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Star%and%Planet%Formation%with%the%TMT%

!  Initial%Planet%Mass%Function%for%Stars%in%Diverse%
Environments%
-  Disk%survival%timescales/planet%formation%

!  The%physics%of%planet%formation%at%high%resolution%
-  Scattered%light%structures%
-  Disk%chemistry%and%planetary%abundances%
-  Directly%detecting%protoplanets%in%formation%

!  Direct%detection%of%young%exoplanets%
-  (Exoplanet%science%case%–%all%of%the%direct%imagers%

are%at%a%different%conference!)%



How%would%a%forming%planet%affect%a%disk?%
(e.g.,%Lin%&%Papaloizu%1986;%Zhu+2011)%Transitional Disks: Gap opening by planets?

Zhu et al. 2011

Tuesday, August 19, 14
Competition%between%gas%accretion;%gap/hole%formation%



Transition%disks%%
and%planet%formation%

e.g.,%Strom+1989,%Calvet+2002,%D’Alessio+2005,%Kim+2009,%Merin+2010%

Spitzer%legacy%%
!  Lack%of%warm%dust%as%

absence%of%nearWIR%
emission%

!  Ongoing%accretion:%%
hole%in%dust,%gas%still%
unclear%



Dust%trap%in%a%transition%disks%
(van%der%Marel+2013,%2015)%

IRS 48: full gas ring revealed 
Cycle 2 data Band 9 (van der Marel PI) 

0.44 mm cont 13CO 6-5 

Van der Marel et al. in prep 

- Dust trap optically thick, blocking some of  13CO emission? 
- Kinematics of gas around dust trap can test vortex model 

Dust%at%50%AU% CO%6W5:%symmetric%

Vortex?%%Comet/KBO%factory?%



Dust%traps%with%ALMA%
(e.g.,%Perez+2014;%van%der%Marel+2015;%Pinilla+2015)%

Variety of dust traps 

30 AU SR 21 HD 135344 B DoAr44 LkCa15 

IRS48 HD142527 SR 24S J1604 

Data from van der  Marel et al. 2013, 2015 
Perez et al. 2014, , Casassus, Fukugawa et al. 2013, 
Carpenter, Zhang et al. 2014 

- Some sources highly azimuthally asymmetric, others not 
- Vortex (strong az aymmetry) vs eccentric disk (weak az asymmetry)? 

Radial  only vs  radial + azimuthal traps 

Ataiee et al. 2013 

B9 B9 B7 B9 

B9 B7 B9 B7 



Dust%traps%in%simulations%of%%
nonWideal%MHD%disk%physics%

Ideal MHD

Vortex develops only when AD is considered 

Zhu & Stone 2014

(30 micron)(3 micron)

0.3 mm 3 cm 30 cm

Tuesday, August 19, 14

Zhu%&%Stone%(2014)%
NonWideal%MHD%dust%traps%first%
developed%by%Li%Hui%



ALMA:%Structure%of%the%HL%Tau%disk%

!  Planets?%%Unlikely%

!  Chemistry%of%freezeW
out/grain%growth?%%
(Zhang+2015)%

!  Rossby%waves%from%
infalling%envelope%
(Bae+2015)%

0.025%arcsec%resolution%(3.5%AU)%at%0.87%mm%



ROSSBY WAVE INSTABILITY BY PROTOSTELLAR INFALL 9

Fig. 9.— Perturbed gas density δΣg/⟨Σg⟩ distributions at the launching of the instability, at the saturation, and at the end of the
simulation (from left to right) for the SH model (shear terms are included). These correspond to t = 8, 19, and 226 Torb or 1.4, 3.4, and
40× 103 years. Note that the scale for the leftmost panel differs from the other two.

standard model the disk has to wait until enough mass is
added to build the density bump. Thus, no evident den-
sity bump is developed around Rc at the time of RWI ini-
tiation. Another notable feature is that the RWI initially
triggers with an extremely high order mode of m = 9 as
seen in Figure 9, at which mode the linear growth rate is
the highest in this model. The perturbed density peaks
rotate at slightly different velocities and thus one catches
another as time goes. They eventually merge to m = 1
mode at t ∼ 100 Torb.

3.6. Effect of Infall Profile: With the Modified UCM
Model

The UCM model, as pointed out earlier, adds a large
fraction of infalling material near the centrifugal radius.
In order to see if the RWI can be limited by more gentle
infall pattern, we match the radial infall pattern to the
initial disk surface density distribution (Σg, Σ̇in ∝ R−1).
Even with the smoothed infall profile we find that the
RWI excites. Figure 10 presents radial distributions of
azimuthally-averaged gas surface density, azimuthal ve-
locity, epicyclic frequency, and vortensity at the time of
the launching of the RWI (t = 54 Torb). The vortensity
minimum is shallow and broad, but since infall keeps
adding material at the same radius the RWI triggers.
The density around Rc increases steeply but does not
develop bumpy structures. We note that the instabil-
ity very slowly grows, having three times longer Tgrowth
compared to the standard model (see Table 2).

