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Motivation: Mass-radius relation

• Few young M-dwarf
binaries

• BD desert - only one
BD (Stassun et al.
2006)

• No young planets

Lines: NextGen (solid), DUSTY (dashed), COND (dotted), at 1, 10, 100, 1000 Myr
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Motivation: Planet formation
• Core accretion timescale problem:

72 POLLACK ET AL.

FIG. 1. (a) Planet’s mass as a function of time for our baseline model, case J1. In this case, the planet is located at 5.2 AU, the initial surface
density of the protoplanetary disk is 10 g/cm2, and planetesimals that dissolve during their journey through the planet’s envelope are allowed to
sink to the planet’s core; other parameters are listed in Table III. The solid line represents accumulated solid mass, the dotted line accumulated
gas mass, and the dot–dashed line the planet’s total mass. The planet’s growth occurs in three fairly well-defined stages: During the first p5 3 105

years, the planet accumulates solids by rapid runaway accretion; this ‘‘phase 1’’ ends when the planet has severely depleted its feeding zone of
planetesimals. The accretion rates of gas and solids are nearly constant with ṀXY P 2–3ṀZ during most of the p7 3 106 years’ duration of phase
2. The planet’s growth accelerates toward the end of phase 2, and runaway accumulation of gas (and, to a lesser extent, solids) characterizes phase
3. The simulation is stopped when accretion becomes so rapid that our model breaks down. The endpoint is thus an artifact of our technique and
should not be interpreted as an estimate of the planet’s final mass. (b) Logarithm of the mass accretion rates of planetesimals (solid line) and gas
(dotted line) for case J1. Note that the initial accretion rate of gas is extremely slow, but that its value increases rapidly during phase 1 and early
phase 2. The small-scale structure which is particularly prominent during phase 2 is an artifact produced by our method of computation of the
added gas mass from the solar nebula. (c) Luminosity of the protoplanet as a function of time for case J1. Note the strong correlation between
luminosity and accretion rate (cf. b). (d) Surface density of planetesimals in the feeding zone as a function of time for case J1. Planetesimals become
substantially depleted within the planet’s accretion zone during the latter part of phase 1, and the local surface density of planetesimals remains
small throughout phase 2. (e) Four measures of the radius of the growing planetary embryo in case J1. The solid curve shows the radius of the
planet’s core, Rcore , assuming all accreted planetesimals settle down to this core. The dashed curve represents the effective capture radius for
planetesimals 100 km in radius, Rc . The dotted line shows the outer boundary of the gaseous envelope at the ‘‘end’’ of a timestep, Rp . The long-
and short-dashed curve represents the planet’s accretion radius, Ra .

when the protoplanet has virtually emptied its feeding zone volve interacting embryos for accretion to reach the desired
culmination point (Lissauer 1987, Lissauer and Stewartof planetesimals.

If this simulation had been done in a gas-free environ- 1993). However, it is possible to carry our simulations of
the formation of the giant planets to a reasonable endpointment, as might be appropriate for the formation of the

terrestrial planets, then the next phase would have to in- without involving interacting embryos, because of the im-
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Fig. 1.—JHKL excess/diskfraction as a functionof meanclusterage.Ver-
tical error barsrepresentthe statistical errors in our derivedexcess/disk�N
fractions.For all star-forming regionsexceptNGC 2024andNGC 2362,the
horizontalerror barsrepresentthe error in the meanof the individual source
agesderivedfrom a single set of PMS tracks.The ageerror for NGC 2362
was adoptedfrom the literature.Our estimateof the overall systematicun-
certaintyintroducedin usingdifferentPMStracksis plottedin theupperright
corner and is adoptedfor NGC 2024. The decline in the disk fraction as a
function of agesuggestsa disk lifetime of 6 Myr.

isochronefitting as discussedearlier. For comparisonwe also
plot excessfractionsin TaurusandChamaeleonI (opentrian-
gles), derivedfrom similar JHKL observationsin the literature
(i.e., Kenyon& Hartmann1995;Kenyon& Gómez2001).The
agesfor TaurusandChaI wereobtainedfrom Palla& Stahler
(2000).NGC 1960 is not includedin the figure since our ob-
servationsof this clusterextendonly to greaterthan1 M, stars,
whereasin the other clusterswe are completeto ≤1.0 M,.

