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Discovery - IRAS 
Strom et al. (1989) 
“The presence of IR excesses for λ > 10 µm… and the absence of 
excess emission at λ < 10 µm… may diagnose disk clearing in the 
inner regions of the disk.   If so, these observations may represent 
the first astrophysical evidence of disks in transition from massive, 
optically thick structures... to low-mass, tenuous, perhaps post-
planet-building structures.” 

 

Skrutskie et al. (1990) 

10% of disks (3/33) are optically thin at 10 µm, optically thick at 
25 µm    =>  transition time ~ 0.3 Myr 

 

Companions/planets?  (Marsh & Mahoney 1992, 1993) 



SED evidence of inner clearing 

Taurus CTTS median 



terminology 
•  Transitional disk (TD) 

–  weak/zero excess < 10 µm, similar to full disk > 10 µm 
–  “classical”, “cold disk”, inner hole 

•  Pre-transitional disk (PTD) 
–  suppressed NIR excess consistent with opt. thick dust, 

often with strong 10 µm silicate emission 
–  “cold disk”, gap 

•  Weak-excess disk (WTD) 
–  Excess significantly less than full disk at all wavelengths 
–  “evolved”, “homologously depleted”, “anemic” 



SED classes 
Transitional 
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Espaillat et al. 2011, ApJ, 728, 49 



Many TDs continue to accrete 
at near-typical CTTS levels 

Ingleby et al. 2011, ApJ, 743, 105 

GM Aur 



TD with optically thick annulus 
at the sublimation radius: 

 pre-transitional (PTD) 

best-fit model 
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Espaillat et al. 2010, ApJ, 717, 441 



Imaging – submm cavities 

Indicative of large clearing (10s AU) 

All bright/massive outer disks (selection effect?) 

~20% frequency; some do not show MIR SED signature 

SMA 880 µm dust continuum images: 
Brown et al. 2009; Andrews et al. 2009, 2010, 2011; Hughes et al. 
2009; Isella et al. 2010; Cieza et al. 2012; Mathews et al. 2012; 
Rosenfeld et al. submitted  

Fig. 5.— A gallery of 880µm dust continuum images from the Submillimeter Array for various transition disks in nearby star-forming
regions (Brown et al. 2009; Andrews et al. 2009, 2010, 2011b; Hughes et al. 2009; Isella et al. 2010; Cieza et al. 2012; Mathews et al.
2012, Rosenfeld et al., submitted).

There is some evidence for a truncated inner disk in the
“transitional T Tauri star” V836 Tau (Strom et al. 1989),
which shows little NIR excess, stronger 10µm excess, and
significant millimeter continuum and CO emission (e.g.,
Duvert et al. 2000). An optically thin gap, if there is one,
would be found at small radii (! 1AU) and plausibly over-
lap the range of disk radii probed by CO rovibrational emis-
sion. Compared to the optically thin regions of some “Clas-
sical transition objects”, which can extend to 50AU and
require multiple giant planets to explain, narrower gaps at
smaller disk radii are expected for systems with single Jo-
vian mass planets at AU distances.
Indeed, in contrast to the centrally peaked rovibrational

CO line profiles of the “Classical” transition objects, (Salyk
et al. 2007, 2009; Najita et al. 2008, 2009), the CO emis-
sion fromV836 Tau is unusual in showing a distinct double-
peaked profile consistent with the truncation of the CO
emission beyond ! 0.4AU (Figure 6; Najita et al. 2008).
Because the double-peaked shape is present over a wide
range of CO excitation states, it is not produced by a cold
central absorption component. To test the idea that the disk
is physically truncated, not just the CO emission, we can
look at profiles of other diagnostics that probe large gas col-
umn densities at similar and larger radii.

Truncated Outer Disks

Some of the best evidence to date for the truncation of
the outer disks of transition objects comes from studies of
Herbig AeBe stars. For nearby systems with large optically
thin regions, ground-based observations can spatially re-
solve the inner edge of the CO rovibrational emission from
the outer disk (e.g., HD141569;Goto et al. 2006). Line pro-
file shapes have also been used to show that rovibrational
CO and OH emission is truncated at the same radius as the
disk continuum (e.g., HD100546, Figure 7; van der Plas
et al. 2009; Brittain et al. 2009; Liskowsky et al. 2012). The
lack of CO fluorescence emission from within the trunca-
tion radius limits the CO mass within the optically thin re-
gion, even if the CO is too cold to produce much thermal
emission (HD141569 and HD100546; Brittain et al. 2007,

2009).
Several unusual aspects of the molecular emission from

HD100546 point to the possibility that the cavity in the
molecular emission is created by an orbiting high mass gi-
ant planet. Firstly, the rovibrational OH emission shows a
strong line asymmetry that is consistent with emission from
an eccentric inner rim (e " 0.18; Liskowsky et al. 2012).
Eccentricities of that magnitude are predicted to result from
planet-disk interactions (e.g., Papaloizou et al. 2001; Kley
and Dirksen 2006).
Secondly, the CO emission varies in its spectroastromet-

ric signal. The variations can be explained by a CO emis-
sion component that orbits the star just within the 13AU
inner rim (Brittain et al. 2013). The required emitting area
(0.1AU2) is similar to that expected for a circumplanetary
disk surrounding a 5MJ planet at that distance (e.g.,Quillen
and Trilling 1998; Martin and Lubow 2011). Further work
along these lines gives us new opportunities to use gaseous
tracers to explore the nature of transition objects and to
probe the formation of giant planets.

2.7 Infrared Variability

Infrared variability in T Tauri stars is ubiquitous and sev-
eral ground-based studies have been undertaken to ascer-
tain the nature of this variability (e.g., Joy 1945; Rydgren
et al. 1976; Carpenter et al. 2001). With the simultaneous
mid-infrared wavelength coverage provided by the Spitzer
Space Telescope’s (Werner et al. 2004) Infrared Spectro-
graph (IRS; Houck et al. 2004), striking variability in the
TD LRLL 31 was detected (Muzerolle et al. 2009). The flux
of this object “seesaws,” that is as the emission decreased at
shorter wavelengths in the IRS data, the emission increased
at longer wavelengths. This type of behavior was also seen
in larger samples of TD and PTD (see Figure 8, 9; Espaillat
et al. 2011; Flaherty et al. 2012). The timescales of the see-
saw variability seen were 1–3 years and 1 week correspond.
Typically, the flux changed by about 10% between epochs,
but in some objects this was as high as 50%.
This variability may point to structural changes in disks.

SED modeling can explain this seesaw behavior by chang-
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Imaging – scattered light 

SEEDS Subaru H band imaging 
survey:  outer edge of PTD 
LkCa 15 gap detected  

 
Thalmann et al. 2010, ApJ, 718, L87 



SEEDS polarimetry survey:  12 TD/PTDs, NIR does not 
always show gap structure 

     => dust filtration?  evolution? 

polarized intensity 1.6 µm: 
 
Follette et al. 2013; 
Kudo et al. in prep;  
Mayama et al. 2012 
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Fig. 4.— SEEDS images of transitional disks in the H band (1.6µm) in upper panels, and averaged radial profiles of their surface
brightnesses along disk major axis in bottom panels. From left to right, SR 21 (Follette et al. 2013), RX J1852.3!3700 (Kudo et al., in
prep.), 2MASS J16042165!2130284 (Mayama et al. 2012), respectively.

