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Isochrones:
Baraffe et al. (1998)

Chabrier et al. (2000)
Baraffe et al (2003)

Burrows et al. (1997)

Ages:
1, 10,150, 1000 Myr

Constraints:
- Field systems:        

interferometry, OGLE, M-M EBs
transiting planets

- PMS systems:
Stassun et al. (2004, Ori 1c)
Stassun et al. (2006, ONC)

Hebb et al. (2004, NGC1647)

global agreement with models, 
but  significant discrepancies

M-R relation at low masses
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Noticeable features:
importance of age

BD desert
few PMS M-dwarf systems

no young (transiting) planets

Monitor goals:

- Populate the PMS relation
constrain evolutionary models

- Statistics of young low-mass 
binaries 

constrain star formation scenarios

- first young planets
constrain planet formation timescales

Motivation

flattening relation → deep transits
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OC transit surveys

• Existing surveys

• EXPLORE-OC, UStAPS, PISCES, STEPSS: focussed on planets

• No detections so far (some candidates)

• Hebb et al.: focussed on low-mass EBs

• 1 confirmed detection, 2 candidates

• All target older open clusters (mostly >1 Gyr)

• Pros

• Known parameters: ages, [Fe/H], (rough) mass

• Less contamination (membership selection)

• Cons (for planets)

• Too few target stars

• Faint targets: difficult RV follow-up

See Pepper & Gaudi (2005)
for (single transit, white noise only) scaling laws



Monitor: YOC transit survey
• Pros:

• More & deeper eclipses 

• Lower mass primaries

• Even less contamination

• Cons

• More photometric variability and RV jitter

• Even fainter targets (2-4m telescopes)

• Observations (ongoing)

• 2-4m telescopes

• >=100h/target

• up to 2yr baseline

• <15min sampling

• I-band

4 S. Aigrain et al.

momentum evolution of low-mass stars, including the TTauri phase

where angular-momentum exchange with an accretion disk is im-

portant, the contraction onto the zero-age main sequence, and the

beginning of the spin-down on the main sequence. The high time

cadence and relatively long baselines required by the principal sci-

ence goal (the search for occultations) implies excellent sensitiv-

ity to periods ranging from a fraction of a day to over ten days,

and longer in the case of our ‘snapshot mode’ observations (see

Section 2.2), while our photometric precision should allow us to

measure periods right across the M-star regime, and into the brown

dwarf domain in some cases. The rotational analysis of several of

our clusters is already complete (M34, Irwin et al. 2006) or nearing

completion (NGC2516, Irwin et al. in prep., NGC2362, Hodgkin

et al. in prep.), and we refer the interested reader to those papers

for more details.

In addition, we will also use the light curves collected as part

of the Monitor project to search for and study other forms of pho-

tometric variability in the cluster members, such as flaring, micro-

flaring and accretion related variability. At a later date, the exploita-

tion of the light curves of field stars falling within the field-of-view

of our observations is also foreseen, including searching for occul-

tations and pulsations.

The target selection and survey design for Monitor are de-

scribed in Section 2. In Section 3, we performed a detailed semi-

empirical investigation of the number and nature of detections ex-

pected in each target cluster. In Section 4, we describe our follow-

up strategy and incorporate the limits of feasible radial velocity

follow-up into the detection rate estimates of the previous Section.

The present status of the observations, analysis and follow-up are

briefly sketched out in Section 5.

2 THEMONITOR PHOTOMETRIC SURVEY

2.1 Target selection

The initial selection criteria for our target clusters were that

their age be ! 200Myr, that the apparent I-band magnitude at

the Hydrogen-burning mass limit be ! 21 (this implies an age-

dependent distance limit), and that at least a few hundred PMS clus-

ter members could conveniently be surveyed in a single field of one

of the available wide-field optical cameras on 2 to 4m telescopes

(i.e. that the cluster should be compact and rich enough, with a

well-studied low-mass pre-main sequence population). These crite-

ria were initially applied to a list of open clusters and star forming

regions compiled from the literature, the WEBDA Open Cluster

database1 and several open cluster atlases. This yielded a list of

top-priority clusters fulfilling all of the above criteria (Orion Neb-

ula Cluster, NGC2362, NGC2547, NGC 2516), which was then

completed with clusters which fulfilled only some of the criteria

but filled a gap in the age sequence constituted by the original set

of targets and/or had a right ascension which was complementary

to that of another cluster, allowing them to be observed simultane-

ously by alternating between the two (h& ! Per, IC 4665, Blanco 1,

M50, M34).

