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ABSTRACT

O

O Aims. We constrain the dust distribution and its properties (terare, emissivity) in inner proto-planetary disks

O Methods. We performed sub-arcsecond high-sensitivity interfermimebservations of the thermal dust emission at 1.4 mm aBichih in the

Q\l disks surrounding LkCa 15 and MWC 480, with the new 750 m liaselof the IRAM PdBI array. This provides a linear resolntif ~ 60
AU at the distance of Taurus.

& Results. We report the existence of a cavity ©f50 AU radius in the inner disk of LkCa 15. Whereas LkCa 15 eiisg optically thin, the
@ optically thick core of MWC 480 is resolved at 1.4 mm with aitedof ~ 35 AU, constraining the dust temperature. In MWC 480, the dus
D emission is coming from a colder layer than the CO emissiastrikely the disk mid-plane.

Conclusions. These observations provide direct evidence of an innetycaxdund LkCa 15. Such a cavity most probably results froartitteal
disturbance created by a low-mass companion or large péatreB0 AU from the star. These results suggest that planetatgrsy®rmation
is already at work in LkCa 15. They also indicate that thesitad steady-state viscous disk model is too simplisticscdption of the inner
! 50 AU of “proto-planetary” disks and that the disk evolutigrcoupled to the planet formation process. The MWC 480 tesudiicate that a
Q\l proper estimate of the dust temperature and size of theatigtibick core are essential for determining the dust evitysindex s.

g Key words. Stars: circumstellar matter — planetary systems: protapéay disks — individual: LkCa 15, MWC 480 — Radio-contimustars
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@ 1. Introduction a large inner radius (70 — 100 AU) was measured in the mm
> domain for the dense spiral-like structure found in AB Aarig

With current instrumentation, proto-planets located atdfs- e 5).

y tance of Taurus cannot be observed directly. The best esid

of planet formation in proto-planetary disks remains thede However, models of planet formation predict gaps with
LO) tion of the tidal gaps. Because of the dependence of the ddepsity contrasts of only 10-100 for a Jupiter-like planet (e.g
< temperature on the distance from the star, these gaps sh6). Due to the very high dust opacity observed
O leave signatures in the infrared SED of the objects, in tnefoin the IR (at~ 1um, assuming standard dust grain properties,
I of a deficit of emission at wavelengths betweeri and 30 the opacity can be as high as*10 10°, see[D’Alessio et 4.
Oﬂm-lm”(l_@%) suggest that the deficit of emissionfR98), the IR SED does not allow astronomers to get detailed

10 um in GM Aur was indeed the result of such a gap. Marknowledge on the moderate density contrasts. This can e qua
— recent studies of the spectral energy distribution (SEDjén itatively understood in Fig.5 if Dullemond e dl. (2p01),avé
@ near-infrared (NIR) and mid-infrared (MIR) coming from data change in the slopp of 1 on the dust surface density does

obtained by various telescopes, in particular from thezgpit not significantly &ect the SED (by less than20 %), which is

satellite, have revealed NIR-MIR emission dips that cambe itherefore dificult to disentangle from the other physicékets

terpreted by truncated disks with inner radii-of8 —5 AU up on real data.

to ~ 25_AU (Calvet et 3| 20(115)_ So_me direct eVIdence C_>f IN- As a consequence, only gaps corresponding to a significant

ner cavities has been also obtained in the scattered ligilgeés1 jocrease in the surface density in the inner disk, i.e. @itran

of the disks of moderate opacity associated with Herbig Agp in opacity between thick and thin regimes, can be detect

stars such as HD14156{9 (Augereau ¢f al. [1999). More recenflyihe modelling of the IR SEDs. Only resolved images ob-

Send offprint requests to: Vincent Piétu, e-mailpietu@iram. fr tained with a tracer of moderate opacity can provide redia