Bessel function) where the first “null” is a direct measure
of the cavity dimensions (see Hughes et al. 2007).
As of this writing, roughly two dozen transition disk cav-

ities have been directly resolved at (sub)mm wavelengths.
A gallery of representative continuum images, primarily
from observations with the Submillimeter Array (SMA),
is shown in Figure 5. For the most part, these discover-
ies have been haphazard: some disks were specifically tar-
geted based on their infrared SEDs (e.g., Brown et al. 2009),
while others were found serendipitously in high resolution
imaging surveys aimed at constraining the radial distribu-
tions of dust densities (e.g., Andrews et al. 2009).
Perhaps the most remarkable aspect of these searches

is the frequency of the transition disk phenomenon at
(sub)mm wavelengths, especially considering that the
imaging census of all disks has so far been severely re-
stricted by both sensitivity and resolution limitations. In
the nearest star-forming regions accessible to the northern
hemisphere (Taurus and Ophiuchus), only about half of the
disks in the bright half of the millimeter luminosity (!disk
mass) distribution have been imaged with sufficient angular
resolution (!0.3!!) to find large (>20AU in radius) disk
cavities (Andrews et al. 2009, 2010; Isella et al. 2009;Guil-
loteau et al. 2011). Even with these strong selection biases,
the incidence of resolved dust-depleted cavities is surpris-
ingly high compared to expectations from infrared surveys:
Andrews et al. (2011b) estimated that at least 1 in 3 of these
mm-bright (massive) disks exhibit large cavities.
The basic structures of these transition disks are quanti-

fied through radiative transfer modeling of their SEDs and
resolved mm-wave data, often assuming that the cavity can

be described as a region of sharply reduced dust surface
densities (e.g., Piétu et al. 2006; Brown et al. 2008;Hughes
et al. 2009; Andrews et al. 2011b; Cieza et al. 2012;Math-
ews et al. 2012). Such work finds cavity radii of !15-
75AU, depletion factors of !102–105, and outer regions
with sizes and masses similar to those found for normal
disks. However, there are subtleties in this simple model-
ing prescription that are often not appreciated. First, the
depletion levels are usually set by the infrared SED, not the
mm-wave data: the resolved images have a limited dynamic
range and can only constrain an intensity drop by a factor
<100. Second, and related, is that the “sharpness” of the
cavity edge is unclear. The most popular model prescrip-
tion implicitly imposes a discontinuity, but the data only di-
rectly indicate that the densities substantially decrease over
a narrow radial range (a fraction of the still-coarse spatial
resolution; !10AU). Alternative models with a smoother
taper at the cavity edge can explain the data equally well
in many cases (e.g., Isella et al. 2010, 2012; Andrews et al.
2011a), and might alleviate some of the tension with in-
frared scattered light measurements (see Section 2.4).
Some additional problematic issues with these simple

models have recently been illuminated, thanks to a new fo-
cus on the details of the resolved mm-wave data. For exam-
ple, in some disks the dust ring morphology is found to be
remarkably narrow – with nearly all of the emission coming
from a belt 10-20AU across (or less) – even as we trace gas
with molecular line emission extending hundreds of AU be-
yond it (e.g., Rosenfeld et al., submitted). This hints at the
presence of a particle “trap” near the cavity edge, as might
be expected from local dynamical interactions between a
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smooth profile (3)  broken profile (5)    cavity (4) See poster 2B050 
Hashimoto et al. 

also VLT/NACO: 
       Quanz et al. 2011, 2013 



Imaging – IR interferometry 

Resolving the innermost disk region 

Olofsson et al. 2013, A&A, 552, 4 
 
also Arnold et al. 2012 (TW Hya), 
Kraus et al. 2013 (V1247 Ori), 
Tatulli et al. 2011 (HD 100546) 
Cieza et al. 2013 (FL Cha) 

Olofsson et al.: Sculpting the disk around T Cha

Fig. 7. Best-fit Mcfost model (in solid red) to the SED of T Cha

(photometric observations in black, opened circles), including a zoom

on the 0.5–35 µm spectral range. The dashed line is the photosphere.

all, the dust mass that can be hidden in the shadow of the inner

disk varies from ∼ 5 × 10
−11

up to ∼ 2 × 10
−9

M⊙ for rout = 1

and 5 AU, respectively (2.5 and 100 times the mass of the inner

disk). With the available dataset, we cannot further constrain the

extent nor the mass of this self-shadowed disk.

7.1. The best-fit model

Figure 6 shows color-inverted raytraced images of the best-fit

model in the H-, L
�
-, and N-band (left to right, respectively),

with PA = −70
◦
, i = 58

◦
. The FoV of the different instruments

are shown as dashed circles on each panels: Pionier and Amber
in the H-band (250 and 60 mas, respectively), Sam in the L

�
-band

(500 mas), and Midi for the N-band (300 mas). A detailed com-

parison of the best-fit model discussed above with the various

data sets is presented on Figs 7 to 9. Fig. 7 shows the best-fit

model to the SED of T Cha from optical to mm wavelengths,

including a zoom on the 0.5–35 µm spectral region. Upper pan-

els of Figure 8 show the best-fit model, assuming a PA of −70
◦

and an inclination of 58
◦
, to the Pionier V

2
(left) and closure

phases (right). Bottom panels of Figure 8 shows the correspond-

ing Midi correlated fluxes calculated at 9, 10 and 12 µm (left) and

the Sam V
2

(right). Figure 9 shows the Amber data presented in

Olofsson et al. (2011) in K- and H-band (top and bottom pan-

els, respectively) along with the best fit-model for comparison.

Even though the best-fit model is in decent agreement with the

data, the modeled visibilities tend to over-predict the observed

V
2
. This may be the consequences of the source variability in

the innermost regions (e.g., Espaillat et al. 2011). Table 3 sum-

marizes the disk parameters and dust composition used in the

best-fit model. Finally, Figure 10 shows the temperature map for

the inner and outer disks.

8. Conclusion

In this study, we presented a detailed Mcfost model that can ac-

count for all available interferometric and photometric observa-

tions of the 7 Myr old transitional disk around T Cha. We find the

geometry of the circumstellar material to be (at least) twofold.

First, a narrow inner disk must be located close to the star and

Fig. 9. Observed and modeled visibilities (open circles and

red squares, respectively) for the best fit-model compared to the

VLTI/Amber observations presented in Olofsson et al. (2011). Top and

bottom panels display K- and H-band data, respectively.

Fig. 10. Temperature maps for the inner and outer disks (left and right,

respectively). The dark contours represent [0.6,0.5,0.4,0.3,0.2,0.1]

times the maximum density, and the white dashed line represent where

the integrated radial optical depth equals 1.

is responsible for the near-IR excess as well as the drop in V
2

at high spatial frequencies. Based on the significant near-IR ex-

cess, we concluded its scale height to be important, increasing

its geometric section, so that a large number of the dust grains

have high temperatures (∼ 1500 K). The lack of solid-state emis-

sion features in the mid-IR Irs spectrum of T Cha suggests that

µm-sized silicate grains are at their sublimation temperature and

are evaporating. Small carbon grains (with a higher sublimation

temperature) may survive in these regions of the disk and help

reconciling the interferometric observations and the SED. We

also discussed the possibility of a more extended (up to several

AU) self-shadowed inner disk.

