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ABSTRACT 

We present a near-infrared study of the stars forming 

in the p Ophiuchi dark cloud and a mid- to far-infrared 

study of their environment. We determine that the total 

cloud luminosity matches that of the known embedded sources, 

ruling out the existence of a numerous but faint low mass 

embedded population. lRAS and optically thin elSa column 

density data are used to evaluate dust grain sizes and 

compositions via competing grain models. Radiative modeling 

shows that a standard power law distribution of graphite and 

silicate grains is responsible for lRAS 60 and 100 ~m band 

emissions. These grains are heated to about one tenth of 

the cloud's depth in the core region. Their optical depths 

closely follow molecular column density structure, but these 

grains are considerably colder than the molecular gas. 

We detect 481 sources in in the J,H, or K bands in a 

0.184 deg. 2 survey region in the cloud. Approximately 79% 

of the embedded 3 band (JHK) detected sources have near

infrared color indices greater than the local background 

population, suggesting that many of these objects are in 

pre-main-sequence evolutionary phases. The reddest of these 

sources are grouped in a high column and spatial density 

area within the survey region. Sources in this area have a 

normal power-law K luminosity function which is consistent 
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with a theoretical model of a standard mass function and an 

age of 10 5 yr. Sources exterior to this area have a 

luminosity function with an excess of intermediate 

luminosity sources that significantly differs from the 

luminosity function of the interior region .. We interpret 

this non-standara luminosity function and the wide range of 

source reddenings in this peripheral region to be indicators 

of a considerable age (10 6 yr) or age spread among sources 

there. We estimate that the cloud's star formation 

efficiency is currently greater than or equal to 25%. 

These newly discovered young stellar sources provide a 

statistically significant sample for studies of the cloud's 

embedded population and support established ideas of bound 

cluster formation and star formation bursts within the 

cloud. 

11 



Dark Clouds and the ISM 

CHAPTER 1 

INTRODUCTION 

Dark starless areas are distributed about the sky 

mainly in the Milky Way, but are also conspicuous in 

Ophiuchus, Orion, and other constellations out of the 

galactic plane. These dark areas were originally believed 

to be star-less voids in the night sky. Sir William 

Herschel noted the complex arrangement of these vacant 

regions in the Milky Way when assembling his model of 

stellar distribution from star count data. His work showed 

that dark patches were frequently adjacent to bright nebulae 

(1784), but he did not propose any physical relationships 

between these areas. He also did not include dark regions 

in his catalogs of nebulae which he presented to the Royal 

Society of London from 1786 to 1802. Little else was 

learned about these dark regions until Barnard photographed 

and cataloged many of them, producing a catalog of 182 dark 

Milky Way regions (1919). He continued to photograph bright 

and dark Milky Way nebulae, amassing a collection of 352 

dark clouds in his lifetime (1927). 

Barnard's and others' photographs revealed that the 

Milky Way dark areas are unlikely to be simple voids since 

they occur in regions of extremely high stellar column 
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densities; only a starless column as deep as the Milky Way 

could explain these regions as voids. Curtis argued that 

dark lanes in spiral nebulae are regions of absorption by 

exhibiting photographs of spirals at various inclinations 

(1918). He later proposed that the Milky Way was such a 

spiral system and its dark structures seen on Barnard's 

photographs are opaque clouds which obscure globular 

clusters and other spiral nebulae as well as stars (1919). 

Bok showed that dark clouds were distributed within a few 

degrees of the plane of the galaxy in 1937. 

The general astronomical community was convinced of the 

existence of dark clouds by the 1930s, and the existence of 

an obscuring interstellar medium was also demonstrated by 

this time. Although William Herschel first observed star 

counts in different directions in the sky, F. G. Wilhelm 

Struve first noted in 1847 that the number of stars per unit 

volume decreased as distance from the sun increased. 

Kapteyn interpreted this result as evidence for the 

existence of an absorbing medium between stars which have a 

spatial density constant with respect to distance from the 

sun. He derived an interstellar extinction coefficient of 

1.6 magnitudes per kiloparsec using this assumption and a 

non-constant stellar luminosity function (1904). Seeliger 

derived a value of 0.3 magnitudes per kiloparsec using 

similar techniques (1911). Such analyses produce wildly 
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different adsorption coefficient values because stellar 

densities and luminosity functions as well as the 

interstellar absorption are not isotropic. Trumpler mostly 

eliminated these problems by measuring the absorption to 100 

open galactic clusters (1930). He carefully classified his 

sampled clusters into 12 luminosity categories determined 

from star counts and computed distances to them from their 

apparent magnitudes. He then computed their linear sizes 

from these distances and their angular sizes, finding that 

cluster size increased with distance from the sun in each 

luminosity category! Trumpler determined that this 

physically unjustifiable relationship was due to 

interstellar absorption of 0.7 magnitudes per kiloparsec in 

the galactic plane, the location of these clusters. This 

thorough study eliminated doubts of the existence and 

magnitude of interstellar absorption in the galactic plane. 

Slipher noted in 1913 that the spectrum of the 

nebulosity surrounding the Pleiades was similar to that of 

its illuminating stars, but Russell first suggested that 

dark clouds were composed of small dust grains (1922) which 

either absorbed or reflected star light. Hiltner (1949) 

discovered the polarization of star light, strengthening the 

notion of an interstellar medium composed of dust grains. 

Emission from dust grains in the interstellar medium and 
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dark clouds was detected by air- and space-borne telescopes 

equipped with far-infrared detectors in the 1970s and 1980s. 

The first interstellar molecules were observed in 

absorption via optical spectroscopy in the 1930s, but were 

not detected in radio wavelengths until 1963. Optically 

dark clouds are transparent to radio waves, and many of 

these clouds were found to be strong sources of CO, NH3, and 

CS radio emissions by the early 1970s. H2 is believed to be 

the most abundant molecule in dark clouds and its rotational 

energy levels are spaced closely enough to be excited in the 

low temperature environments of dark clouds. Transitions 

between H2 rotational levels are extremely improbable, 

however, since the molecule has no dipole moment, although 

weak H2 quadrupole rotational transistions are detectable in 

the infrared. The rotational levels of CO are easily 

excited and also have reasonably high transition 

probabilities, so this molecule is usually used to trace out 

the molecular extent of clouds despite its being much less 

abundant than H2. 

Dark Clouds and Star Formation 

Bright stars have been known to be frequently 

associated with bright and dark nebulae since Herschel's 

time. Twentieth century spectroscopy and astrophysics have 
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revealed that the bright stars associated with dark clouds 

are often 0 and B types, only several million years old or 

less. The association of gaseous nebulae with these young 

stars strongly implies that stars must form there, an idea 

strengthened by modern theories and observations. Star 

formation is now realized to be a constantly occurring 

process, active in past and current epochs. 

Clusters and Associations 

The existence of galactic stellar clusters greatly 

contributed to the understanding of stellar astrophysics in 

the first half of the twentieth century. Multi-band visual 

photometry showed that cluster stars occupied definite 

regions of the Hertzsprung-Russell (H-R) diagram, with 

different clusters having different proportions of stars in 

each region. Stellar astrophysics later demonstrated that H

R diagrams show the evolutionary state of stars and that 

clusters consist of stars of common age but a range of 

masses. Different clusters are of different ages, so their 

respective H-R diagrams depict the evolutionary state of 

stars at different times. The main-sequence of the H-R 

diagram was interpreted to be the location at which stars 

produce their luminous energy via fusion of hydrogen, and 

clusters were as old as the hydrogen burning lifetime of 

their highest mass stars just leaving the main sequence. 
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Thus it became possible to date clusters and identify young 

ones such as the Pleiades. 

Star clusters in the galaxy have been found to have 

ages ranging from less than 10 7 yr to almost 10 10 yr by this 

main sequence turnoff dating method. These clusters are 

observed to be gravitationally bound today, and must have 

been so since their creations. This strongly suggests that 

the stars in these clusters must have formed from material 

that was itself gravitationally bound. 

Unbound stellar groupings also exist, however. Stellar 

associations are loose groups of stars with common space 

motions and similar spectral types and ages. Their stellar 

densities are higher than densities of that stellar type 

within the field star population. Ambartsumian (1947) 

first recognized that OB associations, composed of 0 and B 

type main sequence stars, were 10 7 yr old or less. He 

observed that these associations have typical expansion 

velocities of 10 km/s and insufficient mass for 

gravitational binding. Their characteristic sizes of 30-200 

pc therefore imply an age on the order of 10 7 yr. 

Ambartsumian also first identified T associations, groupings 

of T-Tauri type stars. These stars are frequently found 

near the edges of highly obscured regions, have irregularly 

varying luminosities, and frequently have emission spectra. 
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They have since been determined to be low-mass stars in a 

pre-main-sequence (PMS) state of evolution. 

Modern theoretical and observational studies of PMS 

evolution and the youngest stellar clusters began in the 

1950s. Henyey, LeLevier, and Levee published the first 

theoretical evolutionary tracks of convective PMS stars in 

1955, and this work was furthered by Hayashi and others 

through the 1960s (ie. Hayashi 1966). This theoretical 

development was also accompanied by new observational works. 

Realizing that the youngest clusters are frequently 

associated with dark clouds, Merle Walker conducted a 

pioneering observational study of the young NGC 2264 cluster 

in 1956. This cluster is associated with the Mon OBl dark 

cloud approximately 750 pc from the sun. Walker obtained 

UBV colors and variability information for several hundred 

of its stellar constituents, and visible spectra of several 

dozen. The resultant color-magnitude diagram revealed NGC 

2264 to have main-sequence 0 and B type stars, but stars of 

later types, including many T-Tauri variables, are about 2 v 

magnitudes above the main-sequence where Henyey, LeLevier, 

and Levee (1955) had placed PMS objects. Walker correctly 

interpreted these A and later-type stars to be low-mass ones 

in a pre-main-sequence state of evolution; they were still 

gravitationally contracting and had not yet started main

sequence hydrogen "burning." This A-type turn-on mass and 
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the presence of a-type main sequence stars showed that N2264 

was indeed young, approximately 3x10 6 years old. Walker 

studied several other young clusters in similar fashion 

throughout the 1950s and 1960s. 

These and other pioneering studies confirmed that stars 

were forming in dark clouds, and many pre-main-sequence ones 

had peculiar spectra (emission, high rotation, etc.) and 

were variable. Further observations and PMS evolutionary 

models in the 1960s identified T-Tauri variables to be very 

young objects of low mass, explaining away the mystery of 

their high luminosities. The search for even younger stars 

and clusters was hampered, however, by the great opacities 

of the dark clouds which they form in. Optical photography 

(UBV plates) could not penetrate the clouds well enough to 

detect the coldest, youngest, and reddest PMS objects. 

Strom, Elias, Grasdalen, Vrba, and others started surveying 

dark clouds for these young embedded objects with single

element near-infrared (~ < 2.3~m) photometers in the 1970s. 

These surveys (ie. Grasdalen, Strom, and Strom 1973, Elias 

1978) detected such objects for the first time but were 

necessarily insensitive, monochromatic, or of limited area 

since the single aperture infrared photometers of the day 

could only see a few arcseconds of the sky at one time to 

maintain sufficient spatial resolution in the survey. The 

telescope had to be laboriously scanned over the extent of 
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the cloud in both dimensions, consuming much time. 

Nevertheless, each of these surveys revealed dozens of 

objects too obscured to be detected visibly. Vrba et al. 

(1975) collected enough data in the p Ophiuchi region to 

assemble a K band luminosity function of 67 sources and 

spectral energy distributions of 9 sources from l~m to 10~m, 

finding extremely red ones. 

The youngest and reddest PMS stars emit most of their 

luminosity even longward of 10~m. The high thermal 

background and opacity of the earth's atmosphere have made 

observations at these wavelengths extremely difficult from 

ground-based telescopes, but the Infrared Astronomical 

Satellite (IRAS) detected over 250,000 point sources in its 

12~m, 25~m, 60~, and 100~m bands during its 1983 mission. 

