised according
to the gain factor Ωs.

Out of 3603 images acquired in total from 23 June to 25
August 2008, 1245 arose from ‘anomaly/manually’ mode,
784 from ‘check’ mode, and 1574 from ‘ordinary’ mode.
Correspondingly, the 131 exposure hours distribute as 53
hours for ‘anomaly/manually’ (41%), 28 hours for ‘check’
(22%), and 50 hours for ‘ordinary’. With 10 to 15% of
all the events exhibiting apparent anomalies, one can ex-
pect ∼10 ongoing anomalous events at any time. Given
that the successful detection of anomalies caused by low-
mass planets (10 M⊕ or below) requires the dense mon-
itoring of a substantial number of ongoing (ordinary) mi-
crolensing events (Dominik et al. 2007), one needs to resist
the temptation to put lots of efforts into anomalous events
that are of less interest. This means to make the proper
choice of balance between follow-up and anomaly monitor-
ing. In fact, over the recent years, the balance between sur-
vey and follow-up monitoring has moved, in particular with
MOA now monitoring several fields with sub-hourly sam-
pling. While we were rather efficient in picking up ongoing
anomalies (22 out of the 68 monitored events contain obser-
vations in ‘anomaly/manually’ mode), the total amount of
time invested into these appears to be on the high side, and
better mechanisms should be put into place that allow to as-
sess the characteristics of ongoing anomalies, such as the
use of simple indicators (e.g. Han & Gaudi 2008), so that
efforts can be better focused on the major science goals.

Figure 4 shows the efforts that went into the monitoring
of each of the 68 targets, namely the number of observa-
tions, the exposure time and total time spent (exposure plus
overhead), the mean exposure hours during the 53 observ-
ing nights, and the mean number of observations, whereas
Table 1 lists the respective final event parameters. For the
overhead time, we assigned the break between exposures to
equal parts to the two images, as long as it is less than 5 min,
and adopted a fixed value of 2 min otherwise. Further infor-
mation, such as light curve plots, are available by means of
the ARTEMiS system.21 We discuss everything related to
the prioritisation of ordinary events in the next subsection,
the result of the interaction with the SIGNALMEN anomaly
detector in the subsequent one, while first we keep to more
general issues.

With 12 events monitored exclusively in ‘anomaly/
manually’ mode, amongst those 7 that arose from the MOA
survey only without a corresponding OGLE detection, and
the unclear event OGLE-2008-BLG-380, one is left with
55 events on which data have been acquired in ‘ordinary’

21 http://www.artemis-uk.org/event overview 2008.cgi

Fig. 5 Mean exposure time, nights with observations and the to-
tal time-span of the observations (last night – first night + 1) for
each of the 68 events monitored within the MiNDSTEp campaign
from 23 June until 25 August 2008. The event names OGLE-
2008-BLG-xxx and MOA-2008-BLG-xxx have been abbreviated
as Oxxx and Mxxx, respectively.

mode. The events OGLE-2008-BLG-229, OGLE-2008-
BLG-378, OGLE-2008-BLG-129, OGLE-2008-BLG-413,
OGLE-2008-BLG-379, and OGLE-2008-BLG-510 at-
tracted the largest investment of time effort within
our two-month observing window, amongst which only
OGLE-2008-BLG-129 and OGLE-2008-BLG-413 never
had ‘anomaly/manually’ status invoked. Thereby, the lead
investment is dominated by events that were considered to
involve an ongoing anomaly. Despite the fact that a larger
amount of time spent on a target does not necessarily imply
a larger number of observations, given the vastly different
exposure times (see Fig. 5), these events constitute 6 out of
the 7 events with the largest number of observations, with
MOA-2008-BLG-284 intervening, as the most demanding
event with ‘ordinary’ observations only. The left panel of
Fig. 6 shows the trend between the number of observations
and the time invested, and reveals as well that there are some
events that do not follow it. The overhead time reduces sub-
stantially the contrast between brighter and fainter events,
because the typical investment on an exposure does not fall
below about 2.5 min, whereas exposure times are rarely in
excess of 10 min.

The events OGLE-2008-BLG-426 and OGLE-2008-
BLG-578 were alerted by OGLE due to a sudden peak, and
were picked up promptly and immediately by the ARTEMiS
system without any human intervention (thanks to the rsync
link with the OGLE computers). Despite the fact that the
respective model parameters for an ordinary microlensing
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Table 1 Final model parameters, as reported by SIGNALMEN, for the microlensing events observed in 2008 by the MiNDSTEp
consortium at the Danish 1.54-m telescope at ESO La Silla (Chile) during the systematic scheduling period covering the nights starting
June 23 until August 25.

Event Designation Alternative Designation Ibase t0 [UT (2008)] t0 [JD’] tE[d] u0 A0 g ΔI IS I0

� MOA-2008-BLG-187 — anomalous
MOA-2008-BLG-262 OGLE-2008-BLG-422 19.28 = 26 Jun, 16:55 4644.205 71.8 0.627 16.0 0.97 2.3 20.02 16.94

� MOA-2008-BLG-284 — anomalous
� MOA-2008-BLG-308 — anomalous
� MOA-2008-BLG-310 — anomalous
� MOA-2008-BLG-311 — anomalous

MOA-2008-BLG-314 OGLE-2008-BLG-459 15.69 = 25 Jul, 20:28 4673.353 10.6 0.249 4.1 0.03 1.51 15.72 14.18
� MOA-2008-BLG-336 OGLE-2008-BLG-524 anomalous
� MOA-2008-BLG-343 OGLE-2008-BLG-493 anomalous

MOA-2008-BLG-349 OGLE-2008-BLG-509 15.18 = 1 Aug, 1:07 4679.547 6.3 0.062 16.5 2.6 1.80 16.59 13.38
MOA-2008-BLG-380 OGLE-2008-BLG-543 19.79 = 10 Aug, 6:05 4688.754 7.5 0.045 22.4 0.33 3.1 20.10 16.71

� MOA-2008-BLG-383 — anomalous
� MOA-2008-BLG-384 — anomalous

OGLE-2008-BLG-081 — 15.44 = 15 Aug, 20:49 4694.368 97.3 0.615 1.85 0.37 0.52 15.78 14.92
�OGLE-2008-BLG-096 MOA-2008-BLG-166 16.45 + 11 Sep, 9:30 4720.896 104.4 0.539 2.1 0 0.78 16.45 15.67

