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Finding young planets in protoplanetary disks is essential for understanding planet formation pro-
cess and constraining the long-term evolution of planetary systems. Transitional disks, protoplan-
etary disks with gaps and holes, are great candidates for harboring these young planets. However,
recent near-IR polarization imaging (e.g. SEEDS, VLT) and submm (e.g. SMA, ALMA) obser-
vations have posed several puzzles on transitional disks. Such as, dust and gas seems to decouple
in these disks and the decoupling can occur non-axisymmetrically in disks. Spiral patterns are
also discovered in these disks. In this chapter, I will first summarize observations on transitional
disks. Then I will present theoretical developments on three indirect signatures of young planets
in disks: gaps, large scale asymmetric structures, and spiral arms. By comparing such theories
with observations, we have constrained protoplanetary disk properties and revealed the early stage
of planet formation. Finally, observational strategies to directly find young planets in protoplan-
etary disks has been discussed and I suggest that accreting circumplanetary disks could be the
key to detect young planets directly. Current direct imaging observations may have already found

some circumplanetary disk candidates and there are more to come.
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1. Introduction

Thanks largely to the Kepler spacecraft, more than 1800 exoplanets have been discovered.
With such large number of exoplanets, the architecture of exo-planetary systems has been revealed
[1], and now we know that on average every star has roughly one planet within 1 AU. However,
most of these planets are billions of years old. We have limited constraints on how they formed in
protoplanetary disks within their first several million years lifetime.

On the other hand, the structure of protoplanetary disks has also been revealed over the last
decade by studying their spectral energy distributions (SEDs). Recently, we start to spatially re-
solve protoplanetary disks either through optical/near-1IR telescopes (e.g. Subaru, VLT, Gemini) or
submm/mm interferometer (e.g. ALMA, EVLA). In the near future, especially with ALMA, we
will reveal the detailed disk structure which will provide the initial condition for planet formation.

Thus, a missing link in planet formation studies is finding young forming planets in disks.
If we find young planets in disks, we know when, where, and how young planets form in disks,
which will put stringent constraints on planet formation theories. Unfortunately, finding young
planets that orbit around protostars through either the radial velocity or transit method is difficult
mainly because their host stars are highly variable. Sptizer Space Telescope has found that more
than half of the protostars show variablities, from 0.05 to 0.2 magnitude, on a variety of timescales
[2]. Such large variability dominates the variability signal induced by the planet.

The direct imaging technique is more promising to find young planets in protoplanetary disks
and it has discovered several planets/planet candidates in protoplanetary disks. However, such
method requires using 10 meter class telescopes to get enough photons from the young planet.
Young planetary systems are far away (>100 pc away), and normally obscured by dust. For com-
parison, the HR 8799 system where 4 planets have been directly imaged is only 40 parsecs away.

A much easier way to find young planets is studying the imprints left by the planet on pro-
toplanetary disks. The gravity from a young planet can perturb the protoplanetary disk, inducing
spiral patterns and gaps. It can also lead to large scale disk instabilities, causing asymmetric disk
structures. These large scale features in disks are much easier to be detected. Transitional disks,
protoplanetary disks with gaps and holes [3], are great candidates to harbor young planets and
hundreds of transitional disks have been discovered.

On the other hand, eventually we would like to confirm the existence of these young planets in
disks. Directly detecting young planets in disks is still possible considering young planets may be
bigger and hotter than mature planets. Furthermore, when a young planet opens a gap, it exposes
itself with less extinction. The young planet can continue to grow through the accretion of the
circumplanetary disk. The accretion process can release an observable amount of energy, and these
circumplanetary disks can be directly found by direct imaging techniques.

In this chapter, I will first summarize transitional disk observations. Then, I will discuss three
indirect observational signatures left by the planet: gaps, spiral arms, asymmetric structures, and
how they can explain some of the transitional disk observations. Finally, I will discuss the frontier
in detecting young planets: observing accretion signatures of circumplanetary disks.
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Figure 1: A young planet can induce spiral arms and gap in protoplanetary disks. A circumplanetary disk
also forms around the planet and the planet continues its growth through accretion of the circumplanetary
disk.

2. Transitional Disks

Transitional disks are protoplanetary disks with gaps and holes. They were first identified
by their unusual SEDs at near-infrared (NIR) and mid-infrared (MIR) [4]. The transitional disks
exhibit strong dust emission at wavelengths 2> 10um, while showing significantly reduced fluxes
relative to typical T Tauri disks at shorter wavelengths (e.g., [5; 6; 7]). In a subgroup of transitional
disks, the so-called pre-transitional disks, there is evidence for emission from warm, optically-thick
dust near the star [7; 8], while in other transitional disks the emission at < 10um appears to be due
entirely to optically-thin dust [5; 8]. The depletion of near- to mid-infrared emission is generally
interpreted as being due to evacuation of dust to disk scales ~ 5 to ~ 50 AU [9; 5; 7].

