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Planetary systems, ours included, are formed in disks of dusand gas around young stars.
Disks are an integral part of the star and planet formation proces$?, and knowledge of the
distribution and temperature of inner disk material is crucial for understanding terrestrial
planet formation3, giant planet migration®, and accretion onto the central staf. While the
inner regions of protoplanetary disks in nearby star forming regions subtend only a few
nano-radians, near-IR interferometry has recently enable the spatial resolution of these
terrestrial zones. Most observations have probed only du$t which typically dominates the
near-IR emission. Here | report spectrally dispersed neatR interferometric observations
that probe gas (which dominates the mass and dynamics of thaner disk), in addition to
dust, within one astronomical unit of the young star MWC 480.1 resolve gas, including water
vapor and atomic hydrogen, interior to the edge of the dust dik; this contrasts with results
of previous spectrally dispersed interferometry observabns’8. Interactions of this accreting
gas with migrating planets may lead to short-period exoplaets like those detected around
main-sequence stars The observed water vapor is likely produced by the sublimabn of

migrating icy bodies’, and provides a potential reservoir of water for terrestrial planetst.

| obtained observations with a new griSnga dispersive element consisting of a diffraction
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grating on the vertex of a prism) at the Keck Interferom@ét&tthat show, for the first time, ev-
idence of spatially resolved gaseous spectral-line eomssiterior to the edge of the dusty disk
around a young star, MWC 480. My observations provide a spladispersion of? = 230 from

2.0 to 2.4um wavelength, and an angular resolution of approximatelyilli-ancsecond (mas; 1
mas= 5 nano-radians), which is 0.1 astronomical units (AU) at the 140 parsec distance to the
target (the source is located in the Taurus-Auriga star ifegraomplex). MWC 480 has a stellar
mass of.3 M, an age of- 6 Myr, and a circumstellar disk of dust and gas in Kepleriaatiot'4.
Previous observations found that the dusty component aligkeextended to within- 0.5 AU of

the central staf ¢ and suggested the presence of hot gaseous emission aneaier stellocen-
tric radii*’. My observations confirm these suggestions, and resolvebgd gas and water vapor

in the inner disk.

My interferometry data provide a measurement of the angudarof the circumstellar emis-
sion from MWC 480 as a function of wavelength (Figure 1). Tpectral dependence of the
angular size indicates a radial temperature gradient.eSinoler material emits relatively more
radiation at longer wavelengths, an outwardly decreagimperature gradient yields an increasing
fraction of emission from larger radii, and hence a largeyudar size, at longer wavelengths. The
temperature gradient probably arises from multiple coneptsat different stellocentric raéfii
warm dust at radii where temperatures approach the dustsatiin temperature, and hotter gas

at smaller radii.

Figure 1 also shows more compact emission at 2/A5relative to the surrounding con-



tinuum. This dip corresponds to the wavelength of the Blectronic transitioni{ = 7 — 4) of
hydrogen. The By emission observed from MWC 480 traces very hot gasl1(? K) that has
recently recombined from ionized hydrog&npresumably in the inner reaches of an accretion

column.

To match the features of Figure 1, | constructed a simpleipalysiodel and fitted it directly
to the measuredt? and fluxes. The model accounts for emission of the unresaleattal star,
circumstellar continuum emission from hot gas, spectred-€mission from hydrogen (B, and
continuum emission from warm dust. | take each emission corapt to be a uniform ring whose
width is 20% of its radius. This multiple-ring model appnmstes a continuous disk where dust,
gas, and individual gaseous atoms or molecules contributeseon at different size scales. It
has been shown previously that ring models provide reasem@giproximations to more complex
models of inner disk regiof3'®. | also assume that the gaseous continuum andeBnission
originate from stellocentric radii smaller than 0.1 AU; givthe~ 1 mas angular resolution of my
observations, | can not accurately distinguish betweerlenradii, although | can rule out larger

radii.

As indicated in Figure 2, the model fits the data well over nodghe spectral bandpass.
However, there are substantial deviations between the Ipoel@ictions and the data in the region
between 2.0 and 2,Am (particularly for the fluxes). These deviations suggesiatesence of hot
water vapor, which has substantial opacity from 2.0 to;&r, in the inner disk of MWC 480. |

include water vapor in the model by adding a ring of materidghwhe opacity of water vapét.