OGLE-2008-BLG-129 MOA-2008-BLG-332 18.45 − 18 Jun, 2:42 4635.613 93.6 0.175 5.8 0.10 1.82 18.56 16.64
OGLE-2008-BLG-208 MOA-2008-BLG-212 16.63 − 8 Jun, 20:18 4626.346 25.0 0.030 34 0.13 3.7 16.76 12.93

�OGLE-2008-BLG-229 MOA-2008-BLG-272 17.19 = 18 Jul, 7:55 4665.830 51.0 0.151 6.7 0.44 1.73 17.59 15.46
�OGLE-2008-BLG-243 MOA-2008-BLG-184 19.44? anomalous
�OGLE-2008-BLG-290 MOA-2008-BLG-241 16.94 − (15 Jun, 0:27) (4632.519) (16.6) (0.0006) (0.006)
�OGLE-2008-BLG-303 MOA-2008-BLG-267 19.38 − 17 Jun, 14:32 4635.106 34.1 0.022 46 0.22 3.9 19.60 15.43

OGLE-2008-BLG-310 MOA-2008-BLG-217 15.36 − 19 Jun, 18:23 4637.266 76.6 0.384 2.7 0.15 1.00 14.51 14.36
OGLE-2008-BLG-312 MOA-2008-BLG-247 19.42 − 8 Jun, 14:51 4626.119 30.7 0.588 17.0 0.33 2.8 19.74 16.64
OGLE-2008-BLG-318 MOA-2008-BLG-276 15.99 − 31 May, 9:51 4617.911 50.5 0.256 4.0 0 1.51 15.99 14.49
OGLE-2008-BLG-320 — 14.63 + 30 Aug, 13:07 4709.047 57.5 0.739 1.62 0 0.52 14.63 14.11

�OGLE-2008-BLG-333 MOA-2008-BLG-327 15.07 − 21 Jun, 8:08 4638.839 10.5 0.032 31 0 3.7 15.07 11.33
OGLE-2008-BLG-335 MOA-2008-BLG-296 17.36 + 17 Jul, 17:13 4665.218 75.6 0.176 5.7 3.8 0.74 19.07 16.62
OGLE-2008-BLG-336 MOA-2008-BLG-275 18.66 − 23 Jun, 13:42 4641.071 47.7 0.124 8.1 1.5 1.45 19.67 17.21
OGLE-2008-BLG-340 MOA-2008-BLG-256 16.65 − 14 Jun, 3:12 4631.634 7.1 0.112 9.0 0.11 2.3 16.77 14.37

�OGLE-2008-BLG-349 MOA-2008-BLG-261 19.57 − (15 Jun, 4:23) (4632.683) (24.4) (0.028) (0)
�OGLE-2008-BLG-355 MOA-2008-BLG-288 18.4? anomalous

OGLE-2008-BLG-358 MOA-2008-BLG-264 18.79 − 10 Jun, 15:53 4628.162 21.4 0.059 17.0 6.0 1.3 20.90 17.49
�OGLE-2008-BLG-366 MOA-2008-BLG-321 17.70 anomalous

OGLE-2008-BLG-371 — 17.53 = 21 Aug, 11:51 4699.994 81.2 0.120 8.4 3.3 1.09 19.12 16.45
�OGLE-2008-BLG-378 MOA-2008-BLG-299 15.81 = 11 Jul, 1:39 4658.569 14.6 0.311 3.3 0.06 1.26 15.88 14.55
�OGLE-2008-BLG-379 MOA-2008-BLG-293 17.52 = (7 Jul, 22:36) (4655.442) (20.7) (0.102) (0.55)
�OGLE-2008-BLG-380 — 17.47 anomalous/unclear

OGLE-2008-BLG-383 — 17.70 − 23 Jun, 8:22 4640.849 28.0 0.095 10.5 0.99 1.91 18.45 15.79
OGLE-2008-BLG-393 MOA-2008-BLG-322 18.01 = 8 Jul, 14:16 4656.095 27.4 0.033 30 1.7 2.7 19.09 15.33
OGLE-2008-BLG-394 MOA-2008-BLG-300 16.22 = 29 Jul, 13:37 4677.068 23.0 0.324 3.2 0.01 1.26 16.23 14.96
OGLE-2008-BLG-397 MOA-2008-BLG-285 17.65 = 24 Jun, 14:13 4642.093 6.0 0.163 6.2 0.10 1.90 17.75 15.76
OGLE-2008-BLG-404 — 17.39 = 16 Aug, 23:25 4695.476 47.3 0.469 2.3 0.35 0.73 17.72 16.65
OGLE-2008-BLG-412 MOA-2008-BLG-292 18.60 = 30 Jun, 13:14 4648.052 15.5 0.206 4.9 0.38 1.46 18.95 17.14
OGLE-2008-BLG-413 MOA-2008-BLG-346 18.83 = 29 Jul, 1:30 4676.563 69.4 0.043 23.0 1.7 2.4 19.92 16.43

�OGLE-2008-BLG-423 MOA-2008-BLG-302 16.69 = (7 Jul, 8:49) (4654.868) (110.3) (0.018) (7.7)
�OGLE-2008-BLG-426 — 19.54 = (28 Jun, 18:53) (4646.287) (39.2) (0.007) (11)

OGLE-2008-BLG-427 — 19.14 = 29 Jun, 8:29 4646.854 15.1 0.139 7.2 0.93 1.57 19.85 17.57
OGLE-2008-BLG-434 MOA-2008-BLG-309 19.41 = 6 Jul, 7:58 4653.832 16.6 0.046 21.8 0 3.3 19.41 16.06
OGLE-2008-BLG-439 MOA-2008-BLG-329 15.93 = 27 Jul, 23:08 4675.464 12.9 0.448 2.4 0 0.95 15.93 14.99
OGLE-2008-BLG-441 — 17.74 = 27 Jul, 21:17 4675.387 25.0 0.54 2.0 0 0.78 17.74 16.97