* Based on observations carried out with the IRAM Plateau de BuSIghts into the geometrical structure and density corgmaken
Interferometer. IRAM is supported by INSONRS (France), MPG the inner cavities are not significantly empty. The dust dgac
(Germany), and IGN (Spain). of proto-planetary disks in the millimefsub-millimeter range
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Fig. 1. Top row: Results for MWC 480. From left to right: 2.8 mm continm image. The angular resolution i92x 0.74 at

PA 28, and the contour spacing is 1 midgam (0.13 K, about 3.5). The 1.4 mm continuum image: the angular resolution is
0.73x0.53 at PA 33, and the contour spacing is 5 nmiligam (0.33 K, B¢). The 1.4 mm residual from the best fit with the same
contours. Right: 1.4 mm real part of the visibilitgg baseline lengths. The points and error bars represent tasuredl values,
and the curve indicates the visibilities of the best-fit dis&del. The visibilities have been corrected from the diskrgation
and inclination by compressing the V value by épgtior to circular averaging. Bottom row: Results for LkGa The 2.8 mm
image is obtained by considering baselines longer than 2(futmo flux was lost in this process). The resolution.86Xx 0.61

at PA 3T, and the contour spacing is 0.75 nfdyam (0.12 K, 2r). The 1.4 mm resolution is.66 x 0.39 at PA 55, and the
contour spacing is 1.5 myeam (or 0.15 K, 1.¢). The crosses indicate the position, orientation, andaspéo of the disks.

is well adapted to imaging such “young” cavities, providedard method, with MWC 349 as a reference for flux calibration.
enough angular resolution and sensitivity is available. On the longest baselines, MWC 349 is partially resolvedt 1.
In this paper, we present new PdBI observations at an angum, and a dterent method was required for the flux calibra-
lar resolution of B5” — 0.5” for the Keplerian disks surround-tion. We first based our flux scale on an extrapolation in time
ing two bona-fide single PMS stars LkCa 15 and MWC 480f the flux densities of the two phase calibrators, 043
LkCa 15 is a classical TTauri star of spectral type K5, magise. 3C111) and 0528134. However, since quasars have un-
~ 1M, and age~ 3 — 5 Myr and MWC 480 is a Herbig Ae predictable flares, we also compared the measured flux glensit
star of spectral type A4 and age 5 — 7 Myr (Simon et a). of MWC 480 obtained from the BCD data to that obtained in
). the A" data on the overlapping baseline range (from 100 to
400 m). MWC 480 is bright and compact enough to allow such
) a direct comparison, to a precision-ofL0 %. The two methods
2. Observations and results give the same results within 5 %. The simultaneous obsenvati

The observations were performed from winter 2001 to wint8d common calibration ensure that any morphological or in-
2005. We observed simultaneously at 110 and 220 GHz (398Sity dﬁe_rence observed_ between the two sources is real and
and 1.4mm). Typical system temperatures range from 2008t due to instrumental artifacts.

400 K at 220 GHz. We mainly used 4 configurations: the stan- At 220 GHz, these observations provide an angular reso-
dard BCD configuration of the IRAM array, with (projected)jution about 07 x 0.4 using natural weighting. With uniform
baselines ranging from 15 m to 320 m, and the newcAn- weighting, the longest baselines (500) lallow us to reach an
figuration, which provides baselines extending up-#0 m. angular resolution of about®x0.3” at PA~ 45°. At 110 GHz,
Some additional data were obtained on MWC 480 in A confilie resolution is a factor lower. Based on the integratiomefi
uration, using time sharing with AB Aur (sge Pietu d{al.Bp0 system noise, and measurdfi@encies, the expected (thermal)
The data were obtained under good weather conditions: the rmoise level was 0.7 mJyeam at 220 GHz. However, the dy-
phase did not exceed70° at 1.4 mm even on the longest baseaamic range is limited by phase noise. This results inféace
lines. The two sources were observed in track-sharing motiee noise of 0.9 mJ$peam for LkCa 15 and 2.0 m®eam for
alternating every 10 minutes from one source to the other. FRdWC 480. At 110 GHz, the noise is 0.3 mgam, so essen-
the BCD configurations, we calibrated the data using the staially thermal.
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Table 1.Comparison of the inclinations and orientations of th&able 3. Parameters of the LkCa 15 disk derived from the
LkCa 15 and MWC 480 disks derived from CO isotopologuasodel fits.