The superior quality of the fit when water is included cleatmonstrates the presence ofCH
in the inner disk of MWC 480 (for further arguments why the rabohust include water vapor

emission in order to match the data, see the Supplementanyriation section).

The best-fit model includes compact gaseous continuum Emisgth a temperature of
2410 4+ 125 K and Bry emission that add$7% + 7% to this gaseous continuum flux at 2.165
um; these components are situated at stellocentric #adiil AU. Water vapor emission is located
at a radius 0b.16 4+ 0.05 AU. The temperature of this material2800 + 120 K and the column
density is1.2 4 0.6 x 10 cm2. Dust emission originates from a radius @28 £ 0.01 AU
and has a temperature tif00 + 60 K. Quoted b uncertainties are quadrature sums of statistical

uncertainties in the fits and assumed 5% systematic errors.

| illustrate the basic geometry of the innermost regions ¥¥®480 in Figure 3. As inferred
from the data, gaseous emission is found at substantiabyiesnstellocentric radii than the dust.
The inner edge of the dust disk lies at 0.3 AU, where the disk temperature approaches the
sublimation temperature of silicate dtistBecause | also include contributions from gas in my
analysis, the inferred dust size is larger, and the temperddwer, than in previous work where
only dust emission was consideted®. Emission from HO is found at~ 0.15 AU, and hot
gaseous continuum andBemission at still smaller radik( 0.1 AU). The observed By emission
probably originates in an accretion column, near the shockéd when infalling material impacts

high latitude regions of the sfat>23

My results substantiate models of inner disk structure gsed previously for similar star+disk
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system$&'. Comparison with these models suggests that in order todepe the ratio of flux in
the gas and dust components determined her@ ), a mass accretion ratge 10~7 M, yr—! must

be invoked for MWC 480. At such high accretion rates, theiirtigk gas becomes optically thick
to its own radiation, and can therefore produce relativadyerlux. Furthermore, models with this
high accretion rate produce stronghBemission, consistent with my detection. My measurement
of gas interior to the edge of the dust disk also confirms previsuggestions of such structure
based on modeling of spatially unresolved (but spectrabpived) observations of gaseous emis-

sion lineg?2%26or very low dispersion interferometric measureméhts

The finding that gaseous emission, and Bmission in particular, lies within the edge of the
dusty component in protoplanetary disks contrasts witkipues interferometric studies of young
stars. Previous work found theBemission to lie at radii equal to or larger than the dust, yimg
an origin of the emission in an outflowing wihé& The differing results for MWC 480 and the two
previously observed sources may stem from different lusities of the objects. MWC 480 is
orders of magnitude less luminous than MWC 297br which the Bty emission is more extended
than the dust emissiénand approximately half as luminous at HD 104237or which the Bry
and dust emission have comparable size stal@y emission probably traces both accreting
and outflowing components in all of these sources to somengxbet the accretion appears to

increasingly dominate the emission for lower-luminostars.

The distribution of gas at stellocentric raeii0.1 AU in the inner disk of MWC 480 shows

that material is present in this protoplanetary disk atireginparable to the semi-major axes of



short-period exoplanet® This finding supports the hypothesis that giant planet atign is halted
in resonances with the inner edge of the gaseoustdiskFuture observations of gaseous disk
truncation radii in solar-type T Tauri stars will enableeadit comparison with exoplanets, which

are predominantly found around solar-type stars.

The presence of water vapor in the inner regions of the platepary disk surrounding
MWC 480 constrains how water (and other material) is trarteploin the disk terrestrial zone.
Because water beyond the ice-line is in solid form, a comaéinoh gradient tends to push water
vapor out of the inner disk; the fact that | observe this irgisk vapor suggests continual replen-
ishment through the sublimation of inwardly migrating iaydies. Water vapor in disk terrestrial
regions may also enable tle situ formation of water-rich planets via adsorption of watercont
dust grains and subsequent growth of these water-lademsgrao planetesimal® Finally, as one
of the dominant gaseous opacity sources in the near-IRy wap®r can provide an excellent tracer