�OGLE-2008-BLG-442 MOA-2008-BLG-317 15.99 + (30 Aug, 12:44) (4709.031) (33.5) (0.810) (0)
OGLE-2008-BLG-446 — 19.39 = 22 Jul, 19:52 4670.328 39.4 0.229 4.5 0.003 1.62 19.39 17.77
OGLE-2008-BLG-458 MOA-2008-BLG-331 18.95 = 5 Jul, 4:49 4652.701 20.3 0.109 9.3 0.84 1.85 19.51 17.01
OGLE-2008-BLG-460 MOA-2008-BLG-333 16.22 = 21 Jul, 21:00 4669.375 9.0 0.572 1.96 0.000 0.73 16.22 15.49
OGLE-2008-BLG-462 — 18.87 = 22 Jul, 8:44 4669.864 29.4 0.212 4.8 0.02 1.68 18.90 17.19
OGLE-2008-BLG-478 MOA-2008-BLG-392 16.96 = 11 Aug, 16:56 4690.206 37.2 0.174 5.8 0.54 1.54 17.43 15.42
OGLE-2008-BLG-488 MOA-2008-BLG-400 18.64 = 23 Aug, 11:18 4701.971 47.9 0.256 4.0 0.21 1.35 18.85 17.29
OGLE-2008-BLG-503 MOA-2008-BLG-354 14.72 = 2 Aug, 9:11 4680.883 5.8 0.784 1.55 0.06 0.45 14.78 14.26
OGLE-2008-BLG-506 — 18.58 = 25 Jul, 8:09 4672.840 32.7 0.023 44 20 1.23 21.86 17.35
OGLE-2008-BLG-507 — 17.92 = 2 Aug, 0:25 4680.518 8.8 0.457 2.4 0 0.93 17.92 16.99

�OGLE-2008-BLG-510 MOA-2008-BLG-369 19.23 = (10 Aug, 2:01) (4688.584) (22.8) (0.062) (0.06)
OGLE-2008-BLG-512 MOA-2008-BLG-363 17.85 = 5 Aug, 17:46 4684.240 12.0 0.179 5.6 2.5 0.92 19.21 16.93
OGLE-2008-BLG-525 MOA-2008-BLG-368 16.72 = 18 Aug, 21:13 4697.384 13.1 0.291 3.6 0.64 1.02 17.26 15.71

�OGLE-2008-BLG-530 MOA-2008-BLG-374 18.155 = (8 Aug, 9:52) (4686.911) (15.4) (0.084) (4.5)
OGLE-2008-BLG-539 — 16.60 = 24 Aug, 0:20 4702.514 12.6 0.456 2.4 0.68 0.65 17.16 15.96
OGLE-2008-BLG-555 MOA-2008-BLG-397 17.24 = 19 Aug, 2:18 4697.596 4.4 0.165 6.5 0.06 1.92 17.30 15.32
OGLE-2008-BLG-564 — 19.00 + 31 Aug, 6:53 4709.787 40.8 0.184 54 3.2 2.8 20.57 16.17

�OGLE-2008-BLG-578 — 18.44 = (23 Aug, 9:33) (4701.898) (5000) (6 × 10−5) (1200)

Ibase baseline magnitude, t0 epoch of peak, tE event time-scale, u0 impact parameter, A0 peak magnification, g blend ratio, ΔI = I0 − Ibase observed brightening
between peak and baseline, IS intrinsic source star magnitude, I0 peak magnitude.
Indicators for events with data in ‘anomaly/manually’ mode: � event without OGLE survey data, � manual control gained, � SIGNALMEN/ARTEMiS-activated anomaly,
� anomaly reported by OGLE before data release, � anomaly outside the observing window, � event unclear, model estimate uncertain or erratic.
Indicators of peak location: − before observing window, = within observing window, + after observing window.
For some events with possible anomalies, indicative parameters are given in brackets, referring to a background ordinary model used for prioritising the ‘ordinary’ data that
have been acquired.
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light curve were meaningless, a fast reaction on potential
short time-scale events is far more important than poten-
tially wasting time on phenomena that have a different ori-
gin, because this harbours the potential for a study of iso-
lated sub-stellar (including planetary) mass objects within
the Milky Way.

Comparing a typical event-scale of 20 days (Eq. 12)
with the width of the observing window of our system-
atic operations in 2008, namely 2 months, it becomes ob-
vious that there are events that are desired to be observed
before or after. Moreover, we found that 1/3 of the moni-
tored events have their peak magnification outside our ob-
serving window. In order for an event to be observed over a
long time-span within the observing window (see Fig. 5), its
time-scale should be long, the target should be bright, and
the peak should occur near the centre of the observing win-
dow. In fact, OGLE-2008-BLG-081 and OGLE-2008-BLG-
320 would have been monitored over more than the 2 month
time-span, being 2 out of the three brightest events at base-
line and having a time-scale in excess of 50 days. The other
event with a top brightness, OGLE-2008-BLG-503, how-
ever has a short coverage time-span due to its event time-
scale tE ∼ 6 d. The rather small efforts that went into the
events OGLE-2008-BLG-503 to OGLE-2008-BLG-564 are
not the result of these being alerted near the end of the ob-
serving window, but due to a clustering of small event time-
scales tE <∼ 15 d. There are 3 exceptions: OGLE-2008-
BLG-506 has tE = 33 d, but involves a faint target, OGLE-
2008-BLG-510 involves a remarkable anomaly (Bozza et
al. 2010) (and thereby is the only event in this group that re-
ceived a huge amount of attention), and OGLE-2008-BLG-
564 has tE = 40 d, is quite faint at baseline, and peaks af-
ter the end of the observing window. The fraction of nights
with observations during the monitoring time-span usually
ranges between 50 and 100%, with events with a long time-
span tending to have lower fractional coverage, in particular
both OGLE-2008-BLG-081 and OGLE-2008-BLG-320 are
around 50%, i.e. a bit less than 30 nights.

Given that a large number of observing nights on a
given event is likely to result from monitoring the wing
regions, which comes with a smaller magnification and
thereby longer sampling interval, many observations per
night usually do not come in combination with many ob-
serving nights. In fact, only a small number of events
(10) have more than 10 observations per night on aver-
age (see Fig. 6 right), and it is only OGLE-2008-BLG-
229 and OGLE-2008-BLG-378 that due to observations in
‘check’ and ‘anomaly/manually’ mode have more than 10
observations per night on average and more than 20 ob-
serving nights (and thereby more than 200 observations).
The densest average sampling has been obtained on three
manually-controlled events without OGLE survey data,
namely MOA-2008-BLG-311, MOA-2008-BLG-310, and
MOA-2008-BLG-308 during 4, 3, or 1 observing nights,
respectively, which on short time-scale reverted to being a
faint target.