(see|Piéetu et al. 20p6) and mm continuum emission.

Temperature from CO isotopologues

from CO from 2.8 and 1.4 mm T100 (K) 22+1
isotopologues emission q 0.37+0.02
LkCa15 Derived parameters from 2.8 and 1.4 mm dust emission
PA () 150+ 1 151+ 3 Rint (AU) 46+ 3 (5
i) 52+1 49+ 3 Rout (AU) 177+12 135+ 3
MWC 480 T100(g.cnT?) 3.1+ 04 41+0.6
PA (°) 58+ 1 61+ 8 p 1.7+0.3 -05+02
i (%) 36+1 31+5 B 12+01 11+01
Maisk (M) 0.029 0.025

. . The error bars are thes1formal errors (€ective noise, see Sect.2)
Table 2. Parameters of the MWC 480 disk derived from thgom the fit. Two solutions are presented: one with a freerinaius,

model fits. and one with a fixed inner radius of 5 AU. The dust emission as to
optically thin to allow us an independent fit of the tempematwhich
Fixed input parameters is adopted from the CO analysis presentefi in Piétuef ab4Rqa)
Rint (AU) [31% (3] Square brackets indicate fixed parameters.
q [0] [0.5]
Derived parameters from 2.8 and 1.4 mm dust emission
T100 (K) 245+3 98+04 o
Rout (AU) 190+ 15 185+ 15 law distribution of the temperaturB(r) = T100(r/100 AU) 9,
100 (g.cnT?) 31+0.2 171+15 surface densit(r) = 100(r/100 AU)P. Following Beckwith
p 25+01 16+0.1 et al. (199D), we used the Hildebrarld (11983) prescriptian fo
B 1.26+ 0.05 151+ 0.06 the dust opacityx(v) = 0.1(v/1000 GHZf cn?/g (per gram
Maisk (Mo) 0.24 0.30 of dustrgas). We simultaneously fit the 2.8 and 1.4 mm UV
M(R > 35 AU) (Mo) 0.04 0.19 data, thereby constrainimgydirectly. As shown in Tabl€]1 for

The error bars are therlformal errors (@ective noise, see Sect.2), 414 goyrces, the inclinations and orientation derivechftoe
;ir)(()ég g];::ﬁg‘t”érzas been fixed to 3 AU. (a) Square brackets InOl'cal’:eontinuum data agree with those determined from an analy-
' sis of the?CO (Simon et dl{ 2000) an®CO observations
(for details, sed Piétu et |g]. 2006). We used the more ac-
Figure [1 presents the images obtained at 2.8mm agigrate CO-based inclinations in the analysis. For MWC 480
1.4mm on MWC480 and LkCal5. While the disk ofhe temperature can be constrained by the dust observations
MWC 480 appears centrally peaked, the disk around LkCafEer LkCa 15, we used the temperature determined by Piétu
does not. The 1.4mm image of LkCa 15 is rather similar &t al. (2006) from CO lines. We checked that the choice of
the first image of GG Tad (Dutrey et]al. 1994, see their Fig.the scale height does not influence the results at all: we used
where the inner radius of the circumbinary dust ring was jusfr) = 16.5(r/100 AU)-2° AU for both sources.
resolved by the interferometer. The total flux densities.8t 2  For continuum data, the brightness distribution scalelsen t
and 1.4 mm are 18 + 0.8 mJy and 14@ 3 mJy, respectively, optically thick case as the temperatdreand its exponen,
for LkCa 15, corresponding to an apparent spectral index while in the optically thin case, it scales as the prodiictand
a = 3.04+ 0.07. For MWC 480, S(B) = 352 + 0.8 mJy the sump+ g. Since in general the dust opacity decreases with
and S(14) = 235+ 4 mJy, leading taxr = 2.74 + 0.04. The radius, one can measure both the surface density and the tem-
calibration uncertainties result in an additional error0f15 perature with angular resolution that is high enough.
on the absolute values af but the relative values are not af- Tab|e|]2 shows the best fits for MWC 480. The large value
fected, since the data were obtained simultaneously. Eurof the peak surface brightness (7 K in IElg.l) indicates aifsign
also shows the residual images after subtraction of the begint opacity at both wavelengths in the inreB5 AU. Indeed,
fit model (see Tablel f}-3). The rightmost panels offFig.1 disptical depth reaches unity betweer 31 AU (model 1) and
play the real part of circular average of the calibratedoiisies 38 AU (model 2) at 220 GHz, and between 20 and 23 AU at 110
obtained after deprojection, superimposed with the Vi#8 GHz. We thus attempted to treat the dust temperature as a free
from the best models (curves). LkCa 15 is well resolved withgarameter. The measurements directly constrain the temper
first null at 130 ki (and probably a second null at400 k1).  ture around 26- 30 AU to be~ 20 K. However, the optically
thick core is not sfiiciently resolved to determine the temper-
ature exponend. Table|]2 shows two solutions. The data are
compatible with al190 = 24 K, g = 0 or with steeper laws,
To better quantify the obvious morphologicfférences be- Tigo = 10 K, g = 0.5, but not with higher temperatures. The
tween both sources, the 2.8mm and 1.4 mm data were atemperature derived frodrfCO (T190 = 45 K andq = 0.65) is
lyzed in the Fourier Plane using our disk fitting method (sewuch too high to apply to the dust. All solutions intersecme
Dutrey et al.[2006, and references therein). We modelled ms 17 AU with T = 24 K. The lack of knowledge on the tem-
inclined disk with truncated inner and outer radius and powperature law results in a significant uncertainty in the acef