3.7. Effect of Self-gravity

In our standard run, the azimuthally-averaged Toomre
Q parameter around Rc is ! 1 at T " 200 Torb. At
this point (or even earlier), we expect disk self-gravity
becomes important and may alter the later disk evo-
lution including possible activation of gravitational in-
stability (GI). We thus conducted a calculation with
disk self-gravity included, using FARGO-ADSG code
(Baruteau & Masset 2008).
Before looking at numerical results, one may predict

the role of self-gravity in triggering the RWI through a
simple back-of-the-envelope calculation using the connec-
tion between the vortensity η and the Toomre Q param-

Fig. 10.— Same as Figure 1 but for the MUCM model.

eter, where the vortensity is again

η =
κ2

2ΩΣ

1

c4s
, (17)

and the Toomre Q parameter is

Q =
κcs
πGΣ

. (18)

At a given radii, under the locally isothermal assumption,
η ∝ κ2/Σ and Q ∝ κ/Σ. Remember that both RWI
and GI acts in a way to redistribute mass in the disk
so the disk stabilizes against the instabilities. In other
words, the instabilities broaden the density enhancement
and increase the epicyclic frequency close to Keplerian
speeds. If a disk is under the circumstance that RWI
and GI competes, this process will increase η faster than
Q so that the RWI will stabilize first. Therefore, one can

Disk%structure/planet%formation%%
is%instability%physics%

Rossby%waves%from%infalling%envelope?%%Bae+2015%



100AU Spiral Arm 

Grady+13 
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Transitional Disks in Subaru/SEEDS 
Slide courtesy Ruobing Dong 



SR 21, SMA 0.88 mm Image!
Andrews et al. 2011, Williams & Cieza 2011!

SR 21, Subaru H-band Image!
Follette et al. 2013!

~mm-sized grains!

~sub-micron-sized grains!

SEEDS:%%Decoupling%of%mm1sized,%micron1sized%
Dong%et%al.%2012,%slide%courtesy%Ruobing%Dong%
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azimuthal asymmetries and sharp boundaries of the disk edges can inform us the presence of planets 
and help establish the connection between the dust belt and planet formation/evolution activity.  
 

 

Figure 8-3. Model images in H band for a gap and spirals in a disk caused by a 0.1 MJup planet around a solar-
mass star, obtained with 2D hydro-dynamical simulations. The disk aspect ratio is 0.05, and the locally 
isothermal, hydrostatic balance was assumed for the vertical structure. The color scale denotes the surface 
brightness multiplied by r2, where r is the distance from the central star.  Top panels show the models at the raw 
resolution with a planet at r = 10 AU (left) and r = 30 AU (right).  The middle panels present images expected with 
an 8 m telescope and the bottom ones show those with TMT, where the models were convolved with Gaussian 
functions of diffraction-limited FWHMs. The dark spots are the "planet shadows", indicating the location of the 
planet (Jang-Condell 2009). Note that 3D thermal balance calculations are necessary to predict planet shadows, 
and the sizes of dark spots are tentative in these images.  

8.2.3 Mapping the pre-biotic landscape in proto-planetary disks 

8.2.3.1 Snow line and beyond 
The snow line is a condensation/sublimation front of (water) ice in a protoplanetary disk; water present 
in the form of vapor (gas) within the snow line and as ice (solid) beyond it. The formation of giant 
planet cores are believed to be enhanced because the solid surface density increases and the inward 
radial drift of solids may be slowed-down across the snow line (Brauer et al. 2008). It helps to explain 
why Jupiter-like gas giants are not the closest to the Sun in our Solar System. While the snow line is 
located at a radial distance of ~3 AU in the current Solar System, it may have been as close as ~0.7 

Instabilities%small;%%need%TMT%to%resolve!%

Planet%at%10%and%30%AU%with%8m%
telescope%

Planet%at%10%and%30%AU%with%TMT%
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Planet%spectroWarcheology:%
abundances%from%formation%MORE OF THESE, PLEASE...

R ~ 4000 spectrum of HR8799 c

Konopacky et al. 2013

Birkby%Talk%
!  C/O%ratios%from%direct%

imaging,%transits%%(e.g.,%
Madhusudan+2012;%Line
+2012)%

!  Still%in%infancy%for%
directly%imaged%
planets%(e.g.,%Lockwood
+2014;%Snellen+2014)%%

Konopacky+2013.:%spectra%versus%models%for%HR%8799b%



Henning & Semenov 2014, Chem. Reviews, submitted

Scheme of a disk structure

• < 1000 AU, ~ 0.1 – 10% M*,  1 – 10 Myr

• Gradients of  T, n, dust properties

• UV, X-rays, CRP

• Dynamics

Text

0.03 AU2 AU20 AU
Cartoon from Semenov & 
Henning 2014 review 
 
 

 
 
 
 
 
 
 

Abundance%of%giant%planets:%%set%at%
protoplanetary%disk%phase%

 



Henning & Semenov 2014, Chem. Reviews, submitted

Scheme of a disk structure

• < 1000 AU, ~ 0.1 – 10% M*,  1 – 10 Myr

• Gradients of  T, n, dust properties

• UV, X-rays, CRP

• Dynamics

Text

0.03 AU2 AU20 AU

 
 