The dot-dashedline in Figure 1 representsa least-squares
fit to thedataobtainedin our L-bandsurvey (filled triangles).
Vertical error bars representthe statistical errors in our�N
derivedexcess/diskfractions.Horizontalerror barsshowrep-
resentativeerrorsof our adoptedages.The error barsfor the
agesof the Trapezium,Taurus,IC 348,ChaI, andNGC 2264
representthe error in the meanof the individual sourceages
derivedfrom a singlesetof PMS tracks.In order to estimate
theoverallsystematicuncertaintyintroducedin usingdifferent
PMS tracks,we calculatedthe meanageandthe standardde-
viation of the meanagefor NGC 2264( Myr) from2.6� 1.2
five different PMS models(Park et al. 2000;Palla& Stahler
2000).This latterquantity illustratesthe likely systematicun-
certainty introducedby the overall uncertaintiesin the PMS
models.This is plotted in Figure 1. For starswith M,M ≤ 1
and ages≤5 Myr, the overall uncertaintyin the agesfor all
regionsis likely within about1–1.2 Myr. Theplottederror for
NGC 2024 reflectsthis uncertainty. The age error for NGC
2362wasadoptedfrom the literature(Balona& Laney1996).

5. DISCUSSION

We have completedthe first sensitiveL-bandsurvey of a
sampleof young clustersthat spana sufficient rangein age

(0.3–30 Myr) to enableameaningfuldeterminationof thetime-
scale for disk evolution within them. Clustersappearto be
characterizedby a very high initial disk frequency(≥80%),
which then sharply decreaseswith cluster age.One-half the
disksin a clusterpopulationare lost in only about3 Myr, and
the timescalefor essentiallyall the stars to lose their disks
appearsto be about6 Myr.

The precisevalue of this latter timescaleto someextent
dependson the derivedparametersfor the NGC 2362cluster.
Our quotedtimescaleof 6 Myr couldbe somewhatof a lower
limit for two reasons.First, it is possiblethata slightly higher
disk fraction for NGC 2362could be obtainedwith deeperL-
band observations that better samplethe cluster population
below 1 M,. Our earlierobservationsof IC 348 andthe Tra-
pezium cluster show that the disk lifetime appearsto be a
functionof stellarmass(HLL01), with highermassstarslosing
their disks fasterthanlower massstars.However, we notethat
muchdeeperJHK observations(Alves et al. 2001)thatsample
the cluster membershipdown to the hydrogen-burning limit
yield a JHK disk fraction of essentially0%, giving us confi-
dencein the very low disk fraction derivedfrom our present
L-bandobservations.Second,the ageof NGC 2362is depen-
dent on the turnoff ageassignedto only one star, the O star
t CMa. This star is a multiple system,and its luminosity as-
signmentontheH-R diagramis somewhatuncertain(vanLeeu-
wen& vanGenderen1997).Correctionfor multiplicity would
leadto a slightly older age.However, the quoted1 Myr error
in its agelikely reflectsthemagnitudeof this uncertainty(Bal-
ona & Laney 1996). On the other hand,if, for example,the
errorsweretwice aslargeas quoted,theclustercouldhavean
age between3 and 7 Myr. The correspondingage and the
overalldisk lifetime derivedfrom a least-squaresfit to thedata
would be between4 and8 Myr. Even if the timescalefor all
disksto be lost wasaslargeas 8 Myr, our survey datawould
still requirethatone-halfthestarslosetheirdisksonatimescale
less than 4 Myr. Finally, an even older age for NGC 2362
would likely indicatethat the decreasein disk fraction with
time doesnot follow a single linear fit; that is, after a rapid
declineduringwhichmoststarslosttheirdisks,thedisk fraction
in clusterswould decreasemoreslowly, with a small number
of stars(∼10%) retainingtheir disks for timescomparableto
the clusterage.On the other hand,we estimatethedynamical
ageof the S310H ii region,which surroundsand is excited
by t CMa, to be ∼ yr for pc and6r /v ∼ 5 # 10 r p 50H ii H iiexp

km s�1 (e.g., Lada & Reid 1978; Jonas,Baart, &v p 10exp

Nicolson1998).This is consistentwith the turnoff ageof the
clusterderivedfrom theH-R diagramandsupportsourestimate
of ∼6 Myr for the overall disk lifetime.