IRAS surveyed 96% of the sky, detecting many sources too 

deeply embedded in dark clouds to have been detected in 

near-infrared surveys. Its observations of previously 

detected sources allowed for the extension of their spectral 

energy distribution data to the far-infrared. The IRAS data 

are of limited sensitivity and resolution, however, so much 

was still to be learned from ground-based near-infrared 

surveys. These ground-based studies were revolutionized in 

the middle and late 1980s by the advent of infrared detector 

arrays. These arrays offer high quantum efficiency (~-

0.5), large numbers of elements, multi-wavelength coverage 
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(ie. JHK) , dynamic ranges of several orders of magnitude, 

and a high degree of linearity. Cryogenically cooled near

infrared cameras equipped with a variety of filters and 

infrared detector arrays are now commonly available. Such 

instruments can sufficiently sample the telescope-atmcsphere 

point spread function while providing a field of view of 

several arcminutes. This technology enables sensitive 

large-scale multi-wavelength surveying of dark clouds to 

uncover the youngest clusters and their PMS objects. 

Properties of Dark Clouds 

Dark clouds are observed to have a wide range of sizes, 

temperatures, and masses throughout the galaxy. Bok 

globules, the smallest clouds, are merely dense clumps in 

larger nebulae. These clumps are about a parsec in linear 

size, consist of about 10 solar masses of material, and have 

temperatures of about 10K. Temperatures are controlled by 

cosmic ray heating, internal heating sources, and line 

radiation cooling of the molecular gas. 

Stars are observed to form in the larger and more 

massive dark clouds in the galaxy, however. These molecular 

clouds (MCs) are several to tens of parsecs in linear 

extent, have H2 number densities on the order of 100cm-3 , 

and temperatures between 10K and 70K. The mass ratio of gas 

to dust in these clouds is approximately 200, with total 

21 



cloud masses ranging from about 100 to 10 6 or more solar 

masses. These clouds are not uniformly dense but are quite 

patchy; dense self-gravitating cores (n(H2) ~ 10 4cm-2) are 

usually distributed throughout the cloud's volume, which is 

mostly much less dense. Gaseous material is molecular in 

these clouds since dust grains near the cloud surfaces 

absorb ultraviolet photons incident from the external 

radiation field that would otherwise dissociate the 

molecules. 

Gravity is the only force of nature which can attract 

matter across the vast size of a gaseous interstellar cloud 

and coalesce it into a star. This self-gravity of the cloud 

must overcome any internal thermal or magnetic pressure 

forces in the cloud to form stars, either on its own or with 

the help of external forces on the cloud such as pressure 

shocks. The phenomenon of ambipolar diffusion allows the 

slow dissipation of the magnetic field in a primarily 

neutrally-charged cloud. The collisions between the ions 

and neutrals create an effective friction which does 

somewhat slow any contractions and is a source of gas 

heating in the cloud. Stars therefore form in the densest 

and most opaque cloud regions where self-gravity is 

strongest, gradually dissipating their surrounding cloud 

materials as they eject material and radiate. The youngest 

stars which are still enshrouded in the dusty opaque 
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envelopes that they form in are therefore likely to be 

associated with dense molecular cores. These cores and 

their parent clouds have been studied via their millimeter

wave molecular transitions since the 1970s when technology 

made this feasible. The search for the youngest stars and 

clusters must therefore involve both radio and infrared 

techniques to isolate such associations. 

PMS Objects 

Just what sorts of low-mass PMS objects lurk within 

dark clouds? Sensitive radio- and infrared-wavelength 

observations of dark clouds have been possible only in the 

last 20 years, so we are only just beginning to observe, 

study, and understand these objects. 

The earliest phase of star formation is gravitational 

contraction of a dense gaseous core within a larger 

molecular cloud. Such dense cores form from density 

perturbations which result in a local mass which exceeds the 

Jeans mass criterion for collapse. These cores are usually 

rotating and have a steep density gradient which leads to a 

collapse from the inside out. This infall of material is 

observable as Doppler shifts of millimeter wavelength 

spectral lines of relatively optically thin molecular 

transitions, such as the high excitation lines of CS. A 

spectral signature of a protostellar core has recently been 
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observed (Walker et al., 1986), although the interpretation 

of the line profiles is complicated by the effects of 

outflow and rotation. 

A core continues to contract further, gradually 

becoming opaque to its own cooling infrared radiation when 

densities reach 10-3 g cm-3 . It then starts heating up as 

its internal pressure and density rise. Such an object is 

still quite large, 10 14 cm or larger in radius, and has a 

radially dependent temperature profile. This temperature 

gradient over optically thin layers results in a broader 

than blackbody spectrum in the far-infrared. The Infrared 

Astronomical Satellite (IRAS) has observed some objects in 

this state. They are characterized as being most luminous 

in the IRAS 100 ~m band, and less luminous in its shorter-

wavelength bands, indicative of a sampled temperature range 

of approximately 20K - SOK. 

A stellar core continues its near free-fall contraction 

until its internal pressure balances its self-gravitating 

force. A phase of quasi-static contraction lasting 

approximately 10 6 yr now begins and the core continues to 

heat up and brighten. The surface of the core is defined by 

a gaseous photosphere that infalling matter is still 

accreting onto. This photosphere has a radius on the order 

of lOll cm and temperature of a few thousand K. It 

eventually heats up its external enshrouding layers enough 
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to destroy their dust grains out to a radius where the 

temperature is low enough for the grains to exist, on the 

order of 10 13cm. The gravitationally bound material exterior 

to this point contains both gas and grains and extends to a 

distance of about 10 14 cm from the center of the core. This 

outer boundary defines the dust photosphere (Stahler, Shu, 

and Taam 1980), the outermost region of the protostar. This 

dust photosphere has a surface temperature of one to several 

hundred Kelvin, observable at mid-infrared wavelengths. It 

and interior regions continue to deposit gases onto the 

hydrostatic core for about 105 yr, driving the protostar's 

luminosity via accretion. The dust photosphere is 

eventually destroyed by a powerful out flowing wind from the 

core region, perhaps driven by accretion. A large (r>10 14 cm) 

rotating circumstellar disk of material still remains around 

the object, however. Cores rotate at angular velocities of 

a few km/s/pc at the outset of collapse, and these speeds 

increase as the core gets smaller due to conservation of 

angular momentum. Any magnetic fields that exist in the 

cloud and its cores can serve to slow this spin-up, however. 

As the core starts to rotate faster than the adjacent cloud 

material, it generates Alfven waves which slow the core and 

speed up the adjacent material, attempting to force them to 

rotate at the same velocity (Shu, Adams, and Lizano). Much 

rotational energy is dissipated in this process, and it may 
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explain why angular momentum is not conserved in the 

evolution from molecular core to protostar. A contracting 

core decreases in size by several orders of magnitude by the 

time it condenses into a main sequence star, but a low mass 

Zero Age Main-Sequence (ZAMS) star rotates at less than 

lOOkm/s, 2 or fewer orders of magnitude faster than the 

progenitor core. Magnetic braking and any pre-collapse 

fragmentation seem to be the likeliest sources of this 

angular momentum dissipation. 

Cores do rotate faster as they collapse, however, and 

material collapses fastest along the axis of rotation, 

unhindered by rotational support. This can result in a 

spinning disk of accreting material remaining once the PMS 

star emerges from its dust photosphere. Such objects are 

believed to be T Tauri stars. Their variability can be 

explained by the accretion of globs of material from the 

disk onto the stellar surface, and their emission lines 

result from expulsion of material along their rotation axes. 

The accretion disk dissipates by accretion, planet 

formation, or is eventually destroyed by radiation and winds 

from the core. The core continues to contract and heat 

during this ,time, perhaps heating to over l06K in its 

interior and consequently burning deuterium. It emerges on 

the optically visible "stellar birthline" convective track 

in the H-R diagram at this point. The onset of deuterium 
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burning triggers an increase in surface luminosity which may 

drive winds which destroy the remainder of its accretion 

disk and render the star optically visible. Further 

contraction and heating cause the young star to fuse 

hydrogen which places it on the main sequence. 

Embedded young stellar objects (YSOs) have been 

frequently found to be near the centers of massive (10-

100Mo ), high velocity (v > 10km/s) outflows of molecular 

gas. Such outflows have only been discovered in the last 

decade (see Lada 1985) and have enormous kinetic energies 

(10 43 - 47 erg) which may either support the parent cloud from 

any further local collapse or may even disrupt it entirely. 

These flows usually appear in somewhat-collimated bipolar 

lobes but their connection with the various PMS evolutionary 

stages is unclear. They can perhaps be best attributed to 

stellar winds arising from a PMS object with an accretion 

disk. The disk helps collimate the wind along the object's 

rotational poles, and any high rotational velocity material 

accreting from the inside of the disk is also likely to join 

the flow. These outflows may be the mechanism by which 

accretion is terminated. 

What distribution of stellar masses form in a cloud? 

This must depend on the cloud's initial morphology, 

kinematics, magnetic fields, and density structure, as well 

as how the YSOs interact with and disrupt this environment. 
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The distribution of ZAMS stellar masses, also called the 

initial mass function (IMF), is fundamentally important to 

star formation and astronomy in general. The IMF determines 

how many stars of a given mass form and the stellar content 

of galaxies. 

The IMF has been observed to approximately be a global 

function, but do different clouds produce different stellar 

mass spectra which contribute to the IMF, or do all clouds 

produce the same mass spectrum? Can the kinematics and 

morphology of a cloud determine the mass spectrum of the 

stars it will produce? The first steps in answering these 

questions are the measurement of the IMF and the mass 

spectra of YSOs still embedded in molecular clouds. 

The IMF is incredibly difficult to measure directly, 

however. Salpeter (1955) first measured the IMF by 

measuring the luminosity and spectral types of a sample of 

field stars, correcting luminosities for evolution away from 

the ZAMS, and converting the ZAMS luminosities to ZAMS 

masses via the proper mass-luminosity relation for each 

spectral type. He found that the resultant IMF for stars 

between 0.4 and 10 solar masses is described by a power law 

relation, 

Better observations of the local field star luminosity 

function and better determinations of stellar mass-



luminosity relations have fueled work on better determining 

the IMF. Miller and Scalo (1979) and Scalo (1986) examined 

the local field star luiminosity function and found a 

flattening from a steep power law in the range 1 < Mv < 12.5 

and a downturn for Mv > 12.5. They have used these data 

along with stellar mass-luminosity relations to assert that 

the IMF quickly flattens from the Salpeter relation at M < 1 

Mo, becoming essentially flat by M = 0.4 Mo. However, 

D'Antona and Mazzitelli (1986) explain the present day 

luminosity function for M < 5 Mo stars as being described by 

2 moderate power laws, both slightly less steep than 

Salpeter's relation. The composite IMF for all stellar 

masses is now generally believed to be bimodal, but the 

physical origins of the IMF are not completely understood. 

However, theoretical models of cloud fragmentation along 

with ones of stellar mass aggregation via accretion can be 

combined to produce a bimodal IMF (Larson 1986). 

perhaps some insight into the origins of the IMF can be 

gained by looking at the mass spectrum of YSOs in individual 

clouds that have not yet been disrupted or exhausted of 

material. This study would allow a comparison of the gas 

and grain environments with the YSO population. Determining 

masses of embedded YSOs is a great problem, however. The 

luminosity of a YSO can decrease by over an order of 

magnitude as it progresses from an accreting protostar to a 
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ZAMS star (Stahler, Shu, and Taam 1980), so precise 

knowledge of its evolutionary state is needed to calculate 

its mass from its luminosity. The spectral energy 

distribution (SED) of a YSO can reveal its general 

evolutionary state, however, so some progress can be made in 

determining a cloud's YSO mass spectrum with the proper 

near- and mid-infrared data. One must also be careful to 

insure that observed objects are really embedded in the 

parent cloud and not foreground objects or background 

objects seen through the cloud. A multi-color survey of the 

cloud and a nearby off-cloud field can be used to determine 

cloud membership, however. 

The p Ophiuchi Dark Cloud 

Several dark clouds are situated near the star p 

Ophiuchi. These clouds form a molecular complex 10's of 

parsecs in size and are at a distance of only 160 pc or less 

(Whittet 1974, de Geus et al. 1989). The L1688, L1689, and 

L1709 clouds (Lynds 1962) contain much of the mass in this 

complex in the form of relatively low-density molecular gas 

but also contain several high-density molecular cores. The 

L1688, or p Oph cloud, is particularly rich since it 

contains over 10 3 solar masses of low-density gas, 8 high

density molecular cores, no powerful outflows, and more than 

75 YSOs. This unusual combination of proximity, large 
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numbers of embedded YSOs, and an unperturbed gaseous 

environment makes the p Oph cloud an ideal target for the 

study of many aspects of star formation in molecular clouds. 