Some obvious candidates were excluded because of their large

angular extent (e.g. " Per and the Pleiades) or because they were

not rich enough (e.g. IC 348). NGC2264 will be the target of a

continuous 3-week ultra-high precision monitoring programme in

the framework of the additional programme of the CoRoT space

1 See http://www.univie.ac.at/webda/.

Figure 2. Age and distance distribution of the Monitor target clusters. The

size of the circle representing each cluster scales with N0.3, where N is the

number of non-saturated cluster members monitored with better than 5%

precision (see ection 3.2), and the colour-coding indicates whether we have

obtained all (green), some (blue) or none (orange) of we have obtained all

(green), some (blue) or none (orange) of the data for that cluster at the time

of writing. For comparison, we also show NGC,2264 (hollow circle), which

will be the target of a CoRoT monitoring campaign.

mission2, which will far outstrip the time sampling and photometric

precision achievable from the ground, and was therefore left out

of the present survey. Two clusters, NGC2631 and Trumpler 24,

appeared to be promising targets but had poorly studied low mass

populations, and a preliminary single-epoch multi-band survey was

undertaken to investigate their low-mass memberships. Depending

on the results of this survey, these two clusters may be added to the

list of Monitor targets.

The most up to date estimates of the properties (age, distance,

reddening, membership) of the current set of target clusters that

were found in the literature are summarised in Table 1. Figure 2

summarises the age and distance distributions of the target clus-

ters together with the number of objects monitored in each and the

degree of completion of the monitoring to date.

2.2 Observing strategy

The optimal observing strategy for a survey like Monitor is a com-

plex combination of a large number of considerations including

photometric precision, number of objects monitored in a given

mass range, and time sampling. The different ages, physical sizes

and distances of our target clusters, as well as their positions on the

sky, also come into play, as do considerations of a more practical

2 CoRoT is a small (30 cm aperture) Franco-European space telescope due

for launch in late 2006, whose primary science goals are asteroseismol-

ogy and the detection of extra-solar planets around field stars via the transit

method. See http://corot.oamp.fr/ for more details. The PI of the

CoRoT additional programme on NGC2264 is F. Favata.

c! 2002 RAS, MNRAS 000, 1–24



Photometric performance

• Data processing paper in prep (Irwin et al.)

• frame-to-frame rms 
▲ rms on 2h timescales
∗ white noise expectation

correlated noise on transit/eclipse 
timescales 1-2mmag (see Pont et al 2006)

See Monitor data processing paper (Irwin et al in prep) for details

M50, 14 nights, fully processed & detrended data



Detection estimates
Aigrain et al. (submitted to MNRAS)

• Follow concept of Pepper & Gaudi (2005)

•
• ... BUT: 

• replace planet radius r with mass ratio q for binaries

• include grazing eclipses & mass of secondary

• use mass function and companion probabilities appropriate for M-type primaries

• use double-trapezoid extension of BLS (Aigrain, Mazeh & Tamuz in prep.)

