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Turner et al. 2014 

No magnetic support Uniform magnetic support magnetic support 
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How do you planets form? 
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Figure 3. Mosaic of hydrodynamics simulations of a protoplanetary disk with four embedded planets (background), the
gap that is opened by one of the planets (top-left panel), and of the circumplanetary accretion disk (bottom-left panel),
illustrating the need to probe a wide range of spatial scales in order to study the mechanisms that are at work during
planet formation. The background image is the 10µm model image of the four-planet simulation by Dong, Whitney &
Zhu described in Sect. 4.2, while the insets show surface density profiles from simulations by Ayli↵e & Bate.? Besides the
physical scales (in au) we give the angular scale on the sky for a distance of 140 pc (in mas), which corresponds to the
distance of the most nearby star forming regions (e.g. Taurus).

4.4 Exoplanetary System Architecture

Planet population synthesis models aim to reproduce the observed exoplanet system populations by linking
planet formation models with models about the dynamical processes of planet-disk interaction, planet-planet
interaction, dust evolution, and accretion physics. These models depend on a proper knowledge of the relevant
processes and on the adjustment of a large number of free parameters, which introduces major uncertainties.

PFI will change the situation fundamentally, both by providing robust information about the initial conditions
of planet formation and by probing the protoplanet distribution during the evolutionary phase that is most critical
for shaping the architecture of exoplanetary systems, namely the first ⇠ 100Myr. Observing planetary systems
during this time interval will allow PFI to determine where in the disk planets form and how they migrate through
interaction with the gas-rich disk, providing insights into the mechanisms that halt migration, for instance at
deadzones, disk truncation points, or during the disk dissipation phase (typically at ⇠ 10Myr).

Achieving this goal will require detecting planets in a statistically meaningful sample of systems at di↵erent
evolutionary phases, e.g. of the order of 100 systems in the classical TTauri/Herbig Ae/Be phase (⇠ 0.5Myr),
transitional disk (⇠ 5Myr), and early debris disk phase (⇠ 50Myr). These observations will allow us to construct
planet population diagrams for these di↵erent evolutionary phases and to compare them with the population
diagrams for mature exoplanet systems. Based on state-of-the-art population synthesis models we expect dra-
matic changes during these phases, such as the inward-migration of the Hot Jupiters during the first 1-2Myr
and the ejection of planets due to dynamical instabilities (e.g. Raymond et al.?).

Another important objective of PFI will be to determine the location of the “snow line” for important
molecules like water (H2O), marking the location where these molecules condense to form ice grains. At the

Credit: Kraus et al. 2014, simulations from 
Ayliffe, Bate, Dong, Whitney & Zhu 

•  Only infrared interferometry can 
image the inner few AU of planet-
forming disks 

•  Active community simulating planet 
formation and disk evolution 

•  Imaging is sorely needed to 
constrain the physics and to detect 
accreting protoplanets 
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from Herbig sizes to images 
AA48CH07-Dullemond ARI 16 July 2010 20:8

NIR size-luminosity diagram
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Figure 7
The size-luminosity diagram obtained from near-IR (NIR) interferometric measurements of T Tauri and
Herbig Ae stars. The observed NIR sizes can be compared against different disk models, including disks with
optically thin cavities and those that are optically thick but geometrically thin. The most realistic disk models
that include backwarming suggest dust evaporation temperatures are between 1,500 and 2,000 K. Adapted
from Millan-Gabet et al. 2007.

whereas (the very few measured) T Tauri disks seemed broadly comparable to the Herbig Ae
disks.

Following the first generation of measurements, larger samples of high-quality measurements
were collected using the longest baseline interferometers, especially the PTI and Keck Interfer-
ometers (Eisner et al. 2004, 2005; Akeson et al. 2005a,b; Monnier et al. 2005). A summary of these
data are reproduced in Figure 7 and allow a detailed examination of disk properties as a function
of luminosity beyond the earlier work. We see here that with reasonable assumptions about disk
backwarming (see Section 3.3), the inferred dust evaporation temperatures are typically between
1,500–2,000 K even when assuming gray dust; as we discuss in more detail below, these high
temperatures are somewhat problematic based on laboratory data of real grains. Note that most
of these measurements were only done along one position angle of the disk; due to projection
effects, the true inner radius might be somewhat larger.