The cloud is old enough to have developed dense cores and 

YSOs, but still young enough to have molecular material 

remaining in a bound configuration. 

The low-density molecular gas in the p Oph cloud is 

warmer (20<T<35K, Wilking and Lada 1983; hereafter WL) than 

clouds typically undergoing low-mass star formation, but 

cooler than clouds forming high-mass 0 and B stars. The p 

Oph cloud, along with the neighboring L1689, L1709, L1712, 

and other clouds, has been mapped in 13CO (1-0) emission with 

2.4 arcminute resolution (Loren 1989; see Fig. 1). These 

data reveal 3050 solar masses of molecular material, about 

half of which is in the p Oph cloud. The central regions of 

the p Oph cloud have such high column densities that even 

13CO exhibits self-absorbed emission. However, WL found the 

rarer C180(1-0) emission to be optically thin there and 

mapped out a 550 solar mass, 1pc X 2pc ridge of gas in the 

cloud core (Figure 2). This ridge is in the middle of the 

approximately 30' X 30' cloud core area which also features 

7 high density molecular cores, over 50 YSOs, and a plateau 

of extended lRAS emission. The H2 column densities in this 

core are on the order of 1023 cm- 2 and the H2 number densities 

are on the order of 10 3- 4cm-3, very high extinctions 
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Fig, 1. Loren (1989) 13CO emission map of L1688 (P Oph) and 

L1709 clouds, also showing the location of the L1689 cloud. 
TR*(13CO) is contoured from 4 K to 20 K. Dense cores are 
labeled with letters, 
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Fig. 2. Wilking and Lada (1983) N(C180) LTE column density 
map of p Oph cloud core. N(C 180) is contoured from 10 16 cm-2 

to 2.5x 10 16 cm-2 . 
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Fig. 3. Loren, Wootten, and Wilking (1991) DCO+ 
(temperature and spatial density tracer) emission map of p 

Oph cloud. DCO+ (2-1) is contoured (solid lines) over its 
sampled area (filled circles) from 0.4 K to 2.0 K. The 
TR*(13CO)= SK,10K boundaries of the L1688 cloud are shown as 

long dashed contours, while the ridge of integrated CIBO 

emission (WL) is shown by short dashed contours. Dense 

cores are labeled with letters, and the four most luminous 
infrared sources are shown by crosses. 
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(25<Av<100) and densities for a molecular cloud. The 

magnetic field in the p Oph cloud is parallel to the high

mass C1BO emission ridge (Vrba, Strom, Strom 1976), allowing 

the massive central cloud region to collapse along this 

axis. Loren, Wootten and Wilking (1991) note that this has 

allowed the formation of compact, denser cores in a smaller 

area than in the Taurus clouds where the magnetic field is 

oriented perpendicular to the cloud filaments, better 

supporting the clouds from collapse. Such studies relating 

the cloud's global properties to the details of its star 

formation history are essential to understanding the star 

formation process as a whole. 

The seven high-density cores in the p Oph cloud central 

region have been discovered via SO, H2CO (Gottlieb et al. 

1978; Loren, Sandqvist, and Wootten 1983), and DCO+ (Loren, 

Wootten, and Wilking 1991) observations. They range from 8 

to 110 solar masses, have temperatures from less than 15K to 

45K, and number densities in the range 10 4 . 5- 6cm-3 . IR class 

I and II YSOs are located near several of these cores, 

circumstantially but convincingly linking the cloud's 

materials with its newly formed stars (Loren, Wootten, and 

Wilking 1991). Figure 3 shows the DCO+ emission cores 

along with many of the cloud's embedded sources (Loren, 

Wootten, and Wilking 1991). 
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The p Oph cloud has been extensively studied in the 

near-infrared. Grasdalen, Strom, and Strom (1973) and Vrba 

et al. (1975) discovered 67 K band sources in the cloud 

brighter than K=10.0. They identify three BV stars, members 

of the Sco OB2 association, among the young stars in the 

L1688 cloud. HD147889, a B2V star, is the most luminous of 

these and is associated with a reflection nebula on the 

western edge of the p Oph cloud. The other B stars, Sl and 

SR3, are embedded in the cloud and are of type B4 and 89 

respectively. They each radiate less that 20% of the 

luminosity of HD147889. Vrba et al. also studied the 

cloud's absorption of light from the star Sl from V to N 

band data and found that the grains in the cloud are 

anomalously large compared to interstellar grains, perhaps 

due to icy mantles growing in the cloud's cold and shielded 

interior. They also de-reddened the K magnitudes of their 

discovered sources by assuming that the embedded objects 

were main sequence stars with intrinsic color indices near 

zero. This resulted in a stellar luminosity function 

comparable to Walker's (1956) luminosity function of the NGC 

2264 cluster over their range of magnitudes -1.5~MK~2.5. 

They therefore concluded that they were observing the upper 

main sequence (types FOV and earlier) of a stellar cluster 

embedded in the p Oph cloud. Elias (1978b) conducted a very 

large area Hand K band survey of the region, covering some 

36 



18 square degrees to a limiting magnitude of mK = 7.5. He 

detected nearly 400 sources, most of which are background 

field stars. He confirmed that the youngest objects were 

confined to a cluster within the L1688 cloud, but proposed 

that they were mostly PMS objects with luminosities 

substantially lower than the early-type main-sequence stars 

proposed by Vrba et al. Elias argued that the three known B 

stars all exhibit far-infrared emission peaks (Fazio et al. 

1976) and optical reflection nebulosity, but no other near

infrared sources in the p Oph cloud show such emissions. He 

also carefully identified the spectral types of many 

background field stars in his survey and used their 

photometry to derive the near-infrared reddening caused by 

the Ophiuchus dark clouds. WL also conducted a near

infrared survey of the highest N(C180) 10' x 10' region of 

the cloud core, detecting 20 objects to a sensitivity limit 

of mK = 12.0. They showed that these were most likely to be 

low mass PMS objects instead of early type main-sequence 

stars by showing that their near-infrared colors were 

inconsistent with Elias' reddening law for the Ophiuchus 

region. WL also calculated that the embedded p Oph sources 

were forming in a bound cluster since nearly half of the 

region's mass was in young stars if the average object is 

one solar mass. 
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Lada and Wilking (1984; hereafter LW) continued to 

advance the low-mass PMS population idea by providing mid

infrared data (10~m and 20~m) which confirmed that most of 

the embedded objects were of low to moderate luminosity 

(O.lLo < L < 25Lo) and had colors indicative of PMS objects 

with dust shells. LW reached these conclusions by analyzing 

the near- to mid-infrared SEDs of YSOs embedded in the 

cloud. They found that these objects could be clearly 

divided into 3 classes: class I sources with broader than 

blackbody SEDs and increasing flux beyond 2 ~m wavelength, 

class II sources with broader than blackbody SEDs and 

constant or decreasing flux beyond 2 ~m wavelength, and 

class III sources with SEDs similar to reddened blackbodies 

with little or no infrared excess emission. Lada (1987) has 

recently quantified these classes with the spectral index 

relation 

a = 
dlog(AFA) 

dlog(A) 

The spectral index a is between 0 and 3 for Class I 

sources, between -2 and 0 for class II sources, and between 

-3 and -2 for Class III sources. Adams, Lada, and Shu 

(1987) have modeled and fit the infrared SEDs of protostars 

and found that the LW classification scheme corresponds to 

different protostellar phases. Class I objects are 

protostars that are still accreting material, often showing 

absorption in the 10 ~m silicate feature due to enshrouding 
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grains. The infrared emissions of these objects arise from 

their relatively cool dust photospheres and nearby heated 

grains. Class II objects are T Tauri stars whose hot 

stellar cores and cooler circumstellar disks both contribute 

to their infrared emissions, producing a relatively flat 

SED. Class III sources were not modeled since they can 

easily be fit to diskless stellar blackbody sources with 

slight infrared excess produced by their heating nearby 

grains in their parent cloud and reddened only by the cloud 

itself. 

Young, Lada, and Wilking (1986) discovered 7 new 

embedded sources in the p Oph cloud with 12~m to 100~m lRAS 

data and detected 11 previously identified near-infrared 

embedded sources. This work also confirmed that the 

embedded stellar population has relatively low luminosities, 

spatially extended mid- to far-infrared emission, and few 

extremely cold but luminous sources. Wilking, Lada, and 

Young (1989; hereafter WLY) identify 78 embedded stars and 

YSOs associated with the p Oph cloud from a sample of 

previously known near-IR sources and new ones found to 

coincide with 12 ~m band lRAS sources. They find a 

continuous distribution of YSO SED indices, corresponding to 

a continuous evolutionary range of objects from class I 

accreting protostars to class II T Tauri stars. They also 

find a high star formation efficiency (SFE) of 22% or more, 
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further supporting the WL proposal that these YSOs are 

forming in a bound cluster. The LW and WLY luminosity 

functions of these objects indicate that fewer intermediate

mass stars have formed in the p Oph cloud than are present 

in the field population, distinguishing p Oph from other 

warm clouds. WLY also estimate that star formation has been 

occurring for approximately 3x10 6 years in the cloud from 

estimates of T Tauri ages. Rieke, Ashok, and Boyle (1989; 

hereafter RAB) surveyed a small area of 20 arcmin 2 near the 

high density molecular ridge in the cloud core to a faint 

limiting magnitude of K=14.S and found no new sources of low 

luminosity, implying that that few very low mass stars and 

brown dwarfs are forming in the cloud. Barsony et al. 

(1989) find, however, no deficiency in sources down to their 

K=14 detection limit over their 12' X 12' (144 arcmin 2 ) 

survey area. They argue that RAB did not sample enough area 

to generate a luminosity function that is truly 

representative of the entire embedded population of the 

cloud. None of these or any other surveys uniformly covers 

a large fraction of the p Oph cloud core in even one band 

with good sensitivity, so it is difficult to determine if 

their results apply to the p Oph cloud in general. This 

will be rectified when a large, uniformly sensitive sample 

of the entire cloud core region is made. Such a study would 

ideally be done in at least three infrared bands, the 
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minimum number needed to determine infrared excesses 

indicative of circumstellar material and hence the natures 

of the YSOs. 

lRAS maps of the region show much extended emission in 

all bands on square degree scales as well as many embedded 

stellar sources. These stars radiatively heat dust grains 

of various sizes which emit this incident energy in the 

infrared spectral regime, producing the observed lRAS 

extended emission. Nearly all of the luminosity of the 

embedded sources is radiated in the infrared by this grain 

processing. Dust grains must therefore be studied to 

understand the strength of the cloud's radiation field, its 

total luminosity, and the geometry of the cloud and its 

sources. Grain material composition must be determined 

before the temperatures and optical depths of the dust can 

be computed. These resultant physical quantities can be 

compared to molecular gas temperatures and column densities 

to determine how well the grains and gas are 

thermodynamically coupled and how deeply into the cloud the 

grains are heated by the local radiation field. 

Models of dust grain sizes and compositions have been 

largely computed using extinction measurements of thin 

clouds (e.g., Mathis, Rumpl, and Nordsieck 1977; hereafter 

MRN). Other models have been constructed to match the far 

infrared emission characteristics of thin "cirrus" clouds 
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with no internal energy sources (Rowan-Robinson 1986). The 

molecular cloud associated with p Ophiuchi has much higher 

column densities than either of these cloud types and may 

have different grain size distributions and compositions 

than the thin clouds on which most dust models are based. 

The p Ophiuchi cloud does indeed appear anomalous when 

compared to the average interstellar cloud; its star 

HD147889 has a total to selective absorption ratio, R=4 

(Carrasco et al. 1973; van Breda et al. 1974; McMillan 

1978) whereas the mean R value of galactic interstellar dust 

is 3.2 (Bohlin and Savage 1981). The p Ophiuchi cloud also 

exhibits a large amount of extended emission in the lRAS 

12~m band (Young, Lada, and Wilking 1986), suggesting that a 

significant mass fraction of very small grains or polycyclic 

aromatic hydrocarbon (hereafter PAH) molecules are 

stochastically heated (Sellgren 1984, Leger and Puget 1984). 