• account for correlated noise in detection (Pont, Zucker & Queloz 2006)

• use real (observed) time sampling and noise budget versus magnitude

• require Sred>8, >2 observed eclipses, >8 in-eclipse points for detection

• incorporate a term representing the feasibility of RV follow-up

characterize the system parameters (assuming a circular orbit
and a negligible companion mass). Transit data alone, without
knowledge of the properties of the host stars, do not allow for
breaking of the degeneracy between the stellar and planet radius
and orbital semimajor axis. As a result, considerable additional
expenditure of resources is required to confirm the planetary na-
ture of transit candidates from field surveys (Dreizler et al. 2002;
Konacki et al. 2003b; Pont et al. 2005b; Bouchy et al. 2005;
Gallardo et al. 2005). Furthermore, using the results of field
transit surveys to place constraints on the ensemble properties of
close-in planets is hampered by a lack of information about the
properties of the population of host stars, as well as strong biases
in the observed distributions of planetary parameters relative
to the underlying intrinsic planet population (Gaudi et al. 2005;
Pont et al. 2005b; Gaudi 2005; S. Dorsher et al. 2005, in prep-
aration). In contrast, the biases encountered in surveys toward
stellar systems are considerably less severe and furthermore
are easily quantified because the properties of the host stars are
known. This allows for accurate calibration of the detection
efficiency of a particular survey and so enables robust infer-
ences about the population of planets from the detection (or lack
thereof ) of individual planetary companions (Gilliland et al.
2000; Weldrake et al. 2005; Mochejska et al. 2005; C. J. Burke
et al. 2005, in preparation).

There are a number of projects devoted to searching for
transiting planets in stellar systems (Gilliland et al. 2000; Burke
et al. 2003; Street et al. 2003; Bruntt et al. 2003; Drake & Cook
2004; von Braun et al. 2005; Mochejska et al. 2005; Weldrake
et al. 2005; Hidas et al. 2005; Bramich et al. 2005). These proj-
ects have observed or are observing a number of different kinds
of systems, with various ages, metallicities, and distances, using
a variety of observing parameters, such as telescope aperture
and observing cadence. Although several authors have discussed
general considerations in designing and executing optimal sur-
veys toward stellar systems (Janes 1996; von Braun et al. 2005;
Gaudi 2000), these studies have been somewhat fractured and
primarily qualitative in nature. To date there has been no rigor-
ous, quantitative, and comprehensive determination of how the
different characteristics of the target system and observing pa-
rameters affect the number of transiting planets onewould expect
to find. To this end, here we develop an analytic model of tran-
sit surveys toward simple, homogeneous stellar systems. This
model is useful for understanding the basic properties of such
surveys, for predicting the yield of a particular survey, as well as
for establishing guidelines that observers can use to make opti-
mum choices when observing particular targets.

We concentrate on the simplest model that incorporates the
majority of the important features of transit surveys toward stellar
systems. We consider simple systems containing main-sequence
stars of the same age and metallicity. We ignore the effects of
weather, systematic errors (except at the most rudimentary level),
and variations in seeing and background. Although we feel that
our analysis captures the basic properties of such searches with-
out considering these effects, it is straightforward to extend our
model to include these and other real-world effects.

In x 2 we develop the equations and overall formalism that
we use to characterize the detection probabilities of certain planets
in specific systems with a given observational setup. In x 3 we
describe various analytic approximations we use to make sense of
our detailed calculations, and we show how the transit detection
probabilities depend on stellar mass and the characteristics of a
particular survey. In x 4 we list various physical relations and
numerical approximations we use to calculate detection proba-
bilities. In x 5 we describe the dependence of the detection prob-

abilities on the input parameters, and we present an application
of our results in x 6. We summarize and conclude in x 7.

2. GENERAL FORMALISM

2.1. The Number of Detected Transiting Planets

For a given stellar system, the number of transiting planets
with periods between P and P ! dP and radii between r and
r ! dr that can be detected around stars with masses between
M and M ! dM is

d 3Ndet

dM dr dP
" N# fp

d 2p

dr dP
Ptot M ; P; r$ % dn

dM
: $1%

Here Ndet is the number of detected transiting planets, N# is the
total number of stars in the system, d 2p/dr dP is the probability
that a planet around a star in the system has a period between P
andP ! dP and a radius between r and r ! dr, fp is the fraction of
stars in the system with planets, Ptot(M ; P; r) is the probability
that a planet of radius r and orbital period P will be detected
around a star of mass M, and dn/dM is the mass function of the
stars in the system.
There are a number of assumptions that enter into equation (1):

