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ABSTRACT 

We present an analysis of high sensitivity IRAS coadded survey data and 

Pointed Observations toward a 4.3 pct area comprising the central star- forming 

cloud of the Ophiuchus molecular complex. Using near-infrared and lb surveys, we 

are able to associate 44 of the 64 IRAS 12µm point sources in this region with 

young stellar objects. As a result, a total of 78 YSOs are now established as 

members of this dust -embedded cluster. 8y synthesizing the visible /near -infrared 

data with that from IRAS, we have constructed spectral energy distributions and 

estimated bolometric luminosities for the majority of embedded sources. We have 

classified each spectral energy distribution into the classification scheme of 

Lada and Wilking by using the spectral index in the 2.2 -25 pm wavelength 

interval. The shapes of the spectral energy distributions form a continuous 

sequence from heavily obscured objects (Class I) to T Taunt stars (Class II); 

with the aid of the theoretical models of Adams, lade, and Shu, we interpret this 

as an evolutionary sequence from accreting protostars (Class I) to 

pre-main- sequence objects with circumstellar disks (Class II). From the relative 

number of objects in each evolutionary state, we are able to estimate crudely the 

lifetime of the accretion phase, the mass accretion rate, and the duration of 

star formation in Ophiuchus. Our analysis suggests that the relatively high star 

formation efficiency in the core of the cloud (SFE > 22%) is the result of an 

efficient burst of star -forming activity which has occurred over the last few 

million years. The luminosity function of the embedded cluster is also 

constructed. A remarkable feature of the luminosity function is the segregation 

of source luminosities by the shapes of their spectral energy distributions. The 

dominance of Class I objects at intermediate luminosities suggests that either 

stars undergo luminosity evolution as they progress from Class I to Class II 

objects or that stars in the cloud are being formed sequentially in mass. 

The observed luminosity function represents a direct measurement of the true 
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original luminosity function of the embedded cluster. The relationship 

between the observed luminosity function and that derived from the Initial 

Mass Function is discussed. 

Subject headings: clusters: open - infrared: sources - luminosity function 

- spectrophotometry - stars: pre -main -sequence 

- nebulae: individual 

I. INTRODUCTION 

In our galaxy, the formation and evolution of stars takes place within 

dense molecular clouds. Consequently, It is reasonable to expect young 

stellar objects (YSOs) to be physically associated with varying amounts of 

interstellar gas and dust which will affect their observed appearance. 

Indeed, the youngest objects (e.g., protostars) should be rendered completely 

invisible by the obscuration of opaque (at visual wavelengths) circumstellar 

dust. In such circumstances a significant fraction of the luminous energy of 

a YSO will be radiated in the infrared. Since the circumstellar material 

associated with YSOs is distributed throughout a volume of space considerably 

larger than that of the young star itself, the resulting emission will be 

likely radiated over a wavelength range larger than that expected from a 

single temperature blackbody or photosphere (e.g., Lada 1987). Therefore, to 

investigate the nature of the youngest stellar sources requires observations 

over a wide range of infrared wavelengths (i.e., 1 to 100 µm). Such 

observations have shown that the infrared energy distributions of YSOs 

exhibit well -defined structure (i.e., Lada and Wilking 1984; Myers et al. 

1987). The source to source variation in the shapes of their energy 

distributions can he used to classify YSOs into broad but distinct 

morphological groups, which appear to represent phases in an evolutionary 



sequence from protostar to main sequence star (i.e., Lada 1987; Adams, Lada 

and Shu 1987). In addition, integration over the infrared energy 

distributions provides relatively accurate determinations of the holometric 

luminosities of young stellar objects (Lada and Wilking 1984, hereafter LW). 

Study of source energy distributions, therefore, may be a powerful probe for 

investigating star formation and early stellar evolution. 

It would be extremely useful to make a comparative study of source energy 

distributions for the entire embedded population of YSOs in an individual 

star -forming cloud. A systematic investigation of a reasonably complete 

sample of newly formed objects from the same formation site would be 

potentially capable of addressing some fundamental issues concerning star 

formation including: the overall duration of star formation activity in a 

cloud, the relative duration of the various phases of early stellar evolution, 

the luminosity evolution of young stellar objects, the role of energetic 

outflow activity in early stellar evolution, the nature of the initial 

luminosity function and the origin of the initial mass function. 

The nearby p Ophiuchi molecular cloud is a prime site for the type of 

systematic investigation described above. Its centrally condensed core 

harbors an unusually high density of young stellar objects (Crasdalen, Strom 

and Strom 1973; Vrba et al. 1975; Elias 1978; Wilking and Lada 1983) which are 

primarily of low luminosity and presumably low mass (Fazio et al. 1976; 

Wilking and Lada 1983; LW; Cudlip et al. 1985; Young, Lada and Wilking 1986). 

Because of the relatively high star formation efficiency and the quiescent 

conditions in the cloud core, it has been suggested that a gravitationally 

bound cluster similar to the Plealdes will ultimately emerge from the cloud 

(Wilking and Lada 1983; Lada, Margulls and Dearhorne 1984). An initial study 

of the nature of the embedded population in the Ophiuchus cloud was made by 
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LW. They constructed energy distributions from 1 -20 iim for more than 30 

sources in the cloud and showed that the sources could he grouped into three 

distinct spectral classes depending on the shapes of their energy 

distributions. They also determined a luminosity function for the embedded 

sources which appeared to be deficient in intermediate luminosity stars 

compared to that of the initial luminosity function for field stars. However, 

these observations and their analysis were limited by the lack of data at 

far-infrared wavelengths where a significant portion of the YSO luminosities 

are radiated. Furthermore, since the sources studied were selected from 

inhomogenous and incomplete near- infrared surveys of the cloud, it was not 

clear how representative they were of the entire embedded population. 

In principle, these limitations can be overcome by analysis of the 

far -infrared observations of this region obtained by IRAS. The IRAS observa- 

tions completely sample the entire extent of the cloud with relatively high 

sensitivity, providing a complete census of far -infrared emission from the 

region. With these observations it is possible to obtain a more complete and 

representative sample of the embedded population of the cloud as well as more 

complete energy distributions and more accurate holometric luminosities for the 

embedded sources. An analysis of the IRAS high resolution Pointed Observations 

of a 1.5 pc2 region which comprises most of the high extinction core of the 

cloud has been presented by Young, Lada and Wilking (1986; hereafter Paper I). 

In this paper, we use IRAS coadded survey data, coupled with new high 

sensitivity near-infrared observations, to investigate the nature of embedded 

objects over a much larger area (4.3 pc2) of the cloud. This larger area, shown 

In Figs. la and lb, encompasses the central cloud of the p Ophiuchi complex and 

includes the core region. The boundaries for the region of study correspond 

to the contour of i3C0 emission where Tg* (1300, 1 -0) = 6 K (Loren 1988) and Av 

" 4.5 mag (assuming an excitation temperature of 25 K, Dickman 1978). 
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Combining the IRAS and near -infrared data sets enables us to identify a 

total of 78 members of the embedded cluster. Spectral energy distributions are 

constructed for 53 objects and are compared with theoretical models to gain 

insight into their evolutionary status. Bolometrtc luminosities can be 

estimated for nearly all of the association members leading to a revised 

luminosity function for this dust -embedded cluster. 

TI. Observational Procedure and Equipment 

A. IRAS Data Analysis 

The first step in the analysis of the IRAS data was the identification of 

point or small extended sources in the 12 pm and 25 µm data hases. For this 

purpose, we examined three high sensitivity data sets: high resolution Pointed 

Observations of the core (Paper I), survey resolution Pointed Observations 

MC2169 (centered on 16h23m 44.0, -23' 59'22 ") and MCOOI6 (centered on ]6h24m15.s 6, 

-24 °35'42 "), and coadded survey data. The full -width at half power (FWHP) 

resolution of these later two data sets in the 12 and 25 µm bands was 45" in the 

in -scan direction (roughly north -south in declination) and 210" in the cross -scan 

direction. 

Positions and flux densities of sources not already presented in Paper I 

were determined exclusively from in -scan slices through each source using coadded 

survey data. As an example, in -scan slices of IRAS 34 at 12 and 25 pm are shown 

in Fig. 2 and are typical of many sources in the cloud. The baseline chosen to 

subtract out the extended plateau of emission (usually present in all bands) is 

indicated. From this slice, one can isolate the emission of IRAS 34 from 

surrounding sources. After baseline subtraction, the source flux density was 

determined by comparing the width of the emission profile with that expected by a 

point source (45 "). 

Photometric calibration was based upon the same absolute calibration as the 

IRAS Point Source Catalog (1985). We estimate the photometric uncertainties to 

be ±15% in regions of low source density and increasing to as high as 150% In 

confused regions. These larger uncertainties are most prevalent in the 60 µm 

and 100 pm bands where the source confusion is most serious. No color 

corrections were made to the source flux densities; these corrections are less 

than 10% since the 12 -100 pm energy distributions are generally flat or 

decreasing in AFA. 

The completeness limit of the IRAS coadded survey data is difficult to 

estimate due to the variable source density across the field. In regions of 

low source density, the reliable (4.5 -5e) detection limit at 12 µm is roughly 

3 times more sensitive than the main survey, 1.e, Fv(12 pm) = 0.15 Jy. Sources 

with flux densities at this level are unreliable in confused regions. A 

reliable detection limit In heavily confused areas at 12 pm Is about 1.0 Jy. 