The absorption of starlight by thin interstellar dust clouds 

can be modeled without the inclusion of such small particles 

(MRN) , however, and the lRAS 60~m and 100~m band emissions 

can generally be madeled without these particles also 

(Draine and Anderson 1985). Desert (1986) has developed a 

model which predicts the flux ratios of lRAS bands for an 

MRN dust model modified to include small grains and PAH 

molecules illuminated by an interstellar radiation field 

(ISRF) of 1 to 100 times the solar neighborhood value. 
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IRAS data can therefore be used with this model to 

determine the properties of the grains in the p Oph cloud, 

but care must be taken to select small regions (-10-2 pc 2) 

without luminous sources. Regions of this size have more 

uniform temperatures and optical depths than regions 

encompassing large fractions of molecular clouds, including 

luminous sources. Nevertheless, such large non-uniform 

areas have been typically used in the construction and 

evaluation of dust models from the limited FIR observations 

available before IRAS (Rengarajan 1984, Hildebrand 1983) 

Only smaller uniform areas can be effectively used in 

studying radiative energy balance, grain parameters, dust 

heating depths, and gas to dust coupling in detail. 

Purpose and Outline of Dissertation 

We have conducted the work in this thesis to better 

understand star formation, particularly in the p Ophiuchi 

cloud. All star formation in the current epoch occurs in 

bound or unbound clusters within molecular clouds, so a 

study of such a situation is applicable to the origins of 

the many stars that exist today. Each cloud - cluster pair 

involved in the star formation process is a snapshot full of 

details of how local environments influence the spatial 

arrangements, compositions, and masses of the stars formed 

there. The stars in such a cloud are all very young and of 
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the same material composition and distance, providing a 

homogeneity that allows us to study their mass spectra, 

luminosity function, and other characteristics without 

complications of variable age, distance, and composition 

effects which contaminate the field population. 

Simultaneous molecular line studies of their parent clouds 

allow a correlation of cloud environment (kinematics, 

thermodynamics, mass structure) with the properties of the 

stars formed there. Newly forming clusters also give us our 

only opportunities to observe PMS stars and their evolution. 

The proximity, intricate mass structure, and high 

density of YSOs have made the p Oph cloud an excellent 

target for such studies, and there exists a tremendous 

volume of molecular and infrared data on the cloud. We have 

undertaken the work presented in this dissertation to extend 

this data set in the hopes of answering a few questions 

about star formation there, and to get some clues to the 

star formation process in general. First, we seek to find 

the luminosity function of the YSOs uniformly surveyed over 

a relatively large area of the cloud. Is it compatible with 

field models of the IMF, or does it represent a radically 

different mass spectrum? Are there many or few very low 

luminosity objects in the cloud? Are all YSOs in the cloud 

the same age, or do objects in different regions of the 

cloud have different ages? If so, where is star formation 
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most active right now? What are the grains like in the 

cloud? Are they similar to interstellar grains in their UV 

absorption and IR emission characteristics, or does their 

protected environment make them different? 

The molecular data tracing the mass distribution, 

density, and kinematics of the gas is reasonably complete 

for the cloud, but the near- to far-infrared data which 

detects YSOs and grain emissions is not complete at high 

sensitivity. The YSOs can only be detected at near-infrared 

or longer wavelengths which are also sensitive to any 

circumstellar material or disks, and the mid- to far

infrared wavelengths detect the bulk of the cloud's 

luminosity which arises from dust grain emission. We 

therefore have analyzed high resolution lRAS data over small 

and large scales which yielded information on grain 

properties and source luminosities, and have undertaken a 

large (650 armin2; 1.29 pc 2), high resolution, and sensitive 

3-color near-infrared survey of embedded sources in the p 

Oph cloud, which gives us a reasonably complete census of 

this population. We present the details of this data 

acquisition and reduction in Chapter 2. Chapter 3 consists 

of our analysis of the lRAS data. There we determine the 

total cloud luminosity, analyze grain sizes and materials, 

and compare the far-infrared and molecular cloud 

morphologies. We analyze our near-infrared survey data in 
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Chapter 4, presenting our source data along with a 

morphological breakdown of their luminosity functions and 

near-infrared colors. We also apply current theory to 

deduce source ages, masses, and physical natures. Chapter 5 

summarizes our results of these studies and suggests further 

work. 
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CHAPTER 2 

DATA AND REDUCTIONS 

IRAS 

The Infrared Astronomical Satellite (IRAS) was launched 

in January 1983 and functioned through Novembe~ 1983, 

mapping over 96% of the sky in its mid- to far-infrared 12 

~m, 25 ~m, 60 ~, and 100 ~m bands. The satellite contained 

a Ritchey-Chretien telescope system of 57 cm effective 

aperture and a 62 element array of infrared detectors. 

These assemblies were cryogenically cooled to temperatures 

of approximately 2K by a tank of superfluid helium. The 

instrument had an effective in-scan spatial resolution of 

0.5' in the 12 ~m and 25 ~m bands, l' in the 60~m band, and 

2' in the 100 ~m band. The IRAS Point Source Catalog, a 

compilation of all confirmed detected point-like sources, 

has over 250,000 entries down to an approximate sensitivity 

limit of 0.5 Jy in the 12 ~m, 25 ~m, and 60 ~m bands, and 1 

Jy in the 100 ~m band. 

We have used two types of IRAS data products in our 

investigation. The SKYFLUX images (IRAS Explanatory 

Supplement 1984) are large scale (16° x 16°) maps that have 

been spatially smoothed to 4'- 6' resolution. These maps 

have been published in three confirming sets (HCONs) based 

on time of observation. We used HCON 1 data for our 
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analysis. The HCON 1 observations were chosen for zodiacal 

emission corrections and 60 and 100 ~m band zero point 

intensity references since these satellite scans had the 

most favorable solar elongation angle for minimum zodiacal 

dust emission. 

We also used higher resolution images based on all the 

lRAS survey scans of the region for our primary analysis. 

The full angular resolution of the detector array was 

realized in these images, hereafter called SURVEY COADD 

maps, because no spatial smoothing was employed. The 

approximate area covered by these maps is R.A. = 16h 19m07 s to 

16h 2sm57 s and Dec. = -25° to -23°30' (1950). We fitted a 

linear baseline to the SKYFLUX data in the region of the 

cloud and subtracted it to remove the zodiacal background 

emission. The large scale SKYFLUX images were used to 

insure that the emissions being fitted were due to the 

prevailing zodiacal background and were not due to the cloud 

itself. We approximated the background near the cloud with 

a planar zodiacal baseline model that was then subtracted 

from the SURVEY COADD images to force agreement between the 

two data sets over approximately 0.25 square degree areas in 

three corners of the 12 and 25 ~m band SURVEY COADD maps. 

We found that the large scale background emissions were 

nearly constant over the 60 and 100 ~m SKYFLUX maps, so we 

subtracted these constant emissions from the respective zero 
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point corrected SURVEY COADD maps. This set of calibrated 

and flattened maps was used in all further processing and 

analysis. 

In matching the SURVEY COADD and SKYFLUX intensity 

levels, a number of instrumental effects had to be accounted 

for. Individual satellite scan paths are clearly visible as 

"stripes" on both the SURVEY COADD and SKYFLUX images. 

These stripes are produced by differences in detector gains 

between scans and by scan-to-scan differences in the 

baselines. In a second effect, the response of the 

detectors to infrared radiation temporarily increases after 

passing over a bright source. These problems dictated that 

the areas chosen for intensity matching be large enough to 

contain many scan stripes to average the variable gain 

effects and also be in an area unaffected by detector 

hysteresis problems. We chose such a box defined by R.A. 

16h 25rn57 s to 16h 28rn57 s and Dec. = -25°37'10" to -24°53'27" 

(1950) for matching intensities between the 60 and 100 ~m 

SURVEY COADD and SKYFLUX plate 159 maps. The 0.25 square 

degree regions used in flattening the 12 and 25 ~m maps 

also contain several satellite scans and are well removed 

from bright sources. 

Recent evidence from the Cosmic Background Explorer 

(COBE) suggests that both the zero point and flux scale for 

the IRAS extended emission data may be in error. The IRAS 
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results are correct at point source scales but may be in 

error by as much as a factor of three for angular scales of 

tens of degrees. The exact consequences of these errors on 

our p Oph study (which involves angular sizes of less than 

1°) are still uncertain. 

Molecular 

Millimeter wave molecular transition data were taken 

from WL. We used their optically thin C1BO (J=1-0) map and 

resultant LTE column densities of the cloud core region (see 

Figure 2) in conjunction with the reduced set of IRAS maps . 

Near-Infrared Survey 

We acquired the near-infrared images with the Rieke et 

al. (1989) 128 X 128 pixel NICMOS2 HgCdTe array camera on 

18-19 May 1989 and 10 and 12 June 1990 on the Steward 

Observatory 61" telescope, Mt. Bigelow AZ. The NICMOS2 

array has a 2.5 ~m cutoff, 60 ~m x 60 ~m pixels, and was 

developed by Rockwell International. Rieke et al. report 

that the central region of the detector has a quantum 

efficiency between 0.35 and 0.58 in the J (1.25 ~m), H (1.65 

~m), and K (2.2 ~m) bands, but varies by over a factor of 2 

from one corner to its opposite corner in the K band. This 

quantum efficiency gradient is considerably reduced at 

shorter wavelengths. The detector array has a dark current 
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of only 4.5 electrons per second when operated at 77K, and 

is bonded to a MOSFET integrating readout. The device 

exhibits read noises as low as 30 electrons when used in 

multiply-correlated sampling modes. The hybrid array is 

uperated in a liquid nitrogen cooled (77K) camera that 

features 3 user-selectable plate scales and a selection of 

narrow- and broad-band near-infrared filters. 

J, H, and K data were collected at a plate scale of 

approximately 1.8 arc seconds per pixel for both our survey 

area in the p Oph cloud as well as for an off-cloud stellar 

background field. We surveyed the region R.A. = 16h23ffi20 s to 

16h25ffi 07 s and Dec. = -24°40' 00" to -24°13' 15" (1950) in the p 

Oph cloud core (650 arcmin 2 ) and the region R.A. = 16 h 27 ffi28 s 

to 16h28ffiOOs and Dec. = -24°22' 00" to -24°18' 12" (1950) as 

our off-cloud stellar background field (28 arcmin2), located 

between the L1688 and L1689 clouds. The J, H, and K band 

coverages of the cloud core survey region are shown in 

figures 4, 5, and 6, respectively. We integrated each frame 

for approximately 60 s, collecting enough photo-electrons in 

each integration to be background noise limited. We spaced 

adjacent frames by -1.9', over-lapping by half a frame in 

each direction. This resulted in observing each object in 

our survey up to 4 times. We adopted this highly redundant 

mapping strategy for two reasons. First, we wanted 

sufficient overlap between adjacent frames in order to 
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Fig. 5. f[-band U/O (1950) survey coverage. 
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Fig. 6. K-band a,8 (1950) survey coverage. 
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reconstruct the relative telescope pointing by identifying 

multiply-observed objects in different frames. The p Oph 

cloud is known to have very low source densities so we 

selected the widest field possible and a half-frame overlap 

to realize this goal. We also wished to have multiple 

observations of sources to allow for possible data 

corruption by weather, observing hardware, or user-related 

errors. Our observing procedure consisted of first 

observing a "sky" field containing no bright sources, next 

observing the most eastern frame in a survey region "row" at 

constant declination, then observing the next most eastern 

frame in that row, etc. until the end of the row was 

reached. We then re-observed the "sky" position and 

restarted observing the survey field at the next "row" in 

declination, repeating the entire procedure until the survey 

region was covered in each filter. This resulted in 156 

fields in each color in the p Oph cloud survey region and 3 

fields in each color in our off-cloud stellar background 

region. We also observed several infrared standard stars 

during the course of mapping the survey region in each 

filter to calibrate source fluxes. Observations were made 

over a range of airmasses from 1.8 to 2.5. 

These near-infrared frames were reduced using standard 

processing algorithms for bias and dark current removal, sky 

subtraction, flat-fielding, and bad pixel removal (ie. Mc 
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Caughrean 1989). We implemented these algorithms with the 

National Optical Astronomy Observatories' Image Reduction 

and Analysis Facility (IRAF) augmented with custom scripts 

and C language programs. The "skyH position frames acquired 

on 18 and 19 May 1989 (K- and southern H-band cloud survey 

region coverages) were found to contain too many bright 

sources and optical reflections for use in the sky 

subtraction and flat-fielding processes. We therefore 

constructed "skyH frames by median-filtering the five frames 

closest in time to each survey data frame, and constructed 

flat-fields by median filtering 3 entire (dark-subtracted) 

"rows H of the survey area to produce a single frame used to 

flatten (sky-subtracted) survey data frames in those rows. 