Second, we find that the outer disk (possibly narrow) starts

at around 12 AU, and is responsible for the far-IR excess. Its

presence in the Pionier FoV slightly decreases the V
2

at low spa-

Article number, page 11 of 13

T Cha 

Inner disk: 
0.07-0.11 AU 

Outer disk:  
12-25? AU 

See posters: 
 2B048 (Menu) 
2B049 (Maaskant) 
2B051 (Kraus) 



Demographics 

Spitzer photometric 
selection 

NIR vs MIR colors or 
spectral slopes 

Hernandez et al. 2007ab; 
Luhman et al. 2010 

there is a clear difference between the accretion properties
and number statistics between these disks and those with
cavities, which strongly suggests that they correspond to
two different evolutionary outcomes for disks. In agree-
ment with these findings, Hernández et al. (2007a) have
shown that the properties of these disks can be explained
with low mass accretion disks in which the dust is very
settled towards the midplane.

Fig. 1.— Spectral energy distributions of a transitional disk in
green (GM Aur; Espaillat et al. 2010), a pre-transitional disk in
blue (LkCa 15; Espaillat et al. 2010), and an evolved disk in red
(RECX 11; Ingleby et al. 2011). The stars are all K3-K5 and the
fluxes have been corrected for reddenning and scaled at J for com-
parison. The photosphere is shown in dotted lines and the Taurus
median (D’Alessio et al. 1999) in dashed lines.

2.2 Optical and near-infrared imaging

Optical/NIR imaging observations can directly reveal
companions within the gaps of transitional disks. Both
theory and observations have long shown that stellar bi-
nary companions can open gaps (e.g., Artymowicz and
Lubow 1994; Jensen and Mathieu 1997; White and Ghez
2001), based on numerous moderate-contrast companions
(!K !0–3 mag or mass ratios q > 0.1) that have been
identified with RV monitoring, HST imaging, adaptive op-
tics imaging, and speckle interferometry. More recently,
the case of CoKu Tau/4 demonstrated that all transitional
disks should be surveyed for previously unrecognized bina-
rity (Ireland and Kraus 2008) before the planetary hypoth-
esis is further explored.
The detection of substellar or planetary companions has

been more challenging, due to the need for high contrast

Fig. 2.— Location in the Spitzer color-color diagram of stars
in different associations and clusters. The slopes are defined as
d(log!F!)/d(log!). Observations are shown for populations of
different ages: Taurus, 1-2 Myr (Luhman et al. 2010); " Ori, 3
Myr (Hernández et al. 2007b); Ori OB1b, 7 Myr; Ori OB1a, 10
Myr (Hernández et al. 2007a). The error bars represent the me-
dian and quartiles in each axis of the Taurus objects. Well char-
acterized transitional disks (GM Aur, CVSO224 in Ori OB1a; Es-
paillat et al. 2008b), and pre-transitional disks (LkCa 15 and UX
Ori) are indicated. The dashed line corresponds to photospheric
colors. The dotted line corresponds to the lower quartile of disk
emission in " Ori, and roughly separates the “evolved” disks from
the transitional disks. Adapted from Hernández et al. (2007a).

(!K >5 or q < 0.03) near or inside the formal diffrac-
tion limit of large telescopes. Most of the high-contrast
candidate companions identified to date have been observed
with interferometric techniques such as nonredundantmask
interferometry (NRM; Tuthill et al. 2000; Ireland 2012),
which can achieve limits of !L! =7–8 at !/D (3–5MJup

at 8 AU). The discoveries of NRM include candidate com-
panions to LkCa 15 (Figure 3; Kraus and Ireland 2012),
T Cha (Huélamo et al. 2011), and FL Cha (Cieza et al.
2013). Advanced imaging techniques also are beginning
to reveal candidate companions at intermediate orbital radii
that correspond to the outer regions of transitional disks
(e.g.,Quanz et al. 2013). The flux contributions of compan-
ions can be difficult to distinguish from reflected light due
to disk features (Olofsson et al. 2013; Cieza et al. 2013).
However, the case of LkCa 15 shows that the planetary hy-
pothesis can be tested using multi-epoch, multi-wavelength
data (to confirm colors and Keplerian orbital motion) and by
direct comparison to resolved submm maps (to localize the
candidate companion with respect to the inner disk edge).
Even with the enhanced resolution and contrast of tech-
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Spectral slope selection 
misses some candidates 

 -> PTDs with strong 
  silicate emission  

Kim et al. 2013, ApJ, 769, 149 

The Astrophysical Journal, 769:149 (40pp), 2013 June 1 Kim et al.
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Figure 7. Selection of TDs in other star-forming regions, Tau, Cha I, Oph, and NGC 1333, by the criteria in n13!31 vs. nK!6 (left panels) and n13!31 vs. EW(10 µm)
(right panels). The meanings of different symbols and lines are the same as Figure 6.
(A color version of this figure is available in the online journal.)

and the total of them (cross). If we consider the fraction of TDs
including all CTD, WTD, and PTD, the fractions of all TDs in
each region are significantly high even at very young ages of
less than 1 Myr: 17 ± 6% for N1333, 25 ± 4% for ONC, and
26 ± 5% for L1641 versus the TD fractions for the 2–3 Myr old
associations: 8 ± 2% for Tau and 16 ± 5% for Cha I.

6. DISTRIBUTION AND TRENDS OF PROPERTIES

6.1. Transitional Disk Types versus Spectral Type, Rwall, and Ṁ

In this section, we examine how the distributions of host-star
spectral types, Rwall, and Ṁ compare for TDs with different inner
disk structures: CTD, WTD, and PTD types. In this analysis we

exclude the TDs for which we do not have reliable host-star
spectral types.

In Figure 13, we show the spectral-type distribution for all
TDs and for each subtype. The median spectral type differs
slightly among the TD subtypes: M2 for CTDs; M1 for WTDs;
K7 for PTDs; M0 for WTD+PTD; M1 for TDs. The spectral-
type distributions of CTDs and PTDs differ noticeably, even
if we consider the general spectral-type uncertainty of one
to two subtypes. However, a Kolmogorov–Smirnov (K-S) test
shows that the spectral-type difference between CTDs and
PTDs is of marginal statistical significance: for CTDs versus
PTDs, D = 0.31 and p = 0.037; where D is the maximum
deviation between the cumulative distribution of two groups and
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Frequency –  

NTD/Ndisk ranges from ~1-20%, 
possibly age-dependent 

 

the clearing timescale debate: 

short, ~0.2 Myr (e.g. 
Luhman et al. 2010) 

long, ~few Myr (e.g. Sicilia-
Aguilar & Currie 2011) 

 depends on sample 
selection! data from Muzerolle et al. 2010, McClure 

et al. 2010, Oliveira et al. 2010, Furlan et 
al. 2011, Manoj et al. 2011, Arnold et al. 
2012, Luhman & Mamajek 2012   



Stellar mass dependence  

-TDs underrepresented 
around lower-mass stars 

 

data from Muzerolle et al. 2010, McClure 
et al. 2010, Oliveira et al. 2010,  Furlan et 
al. 2011, Manoj et al. 2011, Arnold et al. 
2012, Luhman & Mamajek 2012   

Two Populations of transition discs? 3

driving our conclusions seen in the data These smoothed
distribution functions agree with those constructed from the
KM estimator, indicating the use of exact upper limits in the
survival analysis is not significantly a!ecting the result and
our results are representative of the true luminosity func-
tions.

