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Transitional disks are objects whose inner disk regionsehamdergone substantial
clearing. TheSpitzer Space Telescopeoduced detailed spectral energy distributions (SEDs)
of transitional disks that allowed us to infer their radialstl disk structure in some detalil,
revealing the diversity of this class of disks. The growirgngle of transitional disks also
opened up the possibility of demographic studies, whiclviges unique insights. There now
exist (sub)millimeter and infrared images that confirm thespnce of large clearings of dust
in transitional disks. In addition, protoplanet candidatave been detected within some of
these clearings. Transitional disks are thought to be agtliok to planet formation around
young stars and are a key area to study if further progressbe tmade on understanding the
initial stages of planet formation. Here we provide a revaavd synthesis of transitional disk
observations to date with the aim of providing timely direntto the field, which is about to
undergo its next burst of growth as ALMA reaches its full pai@l. We discuss what we have
learned about transitional disks from SEDs, color-colagdams, and imaging in the (sub)mm
and infrared. We note the limitations of these techniquestqularly with respect to the sizes
of the clearings currently detectable, and highlight thechfor pairing broad-band SEDs with
multi-wavelength images to paint a more detailed picturerafsitional disk structure. We
review the gas in transitional disks, keeping in mind thatife observations with ALMA will
give us unprecedented access to gas in disks, and also ebdsaftared variability pointing
to variable transitional disk structure, which may have liogtions for disks in general. We
then distill the observations into constraints for the m@isk clearing mechanisms proposed
to date (i.e., photoevaporation, grain growth, and congr@)iand explore how the expected
observational signatures from these mechanisms, partiguplanet-induced disk clearing,
compare to actual observations. Lastly, we discuss futeeaiges of inquiry to be pursued with
ALMA, JWST, and next generation of ground-based telescopes
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1. INTRODUCTION The distinct SEDs of (pre-)transitional disks have lead
many researchers to conclude that these objects are being

. _ ht i i tant ph in disk lution. O -
Disks around young stars are thought to be the sites g:)fluQ N an IMportary: pnase in disx evalution. ~ne pos

lanet f i H i ist bility is that these disks are forming planets given that
planet formation. HOWEVEr, many questions exist Conceriyyq 5 a4 gisk regions are predicted by theoretical planet fo

ing how the gas and dust in the disk evolve into a pIanetar[;(]atiOn models (e.gPaardekooper and Mellen2004:Zhu

system. Observations of T Tauri stars (TTS) may provid t al.2011;Dodson-Robinson and Salgk11). Potentially

'Sr:;?l)gnhéls(;?;Est?eﬁqueu;;;%gsi’nir::;:#;sa?tte(ﬁg;si’nt?;strragupporting this, there exist observational reports ofg@rot
' o . _ lanet candidates i -)t itional disks (e.g., L&
gard. The unusual SEDs of transitional disks (which featurp anet candidates in (pre-Jtransitional disks (€.g Sa

irared deficit indicate that thev h d Cha; Kraus et al.2011; Huélamo et al.2011). Stellar
infrared excess detict s) may indicate that they have deve ompanions can also clear the inner digktymowicz and
oped significant radial structure.

L : L . Lubow 1994) but tars harbori )t itional
Transitional disk SEDs were first identified t8trom LDOW ) but many stars harboring (pre-)transitiona

) . . disks are single starKfaus et al.2011). Even if com-
et al. (1989); Skrutskie et al(1990) from near-infrared éaanions are not responsible for the clearings seen in all

(NIR) ground-based photomeiry and IRAS mid-inirare pre-)transitional disks, these objects still have theptal

(MIR) m?::ometry. Tr;efe_syitem? e.):jh'b'tzdf STSHF,TIIQ o inform our understanding of how disks dissipate, primar-
and/or * excesses, but significant mid-and far- .( )ily by providing constraints for disk clearing models invel
excesses indicating that tlestdistribution of these disks in photoevaporation and grain growth

had an inner hole (i.e., a region that is mostly devoid o In this chapter, we will review the key observational con-

stmall _IO_I;:St grains frgrS]at:ﬁdmsgggekdown 0 tthe c_e;_ntra:cl straints on the dust and gas properties of (pre-)transition
star). They proposed that these disks were in transition "Odisks and examine these in the context of theoretical disk

Otbjl(TCts W';h opupallyglhlck ?I'Sk;. th?t etxter:)q mtwar?] to tf:ﬁclearing mechanisms. 162, we look at SEDs § 2.1)
Z_eka;]r su(;_ac_e ('t'ed’ . ascs:| 0 IJI(Iele') (: objec sglv €& Tys well as (sub)mmg(2.2) and IR § 2.3) imaging. We
s:JSIt ofasson;SeSIppr?aie ((IJ.feb’IanitS?ormoatjiE(r:l S?A’ ?g;s;egrgﬁgeralso review IR variability in (pre-)transitional disks 2.4)
Marsh and Mahone{1992, 1993) proposed that such tran and gas observation§ @.5). In§3, we wm the obser-

. ) . ! : vations from§2 into constraints for the main disk clear-
sitional disk SEDs were consistent with the expectatlonsfqng mechanisms proposed to date (i.e., photoevaporation

a disk subject to tidal effects exerted by companions, Eith%rain growth, and companions) and discuss these mecha-

stars or planets. nisms in light of these constraints. §4, we examine the

More detailed studies of transitional disks became posstﬂ'emographics of (pre-)transitional disks (i.e., frequesc

ble as increasingly sophisticated instruments becamé ava“mescales, disk masses, accretion rates, stellar pieggrt
able. The spectrographs on bo#é@were able to study the in the context of disk clearing and b we conclude with

brightest stars anBouwman et al(2003) inferred a large o L
hole in the disk of the Herbig A@e star HD 100546 based possibilities for future work in this field.
on its SED. Usage of the term “transitional disk” gained

substantial momentum in the literature after #8pitzer > oyvERVIEW OF OBSERVATIONS

Space Telescope(Werner et al.2004) Infrared Spectro-

graph (IRS;Houck et al.2004) was used to study disks

with inner holes (e.g.D’Alessio et al.2005; Calvet et al. In the two decades followin§trom et al(1989)'s iden-
2005). Spitzeralso detected disks with an annular “gap’tification of the first transitional disks using NIR and MIR
within the disk as opposed to holes (eBrown et al.2007; photometry, modeling of the SEDs of these disks, enabled
Espaillat et al.2007). In this review, we use the tetman-  largely by SpitzerIRS, inferred the presence of holes and
sitional diskto refer to an object with an inner disk hole gaps that span several A4 @.1). Many of these cavi-
andpre-transitional diskio refer to a disk with a gap. For ties were confirmed by (sub)mm interferometric imaging
many (pre-)transitional disks, the inward truncation af th (§ 2.2) and IR polarimetric and interferometri¢ 2.3) im-
outer dust disk has been confirmed, predominantly throug#ges. Later on, MIR variability was detected which pointed
(sub)millimeter interferometric imaging (e.¢dughes et al. to structural changes in these disk2(4). While there are
2007;Brown et al.2008;Hughes et al2009;Brown et al. not currently as many constraints on the gas in the disk as
2009; Andrews et al2009; Isella et al. 2010b; Andrews  there are for the dust, it is apparent that the nature of gas
et al. 2011b). We note that (sub)mm imaging is not curin the inner regions of (pre-)transitional disks differsrfr
rently capable of distinguishing between a hole or gap iather disks§ 2.5). These observational results have signifi-
the disk (i.e., it can only detect a generic region of clegrincant implications for our understanding of planet formatio
or a “cavity” in the disk). Also, it has not yet been con-and we review them in the following sections.

firmed if these clearings detected in the dust disk are ptesen

in the gas disk as well. The combination of these dust cav2.1 Spectral Energy Distributions

ities with the presence of continuing gas accretion onto the

central star is a challenge to theories of disk clearing.
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Fig. 1.—SEDs of an evolved disk (top; RECX 1hgleby etal. gas accretion (in the ultraviolet; see PPIV review®gl-
2011), a pre-transitional disk (middle; LkCa 1Bspaillat et al.  vet et al.2000), the stellar photosphere (typicalil xm in
2007), and a transitional disk (bottom; GM AuCalvet et al. TTS), and the dust in the disk (in the IR and longer wave-
2005). The stars are all K3-K5 and the fluxes have been cedect|engths). However, SEDs are not spatially resolved and this
for reddenning and scaled to the stellar photosphere @@~ nformation must be supplemented by imaging, ideally at
dashed I!ne) for con_1parison. Relative to the Tayrus mediaor(- _manywavelengths (sé&.2—2.3). Here we review what has
dashed lineD’Alessio et al.1999), an evolved disk has less emis-paen learned from studying the SEDs of (pre-)transitional

sion at all wavelengths, a pre-transitional disk has a MIRcde . . . .
(5—20um, ignoring the 1Qum silicate emission feature), but com- disks, particularly usingpitzenRS, IRAC, and MIPS.

parable emission in the NIR (1+8m) and at longer wavelengths, o
and a transitional disk has a deficit of emission in the NIR andED classification

MIR with comparable emission at longer wavelengths. A popular method of identifying transitional disks is to
compare individual SEDs to the median SED of disks in the

SEDs are a powerful tool in disk studies as they pro'_l'aurus star-forming region (Fig. 1, dashed line in panels).

vide information over a wide range of wavelengths, trac] Ne median Taurus SED is typically taken as representative

ing different emission mechanisms and material at differef?! @n optically thick full disk (i.e., a disk with no signifi-

stellocentric radii. In a SED, one can see the signatures 61t radial discontinuities in its dust distribution). TRER
emission (1-5um) seen in the SEDs of full disks is dom-



inated by the “wall” or inner edge of the dust disk. Thisdisks in this review for completeness, but focus on disks
wall is located where there is a sharp change at the radiuswith more robust evidence for disk holes and gaps.

which the dust destruction temperature is reached and dust

sublimates. TTS in Taurus have NIR excess emission whidlodel fitting

can be fit by blackbodies with temperatures within the ob- Detailed modeling of many of the above-mentioned

SK?rerodnL?Q?:ncg Sﬂlflslgiuggg]:;ggzt)e Tn%?;?nresté;??hoe_éog%Ds has been performed in order to infer the structure of
’ ' 9 these disks. SEDs of transitional disks (i.e., objects litith

is optically thick material located at the dust destructian tle or no NIR and MIR emission) have been fit with models

dius in full disks Muzerolle et al2003). Roughly, the MIR . . . . .
N : .. of inwardly truncated optically thick disks (e.@jce et al.
emission in the SED traces the inner tens of AU in disk 003:Calvet et al.2002). The inner edge or “wall’ of the

2?31:'2;:?0” atlonger wavelengths comes from outer ra duter disk is frontally illuminated by the star, dominating

The SEDs of transitional disks are characterized by NI ostof the emission seen in the IRS s_pectrur_n_, partic_ularly
(1-5sm) and MIR emission (5-20m) similar to that of a rom ~20-30um. Some of the holes in transitional disks

. . re relatively dust-free (e.g., DM Tau) while SED model
stellar photosphere, while having excesses at waveleng itting indicates that others with stron Lén silicate emis-
~20 pm and beyond comparable to the Taurus median 9 9

(Fig. 1, bottomCalvet et al2005). From this we can infer sion have a small amount of optically thin dust within their
that the small, hot dust that typically emits at these wav disk holes to explain this feature (.g., GM AGalvet et al.

lengths in full disks has been removed and that there isezé)OS)' Be)_/ondv40um, transitional (.j'SkS have a conf[r_|bu-
. . . . tion to their SEDs from the outer disk. In pre-transitional
large hole in the inner disk, larger than can be explained b

dust sublimation (Fig. 2, bottom). Large clearings of dus isks, t_he observed SED can b.e fit Wit.h an optically thick
in the submm regime he’we been identified in disks charats o disk separated by an optically thin gap from an op-

ﬁéally thick outer disk (e.g.Brown et al.2007;Espaillat
terized by this type of SE%(2.2; e.g.Hughes et al2009; . o . | .
Brown et al.2009; Andrews et al2011b). confirming the et al.2007;Mulders et al2010;Dong et al.2012). There is

SED interpretation. We note that disks with holes have als%n inner wall located at the dust sublimation radius which

been referred to as cold diskBrown et al.2007) or weak ominates the NIR (2—pm) emission and should cast a

excess transitional diskdl(zerolle et al.2010), but here Shﬁdow on thg outer.d|sk (sge2.4). .'.” a fevx_/ cases, the
b o A optically thick inner disk of pre-transitional disks hashe
we use the term “transitional disks.