Another key result from the size-luminosity diagram is a definite departure from the Rrim ∝ L1/2
∗

scaling law for some (but not all!) of the brightest sources in the sample, the Herbig B0–B3 stars:
For these sources, the measured radii are smaller than the trend of the rest of the sample (see
Figure 7). In other words, they are undersized. Apparently, the nature of the dust inner rim and/or
the gas inward of the dust rim changes for these very luminous sources. Monnier & Millan-Gabet
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Actual Schedule 

CHA 

At the core of the Michigan Infrared Combiner (MIRC) lies a 
silicon V-groove array with single mode fibers, taking up less 

space than a penny (shown for scale) 
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MIRC 
Weaknesses 
•  Four times extra background at synthetic 

aperture 
•  20% extra at photometric channel 
•  Eight times extra background at spectrometer 
 
MIRC Current limiting magnitudes 

 K~4.5 (compared to H~5.5) 
 no publications with K band 
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CHAMP 
Weaknesses 
•  Two times extra background from first warm split 
•  Only 6 spanning baselines, no closure phases 
•  Limiting Mag K~6.5, but requires strong fringes 
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MYSTIC 
•  Michigan Young Star Imager 

at CHARA 
–  Order of magnitude improvement 

in sensitivity with new camera 

–  Focus on the 2-2.4 micron (K 
Band) where dust emission 
dominates over stellar light 

•  Fully cryogenic combination w/ 
fiber optics 

–  Image inner disks around “young 
Suns”, the terrestrial planet 
forming region 

•  MYSTIC was funded this year 
by NSF, recruiting junior 
graduate student now 

The Astrophysical Journal, 780:42 (9pp), 2014 January 1 Turner et al.

Figure 5. Synthetic images of the central region of the dusty Herbig disk with (left to right) no magnetic support, magnetic support throughout, and a magnetically
supported bump. The field of view is 2.5 AU wide, and the system is inclined 60◦ from face-on. The star is shown to scale at the center of each panel’s left edge. The
blue, green, and red channels in each image correspond to wavelengths 1.25, 1.6, and 2.2 µm, i.e., J, H, and K bands, respectively. The same logarithmic intensity
scale is used in all three panels.
(A color version of this figure is available in the online journal.)

On the near-infrared bump’s other side, from 2 µm shortward,
there is interferometric evidence for emission arising within
the sublimation radius in some systems (Eisner et al. 2007;
Isella et al. 2008; Benisty et al. 2010; Eisner et al. 2010). Our
radiative transfer modeling does not address this component of
the system. However, if, as we propose, the near-infrared bump
arises in material supported by the same magnetic fields that
drive accretion, then correlations might be expected between
the bump’s height, the surface density of the material within
the sublimation radius, and the accretion signatures such as Hα
emitted near the stellar photosphere. Simultaneous optical and
infrared observations could help illuminate such a connection.

8.3. Can Grains Remain Suspended in the Atmosphere?

We have assumed that the grains providing the opacity are
well mixed in the gas. This is valid if the grains are stirred up,
either by the turbulence or by the magnetic buoyancy, faster than
they settle.

Magnetorotational turbulence can loft material no more
quickly than the velocity correlation timescale, which is a
fraction of the orbital period (Fromang & Papaloizou 2006). The
linear magnetorotational instability (MRI) is slow-growing or
stabilized high in the atmosphere, where the plasma β is less than
unity (Kim & Ostriker 2000). Even so, in nonlinear stratified
shearing-box MHD calculations the velocity dispersion remains
large at these heights (Miller & Stone 2000; Flaig et al. 2010;
Okuzumi & Hirose 2011). However, out of an abundance of
caution we set the stirring timescale to the slower magnetic
buoyancy timescale, measured using the “butterfly” pattern
visible when the magnetic pressure is plotted versus height and
time. In shearing-box calculations this timescale is around 10
orbits, with or without a dead zone (Miller & Stone 2000; Flaig
et al. 2010; Hirose & Turner 2011). The upshot is that the
grains repopulate the atmosphere within 10 orbits if sufficiently
coupled to the gas.