Fig. 6 Left: total time spent on each of the 68 microlensing
events monitored during the systematic phase of the 2008 MiND-
STEp campaign as a function of the total number of observations.
Right: observing nights as function of the mean number of obser-
vations per night for the same data set.

We aim at covering each of the monitored events at
least once every 2 hours, which appears to have failed sig-
nificantly if less than 3 images have been acquired per
night. Looking at the averages shown in Fig. 4, 11 out
of the 68 events fail on this criterion, however each of
these under special circumstances. For OGLE-2008-BLG-
312 and OGLE-2008-BLG-358, observations much after
the peak that occured before the observing window of our
systematic campaign appear to have been carried out by
mistake. Five events can be identified with those that just
made it to the observing list as the event with the lowest
gain factor Ωs for 2 or 3 nights, respectively (OGLE-2008-
BLG-441, OGLE-2008-BLG-488, OGLE-2008-BLG-506,
OGLE-2008-BLG-512, and OGLE-2008-BLG-539), and
therefore were just given the remaining available observ-
ing time without being able to fulfill the desired sam-
pling rate. Two events, namely OGLE-2008-BLG-371 and
OGLE-2008-BLG-397 suffered from bad weather or prior-
ity given to anomaly monitoring for some of the observing
nights out of a moderate total number (8). Similarly affected
is the average long-term coverage (28 nights) of OGLE-
2008-BLG-320 (while OGLE-2008-BLG-081 shows this
trend to a lesser extent, keeping the average number of im-
ages per observing nights slightly above 3). Finally, we ac-
quired just 2 data points on OGLE-2008-BLG-380 during
a single night before dismissing this event on which the
OGLE photometry indicated difficulties or weird behaviour.

5.3 Distribution of event characteristics

The statistics of event magnifications and observed magni-
tudes for the collected data are based on the rather small
number of 52 events with observations in ‘ordinary’ moni-
toring mode while SIGNALMEN reported ‘ordinary’ status
(1494 in total), after dismissing OGLE-2008-BLG-426 and
OGLE-2008-BLG-578 which show a short strong rise due
to anomalous behaviour, while there were no ‘ordinary’-
‘ordinary’ data on OGLE-2008-BLG-503 within the ob-
serving window. With the peak magnification and the base-
line magnitude being specific to each event, the respective
diagrams in Fig. 7 displaying the distribution of the event
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Fig. 7 Distribution of the current event magnification A(t) (or respectively Δm = 2.5 lgA(t)), the observed event magnification
Aobs(t) (or respectively Δm = 2.5 lgAobs(t)), the event magnitude I(t), the gain factor Ωs(t), and the event phase p(t) = (t− t0)/tE
with respect to the number of observations or the invested time into acquiring the frame for the observations in ‘ordinary’ mode at the
1.54-m Danish telescope at ESO La Silla (Chile) during the systematic 2008 MiNDSTEp campaign between June 23 and August 25.

magnification, the observed event magnification, the current
magnitude, the gain factor, and the event phase with respect
to the number of observations and the time spent (exposure
time plus overhead) therefore show a substantial scatter.

Given the strong correlation between the number of ob-
servations and the time spent (see also Fig. 6, left panel),
the distributions for both ways of counting look quite simi-
lar, and for the gain factor Ωs are even hard to distinguish,
except for Ωs < 2, unless the current magnitude itself is
considered, where the smaller efforts on brighter targets be-

come apparent. Plotting the time spent on the target (expo-
sure plus overhead time) as a function of the current magni-
tude (see Fig. 8) shows a large scatter with given magnitude
over a rather small rise towards fainter targets. It is only for
(the small number of) targets with I > 18.5 that the time
invested into the observation becomes substantially larger.
The exposure time itself shows a stronger trend with tar-
get magnitude, but this is weakened by the overhead time.
Figure 9 allows to identify ‘trajectories’ of I(t), m(t) and
Ωs for a given event, which themselves provide unambigu-
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Fig. 8 Exposure time texp and spent time tspent (including overhead time) as a function of the current target I-magnitude for the 1494
ordinary observations during the systematic phase of the 2008 MiNDSTEp campaign. While the left panels plot the respective quantities
for each exposure, the binning applied in the right panels allows to reveal the underlying trend over the scatter.

Fig. 9 Left: magnitude shift Δm = 2.5 lgA(t) of the source star as a function of the current I magnitude for the 1494 ‘ordinary’
observations during the systematic 2008 MiNDSTEp campaign at the 1.54-m Danish telescope at ESO La Silla. Middle: gain factor Ωs

as a function of Δm for the same observations. Right: gain factor Ωs as a function of I(t) for the same observations.

ous relations: Δm decreasing with I , Ωs increasing with
Δm, and Ωs decreasing with I . The spread resulting from
the ensemble of events, with their various baseline magni-
tudes and peak magnifications, however destroys the one-
to-one relationship. The most notable remaining feature in-
deed is the domination of Ωs < 2 by faint events, while one
also finds an excess of faint observed magnitudes in highly-
magnified events (those common targets would not be moni-
tored otherwise), whereas brighter events (I < 15.5) appear
to cluster at smaller magnifications (Δm < 1 mag).

There is a paucity of observations for a magnitude shift
Δm(t) = 2.5 lg A(t) less than 0.2 mag, given that the re-
spective target priority was not large enough to warrant se-
lection, and also for Δm > 3.6 mag, reflecting the small
chance for such a magnification to occur. The peak between
0.4 and 0.8 mag reflects the wing phases of the monitored
events, and not that large efforts are thrown at events with
small peak magnifications. The underrepresentation of this
peak on counting the invested time rather than the number

of observations also indicates that extended wing coverage
is more prominent with brighter targets. Source stars bright-
ened between 0.8 mag and 3.6 mag received comparable
amounts of attention with a decrease by about a factor 2 to-
wards the higher magnifications, which is influenced by the
τ ∝ √

A law for the sampling interval as well as the statis-
tics of current event impact parameters u(t).

The low-magnification peak is more prominent if the
observed magnification Aobs(t) = [A(t) + g]/(1 + g) is
considered, where the blend ratio g leads to Aobs(t) ≤
A(t). Consequently, with a stronger concentration towards
smaller magnitude shifts, the decrease of fractional invest-
ments towards actually brighter targets is stronger, and dif-
ferences exceeding 2.4 mag already become rare.