 
 
 
 
 

Abundance%of%giant%planets:%%%
set%at%protoplanetary%disk%phase%

 
The Astrophysical Journal Letters, 743:L16 (5pp), 2011 December 10 Öberg, Murray-Clay, & Bergin

Table 1
Evaporation Temperatures and Abundances of O and C in Different Forms

with Respect to Hydrogen

Species Tevap
a nO nC

(K) (10−4×nH) (10−4×nH)

CO 18–22 (20) 0.9–2b (1.5) 0.9–2b (1.5)
CO2 42–52 (47) 0.6b 0.3b

H2O 120–150 (135) 0.9b

Carbon grains >150 (500) 0.6–1.2c (0.6)
Silicate ∼1500 (1500) 1.4c

Notes. Adopted model values are in parentheses.
a The range of temperatures for ices corresponds to gas densities 108–1012 cm−3

suitable for disk midplanes.
b From ice and gas observations toward the CBRR 2422.8-3423 disk (Pontop-
pidan 2006).
c The range corresponds to estimates of organic content (Draine 2003). The
lower value is adopted to obtain a solar C/O ratio. Silicate abundance is 1.2 from
Whittet (2010) and 1.4 takes into account the additional refractory component.

bodies, and on the importance of core dredging, i.e., how isolated
the atmosphere is from the core. In the simplest case, the core
and atmosphere are completely isolated from each other, and the
atmosphere is built up purely from gas. We therefore begin with
only considering gas accretion, and then show how the expected
atmosphere composition is modified by adding planetesimal ac-
cretion.

Once a core is massive enough to begin runaway accretion of
a gas envelope, this accretion most likely happens faster than the
planet can migrate due to interactions with the disk. D’Angelo &
Lubow (2008) estimate that a planet migrates inward by <20%
of its semi-major axis during runaway growth. We therefore
assume that the planetary envelope is accreted between the
same set of snowlines where accretion started. As a first step,
we further assume that grains contributing to the atmosphere
come from the same location as the gas (which need not be the
case) and that gas and grain compositions are constant between
each set of snowlines. Finally, we assume that the snowlines
are static, which is justified by the long timescales at which
disk midplane temperatures change in disks older than 106 years
(when gas giants are proposed to form) compared to the 105 year
timescales of runaway gas accretion (Lissauer et al. 2009;
Dodson-Robinson et al. 2009). Specifically, the temperature
structure is set by viscous dissipation in the inner disk and
irradiation by the central star in the outer disk (D’Alessio
et al. 1998), and both accretion and stellar luminosity decay on
106 year timescales at the time of planetary envelope accretion
(e.g., Hartmann et al. 1998; Siess et al. 2000). We return to these
considerations in Section 3.

We estimate the total abundances (grain + gas) of the major
O- and C-containing species in typical disks from a combination
of ice observations of a protoplanetary disk (Pontoppidan 2006)
and grain compositions in the dense interstellar medium (ISM;
Table 1). The main O carriers are H2O, CO2 and CO ices, CO
gas and silicates, and an additional refractory oxygen component
(Whittet 2010). The main C carriers are CO, CO2, and a range
of organics and carbon grains (Draine 2003). The evaporation
temperature of the latter carbon sources are unknown, and a
high evaporation temperature is adopted to prevent this unknown
carbon component from influencing the model outcome; if any
of this carbon is present in more volatile forms, it will enhance
the gas-phase C/O ratio further. The sublimation temperature
for silicate grains is set to 1500 K. For all other molecules,

Figure 1. C/O ratio in the gas and in grains, assuming the temperature structure
of a “typical” protoplanetary disk around a solar-type star (T0 is 200 K and
q = 0.62). The H2O, CO2, and CO snowline are marked for reference.

we calculate the density-dependent sublimation temperatures
following the prescription of Hollenbach et al. (2009) using
binding energies of H2O, CO2, and CO of 5800 K, 2000 K,
and 850 K (Collings et al. 2004; Fraser et al. 2001; Aikawa
et al. 1996). A complication is the observed ease with which
H2O can trap other molecules in its ice matrix. It is however
difficult to trap more than 5%–10% of the total CO abundance
in H2O ice (Fayolle et al. 2011) and we therefore ignore
this process.

The radii of different snowlines are set by the disk temperature
profile. Consistent with the temperature profile derived from
the compositions of solar system bodies (Lewis 1974) and
with observations of protoplanetary disks (Andrews & Williams
2005, 2007) we adopt a power-law profile,

T = T0 ×
( r

1 AU

)−q

, (1)

where T0 is the temperature at 1 AU and q is the power-law
index. In a large sample of protoplanetary disks, the average T0
is 200 K and q = 0.62 (Andrews & Williams 2007). Figure 1
displays the C/O in the gas and in grains in the disk midplane
as a function of distance from the young star for this average
disk profile. Between the H2O and CO snowlines, the gas-phase
C/O ratio increases as O-rich ices condense, with the maximum
C/O ∼ 1 reached between the CO2 and CO sublimation lines
at 10–40 AU. In the case of completely isolated core and
atmosphere accretion, the atmospheric C/O ratios will reflect
the gas-phase abundances, resulting in C enrichments beyond
the H2O snowline.