Recently, thanks to high contrast NIR polarization imaging (e.g. SEEDS, [10]) and submm-
interferometric techniques [11; 12; 13], these gaps/holes have been resolved spatially (Figure 1).
NIR observations probe the distribution of small dust particles at the disk surface, while submm
observations probe larger dust particles at the disk midplane. In many disks, NIR and submm
observations reveal completely different structures, suggesting that small and big dust grains drift
relative to each other in protoplanetary disks [14].

Recent ALMA observations have revealed non-axisymmetric dust distributions in some tran-
sitional disks [15; 16; 17]. In the extreme case of Oph IRS 48, there is a highly asymmetric
crescent-shaped dust structure between 45 and 80 AU from the star. The peak emission from this
dust structure is at least 130 times stronger than the upper limit of the opposite side of the disk.
Spiral patterns have also been revealed by NIR direct imaging observations in some transitional
disks (e.g. [18]).

Surprisingly, despite the wide dust gaps, most transitional disks exhibit gas accretion rates
close to the averaged T Tauri disk accretion rate (~ 10~3M., yr—! [20]) onto their central stars (e.g.
[5; 7; 21]). Maintaining this accretion requires either a significant mass reservoir interior to the
cavity, or some way of allowing mass from the outer disk to move past the cavity [22].

To summarize the observations, transitional disks normally have: 1) moderate accretion rates,
2) wide dust gaps up to several tens of AU, and in some transitional disks we see: 3) large scale
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Figure 2: Spatially resolved protoplanetay disk SA(1) 20646(JZSfrom \9LT (lef(t)'l?)anel fr10m [19]) using polar-
ized scattered light at NIR, and ALMA at submm (right panel from [17]). Complicated and different disk
structures have been revealed at various wavelengths. Please note that the orientation of the two images are
slightly different.
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Figure 3: The SEDs for a full claggi)cal T Tauri star (upper panels) and a transitional disk (lower panels).
At ultraviolet wavelengths (the left panels), the excess emission above the stellar photosphere is due to the
magnetosphericial accretion. The right panels are from [23]. The upper left panel is from [24] and the lower
left panel is from [25].

asymmetric structures at submm/mm, and 4) spiral patterns at Optical/NIR.

3. Indirect Signatures of Young Planets

Theoretically, it is known that young planets can gravitationally interact with disks, launching
spiral density waves [26] and inducing gaps in disks [27].

3.1 Gaps
Gap opening process has been throughly studied in viscous disks (e.g. [28; 29]) and MHD
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turbulent disks (e.g. [30; 31]).

Observations have also suggested that gaps in some transitional disks are indeed induced by
companions. For example, CoKu Tau/4 is surrounded by a transitional disk [6] with a 14 AU
cavity [32], and inside the cavity it has a nearly equal mass companion with a separation of 8
AU [33]. The observed gap width and binary separation are consistent with theoretical studies on
circumbinary disks [34].

However, companions have not been found inside the cavity of most transitional disks. Thus,
we need to ask whether the observed gap/cavity properties are consistent with the existence of
unseen planets. One serious challenge for almost all theoretical models to explain transitional disks
is the fact that some transitional disks exhibit large dust clearings while still maintaining significant
gas accretion rates onto the star. For example, GM Aur has an optically thin inner disk at 10 gm
with an optical depth of ~0.01 and an accretion rate of ~ 10~8M, yr~!. Using a viscous disk model
with o0 = 0.01, X, is derived to be 10-100 g/cm? at 0.1 AU. Considering that the nominal opacity
of ISM dust at 10 um is 10 cm? /g, the optical depth at 10 um for the inner disk is 100-1000 [22],
which is 4-5 orders of magnitude larger than the optical depth (~ 0.01) derived from observations.

One possible solution is that multiple planets are present in transitional disks. If multiple
planets from 0.1 AU to tens of AU can open a mutual gap, the gas flow can be continuously
accelerated and passed from one planet to another so that a low disk surface density can sustain a
substantial disk accretion rate onto the star [22; 35]. However, considering giant planets tend to be
trapped at 2:1 mean-motion resonance, a large number of giant planets are needed in this model
to pass gas from several tens of AU all the way down to 0.1 AU. Furthermore, when gas passes
through each planet, a fraction of the gas can be intercepted and accreted by the planet so that the
final accretion rate onto the star could be smaller than observed rates.

Another possibility is that the small dust grains in the inner disk are highly depleted by physical
removal or grain growth, to the point where the dust opacity in the NIR is far smaller than the ISM
opacity. Dust filtration [36] is one possible mechanism to differentiate dust from gas. Due to the
gas drag, dust particles always drift to the pressure maximum in disks [37]. At the outer edge
of a planet-induced gap, where the pressure reaches a maximum, dust particles drift outwards,
possibly overcoming their coupling to the inward accreting gas. Dust particles will then remain at
the gap’s outer edge while the gas flows through the gap. This dust trapping at the gap edge was
first simulated by [38; 39]. Particle diffusion due to disk turbulence is later included [40] in 2-D
simulations evolving over viscous timescales, where a quasi-steady state for both gas and dust has
been achieved. [40] found that micron sized particles are difficult to filter by a Jupiter mass planet
ina M = 10"8M_,yr~! disk. Thus, cavities revealed by submm observations may not be present in
NIR observations.