The bimodality of the distribution of the current event
magnitude amongst the observations with peaks around I ∼
15 and I ∼ 17 appears to reflect the bimodality between ei-
ther main-sequence or giant source stars. Only very few ob-
servations were taken on events that appeared brighter than
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14 mag or fainter than 18.5 mag. Due to the smaller ex-
posure time on bright targets, the distribution counting the
invested time only retains a single peak at around I ∼ 17,
while fractional efforts were almost negligible for I < 14.8,
whereas there was some significant (but small) fraction of
time spent on targets down to I ∼ 19.2 (actually less than
2.5% went to I > 18).

The median gain factor Ωs of the 1494 ‘ordinary’ ob-
servations is 4.3. With higher gains occuring less frequently
and the sampling interval being a function of the magni-
fication A rather than Ωs, 56% of the observations have
moderate gain factors 3 < Ωs < 6, while 33% of the ob-
servations have Ωs > 6, and only 12% have Ωs > 10. This
shows explicitly that strategies exclusively targeted at ob-
servations with large gain would occupy a rather small frac-
tion of the time, whereas dedicated telescopes collect infor-
mation from a much larger number of targets with smaller
gain factors. For a good scientific programme at a non-
dedicated site with on-demand access, it would be meaning-
ful to choose a proper cut-off in the gain factor that balances
between the return-to-investment factor and the overall re-
turn by obtaining a larger data set. Given that the detection
of OGLE-2005-BLG-390Lb (Beaulieu et al. 2006; Dominik
et al. 2006), at a gain factor Ωs = 3.2 with the parameters
of the Danish telescope22, was the result that by far had the
largest impact of all the Galactic gravitational microlensing
observations, we are not in favour of advocating a strategy
that would have missed it.

In any case, a further aspect that needs to be considered
is that a proper characterisation of events is required both
for the later scientific analysis and the real-time event pre-
diction (without which it is not possible to identify the most
favourable ones), calling for investment beyond that of the
microlensing surveys.

The distribution of the event phases p(t) = (t−t0)/tE is
an overlay of a narrower peak around the peak of the event
with 34% of the observations carried out while |p| < 0.1,
and a broader distribution that ‘kicks in’ at about p ∼ −0.8,
which can be identified as alert jump, and basically ends
at about p = 1, with very few observations taken further
down the wing. The broader distribution is substantially
skewed, leaning towards p < 0. This reflects the operations
of the SIGNALMEN anomaly detector, sending events into
‘check’ and ‘anomaly’ mode, which cannot happen in early
phases, given that there is a minimum requirement for the
number of acquired data points, and deviations are difficult
to assess with poorly-constrained models. This means that
we also see the differential efficiency of SIGNALMEN on
pre-peak and post-peak data.

Plotting the distribution of the maximal reached event
magnification, observed event magnification, observed tar-
get brightness or gain factor for each night, while indicating
the time spent on the respective event, as shown in Fig. 10,
reveals that there is no need to devote a 1.54-m telescope

22 A telescope slewing twice as fast would yield Ωs = 4.3, while ne-
glecting the slew time would mean Ωs = 7.5.

Fig. 10 Distribution of the event magnification A(t) (respec-
tively the source magnitude shift Δm(t) = 2.5 lgA(t)), the
observed event magnification Aobs(t) (respectively the observed
magnitude shift Δmobs(t) = 2.5 lgAobs(t)), the target magni-
tude, and the gain factor Ωs during each of the observing nights.
Each event is represented by a single plot symbol, whose size cor-
responds to the time spent, while the reported value reflects the
brightest exposure during the given night.

just to the monitoring of one or two events. No single ‘ordi-
nary’ event ever dominated the observations, while even in
the nights of July 7 or July 31, comprising the events with
the highest gain factors encountered, 10 or 14 events, re-
spectively, were monitored. Few events are the result of, in
first instance, huge losses during the night (compare Fig. 2),
and in second instance of a (rare) huge load of anomaly
monitoring. For the observations in ‘ordinary’ mode, pri-
oritised by means of the gain factor Ωs, it is the current en-
semble that determines whether the number of monitored
events turns out to be rather near 8 or rather near 15. One
also sees that the time invested not just increases with the
gain factor Ωs, but the sampling interval τ is proportional to√

A (with A being the current magnification), while fainter
targets require longer exposure times.

5.4 Anomaly detection by means of immediate
feedback

In total, 126 ‘check’ requests on suspected deviations from
an ordinary microlensing light curve, detected in 34 events,
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have been forwarded to the 1.54-m Danish telescope by the
SIGNALMEN anomaly detector. While the prompted dense
monitoring caused SIGNALMEN to revert to ‘ordinary’ sta-
tus in 120 cases, the remaining 6 cases led to flagging up an
‘anomaly’.

By construction, SIGNALMEN should invoke ‘check’
status on about 5% of the incoming data if no anomalies are
present (Dominik et al. 2007). However, the 1.54-m Danish
telescope not only reacted to ‘check’ triggers arising from
its own data, but also on those resulting from an assessment
of data that were made available from other sites around
the world where observations were carried out by OGLE
(Las Campanas, Chile), MOA (Mt John, New Zealand),
RoboNet-II (Faulkes North, Hawaii; Faulkes South, Aus-
tralia; Liverpool Telescope, Canary Islands), and PLANET-
III (Canopus Observatory, Tasmania; Perth Observatory,
Western Australia; SAAO, South Africa). In fact, the latter
provide a 2/3 majority on the ‘check’ triggers that the 1.54-
m Danish telescope reacted to, namely 85 in total (MOA:
44 , OGLE: 35, SAAO: 11, Canopus: 5, Perth: 2, Faulkes
South: 1, whereas 41 ‘check’ triggers arose from data taken
with the 1.54-m Danish at La Silla (Chile) itself. Given the
longitudinal distribution of the sites, the Danish telescope
will always pick up on ‘check’ triggers that arise from its
own data, unless these occur very near the end of the night’s
observing window or the telescope needs to close due to
weather or technical failures. In contrast, ‘check’ status aris-
ing from data acquired elsewhere can already revert to ‘or-
dinary’ before observations at ESO La Silla can commence.
While it is explicitly desired for a follow-up telescope like
the Danish 1.54-m to invest into ‘check’ request that arise
from data at a survey telescope, since this much increases
the chances for detecting low-mass planets with the large
number of events covered by the surveys, the ‘check’ load
should be evenly distributed amongst a follow-up network,
rather than being focused on the 1.54-m Danish, as in 2008.
Given that the main goal is a fast reaction to short-lived
anomalies (on the time-scale of a few hours), one might also
consider to let ‘check’ requests expire if these cannot be met
with proper telescope resources. However, we can well ac-
cept 50% of the ‘check’ trigger to arise from survey sites,
favourably from the OGLE telescope at Las Campanas, be-
cause additional efforts at La Silla could be undertaken im-
mediately and would allow the identification of planetary
anomalies on just suspicious but not evident OGLE data,
without severely impacting the OGLE survey itself by such
an intensive follow-up effort. In a similar way, the Faulkes
Telescope South (in Australia) could interact with the MOA
telescope (in New Zealand), albeit with a slightly smaller
time overlap.