The size and position of the disk region where the C/O ratio
in the gas reaches unity depend on the disk temperature profile.
A more luminous star will heat the disk further, pushing the
various snowlines outward, while the steepness of the disk
temperature profile determines the spacing of the different
snowlines. Figure 2 compares protoplanetary disk thermal
profiles from Andrews & Williams (2005), which sample stars
with a range of spectral types, with the “typical” disk profile
from Figure 1. In all cases, the gas-phase C/O ratio is enhanced
in regions associated with gas-giant formation, i.e., a few to a
few tens of AU. Formation of C-rich atmospheres from oxygen-
depleted gas accretion can therefore operate in most planet-
forming disks

The high metallicity of giant planets in our own so-
lar system as well as planet formation models suggest that
the atmosphere can be significantly polluted by evaporating

2

Öberg%et%al.%2011:  superstellar C/O could be enhanced 
explained by accretion of C-rich gas near ice lines 
 
 



Observing%H2O%and%CO%snow%lines%

Qi+2014:%CO%snow%line%detected%for%a%disk%with%ALMA,%
but%what%about%H2o%snow%line?%



H2O%snow%line%from%fluxes+chemical%models;%
probably%depends%on%stellar%mass%Pre-biotic chemistry�

  The amount and molecular form of CHONPS 
molecules delivered to potentially habitable 
planets ultimately provide the basis for the 
formation and evolution of terrestrial atmospheres 

  Depletion of C on the Earth: universal? 
Observations of planet-forming CHONPS molecules 
with the TMT will provide observable links to the 
growing population of exoplanets 

Pontoppidan et 
al. (2010) 

Ground-based 
detection: e.g., 
Mandell et al. 
(2012)�

Water� C2H2�
HCN�

Spitzer/IRS:%%Carr%&%Najita%2008;%%Salyk+2008%



High%resolution%followWup%needed%to%
measure%the%location%of%the%snow%line!%Pre-biotic chemistry�

  The amount and molecular form of CHONPS 
molecules delivered to potentially habitable 
planets ultimately provide the basis for the 
formation and evolution of terrestrial atmospheres 

  Depletion of C on the Earth: universal? 
Observations of planet-forming CHONPS molecules 
with the TMT will provide observable links to the 
growing population of exoplanets 

Pontoppidan et 
al. (2010) 

Ground-based 
detection: e.g., 
Mandell et al. 
(2012)�

Water� C2H2�
HCN�

NOAO Proposal Page 3 This box blank.

Figure 1: Left: Ratio of HCN to water emission strengths in Spitzer spectra of T Tauri stars
plotted against submillimeter disk mass. Red diamonds indicate “typical T Tauri stars”, i.e., those
with normal mid-infrared colors and no jet. The observed trend may be the result of planetesimal
formation (Najita et al. 2013). Right: Water (blue) and HCN (red) line emission from DR Tau,
spectrally resolved with TEXES on Gemini in 2013B. To compare the line profiles, the water line
profile is also shown scaled and overplotted on the HCN (dotted blue line). The similar line profiles
are consistent with the interpretation that the HCN and water emission studied with Spitzer arises
from the same region of the disk. In 2014B, we propose to determine if the same is true for other
T Tauri stars.
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Figure 8-5. The 8 Pm brightness distribution of protoplanetary disks and young stars in nearby star-forming 
clouds, as observed with the Spitzer Cores to Planet-Forming Disks legacy survey (Evans et al. 2009). It shows 
how many more protoplanetary disks can be reached with the TMT relative to current high-resolution mid-infrared 
spectrometers. 
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Table 2
Disk and Stellar Properties

Source Classa Line Profileb Distancec vCO(LSR) L∗ Sp. T. M∗d Ṁe Referencesf

(pc) (km s−1) (L⊙) (M⊙) (M⊙ yr−1)

LkHa 330 Trans. disk Keplerian 250 9.0 16 G3 2.5 −8.80/−8.80 2,12
CW Tau CTTS Self-abs. 140 7.5 0.8 K3 1.2 −8.80/−7.99 15,19
DR Tau CTTS Single peak 140 10.7 0.9 K5 1.0 −7.5/−5.1 16,17,18,19
TW Hya Trans. disk Keplerian 51 3.0 0.23 K7 0.7 −8.80/−8.80 14
HD 135344B Trans. disk Keplerian 84 7.5 8 F3 1.6 −8.30/−8.30 6
GQ Lup CTTS Keplerian 150 1.0 0.8 K7 0.8 −8.00/−8.00 11
HD 142527 HAeBe Keplerian 198 5.0 69 F6 3.5 −7.16/−7.16 6
RU Lup CTTS Single peak 150 3.5 0.4 K7 0.7 −7.70/−7.70 5
HD 144432 HAeBe Keplerian 145 6.0 10 A9 1.7 7.07/−7.07 6
AS 205N CTTS Single peak 125 4.5 7.1 K5 1.1 −6.14/−6.14 10
DoAr 24E S CTTS Self-abs. 125 3.5 1.3 K7-M0 0.7 −8.46/−8.46 8
SR 21 Trans. disk Keplerian 125 3.0 15 G2.5 2.2 <−8.84 2
RNO 90 CTTS Keplerian 125 −1.5 4.0 G5 1.5 · · · 3
VV Ser HAeBe Keplerian 415 7.0 125 B1-A3 3.0 −6.34/−6.34 9,4
S CrA N CTTS Single peak 130 2.4 2.3 K3 1.5 · · · 13
R CrA HAeBe Self-abs. 130 5: 100 B8-F5 3.5: −7.12/−7.12 1
T CrA CTTS Self-abs. 130 7: 8 F0-F5 1.6: <−8.20 7