This observational signature is supported by recent observations that caivities revealed by
submm/mm observations are missing at NIR [41; 19; 42] or are larger than cavities revealed by
NIR observations of the same objects. The dust filtration picture is also supported by the metal
depletion in Herbig Ae/Be stars surrounded by transitional disks compared with metal abundance
of stars surrounded by full disks [43].

On the other hand, how to deplete micron sized dust within the hole to explain the NIR deficit
of transitional dsks is still unclear. [44] has done 1-D calculations considering dust growth and
dust fragmentation at the gap edge and suggested that micron-sized particles may also be filtered.
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Also by constructing a 1-D model, [45] has suggested that radiation pressure from the accreting
planet can blow small dust away during the filtration process. Considering the flow pattern is highly
asymmetric within the gap, 2-D simulations including dust growth, fragmentation, and radiation
pressure may be needed to better understand the dust filtration process.
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Figure 4: The disk surface density for the gas (leftmost panels) and dust in viscous (a=0.01, upper panels)
and inviscid (lower panels) simulations. In the viscously accreting disk, the accretion flow carries small
particles from the outer disk to the inner disk while leaves big particles at the gap edge. In the inviscid disk,
particles are trapped in the gap edge vortex and planet co-orbital region. ([3])

3.2 Large Scale Asymmetric Structures

To explain the large scale lopsided dust structure observed in transitional disks, particle trap-
ping in the azimuthal direction by vortices is proposed. It is known that anticyclonic vortices are
long lived and can efficiently trap dust particles [46; 47].  Although vortices can be generated
by various hydrodynamical instabilities in disks [48], in the scenario of gap opening by planets,
the gap edge is subject to the Rossby wave instability (RWI) which can naturally lead to vortex
formation [49; 50]. Spiral shocks excited by a planet push the disk material away from the planet,
leading to gap opening. This process also piles up material at the gap edge, leading to a density
bump which has a vortensity minimum and is subject to the RWI [51; 52; 53; 54; 55]. Particle trap-
ping in 3-D vortices has also been studied using 3-D hydrodynamical global simulations including
dust dynamics [56; 57], which suggests that particles at certain sizes could have a factor of more
than 100 increase in the dust surface density within the vortex.

On the other hand, the vortex can dissipate quickly in a disk even with a small viscosity
(v ~ 1073) [58; 59]. The vortex is also unstable in a disk with magnetic fields [60]. By considering
non-ideal MHD effects which significantly suppress the turbulence, [61] found that the vortex can
be present for thousands of orbits in a disk with equivalent o < 1073, and dust concentration in
such vortices can explain ALMA observations.
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Recent theoretical works start to include dust feedback to vortices (e.g. [62; 63; 64; 65])
and consider the effect of gas gravity on particle concentration [66; 67]. Observationally, multi-
band ALMA and EVLA observations start to reveal particle size distributions within the lopsided
structure [68; 69]. Eventually, with ALMA’s high spatial and spectral resolution, we may be able
to probe the anticyclonic gas motion directly through velocity channel maps, which could confirm
or disprove the scenario that particle concentration by vortices is responsible to these large scale
asymmetric structures.

3.3 Spiral Structures

Recent high-resolution direct imaging observations have revealed spiral structure in proto-
planetary disks around Herbig Ae/Be stars (e.g. SAO 206462, [18; 19], MWC 758, [70; 71]). In
the NIR polarized intensity images, two spiral arms with roughly 180 rotational symmetry are
present in both SAO 206462 and MWC 758, similar to the grand design in a spiral galaxy (e.g. the
Whirlpool Galaxy M51). The spiral arms also exhibit a high contrast against the background disk.

Since these disks also have holes at the center, one scenario to explain both spiral patterns and
gaps/holes is that these disks harbor low-mass companions (e.g. young planets) which can open
gaps and excite spiral waves at the same time.

However, there are two difficulties in explaining the observed spiral patterns using spiral wakes
induced by a planet inside the gaps. First, the large pitch angle of all the observed spiral arms
suggests that the disk has a relative high temperature, e.g. ~200 K at R ~ 100 AU which is too high
for any realistic disk structure. Second, the observed spiral arms exhibit much higher brightness
contrasts than suggested by the synthetic observations based on two dimensional (2-D) planet-disk
simulations with the assumption that the disk is in vertical hydrostatic equilibrium [72].

