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Context: Hot start or cold start?

I Formation models (CA, GI) cannot predict
post-formation, initial entropies (yet)
. Shock details, Σsolids, etc. → range of Si
. Core accretion < cold start

Gravitational instability < hot start

Mordasini (2013)

core mass

I . . . hence cannot assume Si ’s when inferring M
⇒ Need to consider cooling tracks with arbitrary Si

In a nutshell

Use current brightness and age to constrain M and Si jointly:
I Make planet models with arbitrary entropy → L = L(M , S(t))

I Find needed Si at each M to match L and age
? Independent of formation process

I Many CA candidates expected soon (SPHERE, GPI, etc.)
→ Statistical constraints on formation models

Planetary models

I Interior models:
. Usual equations of stellar structure
. Schwarzschild criterion for convection
. Simple grey Eddington outer b.c.
. No solid core by default
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I Cooling by “following the adiabats”:
(Hubbard 1977, Arras & Bildsten 2006)
. Given ∆t, find ∆S with dS/dt from

L = −M〈T 〉 dS
dt + LD

⇒ Rapidly move in S at given M
? Excellent agreement with classics
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I Grid of models:
. Consists of L(M , S) and 〈T 〉(M , S)

. Shows simple luminosity scalings:
I Low S :

Llow = 10−7.7L�
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I Intermediate S:
Lrz = 10−5.1 L�

M
MJ

101.5 (S−9.6)

Deep atmosphere → radiative-zero solution
→ semi-analytically derivable Lrz(M , S)

I High S :

Lhigh = 10−3.9 L�
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General M(Si) constraints

I Cooling tracks, schematically:
. Stay at initial S until t ∼ τcool
. Follow hot-start track for t > τcool

? τcool ∼ 108 yr for low S
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Hot starts

Si = 9

Si = 8

I Given L and t, get two M(Si) branches:
. Unique hot-start mass Mhs, high Si

I Usual fitting of hot-start tracks
I Uncertainty in Mhs: mainly from t

(∆M/M ' 1
2∆t/t)

. Higher masses, ∼ constant Si

I Lower bound on Si
I Almost flat because Lrz ∼ M 101.5 S

I Age uncertainties unimportant
(Rather, ∆Si ' 0.7∆ log10 L ∼ 0.2)

⇒ Mass not constrained from only L
I Possible mass information:
. Upper limit to log g : somewhat rough
. Dynamical stability: rare, difficult

(many sensitive parameters)
. Radial velocity: rare (weak signal)
? If Mmin > Mhs: very tight Si constraints
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Groups: L = 10−7 , 10−6 , 10−5 L�
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Two solutions for 10−7 L� at 30 Myr

Directly-imaged objects so far

I Currently only few with low Mhs

I Tentative features in t–L distribution:
. Faintest detected L drops with t
. ‘Gap’ at 10−4 L�, ∼ 50 Myr:

predicted by cooling tracks?
? Need to assess statiscal significance
→ Easier with uniform surveys

I Some consistent with D ‘flashes’. . .
→ Marleau & Cumming, in prep. 106 107 108 109 1010
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Based on Neuhäuser & Schmidt (2012): (1) GG Tau Bb, (2) TWA 5 B, (3) GJ 417 BC, (4) GSC 8047 B/b,
(5) DH Tau B/b, (6) GQ Lup b, (7) 2M1207 b, (8) AB Pic B/b, (9) LP 261-75 B/b, (10) HD 203030 B/b,
(11) HN Peg B/b, (12) CT Cha b, (13, 14, 15, 16) HR 8799 bcde, (17) Wolf 940 B/b, (18) G 196-3 B/b,
(19) β Pic b, (20) RXJ1609 B/b, (21) PZ Tel B/b, (22) Ross 458 C, (23) GSC 6214 B/b, (24) CD-35
2722 B/b, (25) HIP 78530 B/b, (26) SR 12 C, (27) HR 7329 B/b, (28) Fomalhaut b, (29) HD 95086 b,
(30) 2M0122 b, (31) GJ 504 b

Application: β Pic b

Have log L/L� = −3.87± 0.08, thost star = 12+8
−4 Myr, M 6 12 MJ

(Bonnefoy et al. 2013, Zuckerman et al. 2001, Lagrange et al. 2012)

I Recover hot-start mass: 9.5± 2.5 MJ

I Constrain Si > 9.8 if no D burning. . .
I . . . and even Si > 10.2 with RV
. Coldest starts (Marley et al. 2007)

ruled out quantitatively (∆S ' 1.5)
. MCMC for σt and σL → Si posterior

8 Myr
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20 Myr

β Pic b

excluded by

radial velocity
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Two-point (-and-one-star) summary