Notes.
a Type of disk—can be classical T Tauri star (CTTS), Herbig Ae-Be star, or transition disk.
b Type of CO rovibrational line profile as discussed in Section 1.2.
c The distances are based on the current best estimates to the parent young clusters of the disks, many of which are determined by parallax measurements of
known cluster members (Dzib et al. 2010; Torres et al. 2009; Loinard et al. 2008). The distance to Corona Australis is well determined using the orbit solution
for the eclipsing binary TY CrA (Casey et al. 1998). One exception is HD 135344B, which has an uncertain distance of 84–140 pc (Grady et al. 2009).
d The mass of the central star is estimated based on the luminosity and spectral type using the evolutionary tracks of Siess et al. (2000).
e Range of mass accretion rates found in the literature.
f References used for the stellar properties and the mass accretion rates.
References. (1) Bibo et al. 1992; (2) Brown et al. 2007; (3) Chen et al. 1995; (4) Dzib et al. 2010; (5) Herczeg & Hillenbrand 2008; (6) Meijer et al. 2008; (7)
Meyer & Wilking 2009; (8) Natta et al. 2006; (9) Pontoppidan et al. 2007a; (10) Prato et al. 2003; (11) Seperuelo Duarte et al. 2008; (12) Salyk et al. 2009;
(13) Schegerer et al. 2009; (14) Thi et al. 2010; (15) White & Ghez 2001; (16) Mora et al. 2001; (17) Muzerolle et al. 2003; (18) Gullbring et al. 2000; (19)
Johns-Krull & Gafford 2002.

Significant artifacts in the astrometric spectra due to flat
field and PSF effects may remain. The latter refers astrometric
structure caused by PSFs that are not exactly rotation symmetric.
Such artifacts are ubiquitous since PSFs always have some
angular asymmetry. Indeed, Brannigan et al. (2006) found
such artifacts to be a common feature of spectro-astrometric
observations. The correction for PSF artifacts is therefore
an essential calibration of spectro-astrometry, without which
meaningful analysis is not possible. To effectively correct for
PSF artifacts, all astrometric spectra were obtained with the
slit oriented at the desired position angle (P.A.), as well as
at an antisymmetric P.A. + 180◦. In order to ensure that the
instrument was kept as stable as possible, a special CRIRES
observing template was developed in which the grating and
prism angle piezos were kept unchanged while the derotator
changed the slit P.A. Furthermore, identical jitter patterns were
used for the parallel and anti-parallel slit positions to maximize
the reproducibility of artifacts. The difference average between
these two antisymmetric spectra cancels out PSF artifacts while
preserving any real signal. The efficacy of the procedure is
demonstrated in Figure 2.

2.2. Data Reduction

The data were reduced using our own IDL scripts. The
procedure includes flat-fielding correction for the nonlinearity
of the CRIRES detector response following the description in
the CRIRES documentation issue 86.2, co-adding individual
nod pairs and correction for spatial distortion. The flux spectra
were extracted using optimal extraction (Horne 1986) and were

Parallel observation

Anti-parallel observation

Difference spectrum

CO P(3) CO P(4) CO P(5)

Figure 2. Example of how parallel and anti-parallel slit positions are used to
calibrate the astrometric spectra. Shown is the P.A. = 55◦ CO observation of AS
205N. It is seen that a single spectrum is filled with astrometric artifacts, in this
case mostly due to telluric O3 and CO. Also apparent is a residual low-frequency
artifact due to uncertainties in the distortion correction, which is also removed
by the self-calibration, producing a flat astrometric final spectrum with an rms
of ∼0.5 mas.

corrected for telluric absorption by division with a spectrum
of an early-type standard star. The telluric standards were
corrected for small air-mass differences using a simple Beer
law by minimizing the telluric noise in a region of the spectrum
relatively clear of intrinsic lines. The CRIRES grating position
is not reproducible, so small relative shifts of order of a few
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Significant artifacts in the astrometric spectra due to flat
field and PSF effects may remain. The latter refers astrometric
structure caused by PSFs that are not exactly rotation symmetric.
Such artifacts are ubiquitous since PSFs always have some
angular asymmetry. Indeed, Brannigan et al. (2006) found
such artifacts to be a common feature of spectro-astrometric
observations. The correction for PSF artifacts is therefore
an essential calibration of spectro-astrometry, without which
meaningful analysis is not possible. To effectively correct for
PSF artifacts, all astrometric spectra were obtained with the
slit oriented at the desired position angle (P.A.), as well as
at an antisymmetric P.A. + 180◦. In order to ensure that the
instrument was kept as stable as possible, a special CRIRES
observing template was developed in which the grating and
prism angle piezos were kept unchanged while the derotator
changed the slit P.A. Furthermore, identical jitter patterns were
used for the parallel and anti-parallel slit positions to maximize
the reproducibility of artifacts. The difference average between
these two antisymmetric spectra cancels out PSF artifacts while
preserving any real signal. The efficacy of the procedure is
demonstrated in Figure 2.