Finally, pixel coordinates were transposed to provide a sky

correct view of each frame on the workstation display. 

We discovered that one entire and one partial "rowH of 

J band frames suffered from excess electronic pattern noise, 

presumably caused by an intermittent electrical ground in 

the camera system. We have abandoned these frames and did 

not extract any sources from them. This results in a gap of 

J coverage over the regions R.A. = 16h 23rn19.3s to 

16h25rn07.P and Dec. = -24°17'20" to -24°16'40" (1950) and 

R.A. = 16h24rn42.0s to 16h25rn07.1 s and Dec. = -24°16'40" to 

-24°13' 00" (1950). This amounts to only 9% of the survey 

56 



area, however, so the J band coverage is 91% complete. The 

resultant J-band coverage is shown in Figure 4. 

Sources were extracted in each frame using the DAOFIND 

algorithm (Stetson 1987) which identifies sources by 

comparing their intensity profiles to a Gaussian profile of 

user-defi~ed width and selecting as stellar sources those 

image features that reasonably match the Gaussian profile 

and have adjacent pixel data values greater than or equal to 

a threshold value. We determined this extraction threshold 

value for each frame by estimating noise with the standard 

deviation of a sourceless region of approximately 500 pixels 

in the frame and multiplying this noise by 5.0 to get the 

threshold. Sources extracted with these thresholds and 

appropriate Gaussian profile widths (1.7 to 2.0 pixels) were 

found to be 99% reliable; only one extracted source per 100 

is likely to be a spurious detection. Multiply detected 

sources, inband or in separate bands, have very much better 

reliabilities. All but the faintest sources in our survey 

were multiply detected and are therefore extremely likely to 

be real stars and not data artifacts. 

We also precisely registered the frames in order to 

determine accurate coordinates for the observed sources. 

First we created large mosaic images of all survey frames in 

each color taken during each observing season, positioning 

the frames adjacent to each other with no overlap. Then we 
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calculated pixel offsets between stars multiply observed in 

adjacent frames as seen in the mosaics, and converted these 

offsets to absolute coordinates of each frame's first pixel 

in a master grid. Each frame was linked to one south or 

east of it in this manner, and coordinates of frames with no 

multiply observed sources were determined by averaging 

adjacent frame offsets. We calculated the angle that the 

frame coordinates were rotated from R.A. and Dec. sky 

coordinates from the mosaics, and determined the pixel scale 

and mosaic R.A. and Dec. zero-points from up to 40 WLY 

sources with positions known to 1.5 arcseconds. We assigned 

R.A. and Dec. positions to each extracted source by adding 

its frame coordinates (determined by a flux centroid 

technique) to its frame's location in the master grid and 

applying the pixel scale, coordinate zero-point, and 

rotation angle appropriate for each set of frames in each 

color. This resulted in an RMS error of 2.9 arcsec between 

our extracted positions and the WLY positions. We improved 

this error to 1.3 arcsec by plotting the position of each 

extracted and each WLY source in each color on 56 cm x 86 cm 

sheets, allowing offsets as small as 1 arcsecond to be 

visible. We then painstakingly shifted frames for best 

agreement with the WLY positions, keeping well-linked frames 

attached together while slightly adjusting the positions of 

frames linked by 2 or fewer multiply observed sources. The 
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coarse sampling of our survey area resulted in a 0.5 pixel 

offset corresponding to nearly 1 arcsecond of sky, so these 

minute corrections and their propagations significantly 

improved the positions of our sources, both with respect to 

internal consistency and with reference to the WLY 

positions. The RMS errors of our source positions in each 

filter band were improved to an internal value of less than 

1.0 arc seconds and to a value of less than or equal to 1.3 

arcseconds with respect to the WLY positions. Multiple 

detections of sources, both in-band and in separate filter 

bands, were used to further improve individual source 

positions where possible. 

Instrumental magnitudes and photon noise estimates were 

calculated for each detected source in the processed frames 

with the APPHOT aperture photometry routines in IRAF. 

APPHOT magnitudes are simply calculated by subtracting sky 

fluxes (normalized to the number of source pixels) from 

source fluxes, taking the common logarithm of this 

difference, multiplying by -2.5, and adding a user 

specified zero-point. Magnitude errors are determined from 

the Poisson-distributed noises in the source apertures and 

sky annuli as well as the noise within the sky annuli 

(standard deviation of pixel values). These errors are 

computed in electrons, added in quadrature, and then 

converted to magnitudes. 
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We selected a source aperture radius of 2.0 pixels, 

corresponding to an aperture diameter of 7.0 arcseconds, for 

measuring source fluxes in magnitudes. This value 

represented a compromise between admitting enough of the 

atmosphere-telescope-camera system's point spread function 

(PSF) profile while being small enough to compare with 

previous measurements (ie. the 6 and 8 arcsecond apertures 

of the NASA Infrared Telescope Facility [IRTFj photometer 

used by WLY) , exclude excessive sky noise from dominating 

weak sources, and to exclude nearby sources. We used a 6 

pixel width annulus with an inner radius of 3.5 pixels 

centered on each source to determine the mean sky values. 

Preliminary photometric errors a(ph) were computed by APPHOT 

as outlined above. Pixels in sky annuli with data values 

differing from their means by 3 or more standard deviations 

were discarded to eliminate strong sources from contributing 

to sky levels. The relatively low source density of our 

survey region (approximately 6 sources detected per frame) 

also minimized the problem of source contamination in 

apertures and annuli. 

We converted these instrumental magnitudes to 

astronomical stellar magnitudes by adjusting the zero-point 

of our magnitude scale in each color. We set these values 

so that there were no mean differences between our 

magnitudes and WLY J,H, and K values for all detected 
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sources fainter than the saturation level but brighter than 

our completeness limit plus half a magnitude. Our 

measurements of WLY54 are approximately 2 mag fainter than 

WLY's values in all bands, suggesting that it has dimmed 

considerably. WLY sources brighter than J=10.0, H=9.5, 

K=8.0 were consistently observed to be too faint in all 

bands due to saturated exposures. Figure 7 shows the 

differences between WLY and our magnitudes for all detected 

WLY IRTF-observed sources. We found no correlation between 

magnitudes of standard stars and airmasses so we made no 

airmass corrections to magnitudes. Such a correlation was 

undoubtedly swamped by large photometric errors in our data. 

The final correction applied to the data was due to the 

non-uniform illumination of the detector array. We measured 

standard deviations of the differences of our and WLY source 

magnitudes, cr(WLY), to be 0.408, 0.305, 0.291, and 0.286 

magnitudes for our 1989 Hand K data, and our 1990 J and H 

data, respectively. Our 1990 cr(WLY) values improved to 

0.121 and 0.115 for the J and H band data respectively, when 

we applied a flux-correction to each source based on its 

position in the camera field of view (M. Rieke 1990). This 

correction arose from a layout problem in the camera's 

optics; an aperture stop was displaced slightly from the 

location of its corresponding pupil, so some vignetting 

resulted. The 1990 data also exhibited less dispersion in 
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magnitudes for multiply detected sources in each band when 

this flux-correction was applied, so we adopted these 1990 

flux-corrected values as source magnitudes. The 1989 data 

exhibited neither a reduced a(WLY) nor a reduced dispersion 

of magnitude values of sources multiply observed in each 

band, so we did not adopt these flux-corrected values as 

source magnitudes. The 1989 data errors are considerably 

larger than the 1990 flux-corrected data errors, so there 

may be a positional dependence in that data but its form 

must be significantly different from the 1990 flux

correction factor map. 

Remaining errors in all data have a non-Gaussian 

distribution but appear to be random in nature; multiple 

observations of a source reduces its photometric error. The 

JHK WLY data were all taken in a recent epoch (1984 - 1986) 

with the same telescope and instrument and have photometric 

errors of 0.06 magnitude or less, comprising the largest and 

most uniform data set of near-infrared source positions and 

magnitudes for the p Oph cloud. Nearly all of the 

differences between our photometry and WLY magnitudes must 

therefore be due to errors in our data. We can account for 

these errors by considering several sources; inadequate 

sampling of the telescope PSF by the large pixels, 

inadequate amount of the system PSF profile included in the 

photometry aperture, residual flat-fielding errors, 
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background fluctuations, and residual field-location 

dependent errors. The 1989 data also exhibited "striping" 

artifacts due to pickup of electrical noise (Rieke 1989) 

This effect varied the magnitude of sources in either 

direction depending on the location of the source relative 

to the peak or trough of the stripe pattern. Removal of 

these artifacts may be possible with Fourier techniques, but 

we did not attempt to do so. Sources most affected by the 

stripes had higher cr(ph) noise values, however, and these 

were used in decreasing the relative weights of the affected 

source observations. 

We computed the magnitudes of multiply observed sources 

by converting individual magnitudes and cr(ph) errors to 

fluxes and calculating a noise-weighted average flux and 

flux error (Bevington 1969) which we then converted back to 

a single source magnitude and cr(ph) at a single averaged 

position. We have adopted the reported cr(WLY) as single 

detection I-sigma error values for sources of intermediate 

cr(ph) photometric error. We have assembled an empirical 

error estimate cr for each source to reflect that sources 

with small cr(ph) values are still subject to the other 

mentioned photometric errors, while (mostly faint) sources 

with high cr(ph) are dominated by that photo-electron caused 

noise: 

~2 [ cr2 (WLY)/n + cr2 (ph) 2 ] 
v MAX 2 or cr (ph) 
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The photometric completeness of our survey was 

estimated by adding artificial stars created with the PSF 

profile of observed stars to several of our processed data 

frames having a range of noise in each filter band. We re

extracted sources from those frames using the same DAOFIND 

algorithm parameters employed in each frame's original 

source extractions. We usually added between 20 and 40 

stars per frame in a random distribution and varied the 

magnitude of the artificial stars until DAOFIND found 90% of 

the artificial sources. This magnitude is our completeness 

limit, and we give its lowest (most conservative) value for 

each filter: J = 16.4, H = 14.5, and K = 13.0 for the 

survey region and J = 16.8, H = 14.8, and K = 14.8 for the 

off-cloud background region. 
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CHAPTER 3 

IRAS ANALYSIS AND RESULTS 

The set of reduced IRAS images was processed to yield 

temperature and optical depth maps of emission from dust 

grains in thermodynamic equilibrium. We assumed that 60 ~m 

and 100 ~m band images resulted from such emission while 

the 12 ~m and 25 ~m band intensities may be dominated by 

stochastic radiation processes. Equilibrium emission grain 

temperature maps were created for the central cloud region 

by integrating diluted black body emission weighted by the 

relative lRAS system response R(A) over the lRAS 60 ~m and 

100 ~m bandpasses. We evaluated the expression for the 

lRAS 60 ~m to 100 ~m band flux ratios 

J BA(T) AE R(A) dA 
.160 

J BA (T) AE R (A) dA 
A100 

for a distribution of temperatures T spaced by 0.5K and 

(1) 

piece-wise fit polynomials to the temperatures as a function 

of these ratios. Grain temperatures were determined by 

evaluating these polynomial functions for 60 ~m to 100 ~m 

band flux ratios for each pixel of the reduced data set. 

The resultant T values are emission weighted temperatures in 

each column. The common grain model emissivities €~A-l and 
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E oc: A,-2 (E = -1, -2) were used to calculate two dust 

temperature maps for the region. 

We assumed the cloud to be optically thin over the 60 

~m band so that band's optical depths were calculated from 
I60 

't60 = (2) J BA, (T) R (A) dA 
A,60 

for the inband intensity I60 and temperature T at each pixel. 

The most opaque region of the cloud was found to have an 

optical depth of less than 0.1 so this optically thin 

approximation appears valid. Two optical depth maps were 

also generated: one for each emissivity function and its 

corresponding temperature distribution. 12CO temperature 

contours and the EOC:A,-2 dust temperature map are shown in 

Figure 8, but careful consideration is required before these 

two temperature maps are compared. The 12CO temperature 

contours are taken from Loren et al. (1980) and represent 

peak 12CO temperatures at each location. 12CO is heavily 

self-absorbed throughout the cloud core and also shows self 

absorption in much of the cloud periphery (Lada and Wilking 

1980) so a peak temperature value is necessarily between the 

hotter interior and cooler exterior temperatures of a self-

absorbed line. 12CO also becomes optically thick quickly 

with distance into the cloud so the 12CO temperatures sample 

only the outer cloud "skin" where 't(12CO) <2-4. Our dust 

temperatures, however, sample a deeper column of the cloud 
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Fig. 8. Linear gray scale dust temperature map from 60 and 
100 ~lm band I1V\S data assuming E DC ')...-2 grain emissivity law. 