On the other hand, settling removes grains from the atmo-
sphere with a speed such that the drag force balances the vertical
component of the star’s gravity. The drag force is in the Epstein

regime, where the gas molecules’ mean free path exceeds the
grain size. The settling time is the distance to the midplane di-
vided by the settling speed and, for compact spherical particles,
is given by

tsett

tK
= 1

4π2

tK

tdrag
, (5)

where tK is the Keplerian orbital period and the drag stopping
time tdrag = ρda/(ρcs) depends on the grains’ internal density
ρd and radius a, using the notation from Turner et al. (2010).

Now the grains to be concerned with are those that absorb
the starlight and give off the disk inner rim’s thermal infrared
emission. The starlight peaks near a wavelength of 0.3 µm,
the infrared emission near 3 µm. The biggest contribution
to the opacity is from grains with circumference comparable
to the wavelength (van de Hulst 1957). Most important for the
starlight opacity are thus grains smaller than a = 0.1 µm,
and for the infrared opacity grains around 0.5 µm in radius.
In discussing the settling of these particles, we take an internal
density ρd = 3 g cm−3, similar to that of terrestrial basalt.
Densities are lower for carbon-rich grains.

In the top panel of Figure 8, we show by dotted curves
the height to which the 0.1 µm grains settle within 10 orbits.
The settling heights are overlaid on the surfaces of unit direct
starlight optical depth for the dusty models from Figure 4. It can
be seen that settling is important only in the uppermost reaches
of the atmosphere. For each of the three disk configurations,
the dotted curve lies above the unit-optical-depth curve on the
part of the disk most directly facing the star. If settling were to
remove all grains above the dotted curve, an unlikely prospect,
the height of the starlight-absorbing surface at 2 AU would be
reduced about 11% in the hydrostatic disk, 27% in the disk
with magnetic support throughout, and 10% in the disk with the
magnetically supported bump. Note that the starlight-absorbing
height beyond the bump is determined by the optically thick
bump itself. Furthermore, the settling would be unimportant
right up to the starlight-absorbing surface in all the models if
the inner disk had gas surface densities a few times greater than
we have assumed.

6

No magnetic support Uniform magnetic support magnetic support “bump” 

Synthetic images (log scale) of inner AU of “young Sun” 

AA48CH07-Dullemond ARI 16 July 2010 20:8

Magnetospheric
accretion

Accretion
shock

Dust-free inner
gas disk

Rounded off dust inner rim:
a dust chemical reactor

Weak shadow cast
by the dust rim (?)

Near-IR-emitting
surface of the
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by the gas (?);

a possible “safe
haven” for dust

Optically
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Figure 3
Pictographic representation of the inner disk region out to a few astronomical units. Shown are the
magnetospheric accretion depicted near the star, the dust-free gas disk in the middle, and the dust rim on the
right.

Goldreich model and thus obtained a complete description of the SEDs of Herbig Ae/Be stars in
terms of a simple irradiated disk model.

So if this simple model of the NIR bump is basically correct, then one may wonder why mainly
Herbig Ae/Be stars show such a huge bump while T Tauri stars are not known for displaying
such a conspicuous feature. Dullemond, Dominik & Natta (2001) argue that because the stellar
luminosity is at much longer wavelengths for T Tauri stars, a bump of this kind would be partly
“swamped” by the flux from the star, though a close look at the spectrum should still reveal such a
bump. On first sight, T Tauri star SEDs do not show such a strong bump. But through a careful
subtraction of the stellar spectrum, Muzerolle et al. (2003) show that T Tauri stars consistently
have such a NIR bump, though perhaps weaker in a relative sense than the Herbig stars. So in
that sense, T Tauri stars are no different from Herbig stars.