3. Data analysis




4 Piétu et al.,: Resolving the LkCa 15 and MWC 480 inner disks

density law, and thus on the total disk mass. With these epaci The value of3 = 1.4 + 0.15 indicates moderate grain
ties, the optically thick inner core contributes quite giigantly growth. This is similar to the value obtained for AB Aur
to the total flux, and the dust emissivity indéx 1.4+ 0.15is by [Pietu et a). [[2005). Using the coronagraphic mode of the
thus substantially higher than— 2. HST/NICMOS camera at .6um, [Augereau et al[ (20p1) ob-
For LkCa 15, the surface brightness of the mm emissionderved the disk of MWC 480, but did not detect its scattered
low (< 3 K), indicating that the dust is essentially optically thinlight. Their upper limit on the column density of scattering-
It is thus impossible to constrain the dust temperature thith terial is~ 104g.cnT2 at 100 AU (of dust only), several orders
data. On the other hand, an analysid%gfO and'3CO by Piétu of magnitude below our measured value. Our results suggest
etal. (200p) provides a unique value for the temperafgg,=  that a significant amount of dust s still “hidden” to the sesed
22+ 1 andq = 0.37 + 0.02. We adopted these values. With &ight regime, most likely because the dust disk is geomaityic
small inner radius (5 AU, but the result do not change for lowé¢hin and the starlight partially masked by the dust orbititoge
values), the best-fit solution impligs ~ 0.5, i.e. a surface to the star. This can occur if the dust has significantly seéiin
density increasing with radius. This is physically impldle. the disk-mid plane. This explanation agrees with the diassi
Treating the inner radius as a free parameter results intarbetion of MWC 480 as a group Il staf (Meeus e jal. 2001; Acke
fit at the 4o level and a more physical value fpi(see Tabl¢]3). & van den Anckef 2004). The constraint on the dust tempera-
Other combinations of inner, outer radius and density egponture indicates that the dust is colder than the zone traceldeoy
are possible: for example, a solution with~ 3, Ry ~ 65 CO isotopologues, in further agreement with this hypothesi
AU and Ryt > 600 AU (in agreement with the disk extent inAlthough indirect, these arguments suggest that the dust ha
CO) is only 2 — 30 above the best-fit solution for LkCa 15 settled towards the disk plane. TapJe 2 indicates the MWC 480
This may indicate that LkCa 15 is not devoid of dust beyordisk is quite massive. However, this is largely the resukof
~ 170 AU, but surrounded by a more tenuous disk. Despit@polation of the density aymr temperature laws, as indicated
the correlation betweep andR;,, the LkCa 15 disk exhibits by the total mass beyond 35 AU in Tatﬂe 2.
a clear decrease in surface density towards its centertiéth  MWC 480 illustrates the need to resolve the inner optically
best solution indicating a 50 AU radius central hole. thick core and tomeasurethe dust temperature to properly
In conclusion, while MWC 480 presents a “classical” dugtharacterize the dust emissivity. Lower-resolution dBtat{ey
distribution, LkCa 15 indicates that dust disks can presest al.[199F) typically tend to find values gf ~ 1, and our
brightness distributions versus radius that are more stiphinew results indicate such values could be significantlydslias