In addition to the 18 IRAS sources identified in high resolution observa- 

tions of the cloud core (Paper I), 46 point or small extended sources were 

extracted from adjacent regions. The positions and fluxes estimated for these 

sources are given In Table 1 along with the FWHP of the source in the in -scan 

direction. The positions are reliable to within roughly 15" in declination and 

30" in right ascension for strong, unconfused sources. Since we bin the flux 

from all detectors for a given source, this positional accuracy is slightly 

poorer than that of the Point Source Catalog. The positions of these 64 IRAS 

sources are shown in Fig. la superposed on the red POSS photograph and relative 

to the approximate boundary of the molecular cloud. Large crosses denote 

sources with 12 µm flux densities greater than 0.25 Jy and small crosses less 

than this value. For comparison, the IRAS 12 pm coadded intensity map of the 

same region is presented in Fig. lb, indicating the prevalence of low -level 



extended emission across most of the entire cloud. 

Only 24 of these 64 sources are listed In the Point Source Catalog. The 

higher sensitivity of the Pointed Observations and coadded survey is primarily 

responsible for our larger sample. The high resolution Pointed Observations 

have enabled us to resolve 3 multiple sources confused in the Point Source 

Catalog. 

B. The Identification of Candidate Optical /Near -Infrared Counterparts 

High resolution near- infrared (typically 6 -12" beam size) and Fh objective 

prism surveys can be used to identify YSOs which are associated with the IRAS 

emission. Two- micron sources and Ha stars which lie within 20" and 45" of the 

IRAS 12 pm position in the in -scan and cross -scan directions were considered as 

candidates. Near -infrared sources with slightly larger offsets in the tn-scan 

direction were admitted as counterparts for IRAS sources extended by more than 

45" (e.g., IRAS 9). For three of the weaker 12 pm point sources, 2 pm objects 

were located within 70 -90" of the more uncertain cross-scan position (but within 

4" in declination) and had near -infrared energy distributions which joined 

smoothly with the IRAS data. We have assumed these objects are associated with 

IRAS emission but confirmation of this association is needed (see col. 10 of 

Table 1). Published surveys of the p Oph cloud were used when possible to 

identify possible optical /near -infrared counterparts (Vrba et al. 1975; Elias 

1978; Wilking and lads 1983; Wilking, Schwartz and Blackwell 1987). However, 

since only select regions of the cloud have been surveyed with sensitive 2 pm 

observations, we were obliged to obtain an extensive new set of near -infrared 

observations which are described in the next section. 

C. IRTF Observing Procedure 

All ground -based infrared observations reported here were obtained using 

the 3 meter telescope and facility instruments of the Infrared Telescope 
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Facility (IRTF) located at Mauna Kea, Hawaii. The data were collected in 1984 

July, 1985 April, and 1986 June. A small subset of these data have been 

previously presented in Paper I. The identification of the IRAS near- infrared 

counterparts involved several types of observations. First, 2 pm maps of a one 

square arcmin region centered on the IRAS 12 pm position were obtained using a 

7.5" beam with a 60" chopper throw and with beam -switching disabled. The (30) 

detectable limit of the maps was always better than 14 mag at K. Recause of the 

larger FWHP of the IRAS beam in the cross -scan direction, it was sometimes 

necessary to map adjacent fields in right ascension to locate a candidate 

source. Forty -two fields were mapped toward 26 IRAS sources, revealing at least 

one 2 pm object for 23 IRAS sources. The IRAS sources mapped in this study and 

the 2 pm sources revealed are indicated in columns 9 and 10 of Table 1. The 

positions of the 2 pm sources detected in these surveys (with IRS designations) 

are presented in Table 2, determined by offsets from nearby SAO stars through 

the broadband K filter. They are accurate to within 1.5 ". 

The second step in the observations was to 

photometry for the candidate 2 pm counterparts. 

energy distributions and infrared excesses were 

photometric observations. Photometry presented 

obtain near-infrared broadband 

Sources with steeply rising 

selected for mid -infrared 

in Table 2 was obtained using 

both the InSh (1.25 -3.4 pm) and bolometer systems (4.8 -20 pm) through either a 

3mm (5.5 ") or 4mm (7.5 ") aperture. Photometric infrared magnitudes were 

determined relative to Infrared standard stars including a secondary J through L 

standard, 110147889, established within the cloud. Unless otherwise Indicated 

in Table 2, statistical one sigma errors in the photometry were less than 0.03 

mag at J through K, 0.05 at L, 0.1 at M and N, and 0.2 at Q. 



III. Results 

A. The Success of Identifying Optical /Near -Infrared Counterparts to IRAS 

Sources 

We assumed initially that the positional coincidence of a 2µm source or ih 

star with an IRAS source was sufficient evidence to associate it with the IRAS 

emission. This association was usually borne out by 10 -20 pm photometry and /or 

a match between the near -infrared and far-infrared energy distribution. However, 

for three IRAS sources (20, 21, and 35) there is not a good match between the 

IRAS data and the colors of the corresponding near -infrared sources. These 

associations are regarded as uncertain and these sources have not been included 

in subsequent discussions of the spectral energy distributions and luminosity 

function. About twenty -five percent of the IRAS sources with possible lb or 

near -infrared counterparts had multiple candidates. In most of these cases, 

a single counterpart could he identified which dominated at 10 µm and /or had a 

near -infrared energy distribution which joined most smoothly with the IRAS 

data. For only three IRAS sources (3,11, and 17), the relative contribution of 

two near -infrared sources to the IRAS emission could not he disentangled. One 

would expect that a close agreement between the ground -based 10 pm flux of a 

near-infrared source with the IRAS 12 µm flux would best establish it as the 

near- infrared counterpart. However, as discussed in the following section, 

this criterion fails due to the prevalence of extended mid- infrared emission. 

Among the 64 IRAS sources considered, 44 were successfully identified with 

their YSO counterparts, a success rate of -70%. Of these 44, 28 associations 

were made using published 2 µm or Ha surveys. Our new near- infrared 

observations led to the confirmation of 7 of these associations plus the 

identification of 16 additional IRAS sources with their near -infrared 

counterparts. Of the remaining 20 sources, seventeen were not surveyed at 2 lim 

and had no previously known optical /near -infrared counterpart. 

10 

Our failure to associate 20 of the IRAS sources with their YSO counterparts 

leaves us uncertain as to their nature. The dust emission toward these sources 

(e.g., IRAS 22) could arise from a clump externally heated by neighboring early B 

stars, particularly the B2V star HD 147889 (Garrison 1967, Young and Greene 1988). 

Source counts at 12 µm for the galactic latitude of p Oph and extrapolated to the 

sensitivity of the coadded survey data suggest that as many as 10 sources in our 

sample could be background objects. Likewise, the absence of a 2µm source could 

imply the YSO is too heavily obscured to be detected by near -infrared 

observations. Sensitive images of these IRAS sources with the new generation of 

near-infrared cameras are needed to determine their true nature. The exclusion 

of these 20 sources, should they have intrinsic sources of luminosity, should not 

seriously affect our study of the cluster luminosity function since most are 

members of a low -luminosity population incompletely -sampled by IRAS. Only six 

have 12 µm flux densities greater than 1 Jy and only one of these was detected in 

more than two of the IRAS bands. 

A check was performed to insure that 2 pm sources found associated with 

IRAS emission were indeed YSOs embedded in the cloud. As detailed in Appendix 

A, we have applied a set of criteria to each 2 µm source known to lie toward 

this region of the p Oph cloud in an effort to distinguish between YSOs and 

background field stars. The results of this classification scheme are presented 

in Tables 1 -3 in Appendix A and in column 14 of Table 2. One IRAS source In our 

study was found to be associated with a background field star (IRAS 27/EL15). 

The vast majority of 2 pm sources associated with IRAS emission through 

positional coincidence were classified as YSOs in our scheme, primarily through 

the presence of an infrared excess in the 2.2 -25 µm spectral region. 

B. The Nature of Extended IRAS 12 µm Emission 

In the course of our study, we have encountered extended emission in the 
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IRAS 12 pm data on three different size scales. In all cases, the extended 

emission cannot be explained by equilibrium heating of normal interstellar 

grains. First, low-level 12 pm emission extended on a scale of tens of 

arcminutes is evident in the intensity map of the cloud (Fig. lb). This 

component most likely arises from nonequilibrium heating of very small dust 

grains at the surface of the cloud by the B2V star HD147889 (Paper I, Young and 

Greene 1988). 

Second, in-scan slices have revealed that the FWHP of the 12 pm emission 

for eleven of the sources is extended relative to the 45" IRAS beam (e.g., see 

Fig. 2). As shown In column 8 of Table 1, source profiles have FWHP's ranging 

from 60 -210 arcsec. This extended component could be due to multiple 12 pm 

sources unresolved by the IRAS beam. Five of the 12 sources have not been 

surveyed with high sensitivity 2 pm surveys and multiplicity cannot be ruled 

out. However for six sources, sensitive 2 pm surveys have revealed only single 

sources and the presence of multiple candidates appears unlikely. It is 

plausible that for two of these objects, IRAS 36 (Source 1) and IRAS 28 (SR3), 

their associated stars (B3 -B5V and B9 -AOV, LW) have created a dust- evacuated 

cavity and ultraviolet photons from these stars heat very small dust grains 

along the cavity walls. The presence of such cavities are consistent with the 

morphology of the spectral energy distributions of these objects (Sec. C4). For 

lower luminosity YSOs without known multiple candidates such as IRAS 6 (WL1) and 

IRAS 9 (WL9) (see Paper I), a similar explanation for the extended emission is 

more problematical. Deeper 2 pm surveys will he the first step in understanding 

the nature of the extended emission in these sources. 