A glance at Figure 1 clearly shows that the mm distribu-
tions of primordial (class II) and transition discs are di!er-
ent, and the hypothesis that they come from the same under-
lying distribution can be quantitatively rejected at a level of
5.7! and 6.4! using the Gehan and logrank hypothesis tests,
respectively. Furthermore, we can use the smoothed distri-
bution functions to perform a Kolmogorov-Smirnov (KS)
between the two populations, where we can reject the null
hypothesis at the level of 2.4!, again indicating the use of
survival statistics is appropriate for this data set. Addition-
ally, we can use these two distributions to construct the rel-
ative fraction of transition discs to primordial discs in each
quartile of the class II mm distribution function, using both
the KM estimator and the smoothed distribution function.
This result is shown in Figure 2, where the relative fraction
is scaled to unity in the lower quartile.

Figure 2 shows a clear excess of transition discs in the
lower quartile of the mm distribution, and a distribution
function that is inconsistent with one that monotonically
falls with increasing mm flux. Note that the transition disc
and primordial samples do not come from the same star
forming regions. If we sub-sampled the transition discs such
that they are also in the come from the regions with com-
plete class II mm samples, the sample size would be too low
to be statistically useful. Therefore, Figure 2 only contains
information on the relative ratios of transition discs to pri-
mordial discs in di!erent quartiles of the primordial disc mm
flux distribution.

3 DISCUSSION

The high fraction of transition discs at large mm fluxes is dif-
ficult to explain with the canonical view of transition objects
as discs caught in a final evolutionary stage before dispersal.
In this picture one would expect a steeply decreasing tran-
sition disc fraction with increasing mm flux, as the latter
also decreases with time. The high transition disc fraction
at large mm flux contradicts this simple view and can be
interpreted as evidence that either: (i) ‘transition discs’ are
a misnomer and these objects do not physically represent an
evolutionary stage from disc-bearing and disc-less systems;
or (ii) discs with inner holes can have multiple physical ori-
gins and the two populations shown in the data indicate
two distinct classes of objects. The latter hypothesis will be
further investigated in the following sections.

3.1 Spectral type distribution

Perhaps the simplest interpretation of the observed distribu-
tion of transition discs with mm-flux is the existence of two
population of transition discs, one peaked at low mm fluxes
which would be consistent with the classical picture of tran-
sition discs i.e. disc clearing, and a population of inner-hole
objects with large mm fluxes which has a di!erent physi-
cal origin. If we split the transition disc sample into two
sub-samples about the median Class II mm flux, 42 and 34
objects fall in the low- and high-mm flux sub-samples, re-
spectively. Discs with upper limits greater than the median
value are placed in the sub-sample of discs with high mm
fluxes, although we note this only represents a very small
fraction (4 objects) of the total sub-sample.

We can test the hypothesis that the mm faint transi-
tion discs represent a later evolutionary phase in the life
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Figure 3. Figure showing the distributions of spectral types for
the primordial discs (solid), mm faint transition discs (dashed)
and mm bright transition discs (dotted). The error bars indicate
1! errors.

of primordial discs by checking that they share the same
distribution of spectral types as the primordial disc popula-
tion1. The similarity in spectral type distribution between
the mm faint transition discs and the primordial disc sam-
ple is demonstrated by the dashed and solid lines in Figure
3: a KS test reveals that the two distributions have a high
probability of being drawn from the same population (we
can only reject the hypothesis they are di!erent at ! 0.6!).
On the other hand, the distribution of spectral types for the
mm bright sub-sample of transition discs is clearly di!erent
from that of the primordial population and the hypothesis
that these are drawn from the same population can be re-
jected at the 4.8! confidence level. Clearly the bright mm
sample contains a much higher proportion of stars of earlier
spectral type than the primordial (or mm faint transition
disc) sample.

This finding needs to be interpreted with care. The
primordial sample contains a large sample of objects from
Taurus-Auriga (! 40%) which is well known (e.g. Goodwin
et al. 2004) to be deficient in stars of earlier spectral type.
On the other hand, the transition discs are a serendipitous
sample culled from clouds at a range of distances and there
can be expected to be an obvious over-representation of sys-
tems of earlier spectral type since these are more luminous.
However, it should be stressed that these biases do not a!ect
the obvious di!erence in spectral type distributions between
the mm bright & faint transition discs since mm flux forms
no part of the object selection and identification.

It is also worth noting that although the mm bright
transition discs contain a high fraction of earlier type stars,
there is also a significant population of mm bright discs at
late spectral types (see Figure 5). In fact, if we construct
a figure similar to Figure 2 but include only stars of spec-
tral type later than both Te! = 5000 & 4500K we obtain a
qualitatively similar result, with a concentration of sources
in the lowest quartile and a flat or gently rising distribution
in the other quartiles.

3.2 Transition disc properties

We now examine the derived properties of transition disc in
the two sub-samples. Figure 4 shows the distributions of ac-
cretion rates. It is clear that distributions of accretion rates
are di!erent for the two transition disc sub-samples, with

1 This test also assumes that there is no significant variation in
transition disc lifetime across the limited range of spectral types
(!M to !G ) in the samples.

Owen & Clarke 2012, MNRAS, 426, 96  

full disks 
mm-faint TDs 

mm-bright TDs 

TD + CTD 

all disks * 0.1 



Accretion in TDs: 

less frequent than in CTTSs? 

lower accretion rates? 

Fang et al. 2013, ApJS, 207, 5 



The Mdot vs Mdisk plane: 

 

TDs in Taurus tend to have 
larger Mdisk, smaller Mdot 
than single CTTSs 

Results in other regions 
are mixed; depends 
critically on the accretion 
tracer 

Najita et al. 2007, MNRAS, 378, 369 

376 J. R. Najita, S. E. Strom and J. Muzerolle
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Figure 3. Stellar accretion rates and outer disc masses for sources in Taurus–
Auriga. Top panel: systems possessing a known binary companion within
2.5 arcsec (light grey-brown points) have lower median disc masses com-
pared to systems without such binary companions (black points). A least
absolute deviation fit to all of the points shown gives a slope of 0.22 (solid
line). Bottom panel: among the non-binary systems, those with transition-
like SEDs (crosses) are segregated from those with non-transition SEDs
(black points), with the transition objects having lower stellar accretion rates
for their disc masses. Separately fitting the single, non-transition stars (solid
line) and the transition objects (dashed line) gives a slope of 0.94 for each
population. The upper limit to the accretion rate determined for CoKu Tau/4
is included in the fit for the transition objects.

disc is concentrated into narrow accretion streams may also give
rise to rapid grain growth and a further reduction in the disc opacity.
Similarly, the possible presence of a dead zone (Gammie 1996) in
the outer disc, combined with grain growth and settling out of the
surface regions of the disc (i.e. the region undergoing accretion),
may also reduce the mass of small grains reaching Rhole. A dead
zone has been invoked, similarly, by Ciesla (2007) in the context of
non-accreting discs, where a transition-like SED may be produced
in discs that have experienced significant grain growth but have not
formed giant planets.

An additional potential problem with the interpretation that the
transition objects with higher disc masses have formed Jovian mass
companions is that the mass doubling time for the putative accreting
planet is quite short. The median stellar accretion rate for these
systems is ! 3 " 10#9 M$ yr#1, which for a planetary accretion
rate 10 times larger implies a mass doubling time of 0.03 Myr, an
interval short compared to the !1 Myr age of Taurus. Such a mass
accretion time-scale might be consistent with the observed fraction
of transition objects if sources in Taurus are approximately coeval,
giant planet formation is common, and it takes close to 1 Myr to
form a planet massive enough to open a gap. Alternatively, other
processes for forming transition discs may be at work. If so, they
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Figure 4. Comparison of the distributions of stellar accretion rates (top)
and disc masses (bottom) for transition objects (dashed line) and single,
non-transition stars (solid line) in the Taurus star-forming region. Compared
to single, non-transition stars, transition objects are biased to lower stellar
accretion rates and larger disc masses.

must provide a natural explanation for the apparent tendency for the
transition objects to have large disc masses and low stellar accretion
rates.