cated than simple power laws, and suggests the existence p{@ontamination from optically thick dust at low temperatu
large inner cavity in an otherwise “standard” dust disk.

4.2. The inner disk of LkCa 15
4. Discussion
Until now, observations from the NIR to the mm range have

4.1. MWC 480 shown that LkCa 15 is a bona-fide Classical TTauri star sur-
unded by a large CO disk of a few0d M, (Simon et 4.
000;[Qi et g [ 2043). Leinert et la[. (1993) observed LkCa 15

slightly higher resolution, but lower sensitivity. HLM miéon and classified it as a single star, since they found no coropani

a similar source orientation. They use a temperature diari\%own to a separation of 0.13” (20 AU).

from the IR SEDT100 = 17 K, andq = 0.62. However, because  Bergin etal. [2004) have observed the BV emission and

of the IR opacity, the IR-constrained temperature deduced f the NIR-MIR SED of LkCa 15. They conclude that the disk has
an isothermal vertical disk model naturally overestimakes an inner radius (piied-up inner rim) located at 3 AU. From
mid-plane temperature to which the mm emission is sensititf€ir disk modelling, they estimate a column density of dust
(see als§ D'Alessio et Hl. 1998, for details). Indeed, the-te Zaust = 0.2g.cnm? at 1 AU, assuming a standard accretion disk
perature used by HLM is much too high to explain our observ&odel withae = 0.01 andT = 100 K. Extrapolated to 45 AU,
tions, and using it results in a best-fit solution that is-idorse  this translates into 0.07 g.crhof dust-gas (with a gas-to-dust
than those presented in Tafjle 2. HLM also derive a relativétio of 100). This is 200 times lower than the surface dgnsit
shallow surface density distributiop,= 0.5 - 1.0, as a result from Table[, confirming the interpretation of the mm images
of the high assumed temperature. The HLM temperature 1&yLkCa 15 as the result of a cavity of radius45 AU nearly
requires a low opacity to reproduce the surface brightrigs ( devoid of dust. If we fit ap = 1 surface density law into the
in their Fig.1). As a consequence, the shallow inner-serfad-kCa 15 cavity, we find an upper limit &faust ~ 0.12 g.cnr?
brightness distribution is represented by a flat surfaceigen at 1 AU, consistent with the resultsof Bergin ef al. (3004).
while it is in reality due to contribution by the opticallyithk In the current knowledge of inner-disk destruction pro-
core. Also, p is biased towards low values by the extendecksses, among the mechanisms (such as planetary formation,
emission present in the HLM image, which is not confirmeghoto-evaporation, radiation pressure, etc. ..) that gpham

in ours. This structure may be due to phase errors. Note tki@s distribution, planetary formation or a low mass comnipan

in general, phase noise will result in a flattening of the llig remain plausible since the LkCa 15 disk is fairly massivee Th
ness distribution, since it scatters signal (much likefaaotive large disk density makes photo-evaporation and radiaties-p
seeing). sure unlikely to be fective.|Alexander et al] (20P6) showed