Recent 3-D simulations have suggested that the pitch angle formula derived from the linear
theory does not apply to the high planet mass cases [73; 74]. Spiral wakes that are excited by
high mass planets (e.g. 1 M;) become spiral shocks which propagate at speeds faster than the local
sound speed [75; 76]. Thus, the pitch angle difficulty above can be alleviated by considering the
non-linear extension of the spiral shock theory. The spiral arms (especially the inner arms) have
complicated non-hydrostatic 3-D structure which can lead to strong density perturbation at the disk
surface. Since NIR observations is sensitive to the density perturbation at the disk surface, this
effect alleviates the second difficulty mentioned above. Thermodynamics can also play an impor-
tant role on the spiral structure [77; 78]. Furthermore, a secondary inner arm is also excited by
the planet (see also [79]). Thus only one planet is necessary to explain two spiral arms. Detailed
modeling [74] has shown that planet-induced inner spiral arms can explain recent NIR direct imag-
ing observations of SAO 206462 and MWC 758. However, since the planets are outside the spiral
arms in this model, it is difficult to explain the gaps discovered at small radii in these disks. Other
mechanisms, e.g. another planet or photoevaporation, are needed to explain these gaps.

Overall, companion-induced spiral arms not only pinpoint the companion’s position but also
provide three independent ways (pitch angle, separation between two arms, and contrast of arms)
to constrain the companion’s mass.
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4. Direct Signatures of Young Planets

Accreting circumplanetary disks can release a large amount of thermal energy due to the
small size and deep potential of the planet [73]. A disk around a 1 My planet accreting at M =
10~8M,, yr~! has an accretion luminosity of

GM;M

=15x107°L 4.1
ZRJ X ® ( )

Lyig =

which is as bright as a late M-type/early L-type brown dwarf.

Detailed SEDs for CPDs accreting at different accretion rates are shown in Figure 5 [73].
Circumplanetary disks only accreting at 10~'M, yr~! around a 1 M; planet can be brighter than
the planet itself. A moderately accreting circumplanetary disk (M ~ 10~8M. yr~!; enough to
form a 10 My planet within 1 Myr) around a 1 M; planet has a maximum temperature of ~2000
K, and at NIR wavelengths (J, H, K bands), this disk is as bright as a late M-type brown dwarf
or a 10 My planet with a “hot start”. To use direct imaging to find the accretion disks around
low mass planets (e.g., 1 My) and distinguish them from brown dwarfs or hot high mass planets,
it is crucial to obtain photometry at mid-infrared bands (L', M, N bands) because the emission
from circumplanetary disks falls off more slowly towards longer wavelengths than those of brown
dwarfs or planets. When the giant planet has strong magnetic fields (>100 Gauss), they can truncate
the CPD, leading to magnetospheric accretion [80; 73]. Besides the emission from the disk, an
additional blue component from the hot spot on the star is also present (the right panel of Figure
5). Magnetospheric accretion around T-Tauri stars leads to strong line emission (e.g. Hy). The
recently discovered H source within LkCa 15 [81] could be a CPD undergoing magnetospheric
accretion. Table 1 summarizes recent detections of point sources in protoplanetary disks, and model
predictions based on [73]. For the theoretical predictions, the disk inner radius is assumed to be
1 Jupiter radii. To derive the absolute magnitudes, the distance and disk inclination are from the
given references for each source. We fit the model to the observed L’ band magnitudes, and predict
magnitudes at other wavelength bands. Generally, the model agrees with observations reasonably
well.

Besides thermal emission, CPD can also be probed by dust continuum [86], velocity channel
maps [87], or disk chemical abundances [88]. With ALMA’s high sensitivity and spatial resolution,
we could probe all these three signatures of CPDs.

5. Conclusion

Features in protoplanetary disks (e.g. gaps, large scale asymmetry, spiral arms) may have
already implied young planets in disks. With ALMA and Extreme-AO, we start to see narrower
gaps and finer features, which can limit the potential parameter space of young planets. At the same
time, we also have great hope to detect young planets directly through accreting circumplanetary
disks. In the future, both indirect and direct methods will allow us to determine the distribution and
occurrence of young planets, which will shed light on the decades-old problem of planet formation,
and reveal how young planetary systems can evolve into older ones such as our Solar System,
billions of years after they were born.
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Table 1: Magnitudes of Accreting Circumplanetary Disks compared with Observations

Full Disk
MM(M?)yr) ] H K L M N
HD169142 from [82]
Obs. >13.8 12.240.5
The. 1073 14.8 14.66 13.82 12.2 11.62 10.12
HD100546 from [83; 84]
Obs. 19.440.32 >15.4340.11 13.92+0.1 13.33+0.16
The. 2x107° 20.66 18.41 16.50 13.9 13.05 11.37
LkCa 15 from [81]
Obs. 14.240.5 13.240.5
The. 7x107° 16.09 15.92 14.96 13.2 12.54 11.04
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Figure 5: The SEDs of accreting circumplanetary disks (black curves) and young planets (red and blue
curves from [85]). The red curves are the SEDs based on the “hot start” models, while the blue curves are
from the “cold start” models. For another comparison, the green curve is the SED of the protostar GM Aur
scaled to 100 pc. At the top of each panel, the black curves indicate the transmission functions of J, H, K, L',
M, and N bands. Left: the circumplanetary disk extends all the way to the planet surface. Right: the disk is
truncated by the magnetic field from the young planet and the disk is undergoing magnetospheric accretion.
For comparison, the SED of GM Aur is shown as the green curve. The blue and green dots/upper limit are
detections for HD 169142b and HD100546b.