Given these uncertainties, it would be useful to identify additional
ways of confirming the presence of a giant planet beyond the mod-
elling of SEDs. Perhaps one of the most convincing approaches
would be to search for direct evidence of the presence of such a
planet. If the stellar accretion rate in these systems is !0.1 of the
outer disc accretion rate, the planet then accretes at a high rate, ap-
proximately nine times the stellar accretion rate, making the planet
easier to detect. Among the transition objects in Taurus, GM Aur
is the most promising system for such a search because of the po-
tentially large separation between the planet and star (!20 au or
0.13 arcsec). It also has a large accretion rate. The stellar ac-
cretion rate of 10#8 M$ yr#1 implies an accretion rate of !9 "
10#8 M$ yr#1 on to the planet. Extrapolating from the calculations
of Hubickyj, Bodenheimer & Lissauer (2005) and Papaloizou &
Nelson (2005), the accretion luminosity of the planet is expected to
be substantial, ! 0.02 L$. The resulting modest contrast ratio be-
tween the accreting planet and the central star may greatly facilitate
the detection of such an object.

5 S U M M A RY

Using the approach introduced here, a study of the demographics
of accreting T Tauri stars, we find that transition objects inhabit
restricted regions of the Ṁ% versus Mdisc plane. Compared to non-
transition single stars in Taurus, they have stellar accretion rates that
are typically !10 times lower at the same disc mass. In addition,
the median disc mass for the transition objects is approximately four
times larger than the median disc mass for the non-transition single
stars. The decrement in the stellar accretion rates and the higher
average disc masses is suggestive that the formation of Jovian mass

C& 2007 The Authors. Journal compilation C& 2007 RAS, MNRAS 378, 369–378
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Figure 16. Trends among M!, Ṁ , and LX . In each plot, different symbols
indicate TDs in different star-forming regions (plus: L1641; cross: ONC; solid
diamond: Tau; solid triangle: Cha I; solid inverse triangle: Oph; solid square:
N1333). In each plot, the shaded area indicates the 1" uncertainty of the linear
regression (of the logarithms). If a shaded area is narrow with high slope (e.g.,
Ṁ–M!), one can tell two properties in a panel are tightly correlated. If a shaded
area is broad with very low slope (e.g., Ṁ–LX), two properties in a panel are
not correlated. The thick dashed line indicates a correlation expected/observed
among T Tau disks in Tau: Ṁ ! M!

2 from Muzerolle et al. (2003) in the upper
panel; LX ! M!

1.69 from Telleschi et al. (2007) in the middle panel; Ṁ ! LX
1.2

in the lower panel from above two relations. The down arrows indicate Ṁ upper
limits.
(A color version of this figure is available in the online journal.)
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Figure 17. Trends related to Rwall with other stellar properties. Lines, shadow,
and symbols have the same meaning as in Figure 16. The thick long-dashed
line indicates an expected trend derived from the relationship of a property in
y-axis with M! shown in Figure 16 and the strong M!–Rwall correlation shown
in panel (a), Ṁ ! Rwall

1.4 in panel (b), and LX ! Rwall
1.2 in panel (c).

(A color version of this figure is available in the online journal.)

in a TD, and (2) the mass accretion rate decreases as the size of
inner cavity increases.

In the left panels of Figure 20, CTDs have a very
strong and significant correlation between LX and Rwall, while
WTDs+PTDs have a weak relationship with large uncertainty
in the trend of LX and Rwall comparing to that for all TDs com-
bined. Therefore, we infer that the general increasing tendency
of LX along Rwall in Figure 17 is due to the dominant effect of
the strong correlation for CTDs. After removing the underlying
contribution from M! to LX–Rwall relation by dividing LX–Rwall
by LX(M!)–Rwall, we see no correlation for CTDs and insignif-
icant anti-correlation with large uncertainty for WTDs+PTDs
from the right panel of Figure 20.

From Figure 21, we confirm that Ṁ and LX are not correlated
with each other regardless of subtypes of TDs not like the strong
correlation between them in the case of T Tauri stars (the thick
dashed line in panels (a) and (b)). The residual Ṁ after removing

30

Kim et al. 2013, ApJ, 769, 149 



Grain growth 

Birnstiel et al. 2012, A&A, 544, A79 

Can reproduce SEDs but 
not large submm cavities 

 



UV/X-ray photoevaporation 
Models predict a strong 
correlation between Lx and 
R_hole, Mdot 

Vast majority are non-accreting 
objects with large holes 

Owen et al. 2011, MNRAS, 412, 13 
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Figure 12. Probability distribution function of accreting (solid
line) and non-accreting (dashed line) transition discs with inner
hole radius, they are both scaled so that the integrated sum of
both distributions is 100%.

to drain onto the star is of order 103yrs, after the gap opens,
approximately two order of magnitudes faster than the gas
draining time-scales. This means that an observer would cer-
tainly see a significant drop in opacity in the inner disc im-
mediately after a gap has opened, while the gas will still
linger in the inner dust disc for the duration of its viscous
draining time-scale of ! 105yrs.

We have used our population synthesis model to inves-
tigate the accretion rate versus inner hole size evolution for
transition discs created by XPE under the assumption of im-
mediate dust clearing at the time of gap opening. Figure 13
shows the probability distribution of the disc models in the
Ṁ -Rin plane. The symbols represent a sample of observa-
tions of solar-type objects classified as ‘transition’ discs by
Espaillat et al. (2007a,b,2008,2010) - Red Circles, Hughes et
al. (2009,2010) - Red Squares, Kim et al. (2009) - Red Dia-
monds, Calvet et al. (2005) - Black Diamonds, Meŕın et al.
(2010) - Black Squares and Cieza et al. (2010) - Black Trian-
gles (Although Cieza et al. 2010 do not fit for the inner-hole
radius they list as transitional sources those discs that have
a deficit of emission in the Spitzer IRAC bands; therefore
we conservatively estimate an inner hole radius of < 10AU
for all their sources).

It is immediately clear from the figure that there is a
population of large inner hole, strongly accreting transition
discs that cannot have been created by XPE. Gap open-
ing by a giant planet or grain growth is perhaps the most
plausible explanation for these objects. However, there is a
significant number of discs with inner holes that are consis-
tent with an XPE origin. Furthermore we note the lack of
observations of non-accreting ‘transition’ discs with holes at
radii greater than 20AU, where our model predicts a signifi-
cant populations (although several non-accreting discs with
large holes have been detected in di!erent mass ranges e.g.
Meŕın et al. 2010, where the observations probe di!erent ra-
dial scales). The observations are still rather sparse and it is
currently not possible to say whether the observed popula-
tion of transition discs is a true representation or an artifact
of observational selection e!ects.
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Figure 13. Transition disc probability map in the Ṁ -Rin plane.
We have applied an observational cut-o! of 10!11M" yr!1in ac-
cretion rate and objects below the cut-o! are all shown at the
bottom of the diagram. We show a representative sample of solar-
type objects classified as ‘transition’ discs; data from taken from
Espaillat et al. (2007a,b,2008,2010) - Red Circles, Hughes et al.
(2009,2010) - Red Squares, Kim et al. (2009) - Red Diamonds,
Calvet et al. (2005) - Black Diamonds, Meŕın et al. (2010) - Black
Squares and Cieza et al. (2010) - Black Triangles, where error-bars
are listed they are shown. We also show two model tracks corre-
sponding to a 1dex spread in X-ray luminosities about the median
model in magenta.