A subset of disks with evidence of clearing in the submrr(1:OnflrmeOI using NIR spectregpaillat et al. 2010) fol-

o . : lowing the methods oMuzerolle et al.(2003). Like the

show significant NIR excesses relative to their stellar phq-_ ~ ~. : . . :
. . ransitional disks, there is evidence for relatively dinee
tospheres, in some cases comparable to the median Taurus

SED, but still exhibit MIR dips and substantial excesse aps (€., UX Tau A) as well as gaps with some small, op-

beyond~20 um (Fig. 1, middle). This NIR excess is Ically thin dust to explain strong 10m silicate emission

blackbody-like with temperatures expected for the suinma{cealtures (e.g., LkCa 1% spaillat et al.2007). The SEDs

tion of silicates Espaillat et al.2008b), similar to the NIR Zf E\illglrvg':ja(ljlzl(()slf)an greti(f;ﬁl\évrllth ILUUVEEE $gddelftl(?sh?/-er
excesses in full disks discussed earlier. This similarit}-i 9 ' P y y

cates that these disks still have optically thick matelizse settled towards the midplane (_e.EspaHIatlet a!.2012). .
. L . There are many degeneraciesto keep in mind when inter-
to the star, possibly a remnant of the original inner diskl, an

. " .preting SED-based results. First, there is a limit to the gap
these gapped disks have been dubbed pre-transitional didks ;
(Espaillat et al.2007), cold disksBrown et al.2007), or sizes that can be detected wilipitzerlRS. Over 8% of

warm transitional disksMuzerolle et al.2010). Here we the emission at 1im comes from within 1 AU in the disk
adopt the term “pre-transitional disks” for these objetts. (e.g.,DAlessio et al 2006). ThereforeSpitzerRS is most

) . sensitive to clearings in which a significant amount of dust
Table 1 we summarize some of properties of many of thle - L
. ) Ocated at radik1 AU has been removed, and so it will be
well-known (pre-)transitional disks. easier to detect disks with holes (i.e., transitional Jisles
We note that some SEDs have emission that decreases Y

steadily at all wavelengths (Fig. 1, top). These disks have posed to disks with gaps (i.e., pre-transitional diskap

been called a variety of names: anentiada et al.2006) smallest gap in the innermost disk that will cause a notice-
homologously depleteddurrie and Sicilia-Aguilar2011), able *dip” in theSpitzerspectrum would spa0.3-4 AU.

evolved Hernandez et al2007b, 2008, 2010), weak ex- gr‘”‘i’s“'(f'u?;(;’sgﬁ ‘i‘fj\'ﬁu('teto dzte‘; gsap;n"r‘w’ihnosg_'qge/ig?r‘]‘?ﬁé
cess transitionNluzerolle et al.2010). Here we adopt the y 9., agapsp 9

terminology “evolved disk” for this type of object. SOmedlsk; Espaillat et al.2010). Therefore, with current data we

researchers include these objects in the transitional di%ﬁmmt exclude that any disk currently thought to be a full

class. However, these likely comprise a heterogenous cl s's?k contains a small gap nor can we exclude that currently
i y y b 9 Rhown (pre-)transitional disks have additional cleariatjs

of disks, including cleared inner disks, debris disks (Selearger radii (e.g.Debes et al2013). It will be largely up to

c_hapt_er in this vqu_me bjiatthews et _a), and_dlsks with ALMA and the next generation of IR interferometers to de-
significant dust grain growth and settling. This has been an

issue in defining this subset of objects. We include evolve((leCt such small disk gaps (e.ge Juan Ovelar et al013).



TABLE 1
OVERVIEW OF SELECTED (PRE-)TRANSITIONAL DISKS

Object Clas$ Submm Cavity NIR Cavity 0.1 M Companion Accretion Rate Referentes
Radius (AU) detected? Detection Limit Me yr™)
AB Aur PTD 70 6 AU 1.%10°7 1, 25,38
CoKu Tay/4 D binary <1071 26, 39
DM Tau D 19 6 AU 2.%107° 2,25, 40
GM Aur TD 28 yes 6 AU 9.610°° 2,11, 25, 40
HD 100546 PTD yes 5:910~8 12,41
HD 141569 PTD yes 7:410°° 13,38
HD 142527 PTD 140 yes binaty 9.5x10°8 3,14, 27,38
HD 169142 PTD yes 9x1107° 15, 38
IRS 48 > 60 8 AU 4.0<10°° 4,28, 38
LkCa 15 PTD 50 yes 6 AU 3:4107°° 2,16, 25, 40
MWC 758 PTD 73 28 AU 45108 2,29,38
PDS 70 PTD yes 6 AU <1010 17, 30, 42
RXJ1604-2130  TD 70 yes 6 AU <1010 5,18, 31
RXJ1615-3255  TD 30 no 8 AU 410710 2,19, 33,43
RX J1633-2442  TD 25 6 AU 1,310 10 6, 25, 44
RY Tau PTD 14 6 AU 6.4-9:410°8 7,25, 45
SAO 206462 PTD 46 25 AU 451077 2,32,38
SR 21 D 36 no 8 AU <1.4x107° 2,20, 33,46
SR24S PTD 29 8 AU 741078 2,33,46
Sz 91 TD 65 yes 25 AU 1,410°° 8,21,34
TW Hya D 4 no 3AU 1.&107° 9,22, 35, 40
UX Tau A PTD 25 6 AU 1.%x10°° 2,25, 40, 47
V4046 Sgr D 29 binary 5.0x107° 10, 36, 48
DoAr 44 PTD 30 no 8 AU 3.%107° 2,23,33,38
LkH,, 330 PTD 63 no 8 AU 2.210°8 2,24,33,38
WSB 60 PTD 15 25 AU 3.%107° 2,37,46

*We classify objects as either a pre-transitional disk (P@iCtjansitional disk (TD).

PSubmm cavity radii are from (1piétu et al.(2005); (2) Andrews et al(2011b); (3)Casassus et a(2012); (4)
Bruderer et al.(2014); (5)Mathews et al(2012); (6)Cieza et al(2012); (7)Isella et al.(2010a); (8)Tsukagoshi et al.
(2013); (9)Hughes et al(2007); (1L0)Rosenfeld et al2013). NIR cavities are from (1Hashimoto et al.in prep.; (12)
Tatulli et al. (2011); (13)Weinberger et al(1999); (14)Avenhaus et a{2014); (15)Quanz et al(2013b); (16)Thalmann
et al. (2010); (17)Hashimoto et al(2012); (18)Mayama et al(2012); (19)Kooistra et al, in prep.; (20)Follette et al.
(2013); (21)Tsukagoshi et a(2013); (22)Akiyama et al.in prep.; (23)Kuzuhara et al.in prep.; (24)Bonnefoy et al.in
prep. Companion detection limits are from (6); (B8aus et al.(2011); (26)lreland and Kraug2008); (27)Biller et al.
(2012); (28)Lacour et al, in prep.; (29)Grady et al.(2013); (30)Kenworthy et al.in prep.; (31)Kraus et al.(2008);
(32) Vicente et al(2011); (33)Ireland et al, in prep.; (34)Romero et al(2012); (35)Evans et al(2012); (36)Stempels
and Gahm(2004); (37)Ratzka et al(2005). Accretion rates are from (5); (38alyk et al(2013); (39)Cohen and Kuhi
(1979); (40)Ingleby et al.(2013); (41)Pogodin et al(2012); (42)Dong et al.(2012); (43)Krautter et al.(1997); (44)
Cieza et al(2010); (45)Calvet et al.(2004); (46)Natta et al.(2006); (47)Alcala et al.(2014); (48)Donati et al.(2011).

“The classification of IRS 48 as a TD or PTD is uncertain due thegnce of strong PAH emission in this object.

4The CoKu Tay4 binary has a separation of 8 AU, which is within the rangeeshismajor axes required by tidal
interaction theory to explain the 14 AU SED-inferred inn&skdhole of this objectNagel et al.2010). A binary system
with an eccentricity of 0.8 can clear out a region 3.5 timessbmi-major axis (e.gArtymowicz and Lubow994).

°The HD 142527 binary is separated by 13 AU. This is not largaugh to explain the disk gap. Note tHaasassus
et al. (2013) have disputed the presence of a companion, but reesiits fromClose et al(2014) may confirm it.

fThe V4046 Sgr binary has a separation of 0.045 AU, too smatldar out the disk holeRosenfeld et al(2013)
provide an aperture masking companion limit that suggéstetare no 0.1 ¥ companions down to 3 AU.



Hernandez et al.2007a, 2008, 2010Werin et al. 2010;

Muzerolle et al.2010; Luhman et al.2010;Williams and

. o oni Cieza2011;Luhman and MamajeR012). Color-color dia-

0  oroBe ] grams are limited in their ability to identify pre-transitial

e Lt o Ori 0Bla ] disks because their fluxes in the NIR are comparable to

1 many other disks in Taurus. IRS data can do a better job of

identifying pre-transitional disks using the equivaledt

of the 10pm feature or the NIR spectral index (e.gz,9)

7 versus the MIR spectral index (e.g43hs; Furlan et al.

1 2011;McClure et al.2010;Manoj et al.2011). Evolved

disks are easier to identify in color-color diagrams since

they show excesses over their stellar photospheres that are
g .W,ngcwa;ﬁ”; ] consistently lower than most disks in Taurus, both in the

*.. Evolved » M aue  Tramsitional 7 nearandmid-IR.

AN UL Disks 1 In the future, JWSTs sensitivity will allow us to ex-

;‘Z et couTaus 1 pand Spitzels SED and color-color work to many more

% %

e B e B e e e e e L
e Taurus

Slope K-[5.8]

—2

/ : ] disks, particularly to fainter objects in older and fartkiar-
T D S forming regions, greatly increasing the known number of
Slope K—{24] transitional, pre-transitional, and evolved disks. Upeom
_ ing high-resolution imaging surveys with (sub)mm facili-
Fig. 3.—Spitzercolor-color diagram of objects in different asso- ties in the near-future (i.e., ALMA) and IR interferometers
ciations and clusters. Observations are shown for popuisitof further in the future (i.e., VLTMATISSE) will give us a

different ages: Taurus, 1-2 Mytghman et al2010); Ori, 3 Myr . i . .
(Hernandez et al2007a); Ori OB1b, 7 Myr: Ori OB1a, 10 Myr b_etter un_derstandlng of the small-scale spatial strusture
disks which SEDs cannot access.

(Hernandez et aR007b). The hatched region corresponds to stel
lar photospheric colors. The error bars represent the meadid . ] ) )
quartiles of Taurus objects (i.e., where most full diskseqected 2.2 Submillimeter /Radio Continuum Imaging
to lie). Well characterized transitional disks (GM Aur, QoK
Tau/4, CVS0224;Espaillat et al.2008a) and pre-transitional ~ The dust continuum at (sub)millimejeadio wave-
disks (LkCa 15, UX Tau) are indicated with asterisks. The dotlengths is an ideal probe of cool material in disks. At these
ted lines correspond to the lower quartile of disk emissiomi  wavelengths, dust emission dominates over the contribu-
Ori, and roughly separate the evolved disks (lower lefihfie  tion from the stellar photosphere, ensuring that contrast
transitional disks (lower right). Note that the pre-traiosial disks  |mjtations are not an issue. Moreover, interferometevs gi
do not lie below the dotted line, highlighting that it is herdo 5. asq 1 the emission structure on a wide range of spa-
identify disk gaps based on colors alone. Figure adaptet fro,. - - .
Hemandez et a2007b). tial scales, and will soon provide angu_lar resolut_lon_ that
regularly exceeds 100mas. The continuum emission at
these long wavelengths is also thought to have relatively
One should also keep in mind that millimeter data are nedew optical depths, meaning the emission morphology is
essary to break the degeneracy between dust settling asghsitive to the density distribution of mm and cm-sized
disk mass (se&spaillat et al.2012). Also, the opacity of grains Beckwith et al.1990). These features are espe-
the disk is controlled by dust and in any sophisticated disgially useful for observing the dust-depleted inner region
model the largest uncertainty lies in the adopted dust opagf (pre-)transitional disks, as will be illustrated in thel-f
ities. We will return to disk model limitations i 2.2. lowing subsections.

Implications for color-color diagrams (Sub)mm disk cavities

Another method of identifying transitional disks is With sufficient resolution, the (sub)mm dust emission
through color-color diagrams (Fig. 3). This method grewirom disks with cavities exhibits a “ring”-like morphology
in usage as mor&pitzerIRAC and MIPS data became with limb-brightened ansae along the major axis for pro-
available and (pre-)transitional disks well charactating jected viewing geometries. In terms of the actual measured
SpitzerlRS spectra could be used to define the parametguantity, the interferometric visibilities, there is a tifis-
space populated by these objects. In these diagrams, tréime oscillation pattern (effectively a Bessel functiorf)eve
sitional disks are distinct from other disks since they havthe first “null” is a direct measure of the cavity dimensions
NIR colors or slopes (generally taken between two IRAGseeHughes et al2007).
bands, or K and an IRAC band) significantly closer to stel- As of this writing, roughly two dozen disk cavities have
lar photospheres than other disks in Taurus, but MIR coloigeen directly resolved at (sub)mm wavelengths. A gallery
(generally taken between K or one IRAC band and MIP$f representative continuum images, primarily from obser-
[24]) comparable or higher than other disks in Taurus (e.gvations with the Submillimeter Array (SMA), is shown in



RX J1604 MWC 758

SAO 206462 DoAr 44 LkCa 15 LkHa 330

RX J1615

Fig. 4.—A gallery of 880um dust continuum images from the Submillimeter Array foe(pransitional disks in nearby star-forming
regions. From left to right, the panels show the disks ardrKd1604.3-2130 (Mathews et al2012), MWC 758 [sella et al.2010b),
SAO 206462 Brown et al.2009), DoAr 44 Andrews et al2009), GM Aur Hughes et al2009), LkCa 15Andrews et al2011b), LkHx
330 Brown et al.2008), RX J1615.3 3255 Andrews et al2011b), RX J1633.92442 Cieza et al2012), V4046 SgrRosenfeld et al.
2013), SR 21Brown et al.2009), SR 24 SAndrews et al2010), UX Tau A Andrews et al2011b), and WSB 604ndrews et al2009).