In spite of the early success of these models, there was no easy way of telling with just NIR
photometric data whether it was indeed the true nature of these objects. Indeed, much sim-
pler spherically symmetric envelope models, in which the dust was also removed inward of the
dust evaporation radius, could also fit the NIR bump and even in a number of cases the en-
tire SED (Pezzuto, Strafella & Lorenzetti 1997; Malfait, Bogaert & Waelkens 1998; Mirosh-
nichenko et al. 1999; Bouwman et al. 2000; Vinković et al. 2006). In fact, such models appear
to be more consistent with the lack of clear observed correlation between the NIR flux and
the disk inclination. For a simple perfectly vertical wall model of the rim such a correlation
is clearly expected, with little NIR flux observed at near face-on inclinations as illustrated in
Figure 4a,b, and discussed in more detail in Section 3.1. Perhaps the most clear counter-example
is AB Aurigae, which has a huge NIR bump (see Figure 2) but is known not to be very far from
face-on (e.g., Eisner et al. 2003; Corder, Eisner & Sargent 2005). Note, however, that AB Auri-
gae is an object that is still surrounded by a substantial amount of non-disk-related circumstellar
material, which may contribute to the NIR flux.

The key to distinguishing these models from each other is to spatially resolve the NIR disk
emission. Because the spatial scale we are talking about here is about 1 AU in diameter, which
means 7 mas at typical distances of Herbig Ae stars, no NIR telescope is even remotely able to
make spatially resolved images of these structures to tell which model is correct.
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T Tauris disks 
•  TTS disks are 3-10x smaller than Herbig disks 

80m baselines at VLTI 

Anthonioz et al. 2015 

•  TTS disks are 10-100x fainter! 
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MYSTIC will open TTS to imaging 
Young Stellar Objects in Taurus (from Kenyon & Hartmann 1995)
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MYSTIC Architectures 
a) 3x GRAVITY 

•  Grenoble has a number of 
spare GRAVITY integrated 
optics chips 

•  Combine three 4-beam 
combiners to allow all 15 beam 
combinations 

+ Advantages: pair-wise system 
has no cross-talk; IO chips exist! 
- Serious practical risks due to 
fiber splitting and packaging in 
dewar 

in press), including reports of dark current at about 44 e−/sec/pixel, a low – but not negligible –
value for our application here.

SELEX chips have now been integrated in the VLTI-GRAVITY instrument as intended. Pro-
fessor Monnier visited Dr. Frank Eisenhauer’s lab in Garching in 2014 October and witnessed the
camera in operation – see the screenshot of lab fringes in FigureC.5. In fact, SELEX/Galileo has
licensed the technology to be included in full camera systems (dewar, electronics, detector) to be
offered by First Light (France) in Summer 2015. This offering is credible as First Light is already
well-known for producing the OCAM and OCAM2, high performance EMCCD cameras with low
noise and fast readout. Professor Monnier discussed plans with Philippe Feautrier at the 2014 SPIE
meeting in Montreal and confirmed the performance specification and timetable; a ROM quota-
tion from First Light is included in Supplementary Materials. Note that we intend to purchase
our camera in year 2 of this grant from First Light, which is more than one year after the first
cameras expect to be offered, so we have built-in contingency in case the company encounters inte-
gration problems. In the longer run, enhanced competition should bring down prices and increase
performance in IR detectors, an area long dominated by Teledyne Scientific and Raytheon.

C.3.2 Integrated Optics for Astronomy: the GRAVITY Combiners

Figure C.6: (top) Design of the GRAV-

ITY integrated optics chip. (middle) Ac-

tual picture of the GRAVITY IO compo-

nent. (bottom) Example of the cryogenic

fiber-to-IO interface used for GRAVITY.

IPAG has the in-house expertise to prepare

the IO devices for this project.

The telecommunication industry has developed techniques to
etch waveguides into planar substrates, writing single-mode
elements capable of all the normal bulk-optic functions like
splitting, coupling, and low-loss transport. The devices are
called “integrated optics (IO),” and complex optical circuits
can be reproduced just as integrated circuits allowed mass
production of electronics. The Institut de Planetologie et
d’Astrophysique de Grenoble (IPAG) started research and
development on integrated optics as early as 1998, identify-
ing this technology as a promising solution to manufacture
compact, stable and efficient beam combiners for astronom-
ical purpose in the near-infrared domain. This led to a se-
ries of prototypes of increasing complexity and performance.
The results are reported in a series of IONIC publications in
A&A, beginning with Malbet et al. (1999).