of the temperature and velocity structure of inner diskyas
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Fig. 1. Angular size of the near-IR emission from MWC 480 as aunction of wavelength.
Sizes are calculated from squared visibility measurem@nty made with the Keck Interfer-
ometer grism on 12 Nov 2006. THeé? (and fluxes; see Fig. 2), were calibrated using ob-
servations of unresolved stars of known spectral type amdllpg'l. | applied these calibra-
tions to unresolved “check stars” to test the calibratiord thereby estimated channel-to-channel
uncertainties o standard deviation) in my flux and? measurements of 3%. The shortest-
wavelength data point has a larger uncertainty, becausaesatmeric water vapor absorption leads
to lower photon counts in this channel; | estimate the ua@est in this channel atv 10%.
There is also a systematic uncertainty of approximately B%he overall normalization of the

data, due to errors in the absolute calibrationt assume that the emission morphology is a uni-
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form disk, for which the measureld? are related to the angular diameter of the soufigg, by

V2 = {Jl(w@UDBproj//\)/(WHUDBprOj/)\)}2, where B,,,; is the projected baseline separation of
the two telescopes as seen by the soukds,the wavelength, and, is a first-order Bessel func-
tion. | remove the stellar contribution to the visibilittésand the plotted sizes thus represent only
the circumstellar emission. The angular size increases £d to 2.4um, indicating multiple
emission components: hot gas at small stellocentric radiivearm dust at larger radii In addi-
tion, the angular size is smaller at 2.168, the wavelength where hot hydrogen gas emits in the

Br~ line, than at adjacent continuum wavelengths.
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Fig. 2. MeasuredV? and fluxes, compared to the predictions of simple physical nuels.

Plotted error bars indicate estimated (standard deviation) uncertainties of 3%; as noted above,

the uncertainty in the shortest wavelendth measurement is larger, approximately 10%. The

dotted line shows the values computed for a model includamgiouum emission from warm dust

and hot gas, and Bremission from hydrogen. This model reproduces the ovelghes seen in

the data as well as the feature at 2.1686, but deviates from the data between 2.0 and 2l

Hot water vapor contributes significant emission at theseeleagthg?, and the solid line shows
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the predictions of a model that includes® Because the #D emission lies at a radius only
slightly larger than that of the hot gaseous continuum, ffesce on the visibilities is more subtle
than its effect on the measured fluxes. Absorption due tesaral atmospheric water vapor affects
the data in the shortest-wavelength channel, but not suteits in longer-wavelength channels
since, in contrast to the hot water vapor in our model, wadgov at atmospheric temperature and
pressure conditions lacks substantial opacity at theselaagthg®. The model including KO fits
the data well over the entire observed wavelength rangeyiafab substantially smaller residuals
between model and data than the model without water vaporndéethat the inferred sizes of
the emission components in our model are smaller than tHeramdisk sizes plotted in Figure 1;
this is due primarily to the different characteristic sizesuniform disk and relatively narrower
ring model$®. Additional details of the modeling and fitting procedura ¢e found in previous

work?’.
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Fig. 3. The environment within 1 AU of the young star MWC 480.Dust in the inner disk around
MWC 480 extends inward to approximately 0.3 AD)( where the disk temperature becomes high
enough to sublimate the dust. The ring-like appearanceeadtist sublimation front is compatible
with my data, and with physical models predicting a puffgoand curved inner edge?®. Interior

to the dust sublimation radius, gaseous material contitiuascrete onto the young star (and may
also be blown away in a tenuous wiidwhich is not depicted). Based on a sketch for a similar
young stat*, | have portrayed a continuous gaseous disk whose optipéh decreases at smaller
radii. | observe hot continuum emission from the hottestsdst gaseous material at stellocentric
radii smaller than 0.1 AUR) and spectral-line emission from hot water vapor at sligkgtger
radii (C). Finally, | observe By emission at radii smaller than 0.1 AU, which traces hydraggsat
high temperaturesy{ 10* K). | speculate that this emission arises in the hot acanetimck where
infalling gas impacts the stellar surfaok)( The~ 1 mas angular resolution of my observations

translates into a spatial resolution of approximately OUlak the distance to MWC 480.
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