A projected 30 AU scale bar is shown in blue at the lower rigither of each panel.

RX J1633

Fig. 4. For the most part, these discoveries have been hahpe resolved images have a limited dynamic range and can
hazard: some disks were specifically targeted based on theirly constrain an intensity drop by a factad00. Second,
infrared SEDs { 2.1; e.g.Brown et al.2009), while others and related, is that the “sharpness” of the cavity edge is
were found serendipitously in high resolution imaging surunclear. The most popular model prescription implicitly
veys aimed at constraining the radial distributions of dustposes a discontinuity, but the data only directly indicat
densities (e.gAndrews et al2009). that the densities substantially decrease over a narrow ra-
Perhaps the most remarkable aspect of these searchésd range (a fraction of the still-coarse spatial resoloii
is the frequency of dust-depleted disk cavities at (sub)mm10 AU). Alternative models with a smoother taper at the
wavelengths, especially considering that the imaging ceravity edge can explain the data equally well in many cases
sus of all disks has so far been severely restricted by bofh.g.,Isella et al.2010b, 2012Andrews et al2011a), and
sensitivity and resolution limitations. In the nearest-sta might alleviate some of the tension with IR scattered light
forming regions accessible to the northern hemispheraeasurements (s§e.3).
(Taurus and Ophiuchus), only about half of the disks in Some additional problematic issues with these simple
the bright half of the mm luminosity~{disk mass) distri- models have been illuminated, thanks to a new focus on the
bution have been imaged with sufficient angular resolutiodetails of the resolved mm data. For example, in some disks
(~0.3") to find large 20 AU in radius) disk cavitiesAn-  the dust ring morphology is found to be remarkably narrow
drews et al2009, 2010jsella et al.2009;Guilloteau et al. — with nearly all of the emission coming from a belt 10-
2011). Even with these strong selection biases, the inc20 AU across (or less) — even as we trace gas with molecu-
dence of resolved cavities is surprisingly high compareldr line emission extending hundreds of AU beyond it (e.g.,
to expectations from IR surveys (sgel). Andrews et al. Rosenfeld et aR013). This hints at the presence of a par-
(2011b) estimated that at least 1 in 3 of these mm-brighicle “trap” near the cavity edge, as might be expected from

(massive) disks exhibit large cavities. local dynamical interactions between a planet and the gas
disk (seg; 3.2;Zhu et al2012;Pinilla et al. 2012). In a per-
Model fitting haps related phenomenon (eRegly et al.2012;Birnstiel

The basic structures of disk cavities can be quantifie t al. 2013), new high—fi_delity images of (pre—_)transitional
through radiative transfer modeling of their SEDs (se isks are uncovering evidence that strong azimuthal asym-

§ 2.1) simultaneously with resolved mm data. These mo netries are common features of the mm emission rings
' X o Brown et al.2009;Tang et al.2012;Casassus et aR013;
els often assume that the cavity can be described as a

gion of sharply reduced dust surface densities (€igtu

et al.2006;Brown et al.2008;Hughes et al2009;Andrews

et al.2011b;Cieza et al2012;Mathews et al2012). Such

work finds cavity radii of~15-75 AU, depletion factors in
the inner disk of~10*-10 relative to optically thick full

van der Marel et al2013;Isella et al.2013).

A number of pressing issues will soon be addressed by
the ALMA project. Regarding the incidence of the disk
holes and gaps, an expanded high resolution imaging cen-
sus should determine the origin of the anomalously high oc-

: , S . rrence of dust cavities in mm-wave images. If the detec-
disks, and outer regions with sizes and masses similar gécsl)n rate estimated bjndrews et al(2011b) is found to be

those found for full disks. However, there are SUthe“evalid at all luminosities, it would confirm that even the simal
in this simple modeling prescription. First, the depletion X

levels are usually set by the infrared SED, not the mm datg:mount of dust inside the disk cavities sometimes produces



(a) SR 21 (c) RX J1852.3-3700 | (e) 2MASS 71604165 of (pre-)transitional disks and also the results of IR imggi
' searches for companions in these objects.

NIR polarimetric imaging

' NIR polarimetric imaging is capable of tracing the spa-
Ay~ E | g tial distribution of submicron-sized dust grains locatad i
the uppermost, surface layer of disks. One of the largest
NIR polarimetry surveys of disks to date was conducted as
part of the SEEDS (Strategic Explorations of Exoplanets
and Disks with SubaruTamura2009) project (e.g., Tau-
rus at 140 pc;Thalmann et al.2010; Tanii et al. 2012;
Hashimoto et al2012;Mayama et al2012;Follette et al.
02 05 ro2 R.‘.dius(a:lfmd) 102 05 ! 2013;'_I'akami et al.2013_, Tsu_kagoshi et al.supmitted,).
Thereis also VLFNACO imaging work, predominantly fo-
H band (top; 1.6um) along with their averaged radial surface 245N9 ON disks around Herbig ABe stars Quanz et al.
brightness profiles along the major disk axis (bottom). Brok 2011, 2012_’ 2013a,lRameay et. al2012). These suryeys
lines in the top and bottom panels correspond to the raditiseof 2CCESS the inner tens of AU in disks, reaching a spatial reso-
outer wall as measured with submm imaging TdSEDs. We lution of 0.08’ (8 AU) in nearby star-forming regions. Such
note that the regions of the inner disk that cannot be redadve  Observations have the potential to reveal fine structurels su
masked out in the panels. From left to right the objects are &s spirals, warps, offsets, gaps, and dips in the disk.
follows: SR 21 follette et al.2013), RX J1852 3700 Kudo et Most of the (pre-)transitional disks around TTS observed
al., in prep.), RX J16042130 Mayama et al2012). by SEEDS have been resolved. This is because the stellar
radiation can reach the outer disk more easily given that the

_ . ... innermost regions of (pre-)transitional disks are lesssden
enough IR emission o hide the standard (pre—)transnmnélan full disks. Many of these disks can be sorted into the

Qisk signat.ure at short Wavelengths, renderin_g IR Sel'.&Cti(}hree following categories based on their observed seatter
inherently incomplete — something already hinted at in thhe ht emission (i.e., their “polarized intensity” appeaca)

current data. Perhaps more interesting would be evideng .
arl.6um:

that the (pre-)transitional disk frequency depends on-envi (A) No cavity in the NIR with a smooth radial surface

ronmental factors, like disk mass (i.e., a selection bias) q . . . .
stellar host properties (e.@owen and Clarke012). More Er;(g?iréeis;gggge;:; tgz obu)ter wae.g, SR 21; DoAr 44;

detailed analyses of the disk structures are also necessary(B) Similar to category A, but with a broken radial
both to develop a more appropriate modeling prescriptioE;lr.ghmeSS profile(e.g. TW ,Hya' RX J1852.33700"
and to better characterize the physical processes invoIvE Ha 330). These 'di'sks display ’a slight sIopé in thé ra-

in clearing the disk cavities. Specific efforts toward resol dial brightness profile in the inner portion of the disk, but a

ing the depletion zone at the cavity boundary, searching f%E[eep slope in the outer regions (Fig. 5¢, d),

curing their mmradio colore tomfer the Sgnatures ofpart () A Cear caviy in the NIR polarized lighte.g.
cle evolution and trapping (e.dRinilla et al. 2012;Birnstiel GM Aur; Sz 91; PDS 70; RX J1604-2130; Fig. 5e, f).
et al. 2013), and quantifying the ring substructures should
all impart substantial benefits on our understanding ofdisk

Normalized surface brightness

e
°

Fig. 5.— NIR polarimetric images of transitional disks in the

The above categories demonstrate that the spatial dis-
tribution of small and large dust grains in the disk are not
necessarily similar. Based on previous submm images (see
§ 2.2), the large, mm-sized dust grains in the inner regions
IR imaging has been used successfully to observe dis% eac;h of the qbove disks is &gmﬁcaptly depleted. HOV.V_'

; . e}/er, in categories A and B there is evidence that a signifi-
around bright stars. Space-based observations free from g . . . .

. : . cant amount of small, submicron sized dust grains remains

mospheric turbulence (e.g., HST) have detected fine d|sﬁ< the inner disk, well within the cavity seen in the submm
structure such as spiral features in the disk of HD 100548 ' Y

o ) . images. In category C, the small dust grains appear to more
(Grady et al.2001) and a ring-like gap in HD 14156@/in- o o
berger et al.1999). MIR images of (pre-)transitional disks closely trace the large dust distribution, as both are 8igni

are able to trace the irradiated outer wall, which effedyive cantly depleted in the inner disk. One possible mechanism

emits thermal radiation (e.gGeers et al2007; Maaskant thoarzecsouIrdeseexr?tls(ljn;E(?vilfif(sar((jﬂgﬁils z;}/(\;ieFeggetherlecate

et al.2013). More recently, high-resolution NIR polarimet—g . P ! , : )

o : : : 006; Zhu et al.2012), which we will return to in more

ricimaging and IR interferometry has become available, al; . . . C ; .
detail in§ 3.2. More high-resolution imaging observations

lowing us to probe much further down into the inner few_. . . ;
o . : of disks at different wavelengths is necessary to develop a
tens of AU in disks in nearby star-forming regions. Here wi

. . : L Welller picture of their structure given that the disk’s appe
focus on NIR polarimetric and IR interferometric imaging,, - .o ot a certain wavelength depends on the dust opacity.

2.3 Infrared Imaging



IR interferometric imaging terferometry Kraus2013). These observations showed that

. these molecular bands originate from a significantly more
IR interferometers, such as the Very Large Telescope In- . : 2
extended region than the NJRIIR continuum emission,

terferometer (VLTI), the Keck Interferometer (KI), and the. : . . o
. . . _including the gap region and the outer disk. This is con-

CHARA array, provide milliarcsecond angular resolution

in the NIR and MIR regime (1-1@m), enabling new con- sistent with the scenario that these particles are trathgien

straints on the structure of (pre-)transitional disks. hSucheated by UV photons and can be observed over a wide

spatially resolved studies are important to reveal com Ier>‘?l nge of stelloceniric radi.
P y P PI€X One of the most intriguing findings obtained with IR

structure in the small dust distribution within the innestho . : . )
,Qterferometry is the detection of non-zero phase signals,

region of the disk, testing the basic constructs of models, . =~ . - >
. ; hich indicate the presence of significant asymmetries in

that have been derived based on spatially unresolved daga : .

(e.g., SEDs) e inner, AU-scale disk regions. Keck/NIRC2 aperture

The visibility amplitudes measured with interferome-maSkIng observations of V1247 OKfaus et al.2013) re-

try permit direct constraints on the brightness profile,,anal.eaIeOI asymmetries whose direction is not aligned with the

through radiative transfer modeling (s¢2.1 and§ 2.2 for disk minor axis and a!so changgs with quelength. There-
) . S A . fore, these asymmetries are neither consistent with a com-
discussion of limitations), on the distribution and physic

conditions of the circumstellar material. The NIR emis_panion detection, nor with disk features. Instead, these

sion (i and K band,1.4 — 2.5 um) in the pre-transitional observations suggest the presence of complex, radially ex-

: : ; . . . tended disk structures, located within the gap region. It is
disks studied most extensively with IR interferometry.(i.e ossible that these structures are related to the sk
HD 100546, T Cha, and V1247 Ori) is dominated by hot opEJ o . oy .
. : i I homogeneities that have been detected with coronagraphic
tically thick dust, with smaller contributions from scattd

. : . ._imaging on about 10-times larger scales (ettashimoto
light (Olofsson et al2013) and optically thin dust emis .et al.2011;Grady et al.2013) and that they reflect the dy-

sion Kraus et al.2013). The measured inner disk radi'namical interaction of the gap-opening bgtipdies with
are in general consistent with the expected location of tq gap-op 9 »

dust sublimation radius, while the radial extent of this |n-?Ie disk material. Studying these complex density struc-

ner emission component varies significantly for differen%ureS and _relatmg .t.he asymmetries to the k_nown spectro-
sources (HD 100546: 0.24—4 ABenisty et al2010; Tat- photometric variability of these objectsZ.4) will be a ma-

ulli et al. 2011: T Cha: 0.07-0.11 AWDIofsson et al2011 jor objective of future interferometric imaging studies.