Young Planets Zhaohuan Zhu

References

[1]

(2]

(3]

[4]

[5]

[6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

J. N. WINN AND D. C. FABRYCKY, The Occurrence and Architecture of Exoplanetary Sys-
tems, ARA&A, 53 (2015), pp. 409-447.

M. MORALES-CALDERON, J. R. STAUFFER, L. REBULL, ET AL., Mid-Infrared Variability
of Protostars in IC 1396A, Apl, 702 (2009), pp. 1507-15209.

C. ESPAILLAT, J. MUZEROLLE, J. NAIJITA, ET AL., An Observational Perspective of Tran-
sitional Disks, Protostars and Planets VI, (2014), pp. 497-520.

K. M. STROM, S. E. STROM, S. EDWARDS, S. CABRIT, AND M. F. SKRUTSKIE, Circum-

stellar material associated with solar-type pre-main-sequence stars - A possible constraint on
the timescale for planet building, AJ, 97 (1989), pp. 1451-1470.

N. CALVET, P. D’ ALESSIO, L. HARTMANN, ET AL., Evidence for a Developing Gap in a
10 Myr Old Protoplanetary Disk, ApJ, 568 (2002), pp. 1008-1016.

P. D’ ALESSIO, L. HARTMANN, N. CALVET, ET AL., The Truncated Disk of CoKu Tau/4,
ApJ, 621 (2005), pp. 461-472.

C. ESPAILLAT, N. CALVET, P. D’ ALESSIO, ET AL., On the Diversity of the Taurus Transi-
tional Disks: UX Tauri A and LkCa 15, eapj@ ApJLetters, 670 (2007), pp. L135-L.138.

C. ESPAILLAT, P. D’ ALESSIO, J. HERNANDEZ, ET AL., Unveiling the Structure of Pre-
transitional Disks, ApJ, 717 (2010), pp. 441-457.

K. A. MARSH AND M. J. MAHONEY, Evidence for unseen companions around T Tauri stars,
eapj @ AplJLetters, 395 (1992), pp. L115-L118.

M. TAMURA, Subaru Strategic Exploration of Exoplanets and Disks with HiICIAO/AO188
(SEEDS), in American Institute of Physics Conference Series, T. Usuda, M. Tamura, and
M. Ishii, eds., vol. 1158 of American Institute of Physics Conference Series, Aug. 2009,
pp. 11-16.

V. PIETU, A. DUTREY, S. GUILLOTEAU, E. CHAPILLON, AND J. PETY, Resolving the
inner dust disks surrounding LkCa 15 and MWC 480 at mm wavelengths, A&A, 460 (2006),
pp. L43-L47.

A. M. HUGHES, S. M. ANDREWS, C. ESPAILLAT, ET AL., A Spatially Resolved Inner Hole
in the Disk Around GM Aurigae, ApJ, 698 (2009), pp. 131-142.

S. M. ANDREWS, D. J. WILNER, A. M. HUGHES, C. QI, AND C. P. DULLEMOND, Proto-
planetary Disk Structures in Ophiuchus, ApJ, 700 (2009), pp. 1502—-1523.

K. ZHANG, A. ISELLA, J. M. CARPENTER, AND G. A. BLAKE, Comparison of the Dust
and Gas Radial Structure in the Transition Disk [PZ99] J160421.7-213028, ApJ, 791 (2014),
p. 42.

10



Young Planets Zhaohuan Zhu

[15]

[16]

[17]

[18]

[19]

(20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

S. CASASSUS, G. VAN DER PLAS, S. P. M, ET AL., Flows of gas through a protoplanetary
gap, Nature, 493 (2013), pp. 191-194.

N. VAN DER MAREL, E. F. VAN DISHOECK, S. BRUDERER, ET AL., A Major Asymmetric
Dust Trap in a Transition Disk, Science, 340 (2013), pp. 1199-1202.

L. M. PEREZ, A. ISELLA, J. M. CARPENTER, AND C. J. CHANDLER, Large-scale Asym-
metries in the Transitional Disks of SAO 206462 and SR 21, eapj@ ApJLetters, 783 (2014),
p. L13.

T. MuTO, C. A. GRADY, J. HASHIMOTO, ET AL., Discovery of Small-scale Spiral Struc-
tures in the Disk of SAO 206462 (HD 135344B): Implications for the Physical State of the
Disk from Spiral Density Wave Theory, eapj@ ApJLetters, 748 (2012), p. L22.

A. GARUFI, S. P. QUANZ, H. AVENHAUS, ET AL., Small vs. large dust grains in transitional
disks: do different cavity sizes indicate a planet?. SAO 206462 (HD 135344B) in polarized
light with VLT/NACO, A& A, 560 (2013), p. A105.

L. HARTMANN, N. CALVET, E. GULLBRING, AND P. D’ ALESSIO, Accretion and the Evo-
lution of T Tauri Disks, ApJ, 495 (1998), pp. 385-400.