Grain temperatures range from 18K to 40K. 12CO temperature 
contours (1<) are from Loren et. al (1980). 
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Fig. 9. Linear gray sacale 60~m band optical depth map 

assuming £ oc /...-2 grain emissivity law. Optical depths range 

from 3.0 X 10-3 to 7.6 x 10-2 . N (C100) column density contours 

(10 16 to 3.0 x10 1G cm- 2 ) are from Wilking and Lada (1983). 



Fig. 10. Linear gray scale 12 ~m band intensity map of the 

p Oph dark cloud with global regions 1-9 used in energy 

balance analysis outlined. The position of HD 147889 is 

marked with a cross. 
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whose depth is determined later in this chapter. We 

interpret the dust to be isothermal in each column from the 

surface to a depth beyond which the grains have a 

temperature too low to contribute substantially to the 

luminosity of the column. In reality each column must have 

a distribution of temperatures with grains in the most 

intense radiation field being hottest. Dust temperatures 

appear to be nearly high enough in and near the cloud core 

to be heating the gas to the temperatures in Figure 8, but 

in reality the deeper parts of the cloud have higher gas 

temperatures (35K, Wilking 1981) and lower dust 

temperatures. The CO must therefore be heated by a source 

of energy other than grain collisions in the bulk of the 

cloud. 

The ~=A-2 optical depth map of Figure 9 with N(C1BO) 

contours (WL) also requires a somewhat complicated 

interpretation. Equation (2) computes optical depths for 

the fraction of a column of dust which is heated to 

temperature T. We later argue that this fraction is a 

function of illumination geometry and is small compared with 

the gas column depth. The optical depths computed from 

equation (2) must be lower limits since grains considerably 

colder than the emission averaged temperature T do not 

contribute to these determined temperature and optical depth 

values. Uniform grain illumination will nevertheless 
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produce an optical depth map which is morphologically 

similar to an optically thin molecular column density map 

and this is observed in Figure 9. Detailed departures 

between t60 and N(C180) structures must be examined 

carefully, however. Embedded cloud sources warm up nearby 

dust more than the cloud's general radiation field, 

producing elevated temperatures near these sources in Figure 

8. Equation (2) calculates optical depths of this locally 

heated material which are necessarily small for all low 

luminosity sources, so Figure 9 shows departures from N(C180) 

contours near embedded sources which cause local heating 

seen in Figure 8. The agreement between t60 and N(C180) 

becomes better on smaller scales once this is considered. 

We also note that the t60 maximum of Figure 9 coincides with 

the dense core p Oph A (Loren et al. 1980), but there is no 

t60 or N(C180) peak at the location of the p Oph B core 

(Loren et al. 1980). 

Energy Balance 

We divided a box from R.A.= 16h20moos to 16h26mOOs and 

Dec.= -25°00'00" to -23°30'00" (1950) into 9 regions, each 

of size 2m R.A. x 30' Dec. (see Fig. 10). The integrated 

flux was computed for each lRAS band by multiplying the mean 

intensity value (W m-2 str-1 ) of each region by the solid 

angle subtended by that region. We also calculated mean 
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equilibrium grain temperatures and 100 ~m optical depths of 

each region from maps produced by equation (1) and equation 

(2) modified for the IRAS 100 ~m band parameters. The flux 

of the p Ophiuchi cloud between 8 and 42.5 ~m was 

approximated by summing the IRAS 12 and 25 ~m band fluxes 

and linearly interpolating between these bands and the 60 ~m 

band. We used the FIR (Lonsdale et al. 1985) parameter to 

estimate the flux between 42.5 and 122.5 ~m with lRAS 60 

and 100 ~m band fluxes, and we numerically integrated the 

optically thin flux of a dilute blackbody beyond 122.5 ~m. 

The numerical integration was done for the mean 60/100 grain 

temperature, T60/ 100' and 100 ~m optical depth, t 1oo, for each 

region: 
3mm 

F(122.5 ~m - 3 mm)= fEA (T60/100)*( A Is dA (3) 
1 00 ~m) 

122.5 J1m 

This far infrared - submillimeter flux integral was 

done for emissivities proportional to A-1 and A-2 (E = -1,-2), 

the two values used in the studied interstellar dust models. 

To estimate the flux from the cloud at wavelengths below the 

lRAS short wavelength limit, we used IUE (Bohlin and Savage 

1981), BV (SAO), RI (Chini 1981) and JHKL (Harris, Woolf, 

and Rieke 1978) photometry for HD147889, the most luminous 

source in the cloud. This is clearly a lower limit to the 

cloud's flux in these bandpasses because some light is 
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scattered away from HD147889 by the cloud's intervening 

dust. Fluxes in each spectral region were converted to 

luminosities assuming a distance of 160 pc (Whittet 1974). 

Results are presented in Table 1. 

The Kramers-Kronig dispersion relation (Purcell 1969) 

also forces the emissivity to steepen from E~A-l at long 

wavelengths (Rowan-Robinson 1986). The 120 ~m to 3 mm 

luminosity in the E ~ A-1 case is therefore an upper limit. A 

A = 250 ~m turnover suggested by Hildebrand (1983) would 

lower this quantity by approximately only 90 Lo so its 

effect on the total cloud luminosity is minor. The total 

luminosity of known sources in the cloud is 6700 Lo (WL , 

Lada and Wilking 1984). The Sco OB2 association also 

contributes approximately 1000 Lo to the cloud by 

irradiating the cloud's surface (approximately 10 pc 2 ) with 

an absorbed flux of 5 x 10-2 ergs S-l cm-2 (Ryter et al. 

1987). This combined known input luminosity (7700 Lo) is in 

close agreement with our estimated total observed 

luminosities (7840 Lo and 7040 Lo for E~ A-1 and E ~ A-2 , 

respectively). This suggests that either emissivity may be 

appropriate and contributions to the cloud luminosity from 

unknown external or hidden internal sources must be minimal. 

The observed luminosity of the cloud is dominated by the 

three known B stars HD147889, Sl, and SR3 as well as the Sco 

OB2 radiation field. The rough agreement of emitted 
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luminosity with known luminosity sources also refutes the 

existence of a population of low luminosity sources which 

can not be detected individually but collectively contribute 

substantially to the cloud's luminosity. 

Grain Analysis 

i) Region Analyzed 

We selected a central region of the cloud for analysis 

with the criteria of high dust and gas optical depths and 

the availability of optically thin molecular line column 

density data. This region is close to the exciting B stars 

in the western segment of the cloud and coincides with 

maximum molecular density. Figure 9 shows the 45 5 R.A.x II' 

Dec. areas used in our grain size analysis as well as the 

two regions A and B we studied in detail in our dust 

composition analysis. This grain material investigation 

required knowledge of dust optical depths and gas column 

densities, so it was limited to regions covered by the WL 

N(ClBO) map. Only regio~s A and B are both covered in the 

CIBO map and contain no discrete embedded lRAS sources which 

would differentially heat material and would not be 

representative of the grains producing the cloud's diffuse 

emission. Both regions are less than 5 x 10-2 pc 2 projected 

area and we determined their freedom from sources by visual 

analysis of the reduced lRAS maps. 
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ii) Dust Size Analysis 

A dust size distribution was determined by comparing 

12/25 ~m vs. 60/100 ~m flux density ratios for different 

regions in the cloud core by plotting each pixel in these 

regions and comparing the plots to the Desert (1986) model 

of lRAS emission. We note that the possible lRAS-COBE 

calibration discrepancy does not apply to the ratios of the 

12/25 ~m and 60/100 ~m bands. The Desert model consists of 

PAH molecules emitting in spectral bands and an MRN-type 

distribution of graphite and crystalline silicate grains in 

thermal equilibrium of sizes a between amin and amax such 

that the number of grains, n, is given by 

dn ex. a-3 . 5 da (4 ) 

The entire SURVEY COADD map, the 2m X 30' regions used 

in the energy balance determination, and each core region 

are plotted in Desert's color-color diagram in Figure 11. 

Desert's model, indicated by a dashed line in Figure 11, 

suggests that the dust in the core region as well as the 

cloud as a whole is consistent with an MRN distribution with 

a small size cutoff amin=10 nm supplemented by a population 

of PAH molecules. Core regions free of embedded sources 

have the most uniform radiation field and also fall closest 

to Desert's amin=10 nm model curve. The model's decrease in 

Fy(12)/Fy (25) with increasing radiation field (x) is a result 

of thermal emission increasing in the 25 ~m band. The 
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Ophiuchus regions with embedded sources have smaller 

Fv (12)/Fv (25) than predicted by the model for Fv (60)/Fv (100) 

~ 0.3. We suggest that this is due to photodissociation of 

PAH molecules in the radiation fields surrounding young 

stellar objects. This would decrease grain emissions in the 

12 ~m band while the longer wavelength fluxes would increase 

due to the higher equilibrium temperatures of the large 

grain population. Young et ai. (1986) suggested the general 

abundance of very small grains in the Ophiuchus cloud upon 

examination of the extended emission in the 12 ~m band lRAS 

image, and Vrba, Strom, Strom and Grasdalen (1975) 

suggested that the mean size of the grains responsible for 

the absorption (and therefore emission) was abnormally large 

because of the high total to selective absorption ratio 

toward SI, a B star embedded in the cloud. Our observations 

of a large very small grain / PAH population and a large 

mean size of equilibrium emitting grains is therefore 

consistent with these earlier observations. 

Figure 11 also indicates that the incident radiation 

field in the infrared emitting region is between about 5 and 

50 times the solar neighborhood ISRF value. Figure 12 shows 

the entire SURVEY COADD region plotted along with the data 

presented by Desert (1986). Desert's data points are from 

30' averaged beams of galactic molecular areas, about the 

size of the p Ophiuchi cloud if it were at 1 kpc. This 
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figure allows a comparison of the p Ophiuchi cloud with 

other molecular clouds in the galaxy and shows that other 

molecular clouds are similar to subregions within the p 

Ophiuchi cloud. The p Ophiuchi regions (Figure 11) are 

distinguished by somewhat higher Fv (12)/Fv (25) for a given 

Fv (60)/Fv (100) than the molecular regions plotted in Figure 

12. Fv (12)/Fv (25) of the entire cloud is also higher than 

that of any other molecular region with the same radiation 

field in Figure 12. This suggests a larger population of 

PAHs or very small grains in the p Ophiuchi cloud than other 

molecular regions. 

iii) Dust Composition Analysis 

We now determine dust grain material composition via 

modeling of grain emission and analyze consequential heating 

depths into the cloud. Our primary goal is determining 

whether the cloud's grains are amorphous carbon and 

silicates with mid-infrared emissivities E=A-l or graphite 

and crystalline silicates with mid-infrared emissivities E= 

A-2. We have used only 60 and 100 ~m band data in analyzing 

the dust heating depths since the stochastic emission 

processes responsible for 12 and 25 ~m band emission are not 

understood well enough to yield grain composition 

information from these bands. The 12 ~m emission (Fig. 10) 

is particularly extended and consists of a very thin layer 
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of emission which is not correlated well with the 60 ~m or 

elSo optical depths. We find the ratios of 12 to 25 and 25 

to 60 ~m inband fluxes to be flat over a large range of 60 

to 100 ~m inband flux ratios. This behavior is inconsistent 

with thermal equilibrium emission in the 12 and 25 ~m bands. 

Figure 13 shows that the 25 to 60 ~m inband lRAS flux ratios 

do not follow the theoretical curves for either amorphous or 

crystalline grains in thermal equilibrium. The points 

plotted in Figure 13 are from a high ambient radiation field 

area between region B (Fig. 9) and HD147889. The 

crystalline grain model by MRN with Draine and Lee (1984; 

hereafter DL) emissivities and abundances and the mostly 

amorphous model proposed by Rowan-Robinson (1986) are 

evaluated by comparing their predicted fluxes in the cloud's 

known radiation field to lRAS observations. Both models are 

composed of carbon and silicate materials. We evaluate 

equation (4) from 10 nm to 300 nm to determine a mean grain 

size of 30 nm for the crystalline model and adopt the 

emissivities and abundances computed for this size by DL. 

