
Infrared Classi�cation of Young Stellar Objects�Zeljko Ivezi�c & Moshe ElitzurDepartment of Physics & Astronomy, University of Kentucky, Lexington, KY 40506-0055, USAAbstract. The radiative transfer equation for a dusty envelope as close as possibleto an embedded central source possesses scaling properties. For a given dust chemicalcomposition, the solution depends only on overall optical depth and the functionalform of the radial dust distribution. All other physical parameters (luminosity, overalldensity, etc.) do not a�ect the solution independently, only through their e�ect on theoverall optical depth.We model infrared emission for dust density distributions ranging from a station-ary out
ow (1=r2) to a constant density, and dust grains composed of astronomicalsilicate and amorphous carbon. Preliminary results demonstrate that IRAS color{colordiagrams can be parametrized in terms of scaling analysis. We �nd that the dust inenvelopes around young stars resembles a 1=r distribution with the 100 �m opticaldepth ranging from 0.001 to 1. The evolution of these objects from the proposed class0 to class III appears to re
ect a decrease in overall optical depth.1 INTRODUCTIONInfrared spectra of young stellar objects (YSO) form distinct groups. This obser-vation initiated several proposals for detailed classi�cation schemes. The mostwidespread classi�cation involves �, the slope of the log-log plot of the spectralenergy distribution between a near-infrared and an IRAS wavelength (Adams etal. 1987). YSOs are classi�ed as protostars if � < 0 (class I), pre-main-sequencestars for 0 � � < 2 (class II) and reddened main-sequence stars when � > 2(class III). Recently, a new class (class 0) was proposed for sources presumed tobe even younger than protostars and surrounded by signi�cantly larger amountsof circumstellar material (Andr�e et al. 1993). All other classi�cation schemeswere shown by Myers & Ladd (1993) to be mutually equivalent.The separation of all Galactic infrared spectra into distinct classes can beseen directly in the IRAS color-color diagrams. The IRAS Point Source Cata-logue lists 5687 objects with good quality 
uxes in all four bands (12 �m, 25 �m,60 �m and 100 �m). However, most listed 
uxes are still contaminated by back-ground cirrus emission at 100 �m, and to a lesser extent also at 60 �m (Ivezi�c& Elitzur, 1995; hereafter IE). The 821 uncontaminated sources are plotted inFigure 1. These are the only Galactic point sources with reliable 
uxes in allfour wavelength bands. The source distribution in the IRAS color-color diagramsdisplays a clear structure rather than random scatter. Note that IRAS colorsfor all black bodies with temperature >� 2000 K are the same (Rayleigh-Jeanspoint). Distinct spectral classes are also re
ected in various phenomenologicalassociations of objects, delineated as boxes. It is obvious that infrared spectra of



2 �Zeljko Ivezi�c & Moshe Elitzuryoung and late-type stars are very di�erent. Indeed, both associations and theirdi�erences are expected from general scaling properties of the radiative transferproblem.
Fig. 1. Color-color diagrams of all IRAS sources, displayed as dots, with good quality
uxes at all four wavelength bands and uncontaminated by cirrus emission. Boxes de-lineate phenomenological associations: late-type stars (van der Veen & Habing, 1988),T Tau stars (Harris, Clegg & Hughes, 1989), Becklin-Neugebauer (BN) objects (Hen-ning, Pfau & Altenho�, 1990), HII regions (Wood & Churchwell, 1989) and H2Omasersdetected in YSOs (Wouterloot & Walmsley, 1986). 1a [60]-[12] vs. [25]-[12] diagram. 1b[100]-[25] vs. [60]-[25] diagram.2 Scaling Properties of the Radiative Transfer ProblemHow do di�erent spectral classes form and why are YSOs so di�erent fromlate-type stars? We have shown (IE) that the radiative transfer problem in anisotropic medium surrounding a central source of radiation posses general scal-ing properties. When the dust is as close as possible to the central source, thesolution of the radiative transfer equation is fully determined by two quanti-ties: the normalized density pro�le � = n(r)= R n(r)dr and the overall opticaldepth � at some �ducial wavelength. The radiative characteristics of the centralsource are largely irrelevant for the spectral properties of the emergent IR ra-diation. As a result, for a given dust chemical composition, each density pro�le