J. R. NanTA, S. E. STROM, AND J. MUZEROLLE, Demographics of transition objects,
MNRAS, 378 (2007), pp. 369-378.

7Z.7ZHU, R. P. NELSON, L. HARTMANN, C. ESPAILLAT, AND N. CALVET, Transitional and
Pre-transitional Disks: Gap Opening by Multiple Planets?, ApJ, 729 (2011), p. 47.

E. FURLAN, L. HARTMANN, N. CALVET, ET AL., A Survey and Analysis of Spitzer Infrared
Spectrograph Spectra of T Tauri Stars in Taurus, ApJS, 165 (2006), pp. 568—605.

N. CALVET AND E. GULLBRING, The Structure and Emission of the Accretion Shock in T
Tauri Stars, ApJ, 509 (1998), pp. 802-818.

L. INGLEBY, C. ESPAILLAT, N. CALVET, ET AL., Using FUV to IR Variability to Probe the
Star-Disk Connection in the Transitional Disk of GM Aur, ApJ, 805 (2015), p. 149.

P. GOLDREICH AND S. TREMAINE, The excitation of density waves at the Lindblad and
corotation resonances by an external potential, Apl, 233 (1979), pp. 857-871.

D. N. C. LIN AND J. PAPALOIZOU, Tidal torques on accretion discs in binary systems with
extreme mass ratios, MNRAS, 186 (1979), pp. 799-812.

K. D. KANAGAWA, H. TANAKA, T. MUTO, T. TANIGAWA, AND T. TAKEUCHI, Forma-

tion of a disc gap induced by a planet: effect of the deviation from Keplerian disc rotation,
MNRAS, 448 (2015), pp. 994-1006.

P. C. DUFFELL, A Simple Analytical Model for Gaps in Protoplanetary Disks,
eapj @AplJLetters, 807 (2015), p. L11.

11



Young Planets Zhaohuan Zhu

(30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

R. P. NELSON AND J. C. B. PAPALOIZOU, The interaction of a giant planet with a disc
with MHD turbulence - 1. The interaction of the planet with the disc, MNRAS, 339 (2003),
pp- 993-1005.

Z. 7ZHU, J. M. STONE, AND R. R. RAFIKOV, Low-mass Planets in Protoplanetary Disks
with Net Vertical Magnetic Fields: The Planetary Wake and Gap Opening, ApJ, 768 (2013),
p. 143.

E. NAGEL, P. D’ ALESS10, N. CALVET, ET AL., Wall Emission in Circumbinary Disks: the
Case of Coku Tau/4, ApJ, 708 (2010), pp. 38-50.

M. J. IRELAND AND A. L. KRAUS, The Disk Around CoKu Tauri/4: Circumbinary, Not
Transitional, eapj @ ApJLetters, 678 (2008), pp. L59-L62.

P. ARTYMOWICZ AND S. H. LUBOW, Dynamics of binary-disk interaction. 1: Resonances
and disk gap sizes, ApJ, 421 (1994), pp. 651-667.

S. E. DODSON-ROBINSON AND C. SALYK, Transitional Disks as Signposts of Young, Mul-
tiplanet Systems, ApJ, 738 (2011), p. 131.

W. K. M. RICE, P. J. ARMITAGE, K. WOOD, AND G. LODATO, Dust filtration at gap edges:

implications for the spectral energy distributions of discs with embedded planets, MNRAS,
373 (2006), pp. 1619-1626.

S. J. WEIDENSCHILLING, Aerodynamics of solid bodies in the solar nebula, MNRAS, 180
(1977), pp. 57-70.

S.-J. PAARDEKOOPER AND G. MELLEMA, Dust flow in gas disks in the presence of embed-
ded planets, A&A, 453 (2006), pp. 1129-1140.

L. FOUCHET, S. T. MADDISON, J.-F. GONZALEZ, AND J. R. MURRAY, The effect of a
planet on the dust distribution in a 3D protoplanetary disk, A&A, 474 (2007), pp. 1037-
1047.

Z.7HU, R. P. NELSON, R. DONG, C. ESPAILLAT, AND L. HARTMANN, Dust Filtration by
Planet-induced Gap Edges: Implications for Transitional Disks, ApJ, 755 (2012), p. 6.

R. DONG, R. RAFIKOV, Z. ZHU, ET AL., The Missing Cavities in the SEEDS Polarized

Scattered Light Images of Transitional Protoplanetary Disks: A Generic Disk Model, Apl,
750 (2012), p. 161.

A. CARMONA, C. PINTE, W. F. THI, ET AL., Constraining the structure of the transition
disk HD 135344B (SAO 206462) by simultaneous modeling of multiwavelength gas and dust
observations, A&A, 567 (2014), p. A51.

M. KAamMA, C. P. FOLSOM, AND P. PINILLA, Fingerprints of giant planets in the photo-
spheres of Herbig stars, A&A, 582 (2015), p. L10.