Taking 5 further data points on 5% of the acquired data
would mean to take 20% of total observations (except for
anomaly monitoring) in ‘check’ mode. Now, for the system-
atic 2008 MiNDSTEp campaign, we find an investment of
33% of the observations or 36% of the exposure time. With
2/3 of the ‘check’ triggers not arising from data acquired

with the 1.54-m Danish, we would have expected a much
larger investment. In fact, 44 ‘check’ triggers from 1574 ‘or-
dinary’ observations means triggering on ∼2.8% of the data
on average. Looking more closely into this reveals that the
5% level can only meaningfully be established based on the
scatter of the data if more than 50 data points on the event
under consideration have already been acquired, whereas
SIGNALMEN is far more conservative at earlier stages, in-
cluding to refuse assessing data unless observations from at
least two previous nights have been carried out, which is re-
flected in the event-phase distribution for data acquired in
‘ordinary’ mode (see Fig. 7). With only 20% of the ‘ordi-
nary’ data taken when at least 50 previous points had al-
ready been acquired, the smaller number of ‘check’ triggers
does not come as a complete surprise. Morevover, the small-
number statistics well explain why we do not see any check
requests on many of those events with less than 40 ‘ordi-
nary’ data points. An unrealistic, exceptional scatter can not
only increase the number of ‘check’ triggers, namely when
it first occurs, but also reduce it, namely every time there-
after by having increased the trigger threshold. By assessing
the scatter of the received data, SIGNALMEN consequently
does not trigger on improper data if those have already ap-
peared earlier on the same event. However, if the data reduc-
tion fails for the first time during the night of consideration,
or if the scatter substantially increases, there is no mecha-
nism yet in place to properly pick up on this, whereas a re-
spective additional criterion for judging about an anomaly
has been described (Dominik et al. 2007). In fact, the large
scatter arising from data-reduction problems explains the
absence of any trigger on 1.5-m Danish data on the events
MOA-2008-BLG-262, OGLE-2008-BLG-081, and OGLE-
2008-BLG-320.

On the other hand, there are 3 main factors that increase
the number of ‘check’ triggers: the misestimation of model
parameters leading to a discrepancy between the model light
curve and the observed magnitude, a sudden increase in
scatter due to failed data reduction, and finally, the events in
fact contain real anomalies. Amongst all anomalies, those
of planetary origin constitute a rather small minority, and
by rough estimate 10 to 15% of the events show apparent
anomalies at some point. A particular problem arises from
events with intrinsic variability of the magnified blended
source star, because this variation will increase over the
course of the event. There are triggers on weak anomalies
that never turn into sufficient evidence, and it is an estab-
lished pattern that such occur repeatedly on the same event.
As a relict from the inability to provide sufficient data for
telling the difference between an anomalous and an ordi-
nary event, further data on such marginal events are being
requested, and this is being made through ‘check’ mode.

The vast majority (∼95%) of the incurred ‘check’ re-
quests cause SIGNALMEN to revert to ‘ordinary’ status.
Three different major routes to calling off an anomaly can
be distinguished: First, a revision of the underlying ordinary
light curve model or a reassessment of the scatter based on

www.an-journal.org c© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



688 M. Dominik et al.: Microlensing strategy for planet populations

data points that are not suspected to indicate anomalous be-
haviour can mean the sudden death to a suspected anomaly
with just one or two further data points (about 16% of
the encountered ‘check requests’). Second, the main route
(about 80%) is to find evidence against a significant devia-
tion, which with a reasonable data quality is achieved after
4 further data points (and this is also the minimum number
explicitly requested). Third, evidence for an anomaly might
accumulate, but after 5 points have been acquired, SIG-
NALMEN decides in favour of revising the model rather
than calling for an anomaly. This is typically the longest
process with 5–10 further data points, and occured in 2.5%
of our ‘check’ requests.

We found 44 textbook examples (1/3 of all ‘check’ re-
quests) of discarding a suspected anomaly by means of 4
data points as further evidence. Out of the ‘check’ requests
dismissed by means of evidence against a real deviation,
45% were called off by data from the 1.54-m Danish only,
34% together with data from other sites, and 22% with other
data only (see below for reasons why the data from La Silla
were not sufficient).

While there were a large number of good performances,
precisely as expected, we experienced some expected diffi-
culties, and actually ran into one trap that we did not think
about properly in advance. Namely, in order for a ‘check’
status being reverted to ‘ordinary’, data need to be reduced
in real-time and made available to the ARTEMiS system.
If either the timely data transfer or the data reduction it-
self fails, the event remained in ‘check’ status, where the
‘check’ request should have been cleared in such a case.
It turned out that 14% of the ‘check’ observations were
wasted due to not having taken appropriate measures to ac-
count for this. A further loss of 8% arose from a software
bug that allowed a ‘check’ request to be submitted, while
the SIGNALMEN criteria for data assessment (at least 6
previous points from at least 2 previous nights) were not
met. Moreover, another 8% of ‘check’ points were acquired
unnecessarily, because the loop from data acquisition over
the SIGNALMEN assessment and via the ARTEMiS tools
back to the observer took too long, be it due to data not
being uploaded pointwise, or the ARTEMiS machines be-
ing busy or the process itself requiring too much time. This
means that by fixing these 3 issues, about 30% of the time
invested in ‘check’ mode could have been spent more effi-
ciently otherwise. Given the rather small number of ‘check’
triggers per event, some events are particularly badly af-
fected, namely OGLE-2008-BLG-478 (all of the ‘check’
data), OGLE-2008-BLG-442 (all), OGLE-2008-BLG-423
(all), OGLE-2008-BLG-336 (80 per cent), OGLE-2008-
BLG-229 (60%), and OGLE-2008-BLG-129 (50%).