2013,V12470r:0.15-027 Arusetal2013). e Taor imtatons fom he eisng stuces aee
The MIR regime (Vv band,8 — 13 um) is sensitive to P v g P

. . reconstruction of direct interferometric images for thelse
a wider range of dust temperatures and stellocentric radii

In the transitional disk of TW Hya, the region inside ofJéCts' Different strategies have been employed in order
0.3 — 0.52 AU is found to contain or,1I ontically thin dust to relax theuv-coverage restrictions, including the com-
(I.Eisner.et al2006:Ratzka et aI2007'A¥kegon etya|2011) bination of long-baseline interferometric data with sagl
followed by.an o'ptically thick outér diskAgnold et al’ aperture interferometry techniques (e.g., speckle and ape
2012b), in agreement with SED modelingalvet et al. ture masking interferometryirnold et al.2012b;Olofsson

. . et al. 2013;Kraus et al.2013) and the combination of data
2002) and (sub)mm imagingHughes et al2007). The N )
gaps in the pre-transitional disks of the Herbig/Be star from different facilities Akeson et al2011;Olofsson et al.

D 100545 s 2010 an e TIS Tcror. 201310008 L 82010, Tl vansiomatons et
sson et al2011, 2013) were found to be highly depleted of P P 99 ging

(sub)im-sized dust grains, with no significant NIR or MIR optimized long-baseline mterferome?rlc mstruments;hsg
A . . : . as the 4-telescope MIR beam combiner MATISSE, which
emission, consistent with SED-based expectations (ice., 1 . o T . :
; . . : will enable efficient long-baseline interferometric imagi
substantial 1Qum silicate emission). The disk around the
on scales of several AU.

Herbig Ae/Be star V1247 Ori, on the other hand, exhibits a
gap filled with optically thin dust. The presence of such OpCompanion Detections
tically thin material within the gap is not evident from the . . . .
. . . : L NIR imaging observations can directly reveal compan-

SED, while the interferometric observations indicate that L . .
ions within the cleared regions of disks. Both theory and

this gap material is the dominant contributor at MIR wave o vations have long shown that stellar binary compan-

lengths. This illustrates the importance of IR interfereme. ns can open gaps (e.grtymowicz and Lubovl994;

. . . . . |
try for unraveling the physical conditions in disk gaps an(ﬁansen and Mathied997: White and Ghe2001), based
holes. ' ’

We note that besides the dust continuum emission, sorﬁ? dz:rgf crgﬁtsr;s?c:ﬁ?;;;g?ﬁgﬂf;;;ggm 3) tcshg'][?l%?/le-
(pre-)transitional disks exhibit polycyclic aromatic trpd been identified V\;ith RV monitoring HST.ima(aing adaptive
carbon (PAH) spectral features, for instance at iy o . : ; ’
8.6um, and 11.3im. For a few objects, it was possible tooptlcs imaging, and speckle interferometry. For example,

; .- : . NIR imaging of CoKu Tau4, a star surrounded by a tran-
locate the spatial origin of these features using adappve Ositional disk, revealed a previously unknown stellar-mass
tics imaging Habart et al.2006) or MIDI long-baseline in- ' P y

companion that is likely responsible for the inner clearing



in this disk, demonstrating that it is very important to yv ability along with the mechanisms that have been proposed
stars with (pre-)transitional disks for binarity in additito  to be responsible for it in the following subsections.
exploring other possible clearing mechanisms ($622;
Ireland and Kraus2008). “Seesaw” variability

The detection of substellar or planetary companions has
been more challenging, due to the need for high contragb

, ) > :
(AL" =5 to achievelyy, = 30M su, fora 1 Mg primary shorter wavelengths in the IRS data, the emission increases

star) near or inside the formal diffraction limit of largdee . ) ;

. : ._atlongerwavelengths (Fig. Muzerolle et al2009;Espail-
scopes. Most of the high-contrast candidate companio S i L :
. o L at et al. 2011;Flaherty et al.2012). MIR variability with
identified to date have been observed with interferomej: : o .
X ) . RS was also seen in some transitional disks (e.g., GM Aur
ric techniques such as nonredundant mask mterferometarl}/]d LRLL 67:Espaillat et al.2011: Flaherty et al.2012)
(NRM; Tuthill et al. 2000; Ireland 2012), which measure =SP | ' y ' '

more stable observable quantities (such as closure pfmseg}wgh n these_ objects the_ _varlablllt_y was predommantl_y
round the region of the silicate emission feature. Typi-

) o ;o 3
achieve limits OfAL' =7-8 at)/D (3-5Muy at 8 AV). cally, the flux in the pre-transitional disks and transitibn

The discoveries of NRM include a candidate planetary=.
mass companion to LkCa 1Kiaus and Ireland2012) and @sks obser.ved changed by abou%lbt_etween epochs, but
in some objects the change was as high 85.50

a candidate low-mass stellar companion to T Gfiaéfamo This variability may point to structural changes in disks.

et al.2011). A possible candidate companion was reportegED modeling can explain the seesaw behavior seen in

around FL Cha, although these asymmetries could be asso- » : . : X

X o N : pre-transitional disks by changing the height of the inner
ciated with disk emission instea@igza et al2013). . L ;

i . . - wall of these disks (Fig. Espaillat et al.2011). When the

Advanced imaging techniques also are beginning to re- . o

. . . . . ., inner wall is taller, the emission at the shorter waveleagth

veal candidate companions at intermediate orbital radti th. ' : . . o

) ) . is higher since the inner wall dominates the emission at 2-

correspond to the optically thick outer regions of (pre-

)transitional disks (e.gQuanz et al.2013a), beyond the 8 pm. _The taller inner wall casts a_Iar_ger shadow on the

: . outer disk wall, leading to less emission at wavelengths
outer edge of the hole or gap region. The flux contribu: .
: ) o T beyond 20 um where the outer wall dominates. When
tions of companions can be difficult to distinguish from

scattered light due to disk feature8léfsson et al2013; the inner wall is shorter, the emission at the shorter wave-

Cieza et al2013;Kraus et al.2013). However, the case of lengths is lower and th(_a shorter inner wall casts a S_m?”er
: shadow on the outer disk wall, leading to more emission

LkCa 15 shows that the planetary hypothesis can be teste o o .
. . . , at longer wavelengths. This “seesaw” variability confirms
using multi-epoch, multi-wavelength data (to confirm col-, . ; - . .
the presence of optically thick material in the inner disk of

ors and Keplerian orbital motion) and by direct Compar'sonr_e-transitional disks. The variability seen in transitib

to resolved submm maps (to localize the candidate compap : L . .
ion with respect to the inner disk edge). disks may suggest that while the disk is vertically optigall

. . thin, there is a radially optically thick structure in thener
Even with the enhanced resolution and contrast of tec lisk, perhaps composed of large grains fdimited in
niques like NRM, current surveys are only able to probe ~_ n P P g€ g

super-Jupiter masses in outer solar systems. For bright Stspatial extent so that it does not contribute substantially
(I £ 9), upcoming extreme adaptive optics systems like € emission betwe_en 178m _wh!le .St'” Iead-m.g. to. shad-
GPIl and SPHERE will pave the way to higher contrasts with V"9 of the outer disk. One intriguing possibility invok/e
both imaging and NRM, achieving contrastsok > 10 at accretion streams connecting multiple planets, as prelict

/D (~1=2 M, at 10 AU). However, most young solar- in the models ozhu et al.(2011); Dodson-Robinson and

type and low-mass stars fall below the optical flux limits OfSaka(2011) and claimed to be seen by ALM&gsassus
. .etal.2013).
extreme AO. Further advances for those targets will requirée

observations with JWST that probe the sub-Jupiter regim
for outer solar systems\A/ ~10 atA/D, or <1 M, at

>15 AU) or with future ground-based telescopes that probe When comparing the nature of the observed variability
the Jupiter regime near the snow line (achievinf ~10 to currently known physical mechanisms, it seems unlikely

The flux in many pre-transitional disks observed for vari-
ility to date “seesaws,” i.e., as the emission decreases a

Bossible underlying mechanisms

at\/D or ~1-2M,, at >2-3 AU). that star spots, winds, and stellar magnetic fields are the
underlying cause. The star spots proposed to explain vari-
2.4 Timedomain studies ability at shorter wavelengths in other works (e@arpen-

ter et al. 2001) could change the irradiation heating, but

IR variability in TTS is ubiquitous and several ground-this would cause an overall increase or decrease of the flux,
based studies have been undertaken to ascertain the natuseseesaw variability. A disk wind which carries dust may
of this variability (e.g.Joy1945;Rydgren et al1976;Car- shadow the outer disk. Howeveétlaherty et al.(2011) do
penter et al2001). With the simultaneous MIR wavelengthnot find evidence for strong winds in their sample which
coverage provided bypitzerIRS, striking variability in  displays seesaw variability. Stellar magnetic fields that i
(pre)-transitional disks was discovered, suggestiveratst teract with dust beyond the dust sublimation radius may
tural changes in these disks with time. We review this varilead to changes if the field expands and contracts or is tilted

10
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Fig. 7.— Schematic depicting the proposed link between the
observed variability and disk structure based on the SEDetnod
ing from Fig. 6. Medium gray corresponds to visible areashef t
Apm) disk wall, while light gray and dark gray areas are in the penu
) bra and umbra, respectively. The MIR variability observed i
Fig. 6.—Top: ObservedSpitzerIRS spectra (gray) and mod- pre-transitional disks can be explained by changes in tighhe

els (solid and broken black lines) for the pre-transitiotiak of  of the inner disk wall, which results in variable shadowirighe
UX Tau A. The variability between the two spectra can be reprogyter wall.

duced by changing the height of the inner disk wall in the nhode

by 17%. Bottom: Percentage change in flux between the two IRS

spectra above. The observed variability cannot be explaiiye  related to an orbital timescale, this correspondste-2 AU

the observational uncertainties of IRS (error bars). Figatapted and<0.07 AU in the disk, plausible locations for planetary
from Espaillat et al.(2011). companions given our own solar system and detections of
hot JupitersKlarcy et al.2005). Turbulence is also a viable

. . solution. Magnetic fields in a turbulent disk may lift dust
with respect to plane of the disiGbodson and Winglee and gas off the diskTurner et al.2010;Hirose and Turner

1999;Lai and Zhang2008). However, it is thought that 2011). The predicted magnitude of such changes in the disk

the stellar magnetic field truncates the disk within the €0ro, e height are consistent with the observations.

tation radius and for many objects. The corotation radius is Observations withJWST can explore the range of

within the dust suphmaﬂo_n radlus, _makmg I unllkely thattimescales and variability present in (pre-)transitiatiaks
the stellar magnetic field is interacting with the dust in th?o test all of the scenarios explored above. It is also likely

d|s|I: _(Flahelrty et ﬁl‘f()lll)' i X f | that a diverse range of variability is present in most disks
_ttisunclear what role accretion or A-ray llares may piay, ., ,,q young stars (e.g., YSOVARVorales-Caldebn
in disk variability. Accretion rates are known to be varebl

. ) ) et al. 2011) andJWSTobservations of a wide range of
N young objects,. bgﬂah_erty et a!.(2012) do not find that disks will help us more fully categorize disk variability.
the observed variations in accretion rate are large enaught

reproduce the magnitude of the MIR variability observed
Strong X-ray flares can increase the ionization of dust an
lead to a change in scale heigKi(et al.2012). However,
while TTS are known to have strong X-ray flarégigelson
etal.2007), itis unlikely that all of the MIR disk variability
observed overlapped with strong X-ray flares.

8.5 Gaseous Emission

The structure of the gas in (pre-)transitional disks is a
valuable probe, because the mechanisms proposed to ac-
count for the properties of these objects3; e.g., grain
o . . growth, photoevaporation, companions) may impact the gas
. Th_e MIR v_arlab|I|ty_seen is most likely due to perturba-in different ways from the dust. The chapters in this volume
tions in the disk, possmly by plangts or turbglence. Planeb Pontoppidan et aland Alexander et al. as well as the
are thought to cregte spiral density waves In the disk (S%%rlier PPV review byNaijita et al.(2007b), describe some
PPV review byDurisen et al.2007), which may have al- of the available atomic and molecular diagnostics and how

gea?jy b?erll gggcteg in r:jisk_s (Ieégashtimoto et aI2011f;f they are used to study gas disks. In selecting among these
rady €t al. ). Such spiral density waves may affec pecifically for the purpose of probing radial disk struetur

the innermost d!Sk'. causing the _helght of the inner d_|§ is important to consider how much gas is expected to re-
wall to change with time and creating the seesaw Var'ab'“%ain in a hole or gap. Although theoretical studies sug-

observed. The timescales of the variability dlscu_ssgq h.eﬁ%st the gas column density is significantly reduced in the
span~1-3 years down to 1 week or less. If the variability ISt 1eared dust region (e.g., by 1000; Regaly et al.2010)
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—— — —— jects conspicuously lack the rich molecular emission (e.g.
E va38 Tau ] H>0, CH3, HCN) that characterizes the mid-infrared spec-
0.02 tra of full disks around classical TTS (CTTS, i.e., starg tha
are accretingNajita et al.2010;Pontoppidan et al2010).