I Uncertain Si ⇒ need to consider arbitrary Si to interpret direct detections
I Given L and t, find joint M(Si) constraints ⇒ lower bound on Si

? Can use direct detections to constrain formation models
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ABSTRACTThe post-formation, initial entropy S i of a gas giant planet is a key witness to its mass-

assembly history and a crucial quantity for its early evolution. However, formation models

are not yet able to predict reliably S i , making unjustified the use solely of traditional, “hot-

start” cooling tracks to interpret direct imaging results and calling for an observational deter-

mination of initial entropies to guide formation scenarios. Using a grid of models in mass and

entropy, we show how to place joint constraints on the mass and initial entropy of an object

from its observed luminosity and age, highlighting that hot-start tracks only provide a lower

bound on the real mass. Moreover, we demonstrate that with mass information, e.g. from dy-

namical stability analyses or radial velocity, tighter bounds can be set on the initial entropy.

We apply this procedure to 2M1207 b and find that its initial entropy is at least 9.2 kB/baryon,

assuming that it does not burn deuterium. For the planets of the HR 8799 system, we infer

that they must have formed with S i > 9.2 kB/baryon, independent of uncertainties about the

age of the star. Finally, a similar analysis for β Pic b reveals that it must have formed with

S i > 10.5 kB/baryon, using the radial-velocity mass upper limit. These initial entropy values

are respectively ca. 0.7, 0.5, and 1.5 kB/baryon higher than the ones obtained from core ac-

cretion models by Marley et al., thereby quantitatively ruling out the coldest starts for these

objects and constraining warm starts, especially for β Pic b.

Key words: planets and satellites: general – methods: analytical – techniques: imaging spec-

troscopy – stars: individual: 2MASSWJ 1207334–393254– stars: individual: HR 8799 – stars:

individual: β Pictoris.
1 INTRODUCTIONWhile only a handful of directly-detected exoplanets is cur-

rently known, the near future should bring a statistically signif-

icant sample of directly-imaged exoplanets, thanks to a number

of surveys underway or coming online soon. Examples include

VLT/SPHERE, Gemini/GPI, Subaru/HiCIAO, Hale/P1640 (Vigan

et al. 2010; Chauvin et al. 2010; McBride et al. 2011; McElwain

et al. 2012; Yamamoto et al. 2013; Hinkley et al. 2011b). An im-

portant input for predicting the yields of such surveys and for inter-

preting their results is the cooling history of gas giant planets. In the

traditional approach (Stevenson 1982; Burrows et al. 1997; Baraffe

et al. 2003), objects begin their cooling, fully formed, with an arbi-

trarily high (specific, i.e. massic) entropy1 and hence radius and lu-

minosity. In the past, the precise choice of initial conditions for the

cooling has been of no practical consequence because only the 4.5-

Gyr-old Solar System’s gas giants were known, while high initial

entropies are forgotten on the short Kelvin–Helmholtz timescale

GM 2/RL (Stevenson 1982; Marley et al. 2007). However, direct-
⋆ E-mail: marleau@mpia.de, cumming@physics.mcgill.ca

1 This is what is meant by ‘initial’ entropy: the entropy of the planet once

its mass is assembled and it enters the pure cooling phase.

detection surveys are aiming specifically at young (� 500 Myr)

systems, and the traditional models, as their authors explicitly

recognised, are not reliable at early ages.
Using the standard core-accretion formation model (Pollack

et al. 1996; Bodenheimer et al. 2000; Hubickyj et al. 2005), Mar-

ley et al. (2007, hereafter M07) found that newly-formed gas gi-

ants produced by core accretion should be substantially colder than

what the usual cooling tracks that begin with arbitrarily hot initial

conditions assume. These outcomes are known as ‘cold start’ and

‘hot start’, respectively. M07 however noted that there are a number

of assumptions and approximations that go into the core accretion

models that make the predicted entropy uncertain. In particular, the

accretion shock at the surface of the planet is suspected to play a

key role as most of the mass is processed through it (M07; Baraffe,

Chabrier, & Barman 2010) but there does not yet exist a satisfac-

tory treatment of it. Furthermore, there may also be an accretion

shock in the other main formation scenario, gravitational instabil-

ity, such that it too could yield planets cooler than usually expected

(see section 8 of Mordasini et al. 2012b).
The most reasonable viewpoint for now is therefore to con-

sider that the initial entropy is highly uncertain and may lie almost

anywhere between the cold values of M07 and the hot starts. In

fact, M07 calculated ‘warm start’ models that were intermediate
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