MWC 480 was recently observed at 1.4mm by Hamidoucl
et al. (200p, hereafter HLM) using the BIMA array, wit
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ffakeuchi et gl.[(1996), the half-width of a gap created by a
proto-planet or a low-mass companion can be approximated

by: w = 1.3aAY3 wherea is the semi-major axis of the orbit. References
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Getting an upper limit on the orbiting object mass is more 1990, AJ, 99, 924
difficult. The separation limit fro Leinert et]a). (1993) is 2Bergin, E., Calvet, N., Sitko, M. L., et al. 2004, ApJ, 614 331
AU, but given the inclination of the LkCa 15 disk, an objecCalvet, N., D’Alessio, P., Watson, D. M., et al. 2005, ApJ063
orbiting at 30 AU would spend most of its time at projected L185
distances about 20 AU. The best limit on the companion maSe&da, A., Morbidelli, A., & Masset, F. 2006, Icarus, 181,758
comes from the kinematic determinatior] of Simon ¢t{al. (B00®’Alessio, P., Canto, J., Calvet, N., & Lizano, S. 1998, ApJ,
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spectral type of LkCa 15 makes it unlikely to be a star of legsullemond, C. P., Dominik, C., & Natta, A. 2001, ApJ, 560,
than 08 M, leaving at most @ M, for a companion. A coeval 957
star of this mass would have a K magnitude of about 10.5. Dutrey, A., Guilloteau, S., Duvert, G., et al. 1996, A&A, 309
493
5. Summary Dutrey, A., Guilloteau, S., & Ho, P. 2006, Protostars and
] ) Planets V
We used the new 7_50m baselines of the IRAM array to 'ma%trey, A.. Guilloteau, S., & Simon, M. 1994, A&A. 286, 149
the du;t disks orbiting MWC 480 and LkCa 15 at an angu'iifamidouche, M., Looney, L. W., & Mundy, L. G. 2006, ArXiv
resolution of~ 0.4”. Astrophysics e-prints
— The dust disk of MWC 480 is centrally peaked with an optHildebrand, R. H. 1983, QJRAS, 24, 267
cally thick core of radius- 35 AU at 1.4 mm. Since the coreKoerner, D. W., Sargent, A. I., & Beckwith, S. V. W. 1993,
is resolved, we can estimate its temperature, which is sig-4carus, 106, 2
nificantly lower than that of the CO layers, and measure theinert, C., Zinnecker, H., Weitzel, N., et al. 1993, A&A, &7
dust emissivity indeg. The low dust temperature suggests 129
that grains emitting at mm wavelengths tend to be locatétkeus, G., Waters, L. B. F. M., Bouwman, J., etal. 2001, A&A,
around the colder disk mid-plane, in agreement with sedi-365, 476
mentation. The indeg is ~ 1.4, suggesting moderate grairPiétu, V., Dutrey, A., & Guilloteau, S. 20086, in prep.
growth, like in AB Aur. Piétu, V., Guilloteau, S., & Dutrey, A. 2005, A&A, 443, 945
— To be compatible with existing NIR images of MWC 480Qi, C., Kessler, J. E., Koerner, D. W., Sargent, A. |., & Blake
the dust must be confined to a geometrically thin disk andG. A. 2003, ApJ, 597, 986
mostly hidden from the starlight. Simon, M., Dutrey, A., & Guilloteau, S. 2000, ApJ, 545, 1034
— The LkCa15 disk reveals a large50 AU radius) cavity, Takeuchi, T., Miyama, S. M., & Lin, D. N. C. 1996, ApJ, 460,
which is not completely devoid of dust. The most proba- 832
ble explanation for such a wide cavity is the existence of a
massive planet{ 0.005 M) or of a low mass companion
(< 0.2 M) orbiting around~ 30 AU from the star.

Long baselines on large mieubmm arrays are now opening
the planetary formation regions of nearby young disks to in-
vestigations. However, as for AB Aur, figuring out whethe th
companion to LkCa 15 is a proto-planet or a low-mass star re-
quires deeper IR images, or the advent of ALMA, which may
resolve the structure of the cavity.