Finally, as noted In Paper I, there is indirect evidence for 12 pm 

emission toward YSOs which is extended on scales of 6 -45 areseconds. This is 

indicated by the fact that the ground -based 10 pm flux of a YSO (extrapolated 

to 12 pm) usually falls short of the IRAS 12 pm flux by a factor of 2 -3. This 
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is demonstrated in column 11 of Table 1. As in the case of resolved /RAS 12 pm 

profiles, explanations involving multiple sources or non -equilibrium heating 

of small dust grains are possible. 

C. Spectral Energy Distributions 

By synthesizing visible and near-infrared photometry of a YSO with its 

corresponding IRAS data, we can examine its spectral energy distribution (SED) 

covering a possible wavelength range from .36 pm to 100 pm. However, due to 

extinction at short wavelengths and confusion at 60 and 100 pm, a typical SED 

covers the 1.25 -25 pm spectral region. The AFx SEDs for 32 association mem- 

bers with IRAS emission are presented ln Figure 3 (a -e). The SED for the field 

star ELI5 Is shown in Fig. A2 of Appendix A. A X FA plot was adopted to utilize 

the fact that a flat SED indicates equal luminosity radiated by the source in 

each logarithmic wavelength Interval (e.g., Disney and Sparks 1982; Lada 1988). 

Sources in Fig. 3 are grouped according to the morphology of their SEDs 

which is described quantitatively by the spectral index "a" In the 2.2 -25 pm 

spectral region (Lada 1987, see Appendix A). In addition to the sources in 

Fig. 3 and A2, we have derived spectral indices for association members and 

field or unidentified stars which had existing 10 pm or 20 pm photometry but no 

measured IRAS emission due to confusion. Spectral Indices for a total of 53 

objects are presented in Table 3. The SEDs for many of these latter objects 

have been presented by LW. 

For our discussion of the SEDs, we will adopt the classification scheme 

devised by Lada (1987): Class I objects have a>0 (Fig. 3a and 3h), Class II 

objects have -2<a<0 (Fig. 3c and 3d), and Class III sources have a< -2. As one 

can see by comparing these SEDs with those of blackbodies in Fig. 3c and 3e, 

the energy distributions for Class I and II objects are much broader than a 

single temperature blackbody. Class III SEDs resemble those of reddened 
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blackbodies. SEDs which exhibit two distinct peaks are plotted separately in 

Fig. 3e. While these double -peaked distributions cannot be characterized by a 

single spectral index, we have expanded Lada's classification scheme to 

accommodate them (Section C4). We now consider each of these morphological 

groups separately. 

I) Class I Objects - Sources with positive spectral indices are the 

coldest and most deeply embedded YSOs displaying little or perhaps no emission 

from a stellar photosphere. The emergent flux arises primarily from dust at a 

wide range of temperatures. These SEDs are unique because of the large 

quantities of hot dust (T-300-1000 K) close to the star which radiate between 

3.4 and 12 µm. Consistent with the deeply embedded state of Class I objects is 

the fact that only two of the 24 Class I objects in our sample (1RS48 and 

DoAr 25) are visible on the red POSS photograph (m < 20.0 mag). 

2) Class II Objects - The energy distributions for objects with spectral 

indices less than zero but greater than -2 are dominated by a stellar photo- 

sphere reddened by foreground extinction. There is usually some excess 

emission due to hot dust in the 3.4 -12 pm spectral region but, as shown in Fig. 

3c and 3d, no evidence for a substantial cooler dust (-50-100 K) component as 

is present in Class I objects. The 27 Class II objects include five of the six 

T Tauri stars which are observed to have mid -infrared emission. (The sixth, 

SR4, has a cool dust component and is classified as Class IID). The average 

value of "a" for the Class II stars in our sample is -0.65 with a sample 

standard deviation of 0.34. Rucinski (1985) has analysed energy distributions 

for 35 T Taurl stars in the Taurus -Auriga complex with 12 -100 pm IRAS emission. 

Most have Class II SED's with a = -1 or shallower. This suggests that most of 

the Class II objects in our sample are in a T Tauri phase of evolution. 
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3) Class III Objects -Only one source in our sample has a spectral index 

< -2. VSSG16 has been classified as a field star (Elias 1978, Appendix A) and 

has a SED resembling those in Fig. A2. The scarcity of Class III objects in 

our sample is perhaps surprising. However, it is probable that we have 

selected against their detection by considering sources identified with 

far -infrared emission. Further photometric observations may reveal Class III 

objects among the forty -nine 2 pm sources which include YSOs not associated 

with IRAS emission and "unidentified" sources (see Appendix A). 

4) Double- Peaked Energy Distributions - Four energy distributions are 

presented in Fig. 3e which have two distinct peaks, hence a single spectral 

index does not define the spectral shape. One peak occurs near 1.6 pm and 

arises from a reddened photosphere. The second peak occurs in the far-infrared 

and is due to cooler dust. All four objects are visible stars. The star GSS23 

has a similar SED. Several of the objects we have classified as Class I or II 

may fall into this category but due to the lack of UBVRI photometry, 4.8 pm 

photometry, or the presence of confusion at 60 and 100 pm, both peaks are not 

well defined. 

Two of the sources in Fig. 3e, Source I and SR3, are among the most 

luminous sources in the infrared cluster and have been classified as B3 -85V and 

89 -AOV, respectively (LW). Their energy distributions are reminiscent of 

stars associated with reflection nebulosity (e.g., Harvey, Wilking, and Joy 

1984). These objects have dissipated their inner circumstellar dust and now 

excite emission from cool dust much further removed from the star. We classify 

these objects as Class IIIO; because of the lack of hot dust, the first peak in 

their SED resembles that of a Class III object. The B2V star HD147889 which 

excites extensive optical reflection nebulosity in the western regions of the 

cloud and the x -ray star GSS23 are also classified as Class IIID objects (Young 

and Greene 1988, LW). 
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The remaining double- peaked SEDs are found for two lower -luminosity 

objects: SR4, a T Tauri star, and SR21. Their SEDs do not show the sharp 

drop In AFT from 1.6-4.8 pm present for Source 1 and SR3. The larger amounts 

of hot circumstellar dust present in these objects lead us to associate them 

with Class IT rather than Class III objects. Hence the SEDs for SR4 and SR21 

are classified as Class TID. 

D. Luminosity Estimates for Association Members 

1. The Calorimetric Technique 

We define the "observed luminosity" to be the total energy per second 

radiated by a YSO: 

L(obs) = 4nd2 
J 

F1,dT =(9.2)rtd2 J TFx d(logluA) 
o 0 

(1) 

where F1 is the flux density per unit wavelength and d is the distance to the 

YSO. Equation 1 assumes that the luminosity is radiated isotropically by the 

source. By integrating the SED of an object over the observed range of 

wavelengths, we obtain an estimate for the observed luminosity: 

1`f 

L'(obs) =(9.2)nd2 J ),FAd(1og10x) 
xi 

(2) 

where Ai, kf are the shortest and longest wavelength observed, respectively, and 

d is the distance to the p Oph complex (160 pc, Elias 1978). 

The degree to which equation 2 accurately approximates L(obs) depends upon 

the ability of IRAS to recover most of the stellar luminosity which is absorbed 

by dust at shorter wavelengths and re- radiated in the far -infrared. A flattening 

or turnover in the TFA vs. log X plot of the energy distribution at of is a 

strong indication that the bulk of the source luminosity is radiated over the 
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wavelength interval observed. However, for many Class I objects (a > 1.0), the 

SED is often still rising at 60 -100 pm (see Fig. 2a). In order to account for 

the luminosity radiated by cooler dust (Td < 30 K), we derive a second estimate 

for L(obs) which extrapolates the SED to Af = . 

L"(obs) _ (9.2)nd2AJ J,FAd(log1óT) 

í 

(3). 

We assume that the flux density from Xf tom falls off with a spectral index of 

a = -1 which is similar to the long wavelength slope of the SED for T Tauri 

stars. This extrapolation is much shallower than the spectral index of the 

Rayleigh -Jeans portion of a corresponding blackbody curve (a = -3). 

The values for L'(obs) and L "(obs) for 74 association members are 

presented in Table 3 along the corresponding wavelength interval (Xf,Xf) for each 

estimate. Also presented in Table 3 is L(fir), the luminosity radiated across 

the 4 IRAS bands. 

IV. Implications 

A. Spectral Energy Distributions 

1) A Possible Evolutionary Sequence? 

It has been suggested by Lada (1987) and Adams, Lada, and Shu (1987, 

hereafter ALS) that the different SED shapes represent a quasi -continuous 

evolutionary sequence for low mass stars (where radiation pressure is minimal, M 

< 7M8). This suggestion is based upon theoretical models which describe the 

emergent flux from YSOs (Adams and Shu 1986, ALS, Myers et al. 1987). Simply 

stated, these models decompose the SED of a YSO into contributions from a 

reddened gas photosphere (visible to near -infrared emission), a dusty disk 

(mid- infrared), and a spherical dust envelope (far -infrared). In the ALS 

scenario, Class I objects represent the earliest evolutionary state of a pre-main 

sequence object and are modeled as a rotating protostar comprised of a gas 
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photosphere (the :aceretlnn shock), dusty disk, and infalling dust envelope. 