Over 90% of the Rowan-Robinson model's emission arises from 

an E~A-l component with a 100 nm grain size (the remainder 

is E~A-2) in the 60 and 100 ~m lRAS bands. We therefore use 

Rowan-Robinson's published (1986) emissivities for these 

grains with an emissivity turnover to E=A-2 at A=250 ~m 

wavelength as discussed in our energy balance analysis. 
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We interpret the radiation field in the cloud core with 

a simplified cloud model and the ratios of 60 and 100 ~m 

band lRAS fluxes. HD147889, Sl, and the Scorpius 082 

association are the heating sources. The stars are assumed 

to be embedded in the cloud which is represented as a slab 

of uniform density, and flux from the Sco 082 association is 

incident on the face of the slab. Flux absorbed from these 

sources by each grain component i of each model at any point 

in the slab is 

J fEA (THD) Qi (} .. ) t (A) df... dQ + 

J fEA (TS1) Qi (A) t ' (A) df... dO. + fFAscoQi (A) t" (A) df... (5) 

where THD = 2.2 x 10 4 K, TSl = 1.75 x 10 4K, Qi (} .. ) is the 

absorption efficiency of the i grain component, an~dQ = 

nr*2/d2, where d is the distance to each star in the plane of 

the sky and r* is stellar radius. The t (A), t' (A), and t" (A) 

are transmission factors of intervening dust calculated from 

the mean interstellar extinction curve. The flux incident 

from the Sco 082 association, fFAscodf..., was set to 6.3 x 10-2 

ergs s- l cm-2 (Ryter et al. 1987). Each grain component of 

the amorphous and crystalline models is assumed to be in 

thermal equilibrium having a temperature Ti defined by 
750 ).1m 

Fi = 4n fEA (Ti)Qi (A) df..., 
10 ).1m 

( 6) 

since a grain's emitted flux equals its absorbed flux under 

the condition of thermal equilibrium. The temperatures of 
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each component of the amorphous and crystalline models were 

calculated at locations A and 8 in Figure 12 from Equations 

(5) and (6). The flux contribution of each component at 

temperature Ti was weighted by its relative abundance Ai and 

integrated over the lRAS 60 and 100 ~m bandpasses to produce 

the ratio 

(7) 

80th models have only two components (carbon and 

silicate) in the sums in equation (7) and the R(A) are lRAS 

system response factors. Equations (5), (6), and (7) were 

sequentially evaluated for different mean cloud densities 

which directly affect the transmission factors t(A), t'(A), 

and tU(A) in equation (5) until equation (7) matched the 

observed 60 to 100 ~m lRAS band flux ratios at locations A 

and 8 in Figure 9 (0.46 and 1.0, respectively). The 

crystalline model meets this criteria for a uniform cloud 

density of molecular hydrogen n(H2) = 1400 cm-3 . The 

amorphous model predicts a flux ratio (eq. [7)) of only 0.75 

at location 8 even for no interstellar absorption [n(H2)= 

0). This dictates that the luminosity incident on the cloud 

is at least a factor of 1.7 greater than that produced by 

known sources if amorphous grains are responsible for 

emission in the lRAS 60 and 100 ~m bands. This is in direct 
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conflict with our result of the cloud's energy balance 

analysis; we concluded that all of the cloud's luminosity 

could be explained in terms of known sources. We therefore 

claim that the cloud's grains are better represented by the 

crystalline model than by the amoFphous model and the mean 

density of the cloud is n(H2) 1400 from this radiative 

analysis. Amorphous grains are ruled out even if there is 

no absorbing material between the dominant luminosity 

sources (ie. HD147889) and the bulk of the cloud as might be 

the case if HD147889 were exterior to the cloud and 

irradiating its front surface. 

The optical depths at 60 ~m were converted to total 

hydrogen column densities via competing grain models and 

compared to hydrogen column densities from optically thin 

CIBO for areas A and B in the cloud core. We interpret the 

ratios of these gas column densities as the fraction of 

distance into the cloud that the grains are heated. This 

column density ratio is a measure of surface heating because 

the exciting illumination appears to strike predominantly 

the front of the cloud; the cloud's deeply embedded infrared 

sources are not its most luminous ones (Fig. 8). The 

dominant luminosity source HD147889 is obscured by only Av = 

4.3 magnitudes (Chini 1981), while the cloud is up to Av = 100 

magnitudes deep in the core region (WL, Lada and Wilking 

1984). The 12 ~m map (Fig. 10), a tracer of direct 

85 



ultraviolet excitation, shows an abrupt factor of 2 change 

in flux at the western edge of the cloud core. This 

suggests that the core region is located behind HD147889 and 

is being shadowed by a reef of material just to the east of 

HD147889. 

We now convert the computed 60 ~m band optical depths 

(eq. [2]) to equivalent inferred hydrogen column densities NH 

via three grain models. The first grain model is the MRN/DL 

crystalline model studied in our radiative analysis. Its 

grain emissivities are approximated by an Eoc /...-2 emissivity 

law to better than 2% over the IRAS 60 and 100 ~m 

bandpasses. We also evaluate the total hydrogen column 

densities predicted by the amorphous Rowan-Robinson (1986) 

model previously outlined and Hildebrand's (1983) amorphous 

model. Both of these models are well represented by an 

E oc /...-1 emissivity law in the IRAS 60 and 1 00 ~m bands. We 

therefore used the optical depth map produced by the Eoc/...-2 

emissivity law in determining NH from the DL model and used 

the Eoc/...-1 map in evaluating NH with the Rowan-Robinson and 

Hildebrand (1983) models. We include the Eoc /...-1 models for 

interest and completeness even though we have shown that 

their grains are incapable of being heated to observed 

temperatures in the cloud's radiation field. Finally we 

compare each model's predicted NH to total hydrogen column 

densities NHtot derived from elBa data. 
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The MRN/DL model calls for graphite and crystalline 

silicate grains with the previously described size 

distribution function (eq. [4]). This model features a 

grain size range from 5 nm up to 0.25 ~m and we also examine 

Desert's (1986) modification of this model's minimum grain 

size to 10 nm. Rowan-Robinson (1986) prescribes several 

small sizes (10 nm and 30 nm) of graphite and silicate 

grains with DL emissivities which supplement large 0.1 ~m 

amorphous carbon and silicate grains with A-1 emissivities 

over the 60 and 100 ~m IRAS bands. Hildebrand's model 

(1983) is more empirical; he specifies an E=A-1 emissivity 

over the 60 and 100 ~m IRAS band due to a mixture of 

amorphous materials with a mean grain size of 0.1 ~m. 

Integrations over the particle sizes, emissivities, and 

the IRAS 60 ~m bandpass produced a value of NH/t60 for each 

model: 
n 

LNi H/ Ai 
NH i=l 

(8 ) 
t60 n 

nLNi (criQJ 
i=l 

for n grain species with abundances Ai/H, where 
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f f7tai2QitA dA dn(ai) 
A60 

a' 
(aiQi)=~~-------------------

f ftA dA dn(ai) 
A60 

(9) 

The values of NH/t60 for each model are presented in Table 2. 

Next we compute total hydrogen column densities from 

NHtot = N(C 180) x 5.0 x 10 6 

(WL) for regions A and B. These column densities were 

( 10) 

divided into the total hydrogen column densities computed 

from the dust models and the resulting values are the dust 

heating depths for each model. We present these depths and 

NH values calculated from Table 2 and equation (2) in Table 

3 for regions A and B. 

The 60 and 100 ~m band grain emissions observed near HD 

147889 (ie. regions A and B) must arise from the star's 

photons heating grains in the cloud which re-radiate in 

these lRAS bands. This emission is characterized by a grain 

temperature, optical depth, and equivalent hydrogen column 

density for each dust model. This NH only traces the depth 

of the dust emission while a NHtot computed from N(C 180) is 

the true value for the cloud since the tracer molecule is 

optically thin. The ratio of these NH values represents a 

dust heating depth if the cloud is uniformly heated to the 

calculated grain temperature over that depth. Radiative 

transfer in an absorptive medium dictates that this is not 
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actually the case; there must be a range of temperatures in 

a column and the calculated grain temperature is only a fit 

to that range. Nevertheless, the ratio of hydrogen column 

densities is interpreted as a heating depth for the purposes 

of evaluating the studied dust models. The general spatial 

agreement between dust optical depth and N(CIBO) in Figure 9 

indicates that the dust emission is a tracer of the cloud's 

gross features. This good agreement suggests that the 

infrared emission must originate from a substantial depth in 

the cloud since the observed CIBO emission originates 

throughout the cloud which is known to have a complex 

internal density structure (Loren et ai. 1980). In fact, 

however, the calculated depths are rather shallow. 

Table 3 presents the heating depths of regions A and B 

for the three models studied. The MRN/DL model NH and 

heating depth values increase slightly (7%) if it is 

modified for larger amin as suggested by the color-color fits 

to Desert's model. The illumination geometry suggests that 

both regions A and B have heating depths of a few percent 

or more because they are near the embedded source HD147889. 

The MRN/DL and Hildebrand models' depths are consistent 

with this, but it appears that the Rowan-Robinson depths are 

inconsistent with this requirement. All models give higher 

depths for region B which is closer to HD147889. The 

Ophiuchus dust appears to be well described by the MRN/DL 
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crystalline grain model as revealed in our radiative 

modeling of grain temperatures, so we assert that the MRN/DL 

model correctly calculates heating depths. However, great 

uncertainties are involved in the calculation of NH from 

dust models; our adopted conversion factor of N(C1BO) to 

NHtot in equation (10) is a factor of 2 greater than another 

value computed for the same molecular cloud (Frerking et al. 

1982). The computed heating depths are therefore highly 

uncertain; the Frerking et al. C1BO conversion factor would 

lower these values by 50% in Table 3. We therefore suggest 

that our computed heating depths are reasonable upper 

limits. 
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Table 1: Cloud Luminosity 

Luminosities ULo for E DC A.-I and E DC A.-2 Emissivities 

A. (Jlm) EDCA.-I E DC A.-2 Comments 

0-8 37 37 HD147889 data 

8 -15 979 979 IRAS 12 Jlm band 

15 -18 244 244 Interpolation 

18 - 30 276 276 lRAS 25 Jlm band 

30 -42.5 387 387 Interpolation 

42.5 - 122.5 3557 3557 FIR= 1.26[F60+F I 00] 

122.5 - 3000 2360 1560 Dilute BB Integration 

Total 

Region 

A 

B 

7840 7040 Lower Limit; photometry below 
8Jlm done with small aperture 

Table 2: Model Gas-to-Dust Ratios 

Grain Model 

MRN/DL 

MRN / DL / Desert 

R-R 

Hildebrand 

2.78 x 1023 

2.98 x 1023 

1.75 x 1023 

1.30 x 1023 

Table 3: Heating Depths 

MRN/DL Rowan - Robinson Hildebrand 

NH Depth NH Depth NH Depth 

3.7 x 1021 0.074 6.6 x 1020 0.013 4.2 x 1021 0.083 

1.3 x 1022 0.20 1.2 x 1021 0.018 7.6 x 1021 0.12 
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CHAPTER 4 

NEAR INFRARED SURVEY ANALYSIS AND RESULTS 

Source Colors and Cloud Membership 

Our near-infrared survey resulted in the detection of 

481 objects in the p Oph cloud survey region and 128 in the 

off-cloud region in one or more of the J, H, or K bands. Of 

the 481 survey region sources, 144 were detected in all 3 

bands, 143 were detected in only 2 bands, and 194 were 

detected in only one band. 40 of the 128 off-cloud field 

sources were detected in all 3 bands. Positions, magnitudes, 

magnitude errors, color index, and color index errors are 

given in Tables 4 and 5 for the cloud survey area and off-

cloud background region, respectively. Sources which have 

been detected in previous surveys and are either associated 

with the cloud or are possibly associated with it are noted 

in Table 4. Such associations were determined from a 

source's appearance in the WLY source cross-reference lists 

(WLY Tables 4-6). The color index R is defined by 

H-K 
R =. J-H 

which increases in value as a source's infrared excess 

(11) 

relative to a blackbody increases. Figures 14a and 14b show 

the J-H vs. H-K colors for the cloud survey area and off-

cloud background region, respectively. The objects with the 
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most extreme colors in these figures invariabJy have the 

largest uncertainties in color, typically over 0.5 mag, so 

the figures are difficult to interpret in terms of a main 

sequence or blackbody line without consideration of 

photometric errors. The figures do show, however, that the 

survey-region sources have a larger color spread and are 

generally redder than the off-cloud field. 