As these MIR molecular diagnostics probe radii within a
few AU of the star, their absence is suggestive of a miss-

0.01 |

o
T

-0.01 . . Lo
= i ing molecular disk at these radii, i.e., a gap between an
\3 o.15 [ LkCa 15 h inner disk (traced by CO and UV )l and the outer disk

2 (probed in the mm). Alternatively, the disk might be too
E i cool to emit at these radii, or the gas may be abundant but
g ot in atomic form. Further work, theoretical afmt observa-

= tional, is needed to evaluate these possibilities.

0.05 1 Velocity resolved spectroscopy

Several approaches can be used to probe the distribution
of the gas in greater detail. In the absence of spatially re-
solved imaging, which is the most robust approach, velocity
resolved spectroscopy coupled with the assumption of Ke-
Velocity (km/s) plerian rotation can probe the radial structure of gaseous
disks (see PPIV review biajita et al. 2000). The addi-

Fig. 8.—Rovibrational line profiles of C@=1-0 emission from tlon of speciroastrometric mfprmatpn (I'e" the Spm""

V836 Tau (top) and LkCa 15 (bottom) after correction for Istel troid F’f spectrally resolveq “_n.e e.m|SS|on.as a funCt_'on _Of

CO absorption Najita et al. 2008). The double-peaked profile Velocity) can reduce ambiguities in the disk properties in-

of V836 Tau indicates that the gas emission is truncatedrzkyo ferred with this approactPpntoppidan et al2008). These

~ 0.4 AU. The centrally-peaked LkCa 15 profile indicates gagechniques have been used to search for sharp changes in

emission extending to much larger radii. gaseous emission as a function of radius as evidence of disk
cavities, and to identify departures from azimuthal symme-

. . - ) try such as those created by orbiting companions.
gl/\i%n afty.pl'cal -frTSSd'S'I( coluc;nn Qen5|tylgf 100.9/%:3 Velocity resolved spectroscopy of CO rovibrational
-ataryhe ty gas column (_ensnycou remain. Vanye mission provides tentative evidence for a truncated in-
stars hosting (pre-)transitional disks also show signgpf s ner gas disk in the evolved disk V836 TaStiom et al.
nificant gas accretior§(@.2). These considerations sugges

!L989) An optically thin gap, if there is one, would be
that molecular diagnostics, which probe larger disk colump nd.at small radii € 1AU :emd lausibl o,erla the
densities Vy > 1x10%! cm~2), are more likely to be suc- , & ) Pausibly overiap

range of disk radii probed by the CO emission. Indeed,

](fe"SSfl.Jl n detecqng ahhct>l_e Er gaptlndth;e g%s dtlfrlj lndf[hae CO emission from V836 Tau is unusual in showing a
oflowing, we review whatIs known to date about the radialyis in et double-peaked profile consistent with the trunca-

structure of gas in disks. tion of the CO emission beyond 0.4 AU (Fig. 8; Najita
et al. 2008). In comparison, other disks show much more
centrally peaked rovibrational CO line profilesalyk et al.

As there are now gas diagnostics that probe disks over2007, 2009Najita et al.2008, 2009).
wide range of radii{ 0.1 — 100 AU), the presence or ab-  Spectroscopy also indicates possible differences in the
sence of these diagnostics in emission can give a rough idesial extent of the gas and dust in the inner disk. The CO
of whether gas disks are radially continuous or not. At largemission profile from the pre-transitional disk of LkCa 15
radii, the outer disks of many (pre-)transitional disks (TW(Fig. 8; Najita et al. 2008) spans a broad range of veloci-
Hya, GM Aur, DM Tau, LkCa 15, etc.) are well studiedties, indicating that the inner gas disk extends over a much
at mm wavelengths (e.g<oerner and Sargert995;Guil-  larger range of radii (from- 0.08 AU out to several AU)
loteau and Dutrey1994;Dutrey et al.2008, see als§2.2). than in V836 Tau. This result might be surprising given
For some, the mm observations indicate that rotationalihat SED modeling suggests that the inner optically thick
excited CO exists within the cavity in the dust distributiondust disk of LkCa 15 extends over a narrow annular region
(e.g., TW Hya, LkCa 15Rosenfeld et aR012;Piétu etal. (0.15-0.19 AUEspaillat et al.2010). The origin of possi-
2007), although these observations cannot currently cohle differences in the radial extent of the gas and dust in the
strain how that gas is distributed. Many (pre-)transitlonanner disk region is an interesting topic for future work.
disks also show multiple signatures of gas close to the star: Some of the best evidence to date for the truncation
ongoing accretion§(4.2), UV Hy, emission (e.g.Ingleby of the outer gas disks of (pre-)transitional disks comes
et al.2009;France et al2012), and rovibrational CO emis- from studies of Herbig AéBe stars. For nearby systems
sion (Salyk et al2009, 2011 Najita et al.2008, 2009). with large dust cavities, ground-based observations can sp

In contrast, the 10-2@m Spitzerspectra of these ob- tially resolve the inner edge of the CO rovibrational emis-

MIR and (sub)mm spectral lines
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ELTs will give us new opportunities to explore the nature
of disk holes and gaps in the gas disk (evgn) der Marel
et al.2013;Casassus et aR013).

3. COMPARISON TO THEORETICAL MECHA-
NISMS

There are three main observational constraints ev-
ery theory must confront when attempting to explain
(pre-)transitional disk observations. First, the cleared
gions in (pre-)transitional disks studied to date are gener
ally large ¢ 2.1,§ 2.2). For transitional disks, the optically
thin region extends from tens of AU all the way down to
the central star. For pre-transitional disks, SED modeling
suggests that the optically thick region may only extend up
to ~ 1 AU, followed by a gap that is significantly depleted

Fig. 9.— Spectroastrometry of the CO rovibrational emissionOf dust up to tens of AU, as seen in the transitional disks.

from HD100546, followed over 10 years, reveals evidenceafor At the same time, submm imaging has revealed the exis-
compact source of CO emission that orbits the star near trex in tence of some disks which have inner regions significantly
disk edge Brittain et al.2013, and 2014, in preparation). Possibledepleted of large dust grains without exhibiting MIR SED
interpretations include emission from a circumplanetaskdr a  deficits § 2.2), suggesting that a large amount of small dust
hot spot heated by an orbiting companion. grains still remain in the inner disk, as also shown by NIR
polarimetric images§(2.3). Second, in order to be dis-
cernible in the SED, the gapisoles need to be optically

i X . Yhin which implies that the mass of small dust grains (of
HD141569’G0t0 et al.2006). Line pro_flle shapes and order a micron or less) must be extremely low. Third, while
constraints from UV fluorescence modeling have also be?ﬂost (pre-)transitional disks accrete onto the central sta

used to show that rowbrf_;\tlonal co _and OH emlsglon '3t a rate which is lower than the median accretion rate for
truncated at the same radius as the disk continuum in someg (~10-8M,, yr—'; Hartmann et al1998,§ 4.2), their
~ ® , . y L),

systemsBrittain et al.2007;van der Plas et al2009;Brit-
tain et al.2009;Liskowsky et al2012), although the radial
distribution of the gas and dust appear to differ in other sy

tems (.g., IRS 48rown et al.2012). The gas disk may spatially distributed. In the following sections, we rewie

somet!mes be truncated significantly inward of the OUt.et‘he clearing mechanisms that have been applied to explain

d.USt disk and far from the star. For example, the CO em'?bre-)transitional disk observations in light of the above

sion from SR 21 extends much further in ¢& AU) than constraints.

the inner hole size 0£18 AU (Pontoppidan et al2008).
Several unusual aspects of the gaseous emission fro

HD100546 point to the possibility that the cavity in the

molecular emission is created by an orbiting high mass gi- A diverse set of physical mechanisms has been invoked

ant planet. Acke and van den Anck¢2006) inferred the . to explain (pre-)transitional disk observations, withyiag

presence of a gap in the gas disk based on a local MMEvels of success. Much of the attention is focused on dy-

mumin the [O1] 6.30.0A emission from th_e disk. The rovi- namical interactions with one or more companion objects,
brational OH emission from HD100546 is found to show aalthough that subject will be addressed separatefyar?
strong line gs_ymmet_ry thatis cons.istent with emission fror‘?’here are a number of alternative scenarios that merit re-
an eccentric inner rime( > 0.18; Liskowsky et al2012). view here, including the effects of viscous evolution, part

Eccentnqhgs of tha_t magnitude are predicted to resaftir cle growth and migration, and dispersal by (photoevapora-
planet-disk interactions (e.d?apaloizou et al2001;Kley tive) winds

and Dirksen2006). In addition, the CO rovibrational emis-
sion varies in its spectroastrometric signal. The varetio Viscous evolution

can be explained by a CO emission component that orbits

the star just within the 13 AU inner rim (Fig. Brittain The interactions of gravitational and viscous torques
et al. 2013). The required emitting area (0.1 AUs simi- comprise the dominant mechanism for the structural evolu-
lar to that expected for a circumplanetary disk surroundingtion of disks over most of their lifetimed.ynden-Bell and
5M s planet at that distance (e.Quillen and Trilling1998;  Pringle 1974;Hartmann et al.1998). An anomalous kine-
Martin and Lubow2011). Further studies with ALMA and matic viscosity, presumably generated by MHD turbulence,

sion from the outer disks around these bright stars (e.

rates are still substantia§ @.2). This indicates that con-
siderable gas is located within the inner disk, although we
%urrently do not have many constraints on how this gas is

T Non-dynamical Clearing M echanisms
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drives a persistent inward flow of gas toward the central stawot grow much larger before their collisions become de-
(e.g.,Hartmann et al2006). Angular momentum is trans- structive: the resulting population of fragments wouldthe
ported outward in that process, resulting in some disk mgroduce sufficient emission to wash out the infrared SED
terial being simultaneously spread out to large radii. Asdlip. The fundamental problem is that those large particles
time progresses, the disk mass and accretion rate steadiwit efficiently at mmicm wavelengths, so these models do
decline. To first order, this evolution is self-similar, @te  not simultaneously account for the ring-like emission mor-
is no preferential scale for the depletion of disk materialphologies observed with interferometers (Fig. B)tnstiel
The nominal viscous evolutiondepletion) timescales at et al. (2012) argued that the dilemma of this conflicting re-
10s of AU are long, comparable to the stellar host ages. lationship between growjtiragmentation and the |Rnm

If the gas and dust were perfectly coupled, we would exemission diagnostics means that particle evoluitomeis
pect viscous evolution acting alone to first produce a slightot the underlying cause of cavities in disks.
enhancement in the Fjflam SED (due to the spreading A more in-depth discussion of these and other issues re-
of material out to larger radii) and then settle into a slowjated to the observational signatures of grain growth and
steady dimming across the SED (as densities decay). Cauigration are addressed in the chaptefbgti et al.in this
pled with the sedimentation of disk solids, these effeats avolume.
a reasonable explanation for the evolved digka.1). That
said, there is no reason to expect that viscous effects alofhotoevaporation

are capable of the preferential depletion of dust at small Another mechanism for sculpting (pre-)transitional disk
radii needed to produce the large cleared regions typicglyctures relies on the complementary interactions of vis
of (pre-)transitional disks. Even in the case of enhanceg,s evolution, dust migration, and disk dispersal via pho-
viscosity in the outer wall due to the magneto-rotational iNtoevaporative windsHollenbach et al1994;Clarke et al.
stability (MRI Chiang and Murray-Clay007), this needs 001:alexander et al2006:Alexander and Armitag2007;

a pre-existing inner hole to have been formed via anoth@fotj and Hollenbact2009;Gorti et al. 2009; Owen et al.
mechanism in order to be effective. 2010, 2011Rosotti et al2013). Here, the basic idea is that
the high-energy irradiation of the disk surface by the cntr

) _ ) _ star can drive mass-loss in a wind that will eventually limit
The natural evolution of dust in a gas-rich environmenge re-supply of inner disk material from accretion flows.

offers two complementary avenues for producing the olpnce that occurs, the inner disk can rapidly accrete onto
servable signatures of holes and gaps in d|sks_. F|rst is thge star, leaving behind a large (and potentially growing)
actual removal of material due to the inward migration anflole at the disk center. The detailed physics of this process
subsequent accretion of dust particles. This “radial tjrlft_Can be quite complicated, and depend intimately on how the
occurs because thermal pressure causes the gas (o orbiyigk s irradiated. The chapter in this volume Algxander
subKeplerian rates, creating a drag force on the particles g provides a more nuanced perspective on this process,

that saps their orbital energy and sends them spiraling i \ve|| as on the key observational features that support its
to the central starWhipple 1972; Weidenschillingl977;  resumably important role in disk evolution in general, and

Brauer et al.2008). Swept up in this particle flow, the the (pre-)transitional disk phenomenon in particular.
reservoir of emitting grains in the |nner.d|§k can be suf- However, for the subsample of (pre-)transitional disks
ficiently depleted to produce a telltale dip in the IR SEDh4t have been studied in detail, the combination of large
(e.g.,Bimstiel et al.2012). A second process is related tsizes and tenuous (but non-negligible) contents of therinne
the actual growth of dust grains. Instead of a decrease in thgys € 2.1, 2.2, 2.3), substantial accretion ratgsi(2),

dust densities, the inner disk only appears to be cleared dygq relatively low X-ray luminosities§(4.3) indicate that

to a decrease in the grain emissivities: larger particlé$ enyotoevaporation does not seem to be a viable mechanism
less efficiently (e.g.D’Alessio et al.2001;Draine 2006).  for the depletion of their inner disks (e.ghlexander and
Because growth timescales are short in the inner disk, ”,l@'rmitageZOOQ;Owen et al.2011; Bae et al.2013a). In

IR emission that traces those regions could be suppressgghition, there exist disks with very low accretion rateon

enough to again produce a dip in the SED. the star that do not show evidence of holes or gaps in the
The initial models of grain growth predicted a substanynner disk (ngleby et al2012).

tial reduction of small grains in the inner disk on short

timescales, and therefore a disk clearing signature inRhe 13,2 Dynamical Clearing by Companions

SED (ullemond and DominiR005; Tanaka et al2005).