The emergent flux, dominated by the spherical dust envelope, is the result of 

infall accretion luminosity. The energy distributions for Class I objects 

EL29, WLI6 and WL22 from this study have been fit by ALS using this model. 

The accretion phase is interrupted by a strong stellar wind which 

reverses the infall and begins to clear away the surrounding dust envelope 

time revealing the embedded star plus disk. At this point, the object begins 

its FMS contraction along a convective trick. The resulting SEDs are 

double-peaked, the far-infrared emission arising from this residual envelope. 

The energy distribution for the Class ILD object SR21 ( =VSSG23, see Fig. 2e) 

is well fit by this model (ALS). 

As the strong stellar wind completes the clearing of the dust envelope, 

the energy distribution will he dominated by the stellar photosphere plus dust 

disk, i.e, a Class li /T Tauri SED. The energy lletrlhi.io4., hjcts 

have been modeled by ALS assuming a photosphere plus dusty passive disk which 

absorbs approximately 25% of the stellar luminosity (e.g., the T Tauri star 

SR9). However, the far -infrared spectral index produced by a passive disk 

(and also an optically -thick accretion disk) is -1.33 and steeper than 

observed for most Class II objects (e.g., this study, Rucinski 1985). The 

shallower SED for Class II objects implies a smaller temperature gradient 

(r -0.6) than propnse,l for the model disks (r- 
0'75). Such a temperature 

gradient could result from a flaired passive disk (Kenyon and Hartmann 1987) 

or from a disk with intrinsic luminosity arising from nonviscous accretion 

(Adams, Lada, and Shu 1988). 

Finally, as the star approaches the main sequence, the circumstellar disk 

will be dissipated. The resulting SED resembles that of a blackbody reddened 

by foreground extinction. These Class III objects represent the post T Tauri 
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phase of evolution and can be identified through proper motion studies (Jones 

and Herbig 1979), x -ray emission (Walter 1986) or weak emission lines in the 

optical (e.g., Herbig, Vrba and Rydgren 1986). 

The distribution of the SEDs presented in Fig. 4 is consistent with the 

idea of an evolutionary connection between Class I and Class II objects. 

Namely, there is a continuous distribution of spectral indices from deeply 

embedded objects (a>1.0) to T Tauri stars (a = -0.65) in the p Oph cluster. 

Myers et al. (1987) present a similar plot for stars found in the vicinity of 

dense molecular cores defining the spectral index as s =a +l. Their histogram 

is similar to that in Fig. 4 except for a pronounced dip in their data at 

a=0.4. 

2) Duration of the Embedded State 

If the dispersion in spectral indices represents a true variation in the 

evolutionary states between the cluster members, then we can crudely estimate 

the lifetime of the embedded state from the relative number of Class I to 

Class II objects. For L > 1L0 there are 18 Class I objects observed as 

compared to 15 Class II, the latter value needing to be corrected upward by 

30% to account for the incomplete sampling by IRAS of 1 LO Class II objects. 

Therefore, the nearly equal numbers of Class I and Il objects suggests that, 

given a constant birthrate, the average lifetime of stars in the embedded 

state is comparable to the average lifetime of the T Tauri (Class II) stars 

in the cloud. We have estimated the ages of eight 

cloud in the 0.4 -1.0 M8 range. We have used the 

(1979) to derive the Kelvin- Helmholtz contraction 

end of the accretion phase (e.g., Stabler 1983). 

T Tauri stars in the p Oph 

data of Cohen and Kuhl 

time for each star since the 

The resulting ages for the T 

Tauri stars since their appearance at the "birthline" range from 0 -1.5 x 106 

years; the average age is 3.9 ± 1.7 x 105 years. If Class I objects are in 
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the accretion y'aase of their evolution as suggested by the ALS models, this 

implies that the accretion phase lasts about 4 x 105 years and that the mass 

accretion rate is - 2.5 x 10 -6 Me /yr for a 1 Mg star. 

We view our estimate for the duration of the accretion phase as an upper 

limit and hence the mass accretion rate as a lower limit. First, as we will 

discuss in Section 83, many of the lower luminosity Class II objects (L - 1 

Lp) may have evolved from intermediate luminosity Cla.;: T ,ibla,!t; (L > 10 LO). 

Thus If we instead compare the number of intermediate luminosity Class I 

objects (nine) with the number of Class II objects with L > 1 Ls (twenty), we 

derive an estimate of 2 x 105 years for the Class I phase and 5 x 10 -6 M8 /yr 

for the mass accretion rate. Second, it has been suggested that some fraction 

(perhaps 50 %) of the Class I objects evolve rapidly through the Class II phase 

and become Class ill objects while still in the conve, t k' ,r their FMS 

evolution (e.g., the naked T Tauri stars, Walter 1986, Walter eat al. 1988). 

Thus, accounting for the possibility that there is a population of naked T 

Tauri stars equal in size to the observed Class II population, our estimate 

for the duration of the Class I phase would decrease by a factor of 2 and the 

mass accretion rate would double. It is interesting to note that 

consideration of these two effects suggests a mass accretion rate similar to 

the value of 10 -5 MD /yr derived by ALS for the p Oph cloud considering the 

collapse of an isothermal sphere with a sound speed of 0.35 km s -I. 

1) 'nte Duration of Star Formation In the Central Cloud 

One estimate for the age of the embedded cluster and the duration of star 

formation in the central cloud is obtained by determining the contraction time 

for the least massive star on the main sequence, i.e., the contraction age. 

The only stars in the cluster which appear to have reached the main sequence 

are 110147889, Source i, and SR3 (LW). Analysis of the SEO of SR3 by LW 

suggests it is a 89-AO star and the least massive cluster member on the main 
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sequence. The contraction time for a 3 M0 object to the ZAMS (final point of 

minimum luminosity) is 1.46 x 106 years (Iben, 1965). This is consistent with 

our estimate for the age of the oldest T Taunt star, SR22, of 1.5 x 106 

years. 

An upper limit to the duration of star formation can be determined by 

estimating the number of Class III objects in the central cloud. While we 

have identified only one Class III object in our study, there may be many 

other such objects in the cloud that have escaped detection because they are 

not strong mid and far -infrared emitters. However, we can use the 2 pm survey 

of a 105 sq. arcmin region of the core by Wilking and Lada (1983) to set an 

upper limit to the Class III population. There were four objects found in 

their survey which had little or no infrared excess and are candidates for 

Class III sources (although none are visible stars). Over the same region, 

the 2 µm survey revealed 3 Class II objects. Thus assuming the stellar 

surface densities of Class II and candidate Class III objects are constant 

across the entire 4.3 pct of the central cloud, we can infer that there are 

roughly equal numbers of Class III and Class II objects in the cloud. 

If we assume that all the potential Class III sources are embedded in the 

cloud and are FMS stars, their estimated population suggests that the duration 

of the Class III phase of evolution is comparable to that of the Class II 

phase. If Class III stars are the products of Class II evolution (i.e., post 

T Tauri stars), then star formation has been active in the central cloud for a 

period of not longer than 3.5 million years. (This assumes that the duration 

of the Class II phase for sources in the cloud core has not been longer than 

the age of the oldest Class II source, i.e., about 1.5 million years and that 

the Class I phase lasts about 0.5 million years.) On the other hand, it is 

possible that the potential Class III sources are naked T Tauri stars. As 
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mentioned earlier, such objects are thought to have evolved rapidly from Class 

I to Class III objects while still In the early convective phase of their FMS 

evolution. Consequently, these stars could have similar ages to the typical 

Class II sources in the cloud (e.g., Walter et ai. 1988). If this were the 

case in Ophiuchus then the duration of star formation would be no longer than 

about 2.0 million years. In any event our estimate of the duration of star 

formation in the p Oph dark cloud, 1.5 -3.5 million years is relatively short 

compared to the expected lifetimes of molecular clouds (i.e., 10 -50 million 

years). 

Apparently, the high star formation efficiency ()22%; see Appendix B) in 

the core of the p Ophiuchi dark cloud must have been produced in an efficient 

burst of star formation activity characterized by a relatively high rate of 

star formation. Typically the star formation efficiency observed in a 

molecular cloud is low, on the order of a few percent (e.g., Cohen and Kuhi 

1979; Duerr, Imhoff and Lada 1982; Lada 1987). If it were any larger, the 

global rate of star formation in the galaxy would be much higher than 

currently observed. Since the oldest FMS stars observable in such clouds have 

ages of order 107 years (e.g., Cohen and Kuhi 1979; Walter et al. 1988), the 

overall local rate of star formation in these clouds must be lower than that 

in the Ophiuchus cloud core. In other words, in order for an isolated 

molecular cloud to achieve a star formation efficiency of 20% or more at the 

typical rate of star formation, the duration of star formation in the cloud 

would have to be considerably in excess of 107 years. This is certainly not 

the case for the p Oph cloud core. These considerations suggest that at some 

fundamental level the star formation process in the Ophiuchus cloud core is 

different from that which generally characterizes molecular clouds such as the 

Taurus dark clouds. The origin of this difference is most likely related to 
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the stro,ture of the molecular gas core of the p Oph dark cloud which is 

unusually centrally condensed (Wilking and Lada 1983). Magnetic fields may 

have played a pivotal role in the development of such a cloud core and the 

resulting high yield of young stellar objects (Shu, Adams and Llzano 1987). 