2.2. Data Reduction

The data were reduced using our own IDL scripts. The
procedure includes flat-fielding correction for the nonlinearity
of the CRIRES detector response following the description in
the CRIRES documentation issue 86.2, co-adding individual
nod pairs and correction for spatial distortion. The flux spectra
were extracted using optimal extraction (Horne 1986) and were
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Figure 2. Example of how parallel and anti-parallel slit positions are used to
calibrate the astrometric spectra. Shown is the P.A. = 55◦ CO observation of AS
205N. It is seen that a single spectrum is filled with astrometric artifacts, in this
case mostly due to telluric O3 and CO. Also apparent is a residual low-frequency
artifact due to uncertainties in the distortion correction, which is also removed
by the self-calibration, producing a flat astrometric final spectrum with an rms
of ∼0.5 mas.

corrected for telluric absorption by division with a spectrum
of an early-type standard star. The telluric standards were
corrected for small air-mass differences using a simple Beer
law by minimizing the telluric noise in a region of the spectrum
relatively clear of intrinsic lines. The CRIRES grating position
is not reproducible, so small relative shifts of order of a few
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Gas%asymmetries%induced%by%
planet%should%rotate%

Regaly+2010%simulations%of%CO%emission%
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1 2

3 4

Fig. 5. Offset of the line of sight component of the velocity distri-
bution from circularly Keplerian values on the disk surface in the
hydrodynamic simulations, in the same model presented in Fig. 3.
Snapshots are calculated for four different azimuthal positions of the
planet of the 2000th orbit. The velocity difference is in the range of
−7.92−4.88 km s−1. Here the inclination angle is taken to be i = 40◦
and the viewing angle is taken to be −90◦, i.e. the disk is seen from the
bottom of Fig. 3. The planetary orbit is shown with a red dashed circle.
Two permanent high-velocity regions can be seen at position angle 0◦

and 180◦, and a variable pattern in the vicinity of the planet orbits. The
strength of the variable component can reach that of the permanent one,
e.g., in the panel at the bottom left (planet is at position angle 180◦).

our simulations. The higher eccentricities we found are plausible
inasmuch as Kley & Dirksen (2006) found that the eccentricity
of the disk is increasing with decreasing viscosity and in our ap-
proach the kinematic viscosity ν(R) = αH2ΩK(R) measured in
dimensionless units is 2.5× 10−6 at R = 1, which is smaller than
the ν = 1 × 10−5 used by Kley & Dirksen (2006).

As one can see, a giant planet has substantial impact on the
density and velocity distributions of its host disk. It is an essen-
tial question, whether the velocity perturbations appear in the
line-of-sight velocity with substantial strength. Figure 5 shows
the subtracted distribution of the line-of-sight velocity in the per-
turbed and circularly Keplerian case. It is evident that the line-
of-sight velocities show a significant departure from the circu-
larly Keplerian fashion because the difference is non-vanishing.
The radial velocity component of the orbital velocity and more
importantly the line-of-sight velocity distributions have variable
patterns following the planet on the top of a permanent excess
seen at 0◦ and 180◦ position angle. Note that the the permanent
pattern precesses slowly (with ∼150 orbital periods), retrograde
to the planet. The disk inclination angle i is taken to be 40◦ in the
calculation of Fig. 5 and the disk was rotated to the line-of-sight
in a way that the line-of-sight velocity component of dynami-
cally perturbed gas parcels is maximized. Consequently we had
expected that not only significant distortions appear in the line
profiles, but that they vary in time within the orbital time scale of
the giant planet. Because the deviation from circularly Keplerian

         0    R < 0.8 and R > 2.8
e =  
         0.2, 0.8 < R < 2.8{

Fig. 6. Asymmetric CO ro-vibrational line profile in a circularly
Keplerian disk with a gap between 0.8−2.8 AU (similar to model #8),
where the gas is flowing in eccentric orbit with e = 0.2. The gas out-
side the gap is in Keplerian circular orbit. It is evident that the line pro-
files are asymmetric. For comparison, we display the symmetric double-
peaked line profiles (dashed lines) emerging from a planet-free disk as
well.

velocity is in the range of −7.92−4.88 km s−1, the width of vari-
able component in the line profile should be∼10 km s−1, depend-
ing on the inclination angle.

4.2. Distortion of CO lines

Below we address the following questions: (i) Does the line-of-
sight component of the non-circularly Keplerian velocity distri-
bution (Fig. 5) result in significant distortions in the CO spectral
line profiles? (ii) Are these distortions varying in the planets or-
bital timescale? (iii) How do the distortions depend on the incli-
nation angle, the planetary and stellar mass, the orbital distance
of the planet, the size of the inner cavity and the disk geome-
try (if the disk is flared or not)? (iv) Are these distortions strong
enough to be detected by high-resolution near-IR spectral mea-
surements? A complete set of answers to the above questions
may give us a novel method to detect massive planets embedded
in protoplanetary accretion disks.