12



Young Planets Zhaohuan Zhu

[44] P. PINILLA, M. BENISTY, AND T. BIRNSTIEL, Ring shaped dust accumulation in transition
disks, A&A, 545 (2012), p. A81.

[45] J. E. OWEN, Accreting Planets as Dust Dams in “Transition” Disks, ApJ, 789 (2014), p. 59.

[46] P. BARGE AND J. SOMMERIA, Did planet formation begin inside persistent gaseous vor-
tices?, A&A, 295 (1995), pp. L1-L4.

[47] P. TANGA, A. BABIANO, B. DUBRULLE, AND A. PROVENZALE, Forming Planetesimals in
Vortices, Icarus, 121 (1996), pp. 158-170.

[48] N. J. TURNER, S. FROMANG, C. GAMMIE, ET AL., Transport and Accretion in Planet-
Forming Disks, Protostars and Planets VI, (2014), pp. 411-432.

[49] J. C. B. PAPALOIZOU AND J. E. PRINGLE, The dynamical stability of differentially rotating
discs with constant specific angular momentum, MNRAS, 208 (1984), pp. 721-750.

[50] R. V. E. LOVELACE, H. LI, S. A. COLGATE, AND A. F. NELSON, Rossby Wave Instability
of Keplerian Accretion Disks, ApJ, 513 (1999), pp. 805-810.

[51] J. KOLLER, H. LI, AND D. N. C. LIN, Vortices in the Co-orbital Region of an Embedded
Protoplanet, eapj @ ApJLetters, 596 (2003), pp. L91-1.94.

[52] H. L1, S. L1, J. KOLLER, ET AL., Potential Vorticity Evolution of a Protoplanetary Disk with
an Embedded Protoplanet, ApJ, 624 (2005), pp. 1003—-1009.

[53] M.-K. LIN AND J. C. B. PAPALOIZOU, Type III migration in a low-viscosity disc, MNRAS,
405 (2010), pp. 1473-1490.

[54] H. MEHEUT, F. CASSE, P. VARNIERE, AND M. TAGGER, Rossby wave instability and three-
dimensional vortices in accretion disks, A&A, 516 (2010), p. A31.

[55] A.LoBO GOMES, H. KLAHR, A.L. URIBE, P. PINILLA, AND C. SURVILLE, Vortex Forma-
tion and Evolution in Planet Harboring Disks Under Thermal Relaxation, ApJ, 810 (2015),
p. 94.

[56] H. MEHEUT, Z. MELIANI, P. VARNIERE, AND W. BENZ, Dust-trapping Rossby vortices in
protoplanetary disks, A&A, 545 (2012), p. A134.

[57] Z. ZHU, J. M. STONE, R. R. RAFIKOV, AND X.-N. BAI, Particle Concentration at Planet-
induced Gap Edges and Vortices. 1. Inviscid Three-dimensional Hydro Disks, ApJ, 785 (2014),
p- 122.

[58] M. DE VAL-BORRO, P. ARTYMOWICZ, G. D’ ANGELO, AND A. PEPLINSKI, Vortex gener-
ation in protoplanetary disks with an embedded giant planet, A&A, 471 (2007), pp. 1043—
1055.

[59] W. Fu, H. LI, S. LuBOW, AND S. L1, Long-term Evolution of Planet-induced Vortices in
Protoplanetary Disks, eapj @ ApJLetters, 788 (2014), p. L41.

13



Young Planets Zhaohuan Zhu

[60] W.LYRA AND H. KLAHR, The baroclinic instability in the context of layered accretion. Self-
sustained vortices and their magnetic stability in local compressible unstratified models of
protoplanetary disks, A&A, 527 (2011), p. A138.

[61] Z. ZHU AND J. M. STONE, Dust Trapping by Vortices in Transitional Disks: Evidence for
Non-ideal Magnetohydrodynamic Effects in Protoplanetary Disks, ApJ, 795 (2014), p. 53.

[62] A.JOHANSEN, A. C. ANDERSEN, AND A. BRANDENBURG, Simulations of dust-trapping
vortices in protoplanetary discs, A&A, 417 (2004), pp. 361-374.

[63] W. Fu, H. L1, S. LuBOow, S. L1, AND E. LIANG, Effects of Dust Feedback on Vortices in
Protoplanetary Disks, eapj @ ApJLetters, 795 (2014), p. L39.

[64] N. RAETTIG, H. KLAHR, AND W. LYRA, Particle Trapping and Streaming Instability in
Vortices in Protoplanetary Disks, ApJ, 804 (2015), p. 35.

[65] I. CRNKOVIC-RUBSAMEN, Z. ZHU, AND J. M. STONE, Survival and structure of dusty
vortices in protoplanetary discs, MNRAS, 450 (2015), pp. 4285-4291.

[66] Z.ZHU AND C. BARUTEAU, Gas and dust hydrodynamical simulations of massive lopsided
transition discs - 1. Gas distribution, ArXiv e-prints, (2015).