One obvious consequence of an X-ray photoevapora-
tion mechanism is that the properties of transition discs
should be correlated with the X-ray luminosity, something
no other model of photoevaporation or ‘transition’ disc ori-
gin would predict. In Figure 14, we show two such correla-
tions namely the inner hole radius (left panel) and accretion
rate (right panel) against X-ray luminosity, considering only
accreting ‘transition’ discs (i.e. those with an accretion rate
> 1"10!11M" yr!1). The plots have been generated by ran-
domly sampling (in time) the accreting transition phase of
each disc model several times, and should therefore provide
a reasonable estimate of both the general form of the corre-
lation plus the associated scatter. Clearly, since discs with
higher X-ray luminosities open gaps earlier and at higher ac-
cretion rates a strong positive correlation between LX and
Ṁ would be expected and is reproduced by the models as
shown.

Furthermore, we also recover a positive correlation be-
tween inner hole radius and X-ray luminosity for accreting
transition discs as shown in the figure. We can understand
this by remembering that while the inner disc is still drain-
ing the inner hole radius is also being eroded outwards as
shown in Figure 9. Since, for more X-ray luminous objects
the region being eroded is more depleted due to photoevapo-
ration starved accretion and the magnitude of the mass-loss
is higher, the inner-hole radius is able to be eroded to larger
radius during the accreting phase. This explains the posi-
tive slope of the right hand extent of the symbols in the left
panel of Figure 14.

c! 2002 RAS, MNRAS 000, 1–15
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Figure 8. Surface density (top) and accretion rate (bottom) ra-
dial profiles. The solid line represents a disc undergoing no photo-
evaporation and the dashed line represents the median disc model
! 0.5Myr before a gap opens in the disc due to XPE.
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Figure 9. The evolution of the disc’s surface density during the
disc clearing phase. The first line shows the zero time surface
density profile, the next shows the profile at 75% of the discs
lifetime (" 3.5Myr) and the remaining lines show the surface
density at 1% steps in disc lifetime.

causing the disc’s accretion rates to be lower than those for
discs with a less vigorous wind. Thus a negative Ṁ -LX cor-
relation is expected for clusters with a relatively narrow age
range. This e!ect is however counteracted by the fact that
discs with lower X-ray luminosities take longer to evolve,
spending more time at lower accretion rates compared to
high luminosity objects. Therefore, if the X-ray luminosity
was compared to accretion rates for an entire disc popu-
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Figure 11. Time evolution of the median X-ray luminosity in
the synthetic cluster for CTTs (solid line) and WTTs (dashed
line). The dotted line represents the transition X-ray luminosity
between a CTTs and a WTTs as a function of time. The data
points are taken from the compilation of Güdel et al. (2007) in
the Taurus cluster, filled circles refer to CTTs and filled squares
refer to WTTs.

lation’s lifetime, in clusters with very large age spreads a
positive correlation might be expected.

In Figure 10 we show plots of Ṁ -LX for our synthetic
‘cluster’ members selected to give clusters with various nar-
row age ranges (upper panels and lower left panel) along
with the a plot of the total disc population (bottom right
panel). As expected, the XPE model predicts a positive Ṁ -
LX correlation for clusters with large age spread and a neg-
ative correlation for clusters with a narrow age spread. As
a comparison, the age spread in Orion is roughly 2-3Myr
(Haisch et al. 2001b), which explains the observation of a
negative correlation by Drake et al. (2009).

The observation of systematically higher X-ray lumi-
nosities of non-accreting TTs (WTTs) compared to ac-
creting TTs (CTTs) can also be explained by our models
in terms of photoevaporation starved accretion. Figure 11
shows the time evolution of the median X-ray luminosity
of the CTTs (solid line) and WTTs (dashed line) popula-
tions for our model compared to the data compiled by Güdel
et al. (2007) for the Taurus cluster (black circles and red
squares). We note the good agreement between the model
predictions and observations. The dotted line represents the
critical X-ray luminosity as a function of time which in our
model separates CTTs and WTTs and corresponds to the
X-ray luminosity of objects which have just opened a gap
and have begun the clearing phase. The number of anoma-
lous objects (i.e. CTTs above the line and WTTs below the
line) is small at ages >! 1 Myr. Given uncertainties in age
determinations (particularly at < a Myr) the agreement be-
tween the observations and predictions is very encouraging.

c# 2002 RAS, MNRAS 000, 1–15



Do young giant planets create TDs? 

At least one imaged within the gap of a PTD 

-but cannot account for the measured hole radius 

Kraus & Ireland 2012, ApJ, 745, 5 
      also Huelamo et al. 2011 (T Cha) 
             Cieza et al. 2013 (FL Cha) 

Fig. 3.— Left: The transitional disk around LkCa 15, as seen at a wavelength of 850 µm (Andrews et al. 2011b). All of the
flux at this wavelength is emitted by cold dust in the disk; the deficit in the center denotes an inner gap with radius of !55
AU. Right: An expanded view of the central part of the cleared region, showing a composite of two constructed images
(blue: K !, red: L!; Kraus and Ireland 2012). The location of the central star is also marked. The K ! peak is produced
by a young gas giant planet, while most of the L! flux comes from two flanking locations and most likely traces co-orbital
warm dust.

or whether they trace features in the disk. For instance,
the asymmetries detected in TCha have been attributed to
the presence of a companion at a separation of 0.062!! from
the star (Huélamo et al. 2011), while the radiative transfer
simulations by Olofsson et al. (2013) show that the asym-
metries can also be quantiatively explained with the emis-
sion of material located at the inner wall of the outer disk.
Cieza et al. (2013) reached the same conclusion for the
disk around FLCha, where similar aperture masking sig-
nals have been measured. In this scenario, the asymmetries
in the brightness distribution do not trace asymmetries in
the disk structure itself, but are caused by projection effects
of a centro-symmetric disk seen under an intermediate in-
clination angle. Accordingly, the asymmetries should be
consistently directed along the disk minor axis.
TheNIRC2 aperturemasking observations on V1247Ori

(Kraus et al. 2013), on the other hand, revealed asymme-
tries whose direction is not aligned with the disk minor axis
and changes also with wavelength (H , K !, and L band).
Therefore, these asymmetries are neither consistent with
a companion detection, nor with the aforementioned disk
wall scenario. Instead, these observations suggest the pres-
ence of complex, radially extended disk structures, located
within the gap region. It is possible that these structures
are related to the spiral-like inhomogeneities that have been
detected with coronagraphic imaging on about 10-times
larger scales (Section 2.4) and that they reflect the dynam-
ical interaction of the gap-opening body/bodies with the
disk material. Studying these structures and revealing their
time-evolution will be a major objective of future interfer-
ometric imaging studies, for instance with VLTI/MATISSE
or ALMA.