Infrared Classi�cation of Young Stellar Objects 3� produces a family of solutions corresponding to a track in the color-color dia-grams. All tracks start from the common origin, the Rayleigh-Jeans point, andposition along the track is uniquely determined by � . Other physical parame-ters (luminosity, overall density, size of the system etc.) do not a�ect the solutionindependently, only through their e�ect on the overall optical depth. Dust chem-ical composition does not vary signi�cantly among infrared objects and overalloptical depths span about the same range. Therefore, young and late-type starshave such uniquely di�erent infrared spectra because the functional forms of theirdust density distributions are di�erent.3 Results and DiscussionAs a �rst approximation we have calculated emerging spectra for distributionsdescribed by power-laws1 r�p. The dust grains are composed of amorphous car-bon and astronomical silicate with evaporation temperature of 800 K. Opticaldepths at 100 �m vary from 0 to 10. The central object is taken as a blackbody of 4000 K since the actual temperature is irrelevant at IRAS wavelengthsas long as it is >� 2000 K. The emerging spectra are convolved with the IRASinstrumental band pro�les to produce the appropriate 
uxes for the evaluationof IRAS colors. Preliminary color-color tracks are presented in �gure 2 whichshows that the model tracks properly delineate the region populated by IRASsources. For a given dust composition, di�erent families of objects can be asso-ciated with di�erent p and � . For example, late-type stars are only found in theregion corresponding to p � 2 (we have veri�ed this association from detailedmodeling; IE). YSOs are distributed in the regions corresponding to 12 � p � 32 ,in agreement with detailed modeling of some individual sources (e.g. Barsony &Chandler, 1993). Since position in a color-color diagram depends also on graincomposition, the value of p for a particular source can not be uniquely determinedwithout additional spectral data to provide information about the chemical com-position (e.g. IRAS LRS spectra). However, most YSOs appear to congregatearound the tracks for p � 1 irrespective of chemical composition. If correct, thisresult would provide a strong constraint on current theories of proto-stellar col-lapse. In free-fall one expects p = 32 (Shu, Adams & Lizano, 1987), but this canchange by e�ects of magnetic �elds, out
ows, rotation etc. For example, modelsfor collapsing clouds with ambipolar di�usion produce p � 0:9 (Lizano & Shu,1989).The evolution of YSOs from class 0 to class III seems to correspond to anoverall decrease in optical depth irrespective of the grains chemical compositionor the precise value of p. Deeply embedded sources enter a diagram from theupper right corner and move toward the lower left as � decreases, i.e. as theirenvelope mass decreases. It is noteworthy that IRAS 16293-2442, the best can-didate so far for a protostellar collapse, is the reddest source in the diagrams.1 Similar calculations were performed for BN objects by G�urtler et al. (1991). Here weconsider all IRAS sources.
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Fig. 2. IRAS color-color diagrams same as �gure 1. Lines are preliminary model re-sults for dust density distributions described by power-laws r�p with p = 0, 12 , 1, 32and 2 (as marked) and grains composed of amorphous carbon (solid lines) and astro-nomical silicate (dashed lines). The common origin of all tracks is the Rayleigh-Jeanspoint. Distance from that common origin along each track increases with optical depth.Symbols indicate �(100�m) = 0.001 (squares), 0.1 (circles) and 0.3 (crosses).After all of the surrounding dust is cleared, a YSO �nishes its journey throughthe infrared color-color diagrams as a naked star at the Rayleigh-Jeans point.ReferencesAdams, F.C., Lada, C.J. & Shu, F.H. (1987): ApJ 312, 788Andr�e, P., Ward-Thompson, D. & Barsony, M. (1993): ApJ 406, 122Barsony, M. & Chandler, C.J. (1993): ApJ 406, L71G�urtler, J., Henning, Th., Kr�ugel, E. & Chini, R. (1991): A&A 252, 801Harris, S., Clegg, P. & Hughes, J. (1989): MNRAS 235, 441Henning, Th., Pfau, W. & Altenho�, W.J. (1990): A&A 227, 542Ivezi�c, �Z. & Elitzur, M. (1995): ApJ 445, 415 (IE)Lizano, S. & Shu, F.H. (1989): ApJ 342, 834Myers, P.C. & Ladd, E.F. (1993): ApJ 413, L47Shu, F.H., Adams, F.C. & Lizano, S. (1987): ARA&A 25, 23van der Veen, W.E.C.J. & Habing, H.J. (1988): A&A 194, 125Wood, D.O.S. & Churchwell, E. (1989): ApJ 340, 265Wouterloot, J.G.A. & Walmsley, C.M. (1986): A&A 168, 237