8. Luminosity Function of the Embedded Cluster 

1. Calculation of Bolometric Luminosities 

In order to construct a meaningful luminosity function for the embedded 

clu.si,r we must relate L "(obs) (as defined by equation 3) to the bolometrlc 

Luminosity, L(bol), of an embedded source. The observed luminosity L(obs) is 

equal to L(bol) to a very good approximation provided that: a) the source's 

luminosity is radiated isotropically and either b) there is no extinction 

toward the source or c) all the extinction toward the source is produced by 

circumstellar dust which completely surrounds the source and reradiates the 

absorbed light in the near to far -infrared spectral region. LW derived a 

luminosity function For this cluster by assuming the conditions a and c were 

met for all sources. The steeply rising nature of most Class I sources 

indicates that they are surrounded by large quantities of circumstellar dust 

and the best models of these objects (Adams and Shu 1986; ALS; and Myers et 

al. 1987) suggest that conditions a and c are indeed satisfied. However, if a 

significant portion of the observed luminosity of Class II sources originates 

In disks, as suggested by many studies (e.g., ALS; neat( 1987; Rucinskl 1985; 

Kenyon and Hartmann 1987), then it is unlikely that these objects would meet 

any of the above conditions (a-c). In this case, a bolometric correction would 

have to be determined and he applied to L "(obs) to obtain their true 

bolometric luminosities. However, we will now argue that such corrections 

are expected to be relatively small and that L"(obs) represents a relatively 

good estimate of L(bol) even for Class IT sources. 
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The bolometric correction for a Class II source must consist of two 

parts. First, a correction to L "(obs) must be made to account for extinction 

and second, for the fact that the source's luminosity is not radiated 

isotropically. Normally one would be able to de-redden a YSO spectrum by 

using its observed H -K color index since the intrinsic H -K index is very 

nearly equal to zero for the temperature range characteristic of most stellar 

photospheres (e.g., Wilking and Lada 1983). This technique can produce 

accurate holometric corrections for Class III sources (e.g., LW), however, 

stars with circumstellar disks (Class II sources) are expected to have 

intrinsic H -K indices which are appreciable and estimates of extinction from 

their infrared colors are not reliable. The effects of extinction can be 

approximately accounted for, however, if we assume that all Class II sources 

have energy distributions that are similar in shape and that extinction does 

not significantly affect their observed fluxes lmgward of 2 pm. We take the 

composite spectrum of 7 well studied T Tauri stars constructed by Adams, Lada 

and Shu (1988) as typical of a Class II energy distribution. By integrating 

this composite energy distribution first over all wavelengths and then between 

2 pm and infinity, we find that If(obs) = 2.2 If (obs). Since the 
0 2p m 

luminosities listed in Table 3 have been determined over a wavelength range 

that Includes data at wavelengths shorter than 2 pm, these estimates are 

likely to approximate the actual source luminosities to better than a factor 

of 2, even iu the absence of an explicit correction for extinction. 

The component of the emergent intensity from a Class II source which 

orginates in the disk is not radiated isotropically and for a given source 

one must know its inclination to the line -of -sight to correct for this effect. 

For a star plus disk system the total luminosity is given by: 

L(obs) (I - f *)L* + 2Ldlskcos(1) (4) 
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where f* is the fraction of the stellar hemisphere occulted by the disk and L* 

and Ldisk are the intrinsic luminosities of the star and the disk, 

respectively (e.g., Kenyon and Hartmann 1987; Adams, Lada and Shu 1988; and 

Emerson 1988). For an infinitely extended, spatially thin and optically thick 

I n 
disk, f* = - for i < 

- 

As previously discussed, the Class II sources in the 
2 

Ophiuchus cloud core have an average spectral index of -0.65 which is typical 

of T Tauri stars in general and their SEOS can be successfully (but not 

uniquely) modeled by a system which consists of a central star and a purely 

passive disk (ALS, Kenyon and Hartmann 1987; Strom et al. 1988). In such a 

circumstance, the luminosity radiated by the disk is directly related to the 

stellar luminosity and lies in the range 0.25 to 0.40 L* depending upon 

whether the disk is spatially thin (a -1.33) or slightly flared (a - -0.6). 

For most viewing angles, L(obs) will exceed L *, the actual bolometric 

luminosity of the system. For a face -on disk (i = 0), L(obs) = 1.5 -1.8 L* and 

in the worst case overestimates the intrinsic luminosity by a factor of two. 

Typically, therefore, the correction for source inclination and its 

anisotropie radiation pattern is of similar magnitude but in the opposite 

direction as the correction for extinction and the two effects tend to cancel. 

Consequently, we can assume that L "(obs) - L(bol) and approximates the 

intrinsic luminosities of both Class I and II sources to a factor of 2 or 

better. 

2) The Empirical Luminosity Function 

The distribution of observed luminosities is shown In Figure 5 for the 58 

members of the embedded cluster for which good luminosities could be obtained 

from integration of their energy distributions. Also included are 16 sources 

known to be associated with the cloud but which have only upper limits to 

their 12 and 25 pm emission and consequently to their calculated luminosities. 
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The luminosity function presented in Figure 5 can be directly compared with 

that computed by LW for 37 embedded objects in the p Oph cloud. Their 

estimates for the bolometrtc luminosity were also based upon the calorimetric 

technique but relied largely upon ground -based data. While the area of the 

dark cloud considered by this study is 3 times larger than that considered by 

LW, only four of the 74 sources in Fig. 5 (including 2 with upper limits) lie 

outside the area considered by LW. The major differences between the two 

luminosity functions are the larger number of sources with well determined 

luminosities (58 vs. 37) and the greater number of intermediate luminosity 

objects present in the luminosity function resulting from this study. Roth 

are a direct result of the inclusion of IRAS data; most of the new sources are 

colder, Class I objects of intermediate luminosity. Additionally, the 

luminosity estimates for objects considered by LW have been substantially 

improved, often increasing 50 -100% as a result of the IRAS data. 

3. Luminosity Segregation by SED Class 

In Fig. 5 we have broken down the luminosity function by spectral index, 

indicating which sources are Class I, Class II or Class III. There is a 

marked tendency for Class I objects to dominate the population of the 

intermediate luminosity (i.e., L > 5.6 Le) bins. For example, of the thirty 

sources with luminosities in the range 0.5 Le < L "(obs)< 5.6 Le, ten (or 33 %) 

are Class I objects while twenty (67%) are Class II sources. When corrected 

for possible selection effects due to extinction, (see Section 4), we predict 

that only 26% (10) of the sources in this luminosity range are Class I while 

73% (28) are Class II. In contrast, Class I sources clearly dominate the 

population of sources in the adjacent, intermediate luminosity bins (i.e., 

5.6 Le > L "(obs) < 56 Le), where 82% of the sources are Class I (i.e., 9 Class 

I objects compared to I Class II source and 1 Class IIID source). Expressed 
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in another way, of the 30 Class II sources with well determined luminosities 

(including the Class IID objects) only 1 (or 3% of the entire Class II 

population) has a luminosity in excess of 5.6 Le. In contrast, 9 of the 24 

Class I sources or 33% of the entire Class I population have luminosities In 

excess of 5.6 Le. 

There are two plausible explanations for this luminosity segregation. 

First, the Class I intermediate luminosity sources may be of similar mass to 

the Class II sources in the cloud but possess an additional source of energy 

which makes them systematically more luminous. If this is the case, our 

observations may provide important evidence for the existence of luminosity 

evolution between the Class I and Class II phases. The most likely source for 

the excess luminosity in the Class I phase would he accretion processes 

associated with protostellar evolution. Indeed, protostellar theory predicts 

that YSOs in the accretion (Class I) phase of their evolution will possess 

considerably higher luminosities than objects with similar mass on convective - 

radiative tracks on the HR diagram (i.e., Class II objects). Models by 

Stabler, Shu and Taam (1980) predict that a solar mass protostar will reach a 

peak luminosity of about 66 Le during the active accretion or infall phase of 

evolution. However, at the end of the accretion phase the luminosity will 

rapidly drop, falling to a value of about 6 Le at the time the young star 

first appears on the stellar birthline at the top of its convective track 

(Stabler 1983). Consequently, our observations may provide indirect but 

strong evidence of accretion around Class I sources and thus more compelling 

support for the protostellar interpretation of their nature. A second 

explanation of the observed segregation of Class I and II luminosities is that 

the Class I intermediate luminosity objects are stars of systematically higher 

mass (e.g., 2 -4 Me) than the Class II sources currently observed in the cloud. 
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In this case their Class I SEDs suggest that they are products of the most 

recent episodes of star formation in the cloud and ilia( the p Op) clnnd is 

for sing stars sequentially in mass. At the present tine It is not possible to 

distinguish between these two intriguing possibilities. 

4) Relation to the Initial Luminosity Function 

Of fundamental importance to the development of a theory of star 

formation Is understanding the origin of the Initial Mass Function (IMF). 