Limitations and directions for future work

The major limitations from the existing studies arise
from a sparse uv-coverage, which has so far prevented the
reconstruction of direct interferometric images for these ob-
jects. Different strategies have been employed in order
to relax the uv-coverage restrictions, including the com-
bination of long-baseline interferometric data with single-
aperture interferometry techniques (e.g., speckle and aper-
ture masking interferometry; Arnold et al. 2012; Olofsson
et al. 2013; Kraus et al. 2013) and the combination of data
from different facilities (Akeson et al. 2011; Olofsson et al.
2013; Kraus et al. 2013).
Truely transformational results can be expected from the

upcoming generation of imaging-optimized long-baseline
interferometric instruments, such as the 4-telescope mid-
infrared beam combiner MATISSE, which will enable ef-
ficient long-baseline interferometric imaging on scales of
several AU. One important objective of this instrument
will be to image the temporal evolution of the aforemen-
tioned asymmetric disk structures, and possibly, to relate
the asymmetries to structural changes in the inner disk and
to the known spectro-photometric variability of these ob-
jects (Section 2.7).

2.4 Near-infrared polarimetric imaging

Near-infrared (NIR) imaging is a powerful tool to trace
the spatial distribution of sub-micron size dust grains at
the surface layer of disks. In particular, imaging polarime-
try being conducted as part of the SEEDS (Strategic Ex-
plorations of Exoplanets and Disks with Subaru; Tamura
2009) survey enables us to access the disk clearing regions
of TTSs at tens AU with spatial resolution of 0.06!!: 8 AU
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dust filtration: gas 
pressure at outer 
edge prevents mm 
particles from 
accreting into the 
inner disk 

 

could explain 
submm cavities, 
but small grains 
can pass through 
the gap 

Simulations of gaps with giant planets 

See poster 2S055 
Zhu et al. also Rice et al. (2006) 

       Pinilla et al. (2012) 



Need multiple planets to clear multi-AU gaps 

also Dodson-Robinson & Salyk (2011) 
Zhu et al. 2011, ApJ, 729, 47  

Isella et al. 2013, ApJ, accepted 

70 AU 



GM Aur

Get larger gap, but inner disk still not affected 
κ10µm=10 cm2/g, the inner disk is optically thick 

  -> need depletion of order 103 – 105! 

Zhu et al. 2012  



To explain moderate accretion rates and NIR deficits, 
must add other physics 

 => “filtration” plus grain growth? 

Zhu et al. 2012, ApJ, 755, 6  



Future prospects 
ALMA 

•  complete census of submm cavities 

•  find smaller gaps – lower-mass planets? 

•  measure masses/sizes of evolved/WTDs 

JWST 

•  MIRI IFU spectroscopy – gas, dust distribution 

•  NIRISS NRM interferometry – planets?  MIR gap sizes? 

•  Imaging, MOS spectroscopy – increase SED/Mdot 
samples, explore extreme environments 

VLTI/MATISSE, GMT, TMT…. 



Extras 



Gas tracers of the inner disk 

truncation at ~0.4 AU 

Najita et al. 2008, ApJ, 687, 1168 

Gas disk extends beyond 
inner dust annulus 

!!/"= 1.0

Eccentric gas disk? 

Liskowsky et al. 2012, ApJ, 760, 153 

also Salyk et al. (2007, 2009) 
       Pontoppidan et al. (2008) 



Variability 
As with typical CTTS, TDs vary across the spectrum 

“see-saw” variability: changes in inner disk structure 
lead to variable illumination of outer disk 

Espaillat et al. 2011 

find correlation with measured accretion lines and flux. A
disk wind which carries dust may shadow the outer disk.
Flaherty et al. (2011) do not find evidence for strong winds
in their objects. Stellar magnetic field that interacts with
dust beyond dust sublimation radius may lead to changes if
it expands and contracts or is tilted with respect to plane of
the disk (Goodson andWinglee 1999; Lai and Zhang 2008).
However, it is thought that stellar magnetic field truncates
the disk within the corotation radius and for many objects,
the corotation radius is within the dust sublimation radius,
making it unlikely that the stellar magnetic field is interact-
ing with the dust in the disk (Flaherty et al. 2011).
The mid-infrared variability seen may be due to warps,

magnetic fields, and X-ray flares. Seesaw-like variability
is expected when there is an inner disk warp. Warps cause
the height of the inner disk wall to change with time (Fla-
herty and Muzerolle 2010). Warps in disks may be caused
by companions (Fragner and Nelson 2010). Perturbations
of the inner disk could also be due to spiral density waves
excited by planets (citation). The timescales of the see-
saw variability seen were 1–3 years and 1 week correspond,
which correspond to about 1–2 AU and 0.07 AU in the disk,
respectively. Radii of 1–2 AU are plausible locations for
planetary companions, and many hot Jupiters are known
to exist at radii <0.1 AU (Marcy et al. 2005). Magnetic
elds in a turbulent disk may lift dust and gas off the disk
(Turner et al. 2010; Hirose and Turner 2011). Predicted
magnitude of change are commensurate with the observa-
tions. TTS are known to have strong X-ray flares (Feigel-
son et al. 2007). Ke et al. (2012) showed that X-ray flares
will increase the ionization of dust, causing it to accelerate
and lead to a change in scale height. However, this requires
more work since Ke et al. (2012) assumed flares as strong
as the strongest observed to date.

3. Comparing Transitional Disk Observations to The-
oretical Mechanisms

3.1 Observational Constraints

There are mainly four observational constraints every
theory needs to confront. First, most transitional and pre-
transitional disks accrete onto the central star at a rate which
is comparable to the normal T Tauri disk accretion rates
(!10!8M" yr!1). Transitional disks have slightly lower
accretion rates (!10!9M" yr!1) than pre-transitiional
disks (!10!8M"yr!1). However, we need to keep in
mind that there are also cases with no detected accretion
onto the star. Second, the cleared regions in these disks are
generally large. For transitional disks, the optically thin re-
gion extends from tens of AU all the way to the central star.
For pre-transitional disks, the spectral energy distribution
(SED) modeling suggests that the detected optically thick
region may only extend to radii ! 1 AU, with an extremely
dust-free region beyond, until reaching the outer optically

Fig. 8.— Top: Observed Spitzer IRS spectra (green and magenta)
and models (solid and broken black) for the pre-transitional disk
of UX Tau A from Espaillat et al. (2011). We can explain the
variability between the two spectra by changing the height of the
inner disk wall in our model by 17%. Bottom: Percentage change
in flux between the two IRS spectra above. The observed variabil-
ity cannot be explained by the observational uncertainties of IRS
(error bars).

thick disk at tens of AU. On the other hand, recent sub-mm
interferometry observations have suggested the existence of
gapped disks which do not show near-IR deficit, indicating
some transitional disk systems have narrower gaps. Third,
in order to affect the disk’s near-IR SED, the gaps/holes
need to be optically thin which implies that the mass of
dust in sizes of order a micron or less must be extremely
small. Fourth, both near-IR imaging and submm interfer-
ometry observations have revealed rich disk features (e.g.,
spiral arms, rings, etc.). These multi wavelength imaging
provide direct constraints on the disk structure at tens of
AU.

3.2 Non-dynamical Clearing Mechanisms

A diverse set of physical mechanisms has been invoked
to explain the depletion of dust in the transition disk cavi-
ties, with varying levels of success. Much of the attention is
(rightfully) focused on dynamical interactions with one or
more companion objects, although that subject will be ad-
dressed separately in the following subsection. There are a
number of alternative scenarios that merit review here, in-
cluding the effects of viscous evolution, particle growth and
migration, and dispersal by (photoevaporative) winds.