A timely call-off of a suspected (but not real) anomaly
becomes difficult or impossible if the actual data quality
is below the desired quality level. This effect was appar-
ent for 4% of the acquired ‘check’ mode data, and in par-
ticular on 40% of the ‘check’ data for OGLE-2008-BLG-
378. Moreover, there have been 4 events with excessive trig-

gering on 1.54-m Danish data, namely OGLE-2008-BLG-
229, OGLE-2008-BLG-290, OGLE-2008-BLG-379, and
OGLE-2008-BLG-458. However, together this accounts for
less than 6% of the ‘check’ observations, so that losses by
bad data quality in total amount to less than 10%. While the
data quality is of course a crucial factor for the detectability
of planetary (and other) deviations, sub-optimal photometry
turns out not to be such an important factor for the amount
of investment into confirming or rejecting suspected anoma-
lies by means of providing immediate feedback to SIGNAL-
MEN ‘check’ requests.

The assessment of data on potential anomalies by SIG-
NALMEN is a rather complex process, taking into account
that data might arrive in blocks and out of time-sequence,
might be altered at any time or withdrawn. Therefore, it is
possible that a suspected anomaly is re-assessed due to data
being received with a delay that were acquired before or
during the suspected anomaly, which might alter the model
parameters and more seriously, the conclusion about the
presence of the anomaly.

Within our sample of ‘check’ requests, we found a few
further oddities. First, the technical time delay of the data
assessment not only led to data taken in ‘check’ mode while
the event should have already been considered ‘ordinary’,
but also to data taken in ‘ordinary’ mode while the ‘check’
flag had already been raised on earlier observations. Sec-
ond, on OGLE-2008-BLG-439, a ‘check’ request resulted
from an erratic point that was later removed. Third, one of
the ‘check’ requests on OGLE-2008-BLG-229 disappeared
too early due to a bug that restarted the assessment at a point
that did not support the suspected anomaly. Fourth, and fi-
nally, on OGLE-2008-BLG-413, 4 out of 5 ‘check’ triggers
have been called off by model revision, reflecting the com-
parably poor guidance provided by the OGLE and MOA
survey data.

Out of 22 events with data acquired in ‘anomaly/
manually’ mode, there were 6 cases of ‘check’ requests
turning into ‘anomaly’ status, namely on OGLE-2008-
BLG-096, OGLE-2008-BLG-229, OGLE-2008-BLG-333,
OGLE-2008-BLG-378, OGLE-2008-BLG-379, and OG-
LE-2008-BLG-510, whereas there were no ‘check’ requests
for the 1.54-m Danish between SIGNALMEN invoking
‘check’ status and turning this into ‘anomaly’ for OGLE-
2008-BLG-303 and OGLE-2008-BLG-530. Given a caustic
exit in early MOA data of OGLE-2008-BLG-423, when re-
alized, ‘anomaly’ status was set manually. Thirteen events
were manually controlled from the beginning, amongst
these 7 events without OGLE survey data, for which this
was the mandatory mode according to our event selection
criteria. Furthermore, 3 events were reported anomalous by
OGLE before the respective data were released (OGLE-
2008-BLG-243, OGLE-2008-BLG-355, and OGLE-2008-
BLG-366), an anomaly was suspected in OGLE-2008-
BLG-349 following SIGNALMEN assessment before the
beginning of the systematic campaign, MOA-2008-BLG-
343 was anomalous with the first release of data, and MOA-
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2008-BLG-336 was brought under manual control because
the observed rise follows an earlier pair of caustic passages.
During the 2 months of the systematic 2008 MiNDSTEp
campaign, SIGNALMEN has not missed on flagging any
present anomaly from assessing ‘ordinary’ or ‘check’ data
in the monitored events that was reported by a third party.

In contrast to reverting from ‘check’ status to ‘ordinary’,
clearing ‘anomaly’ status or revising the initial sampling in-
terval of 10 min requires human intervention. In principle,
we require that attention is given within 1 hour after the
‘anomaly’ status has been invoked. However, time appeared
to be too short (and/or other commitments to large or too
many) for getting a suitable web-interface in place before
the beginning of the 2008 observing season that would have
enabled this. Given that flagging up ‘anomaly’ status is a
rather rare event, it is in any case a worthwhile investment
of spending even a whole night with dense monitoring at
10 min intervals. While the obtained ∼40 images are a sub-
stantial addition to the number of observations for the spe-
cific event (only about 10% of the events had more than 100
exposures taken), we are talking about less than 10% of all
the observations in total.

Events with particularly striking anomalies monitored
during the 2 months of the systematic 2008 MiNDSTEp
campaign include MOA-2008-BLG-310 with a planetary
anomaly partly covered by our data (Janczak et al. 2010),
OGLE-2008-BLG-290 with a prominent finite-source peak
(Fouqué et al. 2010), and OGLE-2008-BLG-510 where the
otherwise undetected anomaly was revealed by MiNDSTEp
1.54-m Danish data following a ‘check’ request of the SIG-
NALMEN anomaly detector (Bozza et al. 2010).

6 Conclusions and recommendations

While being far from claiming perfection, our setup appears
to be technically ready for inferring the statistics of plan-
etary populations. Several issues have been identified that
should be addressed in order to improve the efficiency of
our and related campaigns.

We have explicitly demonstrated that an automated se-
lection of microlensing events for follow-up monitoring can
show a reasonable performance in practice, without the need
to devise an extremely detailed and sophisticated algorithm.
With the return-to-investment ratio measured by a gain fac-
tor, well-balanced between the current event magnification,
the current target magnitude, and the blend ratio, usually be-
tween 8 and 15 targets during a good observing night could
have been monitoring in fulfillment of our scientific require-
ments. With a preference of event phases around the peak of
the event, a fair fraction of the time has been devoted to the
coverage of the wings, while omitting those regions that are
not very sensitive to revealing planetary signals.