As was shown in Fig. 4 the disk eccentricity is consider-
able near the gap in all planet-bearing disk models. If the gas
parcels move on pure elliptic orbits in the gap, the CO line
profile becomes permanently asymmetric. This effect is illus-
trated in Fig. 6, where we have calculated the emerging line
profile of a disk with an eccentricity e = 0.2 in the gap be-
tween 0.8 AU−2.8 AU hosted by a 1 M⊙ star viewed 20◦, 40◦
and 60◦ degree of inclination angles. Thus we can expect that
the non-circularly Keplerian property of the velocity field shown
in Figs. 3 and 5 will break the symmetry of the spectral lines.
Although the orbits of the gas parcels can be characterized by av-
erage eccentricities, their orbits are more complicated than those
of a pure elliptic motion, because of the perturbations induced
by the planet.

First we examined the CO emission line profile distortions
from a disk in which a 8 MJ planet orbits a 1 M⊙ star (model
#8). As expected, the strongly non-circularly Keplerian veloc-
ity flow significantly modified the CO line profiles. In Fig. 8a
we display the V = 1–0 P(10) line profiles for three different in-
clination angles. The line profiles show a strongly asymmetric
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Figure 4. Spectroastrometric signal of the P26 line and schematic of the geometry of the system. In panels (A)–(D) the spectroastrometric signal of the P26 line is
plotted. The excess flux of the P26 line is plotted below the spectroastrometric signal in panels (B)–(D). For each epoch the spectroastrometric signal is calculated
from our excitation model with the excess emission added for the data acquired in 2006, 2010, and 2013 (red dot-dashed line). In panel (E), a schematic of the disk
and extra emission source is presented. The orbit is represented by the black dashed line. The disk wall of the disk is shaded orange. The location of the source of the
emission excess is labeled with a black dot, and the uncertainty in the phase of the orbit is represented by the red sectors. We assume the excess CO emission is hidden
by the near side of the circumstellar disk in 2003. The phase of the orbit is calculated from the Doppler shift of the excess emission assuming the disk is inclined by
42◦ and the orbital radius is 12.5 AU (just inside the disk wall of the disk). In 2006, the excess emission pulled the center of light of the red side of the line closer to
the center of the PSF. In 2010, the excess emission pulled both sides of the line eastward along the slit axis. In 2013, the excess emission on the blue side of the line
pulled the spectroastrometric signal eastward.
(A color version of this figure is available in the online journal.)

in the vicinity of the disk wall. For an orbit with R ≃ 12.5 AU,
the inferred orbital phase would locate the excess emission
behind the disk wall (in projection) in 2003, hiding it from view,
consistent with our use of 2003 as the reference epoch in this
analysis (see also Paper II and Mulders et al. 2011). Figure 4(E)
shows the velocities and implied position angles of the excess
component.

To demonstrate that our spectroastrometric results are consis-
tent with the above picture, we modeled the spectroastrometric
signal that would be produced by the disk plus an extra source
of CO emission in a circular orbit, following the method de-
scribed in Paper II. Briefly, a CO emission component with the
observed line profile of the excess emission is placed at the ap-
propriate radius and phase in its orbit and added to our earlier
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Predictions%for%accretion%rates:%%
disk%fragmentation%or%failed%binary?%6 Stamatellos, Herczeg & Zhou

Figure 5. The accretion rates against the stellar masses for a
wide range of stellar masses. The black squares correspond to
the objects formed by disc fragmentation in the simulations of
Stamatellos et al. (2009) with accretion rates calculated assuming
viscous disc evolution with α = 0.01. The time for which each disc
is evolved is chosen randomly between 1−10 Myr, so as to emulate
the age spread of observed discs. On the graph we also plot the
best fit line (solid black line) and the ±1σ region from the best fit
(dotted black line). The remaining points (coloured) correspond
to observational data as marked on the graph. On the graph we
also plot the best fit line for the observations (solid green line) and
the ±1σ region from the best fit (dashed green lines) as estimated
by Zhou et al. (2014).

tions within the disc). The presence of low-mass discs around
low-mass objects are consistent with both formation scenar-
ios but the presence of proportionatelly high-mass discs are
indicative of formation by disc fragmentation.

5 ACCRETION RATES ONTO WIDE-ORBIT

LOW-MASS OBJECTS

The accretion rates onto low- and higher-mass objects may
also relate to their formation mechanism. In some cases it
is possible to derive accretion rates even when the disc that
provides the material for accretion is not detectable in the
sub-mm, where disc masses are usually measured. For ex-
ample, Herczeg et al. (2009) and Zhou et al. (2014) estimate
the accretion luminosity from the excess line and contin-
uum emission; for low-mass objects they can detect accre-
tion rates down to ∼ 10−13 M⊙ yr−1.