Viscous Evolution
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Muzerolle et al. (2009); Flaherty et al. (2010)Muzerolle et al. 2009 



Espaillat et al. 2011 

Flaherty et al. 2013, AJ, 145, 66 

Fig. 9.— Schematic depicting the link between the observed
variability and disk structure. Red corresponds to visible areas,
light blue and dark blue areas are in the penumbra and umbra, re-
spectively. The first and second cartoon apply to the green and
magenta IRS spectra, respectively. Mid-infrared variability in pre-
transitional disks can be explained by changes in the height of the
inner disk wall.

The interactions of gravitational and viscous torques
comprise the dominant mechanism for the structural evo-
lution of disks over most of their lifetime (Lynden-Bell and
Pringle 1974; Hartmann et al. 1998). An anomalous kine-
matic viscosity, presumably generated by MHD turbulence,
drives a persistent inward flow of gas toward the central star
(e.g., Hartmann et al. 2006). Angular momentum is trans-
ported outward in that process, resulting in some disk ma-
terial being simultaneously spread to large radii. As time
progresses, the disk mass and accretion rate steadily de-
cline. To first order, this evolution is self-similar, so there is
no preferential scale for the depletion of disk material. The
nominal viscous evolution (!depletion) timescales at 10s
of AU are long: comparable to the stellar host ages.
If the gas and dust were perfectly coupled, we would ex-

pect viscous evolution acting alone to first produce a slight
enhancement in the far-IR/mm spectrum (due to the spread-
ing of material out to larger radii) and then settle into a slow,
steady dimming across the spectrum (as densities decay).
Coupled with the sedimentation of disk solids, these effects
are a reasonable explanation for the homologously depleted
disks (e.g., D’Alessio et al. 2006). That said, there is no
reason to expect that viscous effects alone are capable of
the preferential depletion of dust at small radii needed to
produce an observable transition disk signature.

Grain Growth

The natural evolution of dust in a gas-rich environment
offers two complementary avenues for producing the ob-
servable signatures of transition disks. First is the actual
removal of material due to the inward migration and sub-
sequent accretion of dust particles. This “radial drift” oc-

curs because thermal pressure causes the gas to orbit at
sub-Keplerian rates, creating a drag force on the particles
that saps their orbital energy and sends them spiraling in to
the central star (Weidenschilling 1977; Brauer et al. 2008).
Swept up in this particle flow, the reservoir of emitting
grains in the inner disk can be sufficiently depleted to pro-
duce a telltale dip in the infrared SED. A second process
is related to the actual growth of dust grains. Instead of a
decrease in the dust densities, the inner disk only appears to
be cleared due to a decrease in the grain emissivities: larger
particles emit less efficiently (e.g., D’Alessio et al. 2001).
Because growth timescales are short in the inner disk, the
infrared emission that traces those regions could be sup-
pressed enough to again produce a dip in the SED.
The initial models of grain growth predicted a substan-

tial reduction of small grains in the inner disk on short
timescales, and therefore a clear transition disk signature
in the infrared SED (Dullemond and Dominik 2005). More
detailed models bear out those early predictions, even when
processes that decrease the efficiency (e.g., fragmentation)
are taken into account. Birnstiel et al. (2012) demonstrated
that such models can account for the infrared SED deficit of
transition disks by tuning the local conditions so that small
(!µm-sized) particles in the inner disk grow efficiently to
mm/cm sizes. However, those particles cannot grow much
larger before their collisions become destructive: the result-
ing population of fragments would then produce sufficient
emission to wash out the infrared SED dip. The funda-
mental problem is that those large particles emit efficiently
at mm/cm wavelengths, so these models do not simultane-
ously account for the ring-like emission morphologies ob-
served with interferometers (see Figure 5). Birnstiel et al.
(2012) argued that the dilemma of this conflicting relation-
ship between growth/fragmentation and the IR/mm emis-
sion diagnostics means that particle evolution alone is not
the underlying cause of the transition disk phenomenon.
A more in-depth discussion of these and other issues re-

lated to the observational signatures of grain growth and
migration are addressed by Testi et al. in this volume.

Photoevaporation

Another potential mechanism for sculpting transition
disk structures relies on the complementary interactions
of viscous evolution, dust migration, and disk dispersal
via photoevaporative winds (Clarke et al. 2001; Alexan-
der et al. 2006; Alexander and Armitage 2007; Owen et al.
2010, 2011). Here, the basic idea is that the high-energy
irradiation of the disk surface by the central star can drive
mass-loss in a wind that will eventually limit the re-supply
of inner disk material from accretion flows. Once that oc-
curs, the inner disk can rapidly accrete onto the star, leaving
behind a large (and potentially growing) cavity at the disk
center. The detailed physics of this process can be quite
complicated, and depend intimately on how the disk is irra-
diated. The chapter in this volume by Alexander et al. pro-
vides a more nuanced perspective on this process, as well
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HST/STIS observations of TW Hya:  gap at ~80 AU, 
more distant than ~5 AU inner hole seen in MIR, mm 

Debes et al. 2013, ApJ, 771, 45 



Spectral slope, excess turn-off wavelength 

-a range of values, multiple evolutionary 
pathways? 

Williams & Cieza 2011, ARAA, 49, 67 

AA49CH03-Williams ARI 14 July 2011 19:21

The lack of near-IR excess was interpreted as a diagnostic of inner disk clearing possibly con-
nected to the early stages of planet formation. Because of this possible connection, transition disks
have received special attention in circumstellar disk studies even though they represent a small
percentage of the disk population in nearby star-forming regions. In this section, we discuss the
diversity of SED morphologies presented by transition disks, their incidence, and their connection
to planet formation and other disk evolution processes.

7.1. Spectral Energy Distribution Diversity and Interpretation
Transition disks present a variety of IR SED morphologies, and their diversity is not properly
captured by the traditional classification scheme of young stellar objects (i.e., the Class I through
III system; see Section 2). In order to better describe the shape of transition disk SEDs, Cieza
et al. (2007) introduced a two-parameter scheme based on the longest wavelength at which the
observed flux is dominated by the stellar photosphere, !turn-off , and the slope of the IR excess,
"excess, computed from !turn-off to 24 µm (Figure 8a.)

Because of their diversity, the precise definition of what constitutes a transition object found
in the disk-evolution literature is far from homogeneous. Transition disks have been defined as
objects with no detectable near-IR excess, steep slopes in the mid-IR, and large far-IR excesses
(Muzerolle et al. 2010; Sicilia-Aguilar, Henning & Hartmann 2010). This definition is the most
restrictive one and effectively corresponds to objects with !turn-off ! 4.5!8.0 µm and "excess > 0.
The above definition has been relaxed by some researchers (Brown et al. 2007, Merin et al. 2010)
to include objects with small, but still detectable, near-IR excesses. Transition disks have also
been more broadly defined in terms of a significant decrement relative to the median SED of
CTTS at any or all IR wavelengths (Najita, Strom & Muzerolle 2007; Cieza et al. 2010). Several
nouns have recently emerged in the literature to distinguish subclasses of transition disks (Evans
et al. 1999). Objects with no detectable near-IR excess and "excess > 0 have been called classical
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Figure 8
(a) A schematic of the "excess and !turn-off classification for a transition disk. Although the "IR value is typical of a classical T Tauri star
(CTTS) with a full disk, the long !turn-off wavelength and positive "excess indicate the presence of an inner hole. (b) Distribution of
"excess with respect to !turn-off for a range of different disk evolutionary types (Harvey et al. 2007). The D99 symbol is the median SED
of CTTS in Taurus from D’Alessio et al. (1999). The diagram demonstrates the increasing range of possible "excess values at longer
!turn-off wavelengths due to the diversity of transition disk spectral energy distribution morphologies.
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