Salpeter (1955) showed that the observed luminosity function of field stars, 

upon correction for stellar evolution, could be used to derive the original 

frequency distribution of stellar masses produced by the star formation 

process In interstellar clouds. Saipeter's work as well as many subsequent 

studies (e.g., Miller and Scalo, 1979; Scalo, 1986) have indicated that the 

IMF can be described by a power law with a negative spectral index. However, 

it has never been clear from existing observations whether or not the IMF is 

universal either temporally or spatially in the galaxy. It is of great 

interest to know, for example, if the initial mass functions of stellar 

;.,,. tvwtt,t 
; t molecular clouds vary between different clouds or even 

from place to place within a given star forming cloud. In principle, 

constructing the luminosity function of the embedded population of an active 

star forming region is the most direct way to determine the original stellar 

mass function of a cloud and investigate the history of how the IMF is 

assembled. 

The empirical luminosity function for the Ophiuchus cluster shown in Fig. 

5 represents the first well determined luminosity function of a young embedded 

population of YSOs to be produced for .tn individual molecular cloud. It is 

therefore useful to investigate Ifs relationship to the field IMF. As a first 

step we compare the empirical luminosity function of the embedded cluster 
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with the Initial Luminosity Function (ILF) corresponding to the IMF. To do this 

we have drawn the ILF for field stars in Figure 5. Here the ILF has been 

normalized to the number of YSOs observed to be in the -0.25 < log L" (obs) > 

0.75 luminosity range (16 sources with upper limits are not included in this 

normalization). Taken at face value there are no statistically significant 

departures between the two sets of data. However, this is not necessarily very 

meaningful since the empirical luminosity function is incompletely sampled at 

low luminosities and, more significantly, a substantial adjustment to the 

observed luminosities most be made to account for luminosity evolution before 

direct comparison with the ILF can be appropriately made. This is because the 

ILF is derived from a mass- luminosity relation pertinent to hydrogen burning 

stars on the zero -age main sequence . The YSOs in Ophiuchus, on the other hand, 

are either pre -main sequence stars or protostars which derive their luminous 

energy from more exotic processes such as quasi -static gravitational 

contraction, deuterium burning, infall and /or accretion. For such objects there 

exists no clear cut mass -luminosity relation and no straightforward way to use 

the ILF to derive an initial mass function with any detail. 

Nonetheless, it is possible to correct crudely the empirical luminosity 

function both for incomplete sampling and evolution. First we consider the 

incompleteness question. Based upon studies of the infrared colors of 1 Lo T 

Tauri stars FN Tau, IQ Tau, HN Tau, DP Tau and CM Aur (Cohen and Kuhl 1979, 

Rydgren et al. 1984, Rucinski 1985), we have determined that a 1 Lp T Tauri star 

with no extinction at a distance of 160 pc will have an apparent K magnitude of 

about 8.2 (0.33 Jy) and a 2 -12 µm color temperature of 1000 K. Our typical T 

Tauri star has a spectral Index of -0.65. Despite the fact that the 12 pm 

extinction due to dust is about one-third that at 2 pm (Rieke and lebofsky 

1985), the depth of the cloud layer which is completely sampled by IRAS at 12 pm 

for Class II objects is similar to that for 2 lam surveys with K -12 mag in 
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unconfused regions (Av = 35 -40 mag). However, for regions of high source 

density, only the outer -5 -10 mag of the cloud is sampled by IRAS at 12 µm. The 

confusion in the 12 µm data would not be a serious problem if combined with 

sensitive 2 pm observations but, at present, only about half of the high 

extinction core has been surveyed to K =12 mag (Wilking and Lada 1983). Hence, a 

conservative correction to the observed luminosity function would involve 

doubling the number of Class II objects in the high extinction core (Av>40 mag) 

which lie in the -0.25<log L "(obs)<0.75 range (8 objects). No such correction 

is necessary for I Le Class I objects because the presence of hot circumstellar 

dust increases the visibility of these embedded stars. For example, an object 

with a spectral index of a =l which has an apparent magnitude of K =8.2 mag at the 

surface of the cloud would be detected in the coadded 12 pm data even if 

obscured by 90 mag of extinction. 

Correcting for the number of Class II objects hidden by extinction in the 

cloud core results in a luminosity function which deviates from an appropriately 

renormalized ILF at intermediate luminositites (i.e., 5.6 LB < L < 100 Le ) by 

2.5 standard deviations from what would be expected by Poisson noise. This is 

probably not a statistically significant deviation. In earlier studies of the p 

Oph luminosity function, LW argued for a more significant deficit of 

intermediate mass stars. However, our IRAS observations suggest that LW 

overestimated (by about 50 %) the number of undetected stars at low luminosities. 

This was partly because they did not have enough long wavelength data to 

properly account for the variation in source detectability due to SED shape. 

To make a crude estimate of the adjustment to the observed luminosity 

function likely to result from source evolution to the main sequence requires 

that we accept the connection between the morphology of the SED and an object's 
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evolutionary state (ALS, Section IVA). We also need to draw upon the results 

of protostar theory for the luminosity evolution of a PMS object. For example, 

Stahler, Shu, and Taam (1980) predict that as a 1 Mg protostar approaches the 

ZAMS, it will experience a more dramatic drop in luminosity (by a factor of 10) 

relative to its more evolved T Tauri counterpart. Hence, we can simulate PMS 

evolution in Fig. 5 if we assume Class I objects at intermediate luminosity are 

IM8 protostars and allow them to "evolve" two luminosity bins to the left (a 

drop of a factor of 10) relative to the Class II objects. 

The results of this simulation are not shown here but the luminosity 

function of the embedded cluster departs from the ILF (after appropriate 

renormalization to the larger low luminosity population) in what appears to he 

a statistically significant way at intermediate luminosities. Only seven 

objects with L > 5.6 Le remain after the correction for source (PMS) evolution, 

where 24 would be expected from the ILF and this is 3.5 standard deviations 

from what is expected from Poisson noise. This deficiency arises because the 

luminosity segregation of SED classes discussed in Section 3. Both the 

corrections for evolution and incomplete sampling suggest that the mass 

function of stars already produced in the cloud core deviates from the IMF at 

intermediate luminosities. Because our knowledge of the true natures and 

evolutionary histories of the embedded sources is uncertain, it is difficult to 

know how much significance to attach to this result. It is interesting to note 

however, that if real, this result suggests that the cluster which ultimately 

emerges from the cloud will have a mass function similar to the IMF only if 

future episodes of star formation favor the production of intermediate mass 

stars. We note that the conclusion that stars in the p Oph cloud core are 

forming sequentially with mass also results if we assume that the intermediate 

luminosity Class I sources are stars of intermediate mass and no luminosity 
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evolution occurs (see Section 3). 

Our observations have produced the first direct measurement of the actual 

initial luminosity function of an embedded population of young stellar objects. 

Such observations are potentially powerful for investigating the origin and 

development of the IMF. However, at the present time interpretation of the 

results is limited by uncertain knowledge of the nature and evolutionary 

histories of YSOs. It would be of great interest to assemble a calometric 

luminosity function for the embedded population of another nearby dark cloud 

for comparison with the results of this paper. Such a comparison would have 

distinct advantages over studies of the luminosity function of a single 

embedded population. For example, statistically significant differences 

between the luminosity functions of the embedded populations of different 

clouds would Indicate that the question of the origin and development of the 

IMF is indeed accessible to observational investigation. 

V. Summary 

We have analysed high sensitivity IRAS data over a 4.3 pc2 area of the 

central cloud in the Ophiuchus complex. These data have been combined with 

near -infrared and lb surveys to investigate the nature of the dust -embedded 

cluster. The major results of this study are: 

1) The IRAS data have enabled us to obtain a more complete and 

representative sample of the embedded population. We have associated 44 IRAS 

12 pm sources with their optical /near-infrared counterparts. As a result, a 

total of 78 cluster members have now been firmly identified. 

2) The IRAS observations show evidence for extended mid- infrared emission 

on size scales anywhere from 6 arcsec to tens of arcminutes. The extended 

emission most likely arises from either non -equilibrium heating of small dust 

grains or unresolved multiple sources. 
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3) Spectral energy distributions were constructed for 53 embedded objects 

and classified by their spectral index from 2.2 -25 pm. The continuous 

distribution of SED shapes from heavily obscured (Class I) objects to T Tauri 

(Class II) stars suggests this variation represents a quasi -continuous 

evolutionary sequence, providing support for an idea already advanced by 

Adams, Lada, and Shu (1987) based upon theoretical models for the emergent 

flux from YSOs. From our data, we are able to estimate crudely that the 

duration of the accretion phase for Class I objects is 1 -4 x 105 years and the 

mass accretion rate is 2.5 -10 x 10 -6 Me /yr for a 1 Mg star. In addition, the 

duration of star formation in the central cloud of the Ophiuchus complex is 

estimated to be between 1.5 and 3.5 million years. 

4) Observed luminosities for 74 embedded objects have been determined by 

integrating their SED over the observed wavelength interval and including a 

correction which extrapolates the SED to infinite wavelength. We estimate 

that these observed luminosities are within a factor of two of the true 

bolometric luminosities. 

5) The luminosities of the YSOs are segregated by their SED shapes. In 

particular, Class I objects are found to dominate at intermediate 

luminosities. Either these stars undergo luminosity evolution as they 

progress from Class I to Class II objects or stars in the cloud are being 

formed sequentially in mass. 

b) Comparison of the observed luminosity function with the field star 

Initial Luminosity Function suggests that stars have formed in the cloud with 

a relative deficiency of intermediate mass objects. However, uncertainties 

concerning both the true natures of the embedded sources and their 

evolutionary histories renders this interpretation open to question. 