More detailed models bear out those early predictions, even Much of the theoretical work conducted to explain the
when processes that decrease the efficiency (e.g., fragmetearings seen in disks has focused on dynamical interac-
tation) are taken into accourBirnstiel et al.(2012) demon- tions with companions. When a second gravitational source
strated that such models can account for the IR SED defid#t present in the disk, it can open a g&apaloizou et al.

of transitional disks by tuning the local conditions so thaR007;Crida et al. 2006;Kley and Nelsor2012, see chap-
small (~um-sized) particles in the inner disk grow effi- ter by Baruteau et al.in this volume). The salient issue is
ciently to mm/cm sizes. However, those particles canwhether this companion is a star or a planet. It has been

Grain growth
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shown both theoretically and observationally that a stella2-D viscous hydro-simulations, but depleted the circum-
mass companion can open a gap in a disk. For exampl@anetary material at different timescales, and found ¢hat
CoKu Tay/4 is surrounded by a transitional didk’lessio  can range between 0.1-0.9 depending on the circumplane-
et al. 2005) and it has a nearly equal mass companion wittary disk accretion timescale. The accretion efficiencypont
a separation of 8 AU§(2.3;Ireland and Kraus2008). Such the planet plays an essential role in the accretion rate onto
a binary system is expected to open a cavity at 16—24 Athe star.
(Artymowicz and Lubowl994), which is consistent with
the observationd'Alessio et al.2005;Nagel et al.2010). Explaining IR SED deficits
Here we focus our efforts on discussing dynamical clear- . - . .
. . X . : Regardless of the accretion efficiency, there is an in-
ing by planets. A confirmed detection of a planetin a disk. . . L .

trinsic tension between significant gas accretion rates

around a young star does not yet exist. Therefore, it is lesé?’\to the star and the optically thin inner disk region in

clear if dynamical clearing by planets is at work in some o oy : o .
. . . . pre-)transitional disks. This is because the planet’s in-
most (pre-)transitional disks. Given the challenges in de: . T

eIrl]{ence on the accretion flow of the disk is limited to the

tecting young planets in disks, the best we can do at pres : . .
is theoretically explore what observational signatureslado gap region Crida et al. 2006) whose outer and inner eo!ge
h?rdly differ by a factor of more than 2. After passing

be present if there were indeed planets in disks and to tqlsﬁrough the gap, the inner disk surface density is again con-

if thls.'s co_nS|stent W'th what has peen observed to date, ?r%lled only by the accretion rate and viscosity (e.g., MHD
we will do in the following subsections.

turbulence), similar to a full disk. Since a full disk’s irme

Maintaining gas accretion across holes and gaps disk produces strong NIR emission, it follows that transi-

A serious challenge for almost all theoretical diskﬂ?gya:jglil;f should also produce strong NIR emission, but

clearing models posed to date is the fact that some With this simple picture it is very difficult to explain

(p.re-)tra.lnsmqnal dISkS exhibit large dqst clearings lahi transitional disks, which have strong NIR deficits, com-
still maintaining significant gas accretion rates onto the

star. Compared to other disk clearing mechanisms (Sgared to pre-transitional disks. For example, the traorsiti

§ 3.1), gap opening by planets can more easily maintain gefssk GM Aur has very weak NIR emission. It has an opti-
), 9ap op g by plane ~astly gcaIIy thin inner disk at 1@:m with an optical depth 0£0.01
accretion across the gap since the gravitational force of a

P~ o "~ and an accretion rate ef 1078 M, yr~!. Using a viscous
g::lrzet can “pull” the gas from the outer disk into the NNty 1 model witha — 0.01, 5, is derived to be 10-100

, . /cm? at 0.1 AU. Considering that the nominal opacity of
The gap’s depth and the gas accretion rate across the dust at 1Qum is 10em?/g, the optical depth at 10m
are closely related. The disk accretion rate at any radilfgrthe inner disk is 100_100%?@ etal2011), which is 4—
R is defined asVl = 27 R(Xw,.), whereX andv, are the ’ '

gas surface density and radial velocityZat If we further 3gr:ssasf?;r;nzgzgg\?;iggerthan the optical deptto(01)
assumev,)=(3){vr) and the accretion rate across the gap In order to resolve the conflict between maintaining gas

Is a constant, the flow velocity is accelerated by about &ccretion across large holes and gaps while explaining weak
factor of 100 in a gap which is a factor of 100 in depth. g 9ap P 9

) R _ NIR emission, several approaches are possible. In the fol-
In a slightly more realistic picture{>Xvg)=(2)(vr) . . . :
I . I lowing sections, we will outline two of these, namely mul-
breaks down within the gap since the planet-disk mteraci.- f L ' .
SRR e . iple giant planets and dust filtration along with their abse
tion is highly asymmetric in the R-2-D plane. Inside of ) .
. vational signatures.

the gap, the flow only moves radially at the turnover of the
horseshoe orbit, which is very close to the planet. This higR
velocity flow can interact with the circumplanetary mate-
rial, shock with and accrete onto the circumplanetary disk, One possibility is that multiple planets are present in
and eventually onto the protoplanétupow et al.1999). (pre-)transitional disks. If multiple planets from 0.1 AU
Due to the great complexity of this process, the ratio beo tens of AU can open a mutual gap, the gas flow can be
tween the accretion onto the planet and the disk’s accreti@montinuously accelerated and passes from one planet to an-
rate across the gap is unclear. Thus, we will parameteringher so that a low disk surface density can sustain a sub-
this accretion efficiency onto the planet@sAfter passing stantial disk accretion rate onto the stZhg et al.2011;
the planet, the accretion rate onto the star is dnfy ofthe  Dodson-Robinson and Sal#011). However, hydrody-
accretion rate of the case where no planet is present. Natamical simulations have shown that each planet pair in a
that this parameterization assumes that the planet masamsiltiple planet system will move into 2:1 mean motion res-
larger than the local disk mass so that the planet migranancePierens and Nelso2008). Even in a case with four
tion is slower than the typical type Il rate. For a disk withgiant planets, with the outermost one located at 20 AU, the
a = 0.01 and~ 10~8M yr~1, the local disk mass is 1.5 mutual gap is from 2-20 AUZhu et al.2011). Therefore,
M  at 20 AU.Lubow and D’Angel@2006) carried out 3-D to affect the gas flow at 0.1 AU, we need to invoke an even
viscous hydrodynamic simulations with a sink particle atiigher number of giant planets.
the planet and foundgof 0.9. Zhu et al.(2011) carried out

possible solution: multiple giant planets
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Gos 10207 16 35 Dust lated to the particle size, and the disk surface densidy,,

30um 1mm asT, = 1.55 x 1073(s/1 mm)(100 gcm~2/%,) (Weiden-
s N "1 schilling1977). In the outer part of the disk (e.g:50 AU)
whereX, ~ 1 or 10 g cnt?, 1 cm particles havd ~
1 or 0.1. Thus, submm and cm observations are ideal to
reveal the effects of particle drift in disks. At the outer
edge of a planet-induced gap, where the pressure reaches
a maximum, dust particles drift outwards, possibly over-
coming 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 process is called “dust fil-
tration” (Rice et al.2006), and it depletes dust interior to
: F ) the semi-major axis of the planet-induced gap, forming a
20 0o 2 -2 o0 2 -2 o0 2 dust-depleted inner disk.

Dust trapping at the gap edge was first simulated by
Paardekooper and Mellem@006); Fouchet et al(2007).

3M, 20fF 1F
Viscous
a=0.01 °F
1000 ok

1M,
Inviscid L
100 orbg [ \ J F

20 1F

-20F e B

Fig. 10.—The disk surface density for the gas (left) and dus . S . r .
(right) in viscous 6=0.01, top) and inviscid (bottom) simulations. ‘—|owever, without considering particle diffusion due tokdis

In the viscously accreting disk, the accretion flow carriesls turbule_znce, mm and_cnj sized pa_rtlcles will drift from tens
particles from the outer disk to the inner disk while big jrles  ©Of AU into the star within 200 orbitsZhu et al.(2012) in-
are deposited at the gap edge. In the inviscid disk, pastiate Cluded particle diffusion due to disk turbulence in 2-D sim-
trapped in the vortex at the gap edge and the planet co-breita ulations evolving over viscous timescales, where a quasi-
gion. Figure adapted frordhu et al.(2012) andzZhu et al, in  steady state for both gas and dust has been achieved, and
press. found that micron sized particles are difficult to filter by a
Jupiter mass planet in& = 10-3M yr~ disk. Pinilla
et al. (2012) has done 1-D calculations considering dust
agrovvth and dust fragmentation at the gap edge and sug-
ested that micron-sized particles may also be filtered- Con
dering the flow pattern is highly asymmetric within the
: : : ap, 2-D simulations including both dust growth and dust

cretion rate onto the star will bél __g)NMf“”'_ I ?raZmentation may be needeélgto better ungderstand the dust
§ = 09 and ftshe full d1|Sk has a nominal accretion rate o process.
Myuu = 107"Mg yr—, aitser pass_'?? twc;oplanetilthe Dust filtration suggests that a deeper gap opened by a
accretion rate is 0.04 107°Mg yr="=10""Mq yr more massive planet can lead to the depletion of smaller
which is a_lr_eady t_)elow the observed accretion rate_s Bust particles. Thus transitional disks may have a higher
(pre-)tran3|t|ona_1l disks (seg4.2). Or? the othe_r hand, if mass planet(s) than pre-transitional disks. Since a higher
§ =01, 3ven with four planets, the d|§k can sill accrete aFnass planet exerts a stronger torque on the outer disk, it
(1= 0.1)"Mypuu = 0.66Mpwi. Thus,¢ is one key param- may slow down the accretion flow passing the planet and
eter in the multi-planet scenario, which demands furth%ad to a lower disk accretion rate onto the star. This is con-
study. sistent with observations that transitional disks haveelow
accretion rates than pre-transitional disksgaillat et al.
2012;Kim et al.2013). Furthermore, dust filtration can ex-

Another possibility is that the small dust grains in the inplain the observed differences in the relative distribusiof
ner disk are highly depleted by physical removal or graimicron sized dust grains and mm sized dust grains. Disks
growth, to the point where the dust opacity in the NIR is fawhere the small dust grains appear to closely trace the large
smaller than the ISM opacity. Generally, this dust opacitgust distribution (i.e., category C disks frdjR.3) could be
depletion factor isv10° to 10° (Zhu et al.2011). Dust fil- in an advanced stage of dust filtration, after the dust grains
tration is a promising mechanism to deplete dust to suchia the inner disk have grown to larger sizes and can no
degree. longer be detected in NIR scattered light. Disks with NIR

Dust filtration relies on the fact that dust and gas irscattered light imaging evidence for a significant amount of
disks are not perfectly coupled. Due to gas drag, dusmall, submicron sized dust grains within the cavities @& th
particles will drift towards a pressure maximum in a diskarge, mm-sized dust grains seen in the submm (i.e., the cat-
(see chapter bylohansen et al.in this volume;Weiden- egory A and C disks frori2.3), could be in an earlier stage
schilling 1977). The drift speed depends on the particlef disk clearing via dust filtration.
size, and particles with the dimensionless stopping time Future observations will further our understanding of
Ts =t ~ 1 drift fastest in disks. If the particle is in the the many physical processes which can occur when a giant
Epstein regime (when a particle is smaller than moleculglanetis in a disk, such as dust growth in the inner disk, dust
mean-free-path) and has a density of dm—3, T, is re- growth at the gap edg®(nilla et al. 2012), tidal stripping

If there are multiple planets present in (pre-)transitlon
disks, the planet accretion efficiency parametgr dan-
not be large in order to maintain a moderate accretio
rate onto the star. WithV planets in the disk, the ac-