The amount of time devoted to acquiring further data
in response of suspected ongoing anomalies as reported by
SIGNALMEN is a quite valuable investment, given that it
provides (1) the capability to detect signals of planets of

Earth mass and below, (2) the opportunity to obtain a proper
statistical sample, where however the achievable sample
size for the least massive detectable planets poses a limit
to the statistical significance. While spending 36% of the
exposure time on this during the 2 months of the systematic
2008 MiNDSTEp campaign was rather on the high side of
the expectations, some simple measures could reduce this to
15–20% without compromising on the efficiency. However,
as compared to an ’optimal’ performance, we did not lose
20% of the coverage of average targets, but it is those with
the lowest priority that got dropped off the list.

One should ensure to only observe in ‘check’ mode if
real-time communication with the ARTEMiS system is pos-
sible. Moreover, ‘check’ mode observations should require
that the real-time data reduction is producing data, and that
the achieved data quality meets the requirements. Further-
more, the requests for confirmation or rejection of suspected
anomalies should not accumulate at a single telescope, but
it should be tried to distribute these more evenly over a
telescope network and/or let the requests expire after some
time. One might also think about compensating for tele-
scopes with extremely high data rate. With both the 2007
and 2008 microlensing seasons, SIGNALMEN has demon-
strated its high sensitivity to ongoing anomalies (e.g. Do-
minik et al. 2008b; Han et al. 2009; Sumi et al. 2010), while
keeping the number of false alerts at a low level. The bal-
ance between detection threshold and the number of false
alerts could be improved with a more sophisticated noise
model, considering correlations between subsequent data
points, which appear to be particularly common in the MOA
data set.

We also find that fast exchange of data and informa-
tion is a determining factor in achieving our scientific goals.
Any time delays, be it in the data reduction, data transfer,
data assessment, or in communicating back to observers or
robotic telescopes should be kept to an absolute minimum,
given that such add up. Transmitting data in larger blocks
should be avoided, while the rsync tool provides a very ef-
ficient means to keep information up to date at various lo-
cations. Currently, the ARTEMiS system runs on a rather
small mini-cluster of 3 machines with 10 processor cores
in total, and to enhance the reliability and make the op-
erations nearly technically failproof, mirrors would be re-
quired, while the performance needs to be improved both
by optimizing the computer codes itself and extending the
hardware pool.

While the efficiency of detecting planets rises and falls
with the quality of the real-time photometry, this is not a
crucial factor for the amount of time spent on ‘check’ re-
quests, because SIGNALMEN performs an analysis of the
real scatter. The data-reduction pipeline running at the Dan-
ish telescope during the 2008 MiNDSTEp campaign did not
provide good results on strongly blended targets, thereby
testing the ARTEMiS system near the worst-case scenario.
This however, did not have a substantial effect on its perfor-
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mance, because data of bad quality were usually recognized
as such.

Planetary anomalies make up only a small fraction of all
deviations from an ordinary microlensing light curve that
regularly show up in the data. An efficient strategy for prob-
ing planets would therefore need to sort out all ‘uninterest-
ing’ anomalies as soon as possible and in particular avoid to
invest a substantial amount of time on the respective events.
There is an even higher need to reject events that are not due
to microlensing, because by trying to fit their data to ordi-
nary microlensing light curves, these enter the prioritisation
algorithm with meaningless parameters.

Manually-operated telescopes that were built some
decades ago, such as the 1.54-m Danish telescope at ESO
La Silla, have rather large slew times, and are therefore
everything but optimal for continuous switching between
targets. Moreover, the general time overheads of its oper-
ation with observers are of concern. Modern robotic tele-
scopes explicitly designed for fast slewing can be expected
to substantially increase the efficiency of a microlensing
follow-up monitoring programme along our strategy. Still
with the large slew time, we regularly managed to mon-
itor 8 to 15 targets during a good observing night while
matching all scientific requirements. Concentrating the ef-
forts at a dedicated telescope of that diameter on just one
or two targets thereby appears to be quite inefficient. As a
precursor study for the upcoming SONG (Stellar Observa-
tions Network Group)23 network (Grundahl et al. 2008), a
lucky-imaging camera is being tested at the 1.54-m Danish
at ESO La Silla in 2009, which will advance the prospects
for ground-based high-precision microlensing observations.

While our adopted monitoring strategy turned into a
reasonable spread of the observing time over the ongo-
ing microlensing targets, it still contains a consistency gap.
Namely, we leave it to the observer to select an appropri-
ate exposure time to match the data quality requirements,
which is then used to determine how many events can
be monitored, whereas the event prioritisation follows ex-
pected exposure times related to photon statistics, according
to Eq. (17). For the upcoming operations with robotic tele-
scopes, we therefore intend to adopt an iterative procedure
where exposure times are automatically adapted according
to the data quality returned. This would also allow for opti-
mal exposure times in cases where the event magnification
can hardly be predicted.

We also did not yet solve the problem on how frequently
an event should be optimally sampled at a given time, i.e.
how much time should be invested in achieving the ability
to predict the light curve, against which deviations are de-
tected.

Gaps in the coverage due to weather or technical fail-
ure (or engineering time) are a very serious issue. For sig-
nals of low-mass planets, lasting only a few hours, the in-
stantaneous coverage at a given longitude is more impor-
tant than a round-the-clock coverage. Therefore, a telescope

23 http://astro.phys.au.dk/SONG

network should consider several sites at comparable lon-
gitudes. Moreover, if one would like to start talking about
‘evidence’ for a detection, data from at least two sites are
a scientific requirement for transient phenomena, whereas a
one-off observation with a single instrument can never qual-
ify as a scientific discovery.
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437
Bond, I.A., Abe, F., Dodd, R.J., et al.: 2001, MNRAS 327, 868
Bond, I.A., Udalski, A., Jaroszyński, M., et al.: 2004, ApJ 606,
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Paczyński, B.: 1991, ApJ 371, L63
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A Systematic measurement uncertainty and
gain factor

The assumption that the photon-count noise σN =
√
N dominates

the measurement uncertainties is actually equivalent to neglecting
any systematic uncertainties, which in turn means that with suf-
ficiently long exposures one can achieve arbitrarily precise mea-
surement. Given that this is obviously not correct, this calls for a
modification of the relations previously derived in Sect. 3.

In particularly, with a fractional systematic uncertainty σ0, the
relative flux uncertainty becomes
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is required, and texp → ∞ as σreq → σ0. Therefore, obtain-
ing measurements with a desired relative precision σreq ≤ σ0 be-
comes impossible.

Consequently, with
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the gain factor becomes
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and zero otherwise, which reproduces Eq. (25) for β = 0.
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