1. We assume that fp and d
2p/dr dP are independent ofM. We

normalize d 2p/dr dP to unity over a specific range of planetary
radii and periods and normalize dn/dM to unity over a specific
range of stellar masses. Therefore, N# is the number of (single)
stars in the mass range of interest, and fp is the fraction of such
stars harboring planets in the range of planetary radii and pe-
riods of interest. The number of such planets is thus Np " fpN#,
and the fraction that are detected is fdet & Ndet/Np. The normal-
ization of dn/dM is described in x 4.2, and the normalization of
d 2p/dr dP is described in x 4.6.
2. We choose to use P as our independent parameter rather

than semimajor axis a, since it is the more directly observable
quantity in transit searches and simplifies the following discus-
sion considerably.
3. We note that one of the primary simplifying assumptions

in equation (1) is that all the target stars are at the same distance
from the observer, which is an excellent assumption for most
stellar systems.

2.2. Detection Probabilities Ptr , PW, PS/N

Following Gaudi (2000), we separatePtot(M ; P; r) into three
factors

Ptot M ; P; r$ % " Ptr M ; P$ %PS=N M ; P; r$ %PW P$ %; $2%

where Ptr is the probability that a planet transits its parent star,
PS/N is the probability that, should a transit occur during a night
of observing, it will yield a signal-to-noise ratio (S/N) that is
higher than some threshold value, and PW is the window func-
tion that describes the probability that more than one transit will
occur during the observations.

2.2.1. Transit Probability Ptr

The probability that a planet will transit its parent star is
simply

Ptr "
R

a
" 4!2

G

! "1=3
M'1=3RP'2=3: $3%

This form of Ptr assumes that the planet is in a circular orbit.
We make this assumption throughout this paper.

PEPPER & GAUDI582 Vol. 631

→ try to be as realist as possible while keeping workload manageable



Sensitivity to eclipses
Searching for occultations in young open clusters 15

Figure 7. Diagrams of Pd for binaries (top) and planets (bottom), as a function of orbital period (x-axis) and mass ratio or planet radius (y-axis) for each cluster

(columns) and selected total system masses (rows). Blue areas correspond to detection probabilities close to 1 and the colour scale is linear. Areas shaded in

light grey correspond to contact systems. Areas shaded in medium and dark grey correspond to systems that are too faint or saturated respectively.

c! 2002 RAS, MNRAS 000, 1–24



Sensitivity to transits

Searching for occultations in young open clusters 15

Figure 7. Diagrams of Pd for binaries (top) and planets (bottom), as a function of orbital period (x-axis) and mass ratio or planet radius (y-axis) for each cluster

(columns) and selected total system masses (rows). Blue areas correspond to detection probabilities close to 1 and the colour scale is linear. Areas shaded in

light grey correspond to contact systems. Areas shaded in medium and dark grey correspond to systems that are too faint or saturated respectively.

c! 2002 RAS, MNRAS 000, 1–24



Expected detections
16 S. Aigrain et al.

counterbalancing the decrease in eclipse depth. When considering

the columns corresponding to h&! Per and M34, one should keep

in mind that the results shown are the combined results for several

surveys with different telescopes and observing strategies, which

leads to some discontinuities in the overall sensitivities.

In the clusters observed exclusively in visitor mode, we are

sensitive only to very short periods. As the eclipses are often deep

and even a single in-eclipse point can be highly significant, this

short-period bias is a consequence of the requirement that at least

two separate transit events be observed, rather than a direct detec-

tion limit. The advantage of repeating observations after an interval

of at least several months is visible in the columns corresponding to

the ONC, NGC2362 and M50, where the sensitivity remains good

up to ! 10 days. The clusters observed in snapshot mode bene-

fit from increased sensitivity at long periods. However one should

keep in mind that we have not analysed data from any snapshot

mode observations to date. Snapshot mode observations may be af-

fected by long-term stability issues which will be hard to calibrate

with the very patchy time coverage we foresee. The performance of

this mode compared to more traditional visitor mode observations

therefore remains to be confirmed. In all cases, the complex pe-

riod dependence of the sensitivity is not fully resolved in the rather

coarse grid we used, but some of the ubiquitous sensitivity dips at

exact multiples of 1 day, which are typical of transit surveys (Pont

et al. 2005; Gaudi et al. 2005), are clearly visible. Because of the

relatively coarse logarithmic period sampling used, these dips are

visible at 1, 2 and 10 day, where the injected period was exactly a

multiple of a day, but in reality they would be present at all exact

multiples of 1 day.