Another possible solution: dust filtration

16



of the planets ayakshin2013), and planets in the dead Because different clearing mechanisms likely operate on
zone Morishima2012;Bae et al.2013b). In addition, here different timescales, demographic studies aim to identify
we have explored how to explain large holes and gaps the processes that produce (pre-)transitional disks in pop
disks, yet there may be smaller gaps presentin diRsl) ulations of different ages. One area that has been inves-
that may not be observable with current techniques. Thegated thoroughly is the overall frequency of transitiona
gap opening process is tied to the viscosity parameter adisks. Spitzersurveys have had tremendous success in cat-
sumed. If the disk is inviscid, a very low mass perturbealoging young stellar object (YSO) populations, identify-
can also open a small gap (e.g., 1Q;MLi et al. 2009; ing dust emission from disks around stars within 500 pc
Muto et al.2010;Duffell and MacFadyer2012;Zhu et al. across the full stellar mass range and into the brown dwarf
2013;Fung et al.2014). Disk ionization structure calcula- regime at 3.6 to &m, and for most of the stellar mass range
tions have indeed suggested the existence of such low tat 24 ym. Based on the photometric SEDs, a number of
bulence regions in protoplanetary disks (i.e., the deae zorstudies have identified transitional disk candidateswallo
see chapter byfurner et al. in this volume), which may ing demographic comparisons with stellar and disk proper-
indicate that gaps in disks are common. Interestingly, in ies. We note that reported transitional disk frequenaes t
low viscosity disk, vortices can also be produced at the gagate should be taken as a lower limit on the frequency of
edge (i et al. 2005), which can efficiently trap dust parti- holes and gaps in disks given that, as noted il, it is
cles (Fig. 10Lyra et al.2009;Ataiee et al2013;Lyra and harder to identify pre-transitional disks based on photome
Lin 2013,Zhu et al, in press) and is observable with ALMA try alone as well as smaller gaps in disks with current data.
(van der Marel et al2013). We note that other physical pro- There has been some controversy regarding the transi-
cesses can also induce vortices (see chaptéubyer etal. tion timescale, which as noted above can be estimated from
in this volume;Klahr and Henningl997; Wolf and Klahr the frequency of transitional disks relative to the typical
2002), thus the presence of vortices cannot be viewed dssk lifetime. Early preSpitzerstudies (e.g Skrutskie et al.
certain evidence for the presence of a planet within a disk990;Wolk and Walter1996) suggested that the transition
gap. In the near future, new observations with ALMA willtimescale was short, of order 10% of the total disk life-
provide further constraints on the distributions of dusd antime, a few10° years. The values estimated fr@®pitzer
gas in the disk, which will help illuminate our understand-surveys of individual clusteystar forming regions have a
ing of the above points. wider range, from as small as these initial estimaie{a

et al. 2007;Hernadndez et al2007b;Luhman et al2010;

Koepferl et al2013) to as long as a time comparable to the
4. DEMOGRAPHICS disk lifetime itself Currie et al.2009;Sicilia-Aguilar et al.

2009; Currie and Sicilia-Aguilar2011). Combining data
om multiple regionsMuzerolle et al.(2010) found evi-

Basic unresolved questions underlie and motivate tl*r . | . .
ence for an increase in the transitional disk frequency as a

study of disk demographics around TTS. Do all disks g

through a (pre-)transitional disk phase as stars evolva fro unction (_)f mean cI_uster age. .
disk-bearing stars to diskless stars? Assuming an affirma- The discrepancies among these studies are largely the

tive answer, we can measuréransition timescaldy mul- result of differing definitions of what constitutes a disk in
tiplying the fraction of disk sources with (pre-)transitid transition, as well as how to estimate the total disk lifetim

disk SEDs with the TTS disk lifetimeSkrutskie et al. The shorter timescales are typically derived using more re-

" : ; trictive selection criteria. In particular, the evolvedid
1990). Are (pre-)transitional disks created by a single prg’ . . ’ ’
) (pre-) y glep IWh|ch the IR excess is small at all observed wavelengths,

cess or multiple processes? Theory predicts that sevela
b'e p y P nd to be more common around older stgxs3(Myr) and

mechanisms can generate (pre-)transitional disk SEDs, {ﬁl . . !
of which are impo?tant for di(spk e\aolution Table 2 summa-OW-mass stars and brown dwarfs; the inclusion of this SED

rizes the generic properties expected for (pre-)tramsifio type will lead to a larger transitional disk frequency and

disks produced by different mechanisms, as previously d ence timescale for samples that are heavily weighted to

scribed in§ 3 and the literature (e.gNajita et al. 2007a: these stellar types. Moreover, the status of the evolvéd dis

Alexander and Armitag2007). Which of these occur com- as bo_na fifje(pre-)transit.iongl disks (i.e., a disk With inner
monly (or efficiently) and on what timescale(s)? Thesglea”ng) is somewhat in dispute (sge.1). As pointed

questions can, in principle, be addressed demographicaﬂ L by Najita et al. (2007a), the different SED types may

because different mechanisms are predicted to occur md icate multiple evolutionary mechanisms for disks. More
readily in different kinds of systems (e.g., those of diéfet complete measurements of disk masses, accretion rates, and

disk masses and ages) and are expected to impact syslr olved observations of these objects are needed to better
gqeaine their properties and determine their evolutionaay st

parameters beyond the SED (e.g., the stellar accretioh rat

We highlight developments along these lines below, takin S - . . -
into algcolgnt poi\;ns rpaised e anc?S ! W, fad BJ Combining data from multiple regions and restricting the

selection to transitional disk SEDs showing evidence for in
ner holes,Muzerolle et al.(2010) found evidence for an

4.1 Frequency and the Transition Timescale _ : e .
increase in the transition frequency as a function of mean
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TABLE 2
OBSERVABLE CHARACTERISTICS OFPROPOSEDDISK CLEARING MECHANISMS

Mechanism Dust Distribution Gas Distribution Accretiont®a Disk Mass Lx

Viscous evolution No holgap No hol¢gap Low accretion Low mass No dependence
Grain growth No hol¢gap No hol¢gap Unchanged All masses No dependence
Photoevaporation Ry, -radius hole Nglittle gas withinR;,  No/low accretion Low mass Correlated

~0.1 M; planet Gap No holgap Unchanged All masses No dependence
~1 M planet Gap Gap ~ 0.1 —-0.9CTTS Higher massé€s No dependence

Multiple giant planets  GafiR),-radius hole  Ndlittle gas withinR,  No/low accretion Higher masstés No dependence

NoTe.—Here we refer to the dust and gas distribution of the iniige. dRelative terms are in comparison to the propertiestodmtise
comparable disks around CTTS (e.g., objects of similar aggess). “Higher mass disks may form planets easier according to core
accretion theory (see chapter in this volumeHslled et al). Observations are needed to test this.

cluster age. However, there was considerable uncertairthgen estimated from NIR flux deficits alone. The statis-
because of the small number statistics involved, espgciallics for older regions are incomplete, limited by weaker
at older ages where the total disk frequency is typically 10%sub)millimeter emission that may be a result of significant
or less. Fig. 11 shows the fraction of transitional diska+el grain growth compared to younger diskseé et al.2011;
tive to the total disk population in a given region as a funcMathews et al2012). Improved statistics await more sensi-
tion of the mean age of each region. Here we supplemetite observations such as with ALMA.

the statistics from the IRAGMIPS flux-limited photomet-

ric surveys listed iMuzerolle et al(2010) with new results 4.2 Disk Massesand Accretion Rates

from IRS studies of several star forming regioMcClure

et al. 2010;Oliveira et al.2010;Furlan et al.2011;Manoj Another powerful tool _has been to compare stellar_ ac-
et al.2011;Arnold et al.2012a), and a photometric surveyCretlon rates and total disk mass. L90k|qg at full disks
of the 11 Myr-old Upper Scorpius associatidnibman and ~ 2r0und CTTS and (pre-)transitional disks in Tauris;
Mamajek2012). A weak age dependence remains, with frdit@ €t al. (2007a) found that compared to single CTTS,
quencies of a few percent at€ 2 Myr and~10 percent at (pre-)transitional disks have stellar accretion ratesl0

older ages. Some of this correlation can be explained ad'gres lower at the same disk mass and median disk masses
consequence of the cessation of star formation in most re- 4 times larger. These properties are roughly consistent

gions after~ 3 Myr; as Luhman et al(2010) noted, the with the expectations for Jupiter mass giant planet forma-
frequency of transitional disks relative to full disks inex r tion- Some of the low accretion rate, low disk mass sources

gion no longer producing new disks should increase as tf@uld plausibly be produced by UV photoevaporation, al-
number of full disks decreases with time. Note that the sani?0ugh none of the (pre-)transitional disks (GM Aur, DM
ple selection does not include pre-transitional diskscwhi 12U, LkCa 15, UX Tau A) are in this group. Notably, none
cannot be reliably identified without MIR spectroscopy. In2f these disks were found to overlap the region offthe-
terestingly, for the regions with reasonably complete IR$/4 Plane occupied by most disks around CTTS.

observations (the four youngest regions in Fig. 11), the With the benefit of work in the Iit(_erature, a preliminary
transition fraction would increase t8 10 — 15% if the M.—My plot can also be made for disks around CTTS and

pre-transitional disks were included. Note also that the IR(pre-)transitional disks in Ophiuchus (Fig. 12). Most & th

surveys represent the known membership of each regiog,ph sources are co-located with the Taurus CTTS, while

and are reasonably complete down to spectral types of abéﬁveral fall below this group. The latter includes DoAr 25

M5. We refer the reader to the cited articles for a full as@nd the transitional disk SR 21 . The other two sources

sessment of sample completeness. All transitional disks fiave high extinction. Such sourced,( > 14; Fig. 12,

this combined sample are spectroscopically confirmed PM@UFe squares) are fOU”P' tp have I_OVML' on average,_for

stars. their disk masses. This is as might be expected, if scat-
An important caveat to the above statistics is that SEEfred light leads to an underestimate-df, and therefore

morphology is an imperfect tracer of disk structure and i€ lin€ luminosity from whictM.. is derived. A source like

most sensitive to large structures that span many AU (s&AT 25, which has a very low accretion rate for its disk

§ 2.1). Smaller gaps can be masked by emission from evé’ﬁass_a_nd also Iac!<s an O_bV'Ol_JS hole based on t_h? SED or

tiny amounts of dust. As mentioned §R.2, resolved sub- submillimeter continuum |mag|ng0m_drgws a”‘?‘ Williams

millimeter imaging has found a greater frequency of diskgOOS;Andrews et al.2009, 2010), is mterestmg.. Does

with inner dust cavities among the 1-2 Myr-old stars in Tau!t Nave a smaller gap than can be measured with current

rus and Ophiuchus{30%:; Andrews et al2011b) than has techniques? Higher angular resolution observations df suc
’ sources could explore this possibility.
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Fig. 11.—The transitional disk fraction for ten star-forming re- )

gions and young clusters as a function of mean stellar age- Fr Fig. 12.—PreliminaryM..—M, for disks in Ophiuchus. The dot-
tions were estimated by taking the ratio of the number of obted line indicates the locus occupied by CTTS in Taulajita
jects that exhibit a transitional disk SED with the total men et al. 2007a). Disks with submm cavities and (pre-)transitional
of disks in each region. Evolved disks and pre-transitiatisks ~ disk SEDs are overlaid with a star (SR 21, bottom left; DoAy 44
are not included here. The data are taken from (in order ohmeaniddle); the disk with a submm cavity but no obvious SED MIR
age): Arnold et al.(2012a), NGC 1333McClure et al.(2010), deficit (SR 24S) is overlaid with an “X” . Sources withvA-14
Ophiuchus;Furlan et al. (2011), Taurus;Manoj et al. (2011), (McClure et al.2010) are indicated with a blue box. Objects where
Chamaeleon IFlaherty and Muzeroll§2008), NGC 2068/2071; only upper limits were available for the accretion ratesiac-
Oliveira et al. (2010), SerpensMuench et al.(2007), IC 348; cated with an arrow (including SR 21, GSS 26, DoAr 25). Accre-
Hernandez et ak2007a), Orion OBla/bylegeath et al(2005),;,  tion rates are fronNatta et al.(2006) if available, otherwise from
Chamaeleontis associationghman and Mamajek2012), Upper  Eisner et al(2005), and/alenti et al (1993) (scaled). Disk masses
Scorpius association. are fromAndrews and William§007); Andrews et al(2010).

Like SR 21, both SR 24S and DoAr 44 have also beeppectra) andor different methods for calculating accretion
identified as having cavities in their submillimeter contin rates (i.e., 4 vs. NIR emission lines). More work has to
uum (Andrews et al2011b), although their accretion ratesbe done to better understand disk accretion rates, ideally
place them in the CTTS region of the plot. DoAr 44 hagvith a large IR and submm selected sample and consistent
been previously identified as a pre-transitional disk base&fcretion rate measurement methods.
on its SED Espaillat et al.2010). Whether SR 24S has a
strong MIR deficit in its SED is unknown, as its SED has4.3 Stellar Host Properties
not been studied in as much detail.