We point out that our L-bandobservationsdirectly measure
theexcesscausedby thepresenceof small (micron-sized),hot
(∼900 K) dustgrainsin the innerregionsof the circumstellar
diskandtheseobservationsaresensitiveto very smallamounts
(∼1020 g) of dust.We expectthat, if thereis gasin the disk,
turbulentmotionswill alwayskeepsignificantamountsof small
dust particlesmixed with the gas (Ruden1999); thus, dust
shouldremaina goodtracerof gasin thedisksastheyevolve
to form planets.Indeed,recentobservations of H2 in older
debrisdisksappearto confirm this assertion(Thi et al. 2001).
Consequently, stars that did not show infrared excessesare
likely to be significantly devoidof gasaswell as dust.There
is also evidencethat the presenceof dust in the inner disk
regionsis linked with the presenceof dust in the outer disk
regions(i.e., AU) wheremostplanetformationis likelyr 1 1
to occur. Earlier, HLL01 noted a strong correlationbetween

• Dependence on host mass:

the timescale for the emergence of cores withMp > Mc;acc or iso-
lation is comparable to or longer than both �mig and �dep. Al-
though they may acquireMp in the range of 10 100 M� through
merges of residual embryos after the gas depletion, these planets
generally do not migrate extensively.

3.2. Mass Distribution of Short-Period Planets

Interior to the ice boundary, nearly all the planets with suffi-
cient mass to initiate efficient gas accretion have migrated to the

vicinity of the host star (see Fig. 2b). However, a majority of the
planets that migrated to the vicinity of solar-type stars were
formed beyond the ice boundary, as gas giants, prior to their
migration. There is a narrow window in the range of a where the
seeds of intermediate-mass planets may form and migrate to the
proximity of their host stars. In Figure 3, theoretically predicted
mass distributions are plotted. Since it is expected that most
close-in planets may fall onto their host stars, we plot the dis-
tributions of close-in planets, reducing the amplitude N by a

Fig. 2.—Distributions of semimajor axis (a) and mass (Mp) of planets predicted by theMonte Carlo simulations. (a) Final semimajor axes (aBn) and masses (Mp;Bn) at
t ¼ 109 yr, and (b) initial semimajor axes (aini) andMp;Bn. The values of x (=0.2, 0.4, 0.6, 1.0, and 1.5) represent the host star mass scaled by the solar mass,M�/M�. In
(b), close-in planets with aBn < 0:05 AU are marked by black crosses, while the other planets are marked by gray dots. The thin solid black lines indicate the isolation
massMc;iso with fd ¼ 30. The thick solid black lines express the critical mass for radial migration,Mp;mig ¼ A�Mg;vis with A� ¼ 10. The dashed lines show the truncation
mass for gas accretion, Mp;trunc ¼ AthMg;th with Ath ¼ 3:4.
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From Ida & Lin (2005)

– Rocky planets common around all
spectral types

– Gas giants form in large numbers only
around solar-mass stars
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Related work

• Including:
– EXPLORE-OC (von Braun et al. 2004)
– UStAPS (Street et al. 2003, Bramich et al. 2005, Hood et al. 2005)
– PISCES (Mochejska et al. 2002, 2004, 2005)
– See Aigrain & Pont (MNRAS, in press) for a general discussion

• Hebb et al. (2004, 2006)

– Survey of mid-age open clusters
(150 Myr− 1 Gyr)

– M-dwarf EB candidate in M35

– Confirmed 0.47, 0.19 M� EB in NGC
1647 (150 Myr)

• Stassun et al. (2004, 2006)
– 1.0, 0.7 M� and 0.054, 0.034 M� EBs in Orion
– Some uncertainty in age, but ∼ 1− 10 Myr
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The Monitor project
Cluster Age/Myr Msat M5% N∗
ONC 1± 1 0.75 0.04 1929
NGC 2362 5 1.14 0.07 587
h & χ Per 13 1.49 0.33 7756
NGC 2547 38.5 0.56 0.06 334
IC 4665 50 0.45 0.04 216
Blanco 1 90 0.80 0.06 148
M50 130 0.88 0.18 1942
NGC 2516 150 0.56 0.08 1214
M34 200 0.99 0.16 414
Total: 14540

• Transit survey in young open
clusters and SFRs

– Known age, metallicity, ...
– Bloated primaries

• Concentrating on low- and
very low-mass primaries

– Deeper transits
– Larger RV amplitudes

• Targets

– Ages up to ∼ 200 Myr
– Need to be relatively rich

and compact
– Small distance modulus to

reach low-mass
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Sensitivity estimates

• Method:

– Based on Pepper & Gaudi (2005) semi-analytic method
– Method extended to handle binaries as well as planets
– Used real (observed) noise properties and sampling where possible
– See Aigrain et al. (2007) for much more detail

Monitor: occultations in young open clusters 43

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.