As expected, sensitivity to transits is much lower. The mini-

mum detectable planet radius is essentially a function of the cluster

age (which affects the stellar radii – see ONC) and distance (which

affects the photometric precision – see NGC2362 and h&! Per).

The importance of accumulating enough data is highlighted by the

very poor sensitivity in clusters observed for less than the required

100 h (NGC2516 and M34 at the high-mass end). It is interesting to

note that we are particularly sensitive to transits around low-mass

stars. We are limited to radii above that of Jupiter in the youngest

clusters, but this ties in with the expectation that planets as well

as stars are bloated at early ages. The sensitivity peaks around M-

stars, where planets with radii significantly below that of Jupiter are

detectable in some cases.

3.6 Results

Table 4 shows the number of observed cluster members with com-

panions, the number of observed occulting systems and the number

of detectable occulting systems for each cluster, for binaries and

planets separately. The former two are given by

Nc =
Z 3

NsysPcdlogMdxdP (20)

and

No =
Z 3

NsysPcPodlogMdxdP (21)

where the integrals are performed on the entire range of parame-

ter space in the simulations, ignoring saturated or excessively faint

systems.

For the binaries, the main limiting factor is the number of

systems surveyed, which implies that the number of detections ex-

pected in some clusters (e.g. Blanco 1, M34) is of order unity, de-

Binaries Planets

Name Nc No Nd Nc No Nd

ONC 152.9 53.5 35.9 78.8 33.5 2.6

NGC2362 96.9 25.7 15.9 40.8 10.7 0.9

h&!Per 2590.3 560.1 201.2 515.7 82.4 4.2

NGC2457 59.9 11.2 8.4 24.1 4.0 0.9

IC 4665 28.3 4.4 2.9 9.2 1.2 0.7

Blanco 1 12.6 1.5 0.9 4.3 0.5 0.2

M50 245.0 24.7 8.5 64.0 5.9 0.6

NGC2516 154.8 15.5 3.1 54.5 5.2 0.3

M34 59.4 5.9 2.2 20.6 1.6 0.3

Total 3400.2 702.5 278.9 812.0 144.9 10.9

Table 4. Expected number of binaries, eclipsing binaries and detectable

eclipsing binaries, and of planets, transiting planets and detectable transit-

ing planets, for each cluster and for the survey as a whole, under the as-

sumptions described in the text.

spite good sensitivity (Pd close to 1 over much of the parameter

space of interest). Given that each detection places a useful con-

straint on a currently ill-constrained region of the mass-radius rela-

tion, even those small numbers are interesting. On the other hand,

the number of expected detections in the rich twin clusters h&! Per

is very large, despite the fact that we are only sensitive to com-

panions to relatively massive stars. In the other clusters, and a for-

tiori for Monitor as a whole, significant numbers of detections are

expected. These should provide not only strong constraints on the

mass-radius relation over a range of masses, but also imply that the

Monitor survey will enable us to test hypotheses regarding the bi-

nary fraction of low-mass stars at early ages and the distributions

of mass ratios and orbital periods for young binaries.

The number of detectable transiting planets in most clusters

under the above assumptions is below unity, though not alarmingly

so. Interestingly, the best chance of detecting a transit is in the

youngest, most populous clusters, where planet detections would

be most interesting from the point of view of furthering our un-

derstanding of planet formation. Again, the number of detections

expected in h&! Per largely dominate the total. One should stress

that almost none of the expected detections are of small planets

(R2 < 0.7RJup), as the detection probabilities for these are low.
Therefore, the total planet catch is relatively insensitive to that

input, and we will not be able to measure the incidence of such

planets. On the other hand, halving the incidence of Hot Jupiters

around low-mass stars induces a 30% drop in the total number of

detections, and we expect Monitor to provide useful constraints on

the incidence of close-in giant planets around low-mass stars. If no

planets are detected in the ONC, NGC2362 or h&! Per, this will

place a very strong upper limit on the incidence of close-in giant

planets at early ages.