[67] C. BARUTEAU AND Z. ZHU, Gas and dust hydrodynamical simulations of massive lopsided
transition discs - 1I. Dust concentration, ArXiv e-prints, (2015).

[68] S. CAsAssuUs, C. M. WRIGHT, S. MARINO, ET AL., A Compact Concentration of Large
Grains in the HD 142527 Protoplanetary Dust Trap, ApJ, 812 (2015), p. 126.

[69] P. PINILLA, N. VAN DER MAREL, L. M. PEREZ, ET AL., Testing particle trapping in tran-
sition disks with ALMA, A&A, 584 (2015), p. Al6.

[70] C. A. GRADY, T. MUTO, J. HASHIMOTO, ET AL., Spiral Arms in the Asymmetrically Illu-
minated Disk of MWC 758 and Constraints on Giant Planets, ApJ, 762 (2013), p. 48.

[71] M. BENISTY, A. JUHASZ, A. BOCCALETTI, ET AL., Asymmetric features in the protoplan-
etary disk MWC 758, A&A, 578 (2015), p. L6.

[72] A.JUHASZ, M. BENISTY, A. POHL, ET AL., Spiral arms in scattered light images of proto-
planetary discs: are they the signposts of planets?, MNRAS, 451 (2015), pp. 1147-1157.

[73] Z. ZHu, R. DONG, J. M. STONE, AND R. R. RAFIKOV, The Structure of Spiral Shocks
Excited by Planetary-mass Companions, ApJ, 813 (2015), p. 88.

[74] R. DONG, Z. ZHU, R. R. RAFIKOV, AND J. M. STONE, Observational Signatures of Planets

in Protoplanetary Disks: Spiral Arms Observed in Scattered Light Imaging Can Be Induced
by Planets, eapj@ ApJLetters, 809 (2015), p. LS.

[75] J. GOODMAN AND R. R. RAFIKOV, Planetary Torques as the Viscosity of Protoplanetary
Disks, ApJ, 552 (2001), pp. 793-802.

14



Young Planets Zhaohuan Zhu

[76] R. R. RAFIKOV, Nonlinear Propagation of Planet-generated Tidal Waves, AplJ, 569 (2002),
pp- 997-1008.

[77] A.J. W. RICHERT, W. LYRA, A. BOLEY, M.-M. MAC LOwW, AND N. TURNER, On Shocks
Driven by High-mass Planets in Radiatively Inefficient Disks. I. Two-dimensional Global Disk
Simulations, ApJ, 804 (2015), p. 95.

[78] W. LYRA, A. J. W. RICHERT, A. BOLEY, ET AL., On shocks driven by high-mass planets

in radiatively inefficient disks. Il. Three-dimensional global disk simulations, ArXiv e-prints,
(2015).

[79] J. FUNG AND R. DONG, Inferring Planet Mass from Spiral Structures in Protoplanetary
Disks, eapj@ ApJLetters, 815 (2015), p. L21.

[80] R. V. E. LOVELACE, K. R. COVEY, AND J. P. LLOYD, Possible Signatures of Magneto-
spheric Accretion onto Young Giant Planets, AJ, 141 (2011), p. 51.

[81] S. SALLUM, K. B. FOLLETTE, J. A. EISNER, ET AL., Accreting protoplanets in the LkCa
15 transition disk, Nature, 527 (2015), pp. 342-344.

[82] M. REGGIANI, S. P. QUANZ, M. R. MEYER, ET AL., Discovery of a Companion Can-
didate in the HD 169142 Transition Disk and the Possibility of Multiple Planet Formation,
eapj@AplLetters, 792 (2014), p. L23.

[83] S. P. QUANZ, A. AMARA, M. R. MEYER, ET AL., Confirmation and Characterization of
the Protoplanet HD 100546b - Direct Evidence for Gas Giant Planet Formation at 50 AU,
ApJ, 807 (2015), p. 64.

[84] T. CURRIE, R. CLOUTIER, S. BRITTAIN, ET AL., Resolving the HD 100546 Protoplanetary

System with the Gemini Planet Imager: Evidence for Multiple Forming, Accreting Planets,
eapj @AplJLetters, 814 (2015), p. L27.

[85] D. S. SPIEGEL AND A. BURROWS, Spectral and Photometric Diagnostics of Giant Planet
Formation Scenarios, ApJ, 745 (2012), p. 174.

[86] A.ISELLA, C.J. CHANDLER, J. M. CARPENTER, L. M. PEREZ, AND L. RICCI, Searching
for Circumplanetary Disks around LkCa 15, ApJ, 788 (2014), p. 129.

[87] S. PEREZ, A. DUNHILL, S. CASASSUS, ET AL., Planet Formation Signposts: Observability
of Circumplanetary Disks via Gas Kinematics, eapj@ ApJLetters, 811 (2015), p. LS.

[88] L. I. CLEEVES, E. A. BERGIN, AND T. J. HARRIES, Indirect Detection of Forming Proto-
planets via Chemical Asymmetries in Disks, ApJ, 807 (2015), p. 2.

15