What accounts for the CTTS-like accretion rates of these One would naively expect an age progression from full
systems? One possibility is that these systems may be u#isks to (pre-)transitional disks to diskless stars in &giv
dergoing low mass planet formation. Several studies havegion if these classes represent an evolutionary sequence
described how low mass planets can potentially clear gag¥servational evidence for age differences, however,-is de
in the dust disk while having little impact on the gas, withcidedly mixed. From improved parallax measurements in
the effect more pronounced for the larger grains probe-fﬁUI’US,Bel'tOUt et al.(2007) found that the four stars sur-
in the submillimeter (seé 3.2, alsoPaardekooper and rounded by (pre-)transitional disks with age measurements
Mellema2006;Fouchet et al2007). (DM Tau, GM Aur, LkCa 15, UX Tau A) were intermediate

In related work, recent studies find that (pre-)transitionaPetween the mean CTTS and weak TTS (i.e., stars that are
disks have lower stellar accretion rates on average th&®t accreting) ages. However, the quoted age uncertainties
other disks in the same star forming region and that the agre roughly equal to the ages of individual objects, and the
cretion rates of pre-transitional disks are closer to tifat ¢mall sample is not statistically robust. Moreover, stadie
CTTS than the transitional diskE$paillat et al.2012;Kim  of other regions have found no statistical difference insage
et al. 2013). However, other studies find little differencebetween stars with and without disks (NGC 2264, Orion;
between the accretion rates of (pre-)transitional androth®ahm and Simor2005; Jeffries et al.2011). In general,
disks Keane et al.submittedfFang et al.2013). This could the uncertainties associated with determining stellasage
be due to different sample selection (i.e., colors vs. IRgMaintoo large, and the samples of (pre-)transitionakdis

too small, to allow any definitive conclusion of systematic
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mechanisms. However, known independent correlations be-
' tween stellar masd, x, and mass accretion rate may also

) be responsible. In a follow-up study with a large sample
- of 62 (pre-)transitional disks in OriorKim et al. (2013)

|'. attempted to correct for the stellar mass dependences and

25 T T T T T T LI

20

! found no residual correlation between accretion raté gr
' and the size of the inner hole. The measured properties of
- most (pre-)transitional disks do not overlap with the range
10k " v of parameter space predicted by these modiilm et al.
\ (2013) concluded that the demographics of their sample are
; \ most consistent with giant planet formation being the domi-
7 q nant process responsible for creating (pre-)transitidisi
1’ SEDs.
0k |—l|’_‘|\ ) "’ B To better understand the connection between underly-
F5 GO G5 KO K5 M2 M7 ing physical mechanisms and observed disk demographics,
spectral type more theoretical and observational work needs to be done.
Improved theoretical estimates on stellar ages, accrefion
Fig. 13.—The distribution of spectral types for the known tran-ﬂ(_:'enCIefs' a_lnq d_ISk masse_s for different °'e"’.‘””9 mecha-
sitional disks with spectral type F5 or later. The dasheel iimi- ~ NISMS WI|| aid in interpretation of the observations. _At the
cates the combined parent sample of all disks in the 1-3 Myr olS@Me time, larger ground-based surveys are essential{o con
regions, scaled down by a factor of 10, highlighting the appa  fidently constrain basic properties such as stellar acoreti

deficit of transitional disks around stars later thaki4. rates, ages, and disk masses. In the near future, the higher
resolution of ALMA will reveal the extent of gaps in disks,
. . . leading to better statistics to measure the (pre-)tramsiti
age differences for (pre-)transitional disks. g (pre-)

" . . disk frequency and the transition timescal®VSTwill be

The frequency O.f transitional disks as a.fum.:u.on of Stelkey in addressing how the (pre-)transitional frequency de-
lar mass also provides some clue-s.to the!r origiktuize- ends on age. The best constraints on disk demographics
rolle et al.(2010) showed that tra}n3|t|onal disks appeared tslgarly require a multi-wavelength approach.
be underrepresented among mid- to late-M stars compare
with the typical initial mass function of young stellar clus
ters Usmg the expanded sample adqpted for Fig. 11,.ﬂ.'\‘i')$ CONCLUDING REMARKSAND FUTURE
initial finding appears to be robust (Fig. 13). The deficit prospECTS
remains even after adding the known pre-transitional disks
However, the evolved disks (as opposed totthesitional
disks) do appear to be much more common around lower- It is thought that practically all stars have planets (see
mass stars (e.gSicilia-Aguilar et al.2008). AsErcolano chapter in this volume b¥fischer et al). If we start with
et al. (2009) pointed out, there may be a strong bias hef@e reasonable assumption that these planets formed out of
as optically thick inner disks around mid- to late-M starglisks, then the question is not if there are planets in disks
produce less short-wavelength excess and can be confugégund young stars, but what are their observable signa-
with true inner disk clearing. Nevertheless, this discregya  tures. To date we have detected large, optically thin holes
may provide another indication of different clearing mechaand gaps in the dust distribution of disks and theoretical
nisms operating in different transitional disks. For exéamp Planet clearing mechanisms can account for some of their
the relative dearth of (pre-)transitional disks arounddow observed properties. These (pre-)transitional disks have
mass stars may reflect a decreased rate of giant planet féaptured the interest of many scientists since they may be a
mation, as would be expected given their typically smalleey piece of evidence in answering one of the fundamental
initial disk masses. guestions in astronomy: how do planets form?

Among other stellar properties, the X-ray luminosity While other disk clearing mechanisms (e.g, grain growth,
can provide further useful constraintd. x has been in- photoevaporatior§; 3.1) should certainly be at play in most,
voked as a major contributor to theoretical photoevapord-not all, disks (and may even work more effectively in
tion rates (e.g.Gorti and Hollenbach2009; Owen et al. concertwith planetdRosotti et al2013), here we speculate
2012), as well as accretion rates related to MRI at the iwhat kinds of planets could be clearing (pre-)transitional
ner disk edgeChiang and Murray-Clay2007). Examin- disks, beginning with massive giant planets. If a massive
ing the (pre-)transitional disks in Taurus and Chamaleon giant planet (or multiple planets) is forming in a disk, itiwi
Kim et al.(2009) found correlations between the size of th€ause a large cavity in the inner disk since it will be very ef-
inner cleared regions and several stgltisk properties in- ficient at cutting off the inner disk from the outer disk. This
cluding stellar mass, X-ray luminosity, and mass accretioill lead to significant depletion of small and large dust
rate. These possibly point to the MRI or photoevaporatiofirains in the inner disk and lower accretion onto the central
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star § 3.2). This is consistent with (pre-)transitional diskswill be able to detect these small gaps, in some cases even
which have submm and NIR scattered light cavities anthose with sizes down to about 3 AWpIf and D’Angelo
MIR deficits in the SED (e.g., LkCa 15, GM Aur, Sz 91,2005;Gonzalez et ak012).
RX J1604-2130% 2.1-2.3). This is also consistent with  There are many remaining avenues that researchers can
the lower accretion rates measured for these objgéet]. take to fully characterize clearing in disks around TTS.-The
One caveat is that massive planets would be the easiestaietically, we can simulate the influence of various mass
detect, yet there has not been a robust detection of a prof@anets on different sized dust particles, which can be com-
planet in a (pre-)transitional disk yet. pared with observations at various wavelengths to comstrai
A less massive planet (or fewer planets) would still leaé potential planet's mass. We can use ALMA, VLTI, and
to substantial clearing of the inner disk, but be less efficie JWST to test the full extent of disk holes and gaps as well
at cutting off the inward flow of material from the outeras their frequency with respect to age. We can also make
disk (§ 3.2). This is consistent with those (pre-)transitionasubstantial progress studying the gas distributions iksdis
disks that have a submm cavity but no MIR deficit in theén the near future with ALMA, particularly to determine if
SED, such as WSB 60, indicating that small dust still makethe structure inferred for the disk from studies of the dust
it through into the inner disk§(2.1-2.3). Interestingly, is the same as that in the gas. Gas tracers may also reveal
WSB 60 is in Oph and overall (pre-)transitional disks SED$he presence of an orbiting planet via emission from a cir-
are rare in this region. Given that Oph is quite young (ageumplanetary disk. Lastly, and perhaps most importantly,
~ 1 Myr), this may be indicative of the effects of dust evo-we need robust detections of protoplanets in disks around
lution and/or planet growth. Disks in Oph could be in theyoung stars. These future advances will help us understand
initial stages of gap opening by planets whereas in oldérow gagice giant planets and terrestrial planets form out
systems, the dust grains in the inner disk have grown tf disks and hopefully antiquate this review by the time of
larger sizes antbr the planets have grown large enougtPPVII.
to more efficiently disrupt the flow of material into the in-
ner disk. The above suggests that most disks with plan- Acknowledgments. The authors thank the anonymous
ets go through a pre-transitional disk phase and that thereferee, C. Dullemond, L. Hartmann, and L. Ingleby for
are many disks with small gaps that have escaped detectimsightful comments which helped improve this review.
with currently available techniques. More theoretical kvor Work by C.E. was performed in part under contract with
is needed to explore if all pre-transitional disks everyual Caltech funded by NASA through the Sagan Fellowship
enter a transitional disk phase as planets grow more mass®egram executed by the NASA Exoplanet Science Insti-
and the inner disk is accreted onto the star. Note also thiatte. Z.Z. acknowledges support by NASA through Hub-
there are some disks which have submm cavities and MIBle Fellowship grant HST-HF-51333.01-A awarded by the
SED deficits, but no evidence of clearing in NIR scattere@pace Telescope Science Institute, which is operated by
light (e.g., SR 21, DoAr 44, RX J16153255). Apparently, the Association of Universities for Research in Astronomy,
there is some important disk physics regarding accretion dhc., for NASA, under contract NAS 5-26555.
ficiencies that we are missing. It is necessary to study disks
in other star forming regions with ALMA, both to probe a  Finally, a special recognition of the contribution of Paola
range of ages and to increase the statistical sample size DfAlessio, who passed away in November of 2013. She is
order to address questions of this kind. Detections of protgreatly missed as a scientist, colleague, and friend.
planets would be ideal to test the link between planet mass Among Paola’s most important papers are those which
and disk structure. addressed the issue of dust growth and mixing in T Tauri
While much progress has been made understanding tiisks. InD’Alessio et al(1999), she showed that disk mod-
nature of the disks described above, future work may faels with well-mixed dust with properties like that of the-dif
cus more closely on disks with smaller optically thin gap$use interstellar medium produced disks that were too ver-
that could plausibly be created by low-mass planets. Theally thick and produced too much infrared excess, while
presence of low mass orbiting companions (0.1M;; lacking sufficient mm-wave fluxes. In the second paper of
Paardekooper and Mellem2006) is expected to alter the the seriesD’'Alessio et al.2001) Paola and collaborators
dust disk significantly with little impact on the gas disk,showed that models with power-law size distributions of
whereas high mass companioRs (M ;) can create gaps dustwith maximum sizes around 1 mm produced much bet-
or holes in the gas disk and possibly alter its dynantes. ter agreement with the mm and infrared emission of most T
pler finds that super-earth mass objects are very commdrauri disks, but failed to exhibit the 10m silicate emis-
in mature planetary systems (see chapter in this volume Isjon feature usually seen, leading to the conclusion tteat th
Fischer et al), so it may be that smaller mass objects formarge grains must have settled closer to the midplane while
fairly commonly in disks and open holes and gaps that aleaving a population of small dust suspended in the upper
not cleared of dust. These systems are more difficult tdisk atmosphere. This paper provided the first clear empir-
identify with SED studies and current interferometers, sical evidence for the expected evolution of dust as a step in
potentially there are many more disks with gaps than cugrowing larger bodies in protoplanetary disks. Another im-
rently known. High spatial resolution images from ALMA portant result was the demonstration that once grain growth
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only by the size distribution of the dust, not its maximumAllen L. E. et al. (2004)Astrophys. J. Suppl154, 363.

Along with quantitative calculations of dust propertigse t Andrews S. M. and Williams J. P. (200Aptrophys. J.659, 705.
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ing reasonable agreement in most cases with the hole sizggaz j m :E Z:' ggggﬁgggg%:' j’%‘?ti;g L109.
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modeling in the future will place additional constraints ongyygerer S. et al. (2014)stron. Astrophys562, A26.

the properties of dust in protoplanetary disks. Calvet N. et al. (2000protostars and Planets I\p. 377.
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yond her direct contributions to the literature in over 10@alvet N. et al. (2004jstron. J, 128 1294.

refereed papers. She provided disk models for many oth€glvet N. et al. (2005)strophys. J. Lett630, L185.

researchers as well as detailed dust opacities. The insigkarpenter J. M. et al. (200Hstron. J, 121, 3160.

provided by her calculations informed many other investicasassus S. et al. (201&3trophys. J. Lett754 L31.

gations, as studies of X-ray heating of protoplanetary disksassus S. etal. (2018pture 493 191. ,

atmospheresQ@lassgold et al2004, 2007, 2009), of the Chiang E. and Murray-Clay R. (200Rjature Physics3, 604.
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