4 SPECTROSCOPIC FOLLOW-UP

4.1 Strategy

The light curve alone is not sufficient to ascertain the nature of

any companions detected through their occultations. Even if one

assumes that the primary lies on the cluster sequence, and that its

mass and radius are known, the light curve provides only an esti-

mate of the companion radius. Of course, photometrically selected

candidates may not in fact be cluster members. In addition, even if

c! 2002 RAS, MNRAS 000, 1–24

eclipse/transit detectability

• RV follow-up:

• 100% of the EBs whose eclipses 
can be detected also produce RV 
modulations detectable with VLT
+FLAMES

• 25% can be detected from a 4m

• Only 29% of the planets in the 
ONC, and 10% of those in 
NGC2547, produce a detectable 
RV signal



Membership selection

M50



Candidates
• 25 priority 1 candidates in 4 clusters so far

• ages 1 - 130 Myr

• 10 with depths compatible with planet

• completely unprecedented sample

• spectroscopy needed to

• confirm cluster membership

• measure companion masses

• follow-up strategy

• start with medium res from 4m

• move to high res from 8m 

• optical fro precision RV

• IR to resolve both sets of lines



ONC 1-295

• bright (I=12.65), likely member (proper motion, Hillenbrand 1997), M2V, M~0.2M⊙☉

• 3 partial primary eclipses + 1 partial primary eclipse in 2004B INT data + 2006A 
NMSU 1m data (courtesy J. Holzman)

• sine fit to remove out-of-eclipse variations (rotational modulation, p=0.78d)

• double trapeze fit: period=4.674d, depths=13.8% & 8.4%

• spectroscopy (WHT+ISIS, Magellan+MIKE, VLT+ISAAC): M4-M5V, RV amplitude > 
50km/s (few km/s precision)

• independently discovered by Stassun et al.

• full double-lined orbital solution + multi-band light curve fits to be published soon



ONC 1-290

• likely member (Hillenbrand 1997)

• 5 partial eclipses observed in 2004B INT + 2006A NMSU 1m data

• no detrending applied (variability irregular)

• box fit: period=2.65d, depth=4%

• spectroscopy: M1V, no RV variations at the 3-4km/s level: v low mass

• single high resolution spectrum (courtesy K. Stassun) shows it’s an SB2

• more data coming this season



M50 2-3089

• I = 16.41, V=17.64

• 3 partial + 2 full primary eclipses & 1 secondary eclipse in 2005A/B CTIO data

• Secondary eclipse (as well as more primaries) seen in second season

• I = 16.41, V = 17.64, P = 1.350 days, dur = 0.09 days, depths = 9 / 1.5%

• First guess at component masses from relative eclipse depths and apparent 
magnitudes: M1~0.7 M⊙☉, M2~0.2 M⊙☉ (Baraffe et al. 1998, 130 Myr).

• That would lead to K ~ 41 km/s.



What can we say already?
• ONC-1-290

• 0.15 ≤ M1 ≤ 0.25 M⊙☉

• 1.6 ≤ R1 ≤ 1.8 R⊙☉ (from Teff & L)

• M2 ≤ 0.04 M⊙☉

• 0.39 ≤ R2 ≤ 0.44 R⊙☉

• ONC-1-295

• 0.35 ≤ M1 ≤ 0.9 M⊙☉

• 2.3 ≤ R1 ≤ 2.6 R⊙☉

• M2 ≥ 0.1 M⊙☉

• R2 ≥ 0.7 R⊙☉

• M50-2-3089

• M1 ~ 0.7 M⊙☉

• R1 ~ 0.6 R⊙☉

• M2 ~ 0.2 M⊙☉

• R2 ~ 0.18 R⊙☉
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