In each cluster, the survey was designed to ensure good sensitivity
to eclipses, and the sensitivity diagrams reflect this, with very good
sensitivity throughout much of the parameter space of interest for
binaries. Provided the period is short enough to accumulate the
minimum required number of observed in-transit points and transit
events, the eclipses of systems of all mass ratios are generally easily
detectable. It is only for the lowest total system masses that mass
ratio affects the sensitivity. For a given total mass, lower mass ratio
systems correspond to more massive (hence brighter) primaries,
counterbalancing the decrease in eclipse depth. When considering
the columns corresponding to h & χ 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 sen-
sitive 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 detection
limit. The advantage of repeating observations after an interval of
at least several months is visible in the columns corresponding to
the ONC, NGC 2362 and M50, where the sensitivity remains good

C© 2007 The Authors. Journal compilation C© 2007 RAS, MNRAS 375, 29–52
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EBs Planets
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Sensitivity estimates - II

• Eclipse/transit detectability:

Binaries Planets
Name Nc No Nd Nc No Nd
ONC 167.3 57.3 27.8 135.0 47.8 2.3
NGC 2362 45.6 11.0 4.7 37.1 11.3 0.0
h&χ Per 648.9 106.0 67.0 631.9 118.1 1.2
IC 4665 21.5 5.8 4.6 14.3 4.3 3.1
NGC 2547 30.4 5.1 3.9 20.7 3.9 0.9
Blanco 1 10.3 0.9 0.6 8.0 1.0 0.5
M50 160.0 12.7 5.4 127.0 13.4 0.8
NGC 2516 103.0 8.4 1.5 76.9 8.4 0.7
M34 45.1 3.4 1.4 34.1 3.5 0.8
Total 1230.7 207.3 114.0 1084.4 209.4 8.6

• RV followup:
– 100% of EBs with detectable eclipses produce RV modulations

detectable with VLT/FLAMES
– 25% can be detected on a 4m
– Only 29% of the planets in the ONC, and 10% of those in NGC2547,

produce a detectable RV signal

• See Aigrain et al. (2007)
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Photometry
• Candidate cluster members

selected in V , V − I CMDs

• High-cadence (< 15 min) aiming
for 100 hours per cluster in i-band

• Better than 1% to i ∼ 19 (CTIO),
i ∼ 17 (INT)
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Candidates

NGC 2362

• Combination of visual and
automatic techniques

• ∼ 35 high-quality candidates,
in 5 clusters (∼ 1− 200 Myr)

• 4 partially solved

– 2 appear to be genuine
ONC EBs

– 2 in the field towards NGC
2362, NGC 2547

• 7 need more data to say

• Most followup done on
brightest objects (higher field
contamination)
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A new ONC PMS EB

• Membership probability 99%
(Jones & Walker 1988)

• Lithium detected (next slide)

• Components 0.26, 0.15 M�

• Third light (∼ 20% of L)
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ONC PMS EB: LiI 6708 Å

• EWs smaller than expected:

Primary 0.35± 0.05 Å
Secondary 0.18± 0.04 Å
Tertiary 0.12± 0.05 Å

• May indicate depleted Li?

• Tertiary close to ONC systemic
velocity ⇒ ONC member, probably
physical triple

• High-res imaging observations to
attempt to resolve it?

• Still need Teff measurements to put
on H-R diagram

• See Irwin et al. (MNRAS, submitted)
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Future work

• Observations: radial velocities (NTT, VLT), h/χ Per photometry (CFHT)

• Search for shallower eclipses / in highly variable objects

• Secondary science:

– Continuation of rotation work – esp. membership confirmation
– Flares in ONC (and possibly others)
– X-ray – optical connection in ONC with COUP
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Summary

• We have a huge time-series database in ∼ 6 young clusters

• 1 confirmed EB with masses and radii (Irwin et al., submitted)

• Many more candidates awaiting spectroscopic follow-up

• Rotation results (see Irwin et al. 2006, 2007, in prep)

• Host of other science (data waiting to be exploited)

• Thanks due to:
– Maria Rosa Zapatero Osorio – LAEFF/INTA
– Eduardo Martı́n – IAC
– Gwendolyn Meeus – Potsdam
– Alexis Brandeker and Ray Jayawardhana – Toronto
– Jon Holtzman and Thierry Morel – NMSU 1m and Mercator
– Richard Alexander and Patricia Verrier – Observing

http://www.ast.cam.ac.uk/research/monitor
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