In 2002, IPAG designed and commissioned the IONIC3
beam combiner for the Infrared Optical Telescope Array on
Mt. Hopkins (AZ). This was the first operational integrated
optics combiner in astronomy (Berger et al. 2003). Being the
most efficient imaging interferometer for many years, the sci-
entific outcome from IONIC3/IOTA is larger than 40 publi-
cations with astronomical results. In 2006, IPAG carried out
phase-A studies of 4-beam integrated optics combiners for
ESO, focusing first on H band. One of these prototypes is at
the heart of the PIONIER instrument at VLTI (le Bouquin
et al. 2011) , which was proposed, designed, assembled, and
commissioned by IPAG in 2010. PIONIER is now the world-
wide interferometric instrument with the highest pressure on
requested time.

C-7

TPI 7519398
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MYSTIC Architectures 
b) New Integrated Optics 

•  Silica-based technologies difficult, 
lossy at these wavelengths and fairly 
expensive development 

•  New Chalcogenide effort at ANU 
(Madden, Goldsmith, Ireland) 
promises very high throughput and 
inexpensive development 
–  MIRC-style 
–  Pair-wise possible too 

•  Risks: immature tech, coupling 
challenges with this high index 
material 

Simulated fringes 
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MYSTIC Architectures 
c) cryogenic MIRC 

•  MIRC is already a miniaturized image plane combiner 
–  MIRC  

•  Components are simple to acquire 
-  Risks: lots of small pieces, inelegant photometric channel, dealing 

with alignment in vacuo 
+ We can build it now 
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Goals of new beam layout 
•  Quick to switch in MIRCx/MYSTIC 
•  “Clean” OPD control for each beam for easy 

fine tuning with other CHARA instruments 
•  Need more room for: 

–  new polarization controllers 
–  shutters 
– wavelength-calibration étalon 
– Polarization calibration tools, e.g., half-wave plates 
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MIRCx/MYSTIC pickoff mirrors 

Light from CHARA 

Polarization controllers and shutters 

Polarization controllers and shutters 

MIRCx 

MYSTIC 

O
optional etalon system

 ! 

Beam Layout: Proposed 
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Other trades being investigated 
•  Choice of fibers 

–  Single-mode, Polarization-
maintaining fiber 

–  Avoid Fluoride based on 
GRAVITY experience 

–  Plan to characterize NUFERN 
fibers this spring w/ Grenoble 
partners 

•  Lithium-Niobate plates for 
dynamic polarization control 
–  PIONIER legacy 
–  Also add Wollaston mode to 

MIRCx + MYSTIC 
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Improvements in readnoise have stalled in near-infrared arrays
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First Light: C-RED 
Best near-IR camera in the world 
Based on SELEX SAPHIRA chip 
•  80% QE 
•  <1 e- read noise 

2400 frames/second. ~1 e- read noise 
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Partners 
•  Michigan 

–  PI Monnier + new grad student 
–  Design, construction, integration at UM before shipping to Mt. Wilson 
–  Welcome postdoc participation via fellowship applications, e.g., Sagan, Hubble, 

Marie Curie, McLaughlin (UM), Michigan Society of Fellows 
•  Grenoble 

–  Jean-Baptiste le Bouquin, will spend 2 years at UM 
–  Laurent Jocou, expert from GRAVITY, consultant 
–  Cryogenic tech;, e.g., fiber feedthroughs, mounting 
–  Fiber equalization and ruggedization 

•  Caltech/IPAC 
–  Rafael Millan-Gabet, commissioning and consulting 

•  CHARA 
–  Theo ten Brummelaar, software and CHARA integration 

•  Also .. Exeter 
–  Close connection with MIRCx team: Stefan Kraus & Narsi Anugu
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CHARA 2020 
“Building out” the infrared infrastructure of CHARA 

 (funding in hand!) 
MIRCx + MYSTIC 

–  Built on best available eAPD array detectors 
–  Optimized for CHARA AO 
–  Full J,H,K simultaneous observing 
–  All telescopes available for flexible baseline bootstrapping 

across wavelength bands 
–  Possible new polarization and high spectral resolution 

modes 
–  Reduced operations burden: no more LN2 fills! 
–  6-beam group delay tracker for FRIENDS 

    