It has been argued that, similarly to the Mdisc − M∗

relation mentioned in the previous section, there is a relation
between accretion rate on the star and the stellar mass. It
is suggested that this relation holds from intermediate-mass
stars down to brown dwarfs, namely that Ṁ∗ ∝ Ma

∗
, where

α ∼ 1.0− 2.8, albeit with a large scatter (Natta et al. 2004;
Calvet et al. 2004; Mohanty et al. 2005; Muzerolle et al.
2005; Herczeg & Hillenbrand 2008; Antoniucci et al. 2011;
Biazzo et al. 2012).

The accretion rates onto stars for a wide range of stel-
lar masses are plotted against the stellar masses in Fig. 5.

Figure 6. The evolution of the accretion rates of the objects
formed by disc fragmentation in the simulations of Stamatellos
et al. (2009a) . These accretion rates are calculated using the
viscous evolution model (Eq. (7) with α = 0.01). There is a wide
range of accretion rates for a specific age due to the spread in
the initial disc conditions. The three red triangles corresponds
to the observations of Zhou et al. (2014). Considering the large
uncertainties (∼ 1−5 Myr) in the estimated ages these relatively
high accretion rates are consistent with the predictions of the disc
fragmentation model.

The accretion rates shown here have all been measured di-
rectly from excess Balmer continuum emission in the U-band
(Gullbring et al. 1998; Herczeg & Hillenbrand 2008; Herczeg
et al. 2009; Rigliaco et al. 2011, 2012; Ingleby et al. 2013; Al-
calá et al. 2014; Zhou et al. 2014). The symbols and colours
are the same as in Zhou et al. (2014). In the same figure the
best fit line that was calculated by Zhou et al. (2014) is also
plotted. It is evident from the graph that there is consider-
able scatter in Ṁ∗−M∗ relation, that may reflect a difference
in the disc initial conditions (Alexander & Armitage 2006;
Dullemond et al. 2006). A part of the scatter could also be
attributed to the different ages of the systems plotted in
Fig. 5; accretion rates drop as stars age (see Fig. 6).

The detection limits of accretion rates are relatively low
and most objects with excess emission in the IR also have
measured U-band accretion rates; thus it is expected that
there is no bias towards detecting only younger objects with
higher accretion rates. In fact most of the observed objects
exhibit low accretion rates. The estimated accretion rates
for most of the low-mass objects (< 0.1 M⊙) are consistent

with the Ṁ∗ − M∗ scaling relation derived for higher-mass
stars. In fact in a few cases the accretion rates are lower than
expected. The only exceptions are the three planetary-mass
companions observed by Zhou et al. (2014): GSC 06214-
00210 b, GQ Lup b, and DH Tau b. The accretion rates on
these objects are an order of magnitude higher than what is
expected from the Ṁ∗ −M∗ relation.

In Fig. 5 we also plot the accretion rates of the ob-
jects formed by disc fragmentation in the simulations of
Stamatellos & Whitworth (2009a). These accretion rates are
calculated using the viscous evolution model (Eq. (7)) with
α = 0.01. The time for which each disc is evolved is cho-

c⃝ 201- RAS, MNRAS 000, 1–8
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Scattering%ruled%out%

TMT:%real%planets%(instead%of%
planets%at%100%AU!)%



Formation%history%has%lasting%affect%on%
luminosity%(=mass%estimates)%

Chabrier+2014%review;%see%also%Marley+2007;%Spiegel%&%Burrows%2009%

Hot%start%versus%cold%start%
(quasars%have%similar%
accretion%regimes)%



Exomoon%formation%and%ALMA%protoplanets%
(Kraus+2015;%Bowler+2015)%

Binary%star%

Dust%emission%at%
planet%position%

Upper%limit%of%a%
different%planet:%%<10%
M_moon%of%dust!%



Planet%Formation%with%TMT%%
(and%2nd%generation%instruments)%

!  Planet%formation%is%the%physics%of%disk%instabilities,%which%needs%
high%spatial%resolution%

!  Snow%lines%for%different%molecules%may%lead%to%instabilities%and%
affect%final%abundances%of%giant%planets%

!  Planet%growth/moon%formation%may%be%directly%detectable%at%
very%small%inner%working%angles%(HWalpha,%CO)%

!  ALMA%and%ExAO%systems%are%revolutionizing%this%field%(as%will%
JWST);%%inner%working%angle%and%high%resolution%midWIR%are%
unique%to%TMT%

!  Direct%detection%of%extrasolar%planets%(everyone%at%Lyot%
conference;%many%exciting%Extreme%AO%results%very%soon)%



Currie+2015% Perrin+2015%



\%
GPI$Images$of$HD$100546$at$Small$Separa8ons:$A$

Candidate$2nd$Protoplanet$(NEW!)$

7Gsigma$point$sourceGlike$feature$(<$15$Mj)$
G$Almost$perfectly$consistent$with$predicted$posi8on$
of$second$planet:$“HD$100546$c”$(BriTain$et$al.$2014)$
G$protoplanet,$disk$hot$spot/inner$wall?$

r$~$0.14”$

Slide%courtesy%Thayne%Currie%



GPI:%%Twitter%embargo%fail%
2%MJup%at%13%AU;%20%Myr%