7) Our results have enabled an improved estimate for the star formation 
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efficiency. We find that SFE > 22% for the p Oph core. T1ils, rnupled with 

our estimate for the duration of star formation in the cloud, suggests that 

star -forming activity has occurred In a relatively efficient burst rather than 

as a more gradual process. 
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Appendix A 

Classification of Stars and Infrared Sources Toward the p Oph Cloud 

tie have attempted to classify 122 stars and 2 pm sources observed toward 

the main molecular cloud of p Ophiuchi complex. The boundaries of the cloud 

are defined by the contour of 1300 emission where TR *(13CO3 0.0) = 6 K (Loren, 

1987). Figure Al presents a flow chart tracing the various selection criteria 

applied to each star or infrared source to determine its nature: association 

member (A), field star (F), or unclassified object (U). As shown in Fig. Al, 

a major discriminator Is the slope of the spectral energy distribution between 

2.2 pm and 25 pm. We have adopted the definition of the spectral Index after 

Lada (1987) as 

d log (AFT) 

a= - --- 
d log X 

To compute "a ", we have used the slope between 2.2 pin and the longest observed 

wavelen,rh .ietwe.rn 10 and 25 pm. By considering a group of ten field stars in 

the vicinity of the p Oph cloud, we have empirically determined that a 

spectral index of "a" > -1.2 is characteristic of an association member. The 

ten field stars had been previously identified as K or M giants and observed 

in the infrared (Elias 1978). Most of these stars were found to be 12 pm or 

25 pm sources in the IRAS Point Source Catalog (1985). Their energy 

distributions, shown in Fig. A2 (except for VSSC16) along with that of an 

unreddened 2000 K blackbody, display little evidence for luminous 

circumstellar dust. The average value for the spectral index of these stars Is 

-2.0 with a sample standard deviation of 0.4. For our study, we have 

conservatively chosen a threshold of value "a" for association members which 

is two sample standard deviations away from this mean. 
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Two final selection criteria were applied to stars which had no 

mid- infrared photometry and estimate of "a ". First, we compared the maximum 

visual extinction toward each star, as determined from the (H -K) color, to the 

total cloud extinction in that direction as estimated from the CO 1Á column 

density (Wilking and Lada 1983). The Av estimate for the star is an upper limit 

because it assumes there Is no infrared excess at H or K and that the Intrinsic 

colors can be ignored relative to the much larger observed colors. The latter 

estimate of total cloud extinction presumes the cloud is not clumpy within the 

one arcmin CO beam (which Is a reasonable assumption based upon the study of 

Frerking, Langer, and Wilson 1982) but may have a factor of two uncertainty. To 

be conservative, we allowed a source with a maximum extinction, Av = 12(H -K), 

which is less than half that of the total cloud, Av (1:180), to he embedded in the 

cloud. Those stars which fall this test and have no infrared excess, as 

measured by the ratio of the (K -L) to (H -K) colors, are either field stars or 

post T Tauri stars. Spectrophotometry of six of the brighter 2 pm sources has 

been obtained (Elias 1978); the 2.3 pm CO absorption is observed in five objects 

indicating they are background K or M giants. 

The results of this classification scheme are presented in Tables Al, A2, 

and A3 for association members, field stars and unidentified objects, 

respectively. Three of the sources in Table Al (which also appear in Table 2) 

have been classified as association members solely on the basis of their 

coincidence with IRAS emission and are denoted by colons. Further photometric 

observations are necessary to confirm whether they are the actual luminosity 

source of the IRAS emission. Each table presents the aliases which have 

accumulated for each source over years of study. A key to the abbreviations 

used for cross-references is given in the footnote to Table Al. The distri- 

bution of the 78 association members in the p Oph cloud is shown in Fig. A3. 
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Appendix B 

The Star Formation Efficiency Revisited 

We can use the completely -sampled IRAS coadded survey data of the p Oph 

cloud to re- evaluate the star formation efficiency in the core region. The 

star formation efficiency is defined as: SFE = Mstars/(Mstars + Mgas) 

Although our approach to estimate the SFE utilizing the IRAS results is 

somewhat different from 1W, a similar value is obtained. We consider here 

only the cluster members which lie within the Av = 50 mag contour which 

contains about 290 M8 of molecular gas (Wilking and Lada 1983). 

To estimate the total mass of YSOs with M > 1 Mg, we distinguish between 

Class I and Class II objects in our sample. Following the same lines of 

argument as those In Section IVB, we estimate that for L > 1 Le, we are 

completely sampled throughout the depth of the core with the coadded survey 

data for Class I objects. But for Class II objects, the IRAS survey has a 

similar sensitivity as existing 2µm surveys and only about one -half of the 

depth of the core (!W = 35 -40 mag) has been fully sampled for L > 1 Lp. 

Assuming that the embedded objects are uniformly distributed throughout the 

cloud, we double Ole observed Class II population to obtain a more 

representative sample over the entire depth of the core. Thus, our estimate 

of the cluster mass for L > 0.56 L0 is 39 MO and includes Source 1 (-9 Mg), 14 

observed Class I objects ( '-1 Mp each), and 8 observed Class II objects times 2 

( -1 Mg each). 

We rely on 2 µm surveys to estimate the total mass of objects <1 MB since 

the IRAS data becomes confused for low luminosity sources. There are 9 Class 

I or Class Ti sources with L < 0.56 1A and K < 12 mag which lie In the area 

surveyed by Wilking and Lada (1983). Since this region includes only half of 

the area encompassed by the 50 mag contour, we anticipate that future 2 pm 

3B 

surveys of similar sensitivity will reveal an additional 9 low- luminosity 

sources. Based upon the study of T Tauri stars by Cohen and Kuhl (1979), we 

estimate that a 0.25 b object at the front surface of the cloud will have an 

apparent magnitude at K of 9.5 mag. Therefore, a 2 pm survey with a 

sensitivity of K = 12 mag completely samples the outer 25 mag layer for 

objects with L > 0.25 Lo. Assuming these objects have an average mass of 0.5 

Mo, we would expect about 27 Mg (54 objects) in the low - luminosity population 

for the entire core. 

The final population of objects which must be accounted for in the cloud 

are the embedded Class III sources. As we discuss in Sec. IVA, the IRAS 

observations are insensitive to these objects. Using the 211m survey of 

Wilking and Lada, we estimate there are roughly equal numbers of Class II and 

Class III objects embedded in the cloud. Thus a total of sixteen 1 Me Class 

III objects are expected throughout the core. 

As a result, the total stellar mass of the cluster in the core region is 

about 82 Mp and the star formation efficiency 22%. Within the uncertainties 

of the estimate, this value is consistent with that of 25%, calculated by LW. 

One uncertainty is the mass of molecular gas computed from C180 column 

densities. But we have minimized this uncertainty by correcting for the 

association members hidden by extinction; an increase in the computed hydrogen 

column densities would be compensated for by an increased correction for this 

unseen population. Other major uncertainties which include cold sources 

missed due to confusion in the IRAS data and the presence of binaries (e.g., 

SR12, Simon et al. 1987), will serve to raise the SFE when properly accounted 

for. In this sense, we view the value of 22% as a lower limit. 
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Table 2 (con't) 

Observational Results for IRTF Sources 

IRS Other 
Names(a) 

R.A.(1950) DEC.(1950) 

1.25 pm 1.6 pm 
C lux in Magnitudes(b) 

2.2 pm 3.4 pm 4.8 pm IO pm 20 pm 
Vis.(c) A(v) A(v) A /F(f) 

Star? 12(H -K)(d) (CI80)(e) 

Aperture Aperture Hate of Obs. 

J -L ( ") M -Q ( ") 7/84 5/85 6/86 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) 

51 16h24 37.6 -24.36'35" >17.7 12.42 8.95 6.15 3.78 1.6 no 41.6 45 A 5.5 5.5 X 

0.25 
52 SR9(TT),R0X29 16 24 38.8 -24 15 24 4.49 2.9 yes 7.2 5 A 5.5 X 

0.3 
53 16 24 41.6 -24 36 28 13.72 11.21 9.71 >7.0 no 30.1 32 U 7.5 7.5 X 

54 16 24 50.0 -2425 5 13.95 10.78 8.2 4.73 3.0 1.41 -1.02 no 31.0 29 A 5.5 5.5 X X 

0.1 

55 ROX31 16 24 50.3 -24 34 10 10.15 8.7 8.21 7.78 >8.9 >7.2 yes 5.9 30 A 7.5 5.5 X 

56 16 24 50.8 -24 41 16 11.85 9.39 8.37 7.73 >6.2 no 12.2 U 7.5 5.5 X 
57 16 24 58.3 -24 15 20 13.38 12.4 no U 7.5 X 

0.3 
58 VSSGI6 16 25 2.1 -24 19 54 6.49 6.17 6.4 6.1 yes 7.1 F 7.5 5.5 X 

Notes to Table 2 - 

(a) References for source names are same es those in Table 1 with the addition of Young, 
Lada, and Wilking (YLW, 1986). T Tauri stare are denoted by 'TT ". 

(b) Limits are 3o upper limits. 

(c) Optical counterparts as identified from the red POSS photograph (m< 20.0 mag). 

(d) An upper limit to the visual extinction toward a YSO obtained assuming the intrinsic (N -K) 0. 

(e) The total cloud extinction as estimated from the C180 column density (Wilking and Lada 1983). 

(f) Classification of 2 pm source as association member (fl, field star (F) or unclassified (U) as determined from criteria described in Appendix A. 

(g) Photometry by Hyland (unpublished observations). 
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A Cross -Reference List of Rho Oph Cluster Members1 

R.A. (1950) Dec(1950) SR GSS VSSG VSS 

TABLE Al 

Cl EL WL ROX Hoc IRAS /YLW IRS other 

1 16h22m22s7 -24022'55" 22 5 23 

2 16 22 22.8 -24 21 7 1 9 4 9 N0147889 

3 16 22 35.5 -24 8 52 19 2 

4: 16 22 40.7 -24 20 23 20? 7 

5: 16 22 46.3 -24 11 43 21? 8 

6 16 22 47.4 -24 24 50 23 9 

7 16 22 54.8 -24 14 1 4 7 13 6 25 25 12 

8 16 22 55.9 -24 23 43 20 7 24 13 

9 16 23 1.7 -24 16 50 23 93 10 14 8 26 

10 16 23 7.7 -24 27 26 3 25 92 12 16 28 

11 16 23 9.0 -24 14 11 26 S26 

12 16 23 14.8 -24 15 21 12 

13 16 23 15.5 -24 15 38 29 13 18 S28 

14 16 23 15.8 -24 13 37 28 14 19 10 27 

15 16 23 17.5 -24 21 33 1 15 20 31 

16 16 23 19.9 -24 16 18 30 21 S29 

17 16 23 21.7 -24 36 29 25 C3 29 34 DoAr25 

18 16 23 22.0 -24 14 15 31 16 22 10 30 

19 16 23 22.6 -24 18 4 32 17 23 C6 S2 

20 16 23 22.9 -24 9 29 24 C5 31 32 

21 16 23 28.7 -24 16 14 27 36 

22: 16 23 29.3 -24 24 20 35? 14 

23 16 23 30.1 -24 24 56 15 

24 16 23 32.8 -24 16 44 35 26 19 25 14 36 S1 

25 16 23 39.4 -24 33 34 37 

26 16 23 40.5 -24 24 18 7 38 17 

27 16 23 41.5 -24 13 47 37 2 20 26 15 

28 16 23 42.3 -24 9 48 11 C9 39 19 

29 16 23 42.5 -24 28 4 12 2 

30 16 23 43.3 -24 16 24 39 27 

31 16 23 45.1 -24 5 17 27 16 38 37? 

32 16 23 46.8 -24 21 53 2 

33 16 23 47.0 -24 13 24 3 21 17 

34 16 23 52.0 -24 19 39 5 C11 

35 16 23 55.5 -24 28 55 21 4 23 

36 16 23 56.4 -24 38 48 24N 28 C13 41 3 24 

37 16 23 56.5 -24 38 55 24S 28 C13 42 3 25 



R.A. 

h m 

(1950) 

s 

Dec(1950) SR CSS VSSC 

TABLE Al 

VSS C1 

(CnN'T) 

EL WL ROX W IRAS /YLW IRS other 

38 16 23 57.2 -24 °29' 8" 14 4 

39 16 23 57.3 -24 28 15 22 4 27 

40 16 24 0.3 -24 30 44 16 5 

41 16 24 2.4 -24 21 46 1 6 29 

42 16 24 4.8 -24 31 33 17 

43 16 24 7.3 -24 27 35 10 

44 16 24 7.8 -24 30 33 29 15 C15 7 

45 16 24 8.5 -24 26 39 9 9 31 

46 16 24 8.9 -24 12 31 21 23 31 25 30 C14 8 

47 16 24 9.5 -24 28 7 11 

48 16 24 9.7 -24 31 49 19 11 

49 16 24 13.6 -24 19 58 10 34 

50 16 24 13.9 -24 31 59 20 11 

51 16 24 15.9 -24 22 14 26 12 37 

52 16 24 16.8 -24 22 23 26 4 12 39 

53 16 24 17.5 -24 34 59 12A 21 40 binary 
54 16 24 17.5 -24 34 59 1211 21 40 

55 16 24 17.6 -24 22 0 26 3 12 41 

,p 56 16 24 19.3 -24 35 3 21 13 42 
~ 

57 16 24 19.8 -24 23 8 6 14 

58 16 24 20.8 -24 11 24 22 23 

59 16 24 20.9 -24 41 27 49 

60 16 24 24.9 -24 34 9 15 43 

61 16 24 25.4 -24 24 34 25 27 31 13 

62 16 24 26.0 -24 32 52 16 44 

63 16 24 26.7 -24 20 40 18 32 17 45 

64 16 24 27.4 -24 32 36 16 46 

65 16 24 28.8 -24 21 4 17 33 17 47 

66 16 24 35.5 -24 23 55 46 48 

67 16 24 36.4 -24 24 1 46 50 

68 16 24 36.4 -24 30 18 C20 47 49 

69 16 24 37.6 -24 36 35 45 51 

70 16 24 38.8 -24 15 24 9 29 34 29 54 49 52 

71 16 24 48.3 -24 19 2 14 31 36 53 

72 16 24 50.0 -24 25 5 52 54 

73 16 24 50.3 -24 34 10 31 55 binary 
74 16 24 50.3 -24 34 10 31 55 

75 16 24 53.9 -24 19 40 10 33 57 56? 

76 16 25 14.6 -24 30 21 60 58 

77 16 25 31.1 -24 16 10 20 38 33 61 60? 
78 16 25 51.9 -24 41 10 63 



TABLE Al (CON'T) 

'Notes to Table Al. Columns (2) and (3) give the Epoch 1950 positions determined from optical or near-infrared telescopes and 
have typical uncertainties of a few arcseconds. Columns (4) -(14) give source numbers from Struve and Rudkjobing (SR, 1949), 

Grasdalen, Strom, and Strom (GSS, 1973), Vrba et al. (VSSG, 1975), Vrba, Strom, and Strom (VSS, 1976), Chini (C1, 1981), Elias 

(EL, 1978), Wilking and Lada (WL, 1983), Montmerle et al. (ROX, 1983), Wilking,, Schwartz, and Blackwell (Ha, 1987), Young, 

Lada, and Wilking (YLW, 1986) and this study for IRAS sources, and this study for and 2 pm sources (IRS, Table 2). Column 15 

gives other names including "Source" designations by GSS and VS, and denotes binary star systems found during a lunar. 

occultation (Simon et al. 1987). 



TABLE A2 

A Cross Reference List of Field Stars 

R.A. 

h 

(1950) 

m s 

Dec(1950) GSS VSSC VSS Cl EL IRAS IRS other 

1 16 22 34.0 -24027'13" 15 6 11 1 S16 

2 16 23 4.0 -24 36 9 15 27 

3 16 24 45.2 -24 16 43 13 30 35 

4 16 25 2.1 -24 19 54 16 34 34 37 56? 58 

5 [6 25 7.8 -24 16 44 15 36 38 



A Cross Reference List of Unidentified Sources 

R.A. (1950) 

TABLE A3 

Dec(1950) SR GSS VSSG VSS CI EL WL ROX IRAS/YLW IRS 

h m s 

1 16 22 36.7 -24° 6'56" 12 
2 16 22 38.0 -24 19 46 3 

3 16 22 38.7 -24 10 17 4 

4 16 22 39.3 -24 19 29 5 

5 16 22 39.5 -24 9 58 6 

6 16 22 54.5 -24 23 28 11 
7 16 22 56.8 -24 11 1 19 9 

8 16 23 6.8 -24 8 1 20 11 

9 16 23 36.7 -24 16 22 4 

10 16 23 39.1 -24 24 6 16 
11 16 23 40.3 -24 26 41 8 

12 16 23 41.2 -24 17 44 18 
13 16 23 44.7 -24 16 24 28 

14 16 23 47.4 -24 31 34 18 

15 16 23 49.7 -24 14 7 1 20 

16 16 23 50.7 -24 8 4 10 

17 16 23 52.3 -24 15 44 40 6 C12 21 

18 16 23 53.9 -24 13 45 41 7 1 22 

19 16 23 56.9 -24 14 47 1 26 
20 16 24 0.1 -24 14 54 8 28 

21 16 24 0.7 -24 12 14 9 22 
22 16 24 2.8 -24 13 24 21 23 

23 16 24 4.1 -24 19 37 10 30 

24 16 24 8.3 -24 38 50 25 30 

25 16 24 10.1 -24 16 59 32 

26 16 24 11.8 -24 36 49 32b 
27 16 24 12.8 -24 11 34 24 26 
28 16 24 12.8 -24 20 4 33 
29 16 24 13.8 -24 24 12 35 
30 16 24 13.9 -24 18 33 10 36 
31 16 24 16.5 -24 22 9 26 5 12 38 
32 16 24 41.6 -24 36 28 53 
33 16 24 50.8 -24 41 16 54 56 
34 16 24 58.3 -24 15 20 57 

35 16 25 8.9 -24 9 23 15 35 37 

36 16 25 43.9 -24 41 21 38 
37 16 25 57.2 -24 42 35 39 
38 16 26 11.2 -24 17 22 42 
39 16 26 43.6 -24 13 20 41 
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