Elias (1978a, 1978b) surveyed background stars near the 

p Oph cloud and found them to have a mean reddening of 

R ' = E(J-H) 1 6 
E (H-K) = ., (12) 

where E (J-H) (J-H) observed - (J-H) intrinsic and E (H-K) = 

(H-K) observed - (H-K) i.ntrinsic. An ideal method of determining 

near-infrared color excesses of objects in our survey would 

be to compute this R' index for each 3-band observed source 

and compare it to Elias' stellar background value. However, 

the determination of this index R' requires that the 

intrinsic colors (ie. spectral types) of the objects be 

known. Any attempts at calculating this value for objects 

located in our survey region would therefore require a 

knowledge of their intrinsic colors. Our limited JHK 

spectral coverage precludes such a knowledge, and previous 

attempts to fit near-infrared sources in the p Oph cloud to 

reddened ZAMS spectral types have resulted in their 

classification as B type stars (Wilking 1981, WL). This is 
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probably because even JHK observations of these objects are 

influenced by their infrared excesses and are not simply 

reddened. Our energy balance analysis of the lRAS data 

rules out the possibility of so many bright embedded 

objects, so there is no effective way of determining R'. We 

therefore compute the empirical R value defined in equatioll 

(11) for both our stellar background and cloud source survey 

areas, and identify sources in the cloud region with R > Rbg 

as probable PMS infrared-excess sources and some reddened 

giants and main sequence dwarfs. 

Figure 15 shows the regions of the H-K, J-H color-color 

diagram that correspond to physically different stellar 

objects. Regions 1 and 2 are seperated by a line of slope 

l/Rbg' Sources (ie. in Fig. 14a) to the left of this line lie 

in region 1 and are less red than the background field, 

having R < Rbg. These colors (R values) are consistent with 

unreddened dwarfs and giants. Sources to the right of this 

line lie in region 2 and are excessively red in comparison 

to the background field and have R > Rbg' Not all sources in 

this region have intrinsic infrared excesses caused by 

enshrouding dust, however. Figure 15 shows that reddened 

dwarfs and giants also occupy a portion of this R > Rbg area, 

region 3. The boundaries of this region are determined by 

reddening the main-sequence and giant loci in fig. 15 

according to the Elias (1978a, 1978b) reddening law (eq. 12). 
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Fig. 15. Regions of the H-K, J-H color-color diagram. 
Middle- to late type (G-M) unreddened giants and main
sequence dwarfs are shown. Sources in Region 1 have no near 
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(determined by the Elias [1978a, 1978b) reddening vector 
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Sources within this area (region 3) may be either reddened 

dwarfs or giants as well as intrinsic IR excess Sources with 

or without reddening. Region 2 sources to the right of 

region 3 in Figure 15 can only be objects with intrinsic 

infrared excesses. 

The background and embedded populations are of 

undoubtedly different stellar types, but it is nevertheless 

useful to compare them via their R values if we have some 

knowledge of the background type. The Forrest (1989, 1990) 

star count model predicts that middle-type (A-K) main 

sequence dwarfs and K giants are the most numerous members 

of the p Oph region background population to our 

completeness limit. This model consists of K-band 

luminosity functions of dwarfs, giants, and supergiants as 

well as information on the distributions and scale heights 

of these stellar components. These luminosity functions 

were assembled from Elias (1978a) and extended to late-type 

dwarfs with the D'Antona and Mazzitelli (1986) luminosity 

function. Table 6 lists the resultant Forrest luminosity 

function. The middle-type main sequence dwarfs and giants 

predicted to dominate the stellar background are relatively 

color-free stars that form a good neutral-color population. 

Giants are most numerous in the K<13 source population, 

while the K>13 sources are most likely to be dwarfs. We 

therefore expect to detect only background giants in our p 
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Oph cloud survey since the high extinction of the cloud and 

the brighter completeness limits of our survey data conspire 

to make the background dwarfs too faint to be detected. The 

background field also appears to be obscured by 0 < Av < 5 

magnitudes from the N13CO column density map produced from 

Loren's (1988, 1989) (1-0) data (Figure 16). The background 

field sources' R values are therefore those of reddened 

neutral-color stars with little extinction, ideal for use in 

determining IR excesses in survey-field sources. The mean R 

value of the 40 3-band detected sources in our off-cloud 

field is Rbg = 0.33. The mean R value of our 144 3-band 

detected survey sources is <R> = 0.45, considerably higher 

than Rbg. Each population has a a(R) larger than this 

difference, but these large a(R) values are mostly due to a 

small number of unusually large and small R values (with 

large uncertainties) in each sample. The major clumps in 

the R-distributions of each sample are separated, however, 

so there is a statistically significant difference in the R 

values of the two populations. This mean near-infrared 

color index greater than the background population must be 

caused by either reddening (of background giants or of cloud 

member dwarfs and giants) or by considerable circumstellar 

material or disks surrounding sources in the cloud. We can 

identify individual objects as possible PMS infrared excess 

sources with the R > Rbg criterion, but the rather high 
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uncertainties in our photometry dictate that we exclude 

sources with large R value uncertainties from consideration. 

If we require that R be at least 1crR greater than Rbg, then 

we find 56 (of 144) sources which meet this R-crR > Rbg 

criteria for identification as possible IR excess objects. 

This sample is also contaminated with reddened gaints and 

dwarfs, however. We may avoid this contamination by 

identifying only those sources with R-crR > l/R' as true 

intrinsic infrared excess sources which lie to the right of 

region 3 in Figure 15. We find 15 such sources among the 56 

R-crR > Rbg ones. We also find 58 sources in the survey 

region with R < Rbg' The remaining 30 3-band detected survey 

objects have R > Rbg but R-crR < Rbg. 

Spatial Distribution of Source Colors 

The spatial distribution of all JHK objects, those with 

R-crR> Rbg, and those with R < Rbg are shown in Figures 17, 

18, and 19, respectively. The spatial distribution of R > 

Rbg but R-crR < Rbg JHK sources is shown in Figure 20. 

C180(1-0) derived Av contours from Wilking (1981) and DCO+ 

spatial density tracing contours (Loren, Wootten, and 

Wilking 1991) are also displayed in these figures for 

comparison purposes. Figure 17 clearly shows that there is 

a deficiency of all types of JHK detected objects in the 

regions of highest Av. Even high R sources within the cloud 
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Fig. 18b. a,o (1950) position plot of R-crR > Rbg JHK 
detected sources. DCO+ contours (from Loren, Wootten, and 
Wilking 1991) trace spatial densities from TA*= 0.4 to 2.0 K. 
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Fig. 19a. a,D (1950) position plot of R < Rbg JHK-detected 
sources. Av (from WL) is contoured from 25 mag to 100 mag. 
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Fig. 19b. a,o (1950) position plot of R < Rbg JHK-detected 
sources. DCO+ contours (from Loren, Wootten, and Wilking 
1991) trace spatial densities from TA* = 0.4 to 2.0 K. 
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Fig. 20a. afo (1950) position plot of Rbg < R < Rbg+GR JHK
detected sources. Av (from WL) is contoured from 25 mag to 
100 mag. 

108 



10' 

II 

15' II II 

III 

20' 

8 II 
II 

-24 0 25' 

Fig. 20b. a,o (1950) position plot of Rbg < R < Rbg+aR JHK 
detected sources. DCO+ contours (from Loren, Wootten, and 
Wilking 1991) trace spatial densities from TA*= 0.4 to 2.0 K. 
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are obscured from detection by the c),oud's dust in this 

region, and sources only detected in the K-band (hence least 

sensitive to obscuration) are missing there too. High R 

value sources (Figure 18) are approximately evenly 

distributed with the exceptions of the high Av and extreme 

southeast areas of the survey region. This probably 

indicates that star formation has occurred throughout the 

entire survey area, since many of these objects are likely 

to be PMS stars with IR excesses and ages less than 10 6 yr, 

and others may be reddened ZAMS dwarfs in the cloud. Few 

low R-value sources (Figure 19) are found in regions of even 

intermediate Av. Their avoidance of these intermediate 

material density regions suggests that many of these sources 

are background stars (giants) or relatively unobscured stars 

within the cloud. There are more of these sources in our 

survey (55), however, than background sources predicted to 

be detected in the survey region, as will be explained 

shortly. We will now argue that approximately one-half of 

these R < Rbg objects are young stars embedded in the p Oph 

cloud with no near-infrared excesses. It appears from 

Figure 19 that these objects also avoid the intermediate 

density regions of the cloud. 
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Source Luminosity Functions 

Figure 21 is the K-band luminosity function (LF) of our 

off-cloud background field to K=14, well within our 

completeness limit of K=14.8. We have used this observed 

distribution of background sources to estimate the number of 

background sources in each bin of the survey region K LF. 

First we fitted the off-field luminosity function to a power 

law, then calculated the number of background sources in 

each bin of the survey region K LF. We then subtracted the 

region's mean extinction from each bin center value, 

applying the power law to this difference, and multiplying 

the result by the ratio of the survey area to the off-field 

area. We assumed that the off-field had negligible K 

extinction and used a mean survey region extinction value of 

Av = 20 from Figure 17 and the relation AK = Avl10 to compute 

these values. Figure 22 Compares this empirically-derived 

estimate of background contamination to that predicted by 

the Forrest star counting model. Both estimates predict a 

similar (54 vs. 51) number of background stars in our survey 

to our completeness limit, but our power law function is 

steeper than the Forrest model. Agreement between both 

predictions is reasonable in each bin, so we use our 

empirically derived background contamination estimate with 

confidence. 
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Fig. 21. K Luminosity Function of off-cloud field sources. 
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Fig. 22. K Luminosity Function power-law fit of off-cloud 
field sources and predicted stellar background from Forrest 
model (1989, 1990). 
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We expect to have 54 background K-detected sources out 

of 209 total in our survey region to our completeness limit 

of K=13.0 from this estimation. Only about half of these 

are likely to also be detected in both the J and H bands, 

however. Let us consider what J and H magnitudes these K

detected sources have by starting with Elias's (1978b) 

correlation of the near-infrared colors of reddened objects 

with their visual extinctions: 

Av = 11.9 E(H-K) = 7.5 E(J-H) (13) 

The dominance of the background by relatively neutral-color 

stars allows us to ignore any intrinsic H-K or J-H colors in 

them, allowing the equations of E(H-K) = H-K and E(J-H) = J

H to be substituted into equation (13). When we combine 

this new relation with equation (11), we find that a main 

sequence background star observed at our K=13.0 completeness 

limit is expected to have H=14.7 and J=17.4 magnitudes when 

observed through our survey region's mean Av = 20. These 

magnitudes are fainter than our H= 14.5 and J=16.4 

completeness limits, so we expect to completely detect only 

K < 12.0 background sources in all bands if the survey 

region had a uniform extinction Av 20. In fact, much of 

the core region lies within the Av 50 contour given in WL. 

Hence the background contribution in the denser parts of the 

cloud should be negligible if the extinction is uniform and 

not patchy. Our K background LF model predicts only twenty 
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K < 12 background sources in our survey region, but we 

certainly detect many sources which are a magnitude or more 

fainter than our completeness limits. Only about half (144) 

of the 298 K sources in our survey region are detected in 

all bands, and we estimate that we detect about 27 

background stars in all bands. This is half of the 

predicted stellar background visible through the cloud to 

K=13. This detection fraction is a function of source 

colors, completeness limits, and non-uniform cloud 

extinction. The effects of colors and completeness have 

been discussed, and Figures 17-20 show that approximately 

1/2 the survey region lies within the Av = 20 extinction 

contour. We should therefore expect to not detect 

background sources interior to this contour and to detect 

ones exterior to it, or about half the predicted sources 

assuming their uniform distribution. The detected 

background sources are likely to be among the R < Rbg sources 

shown in Figure 19 and the Rbg < R < Rbg+crR sources in Figure 

20. Higher R-value background sources are more heavily 

extincted, so we expect to see few of them. Sources in the 

southwest corner and extreme southeast are most likely to be 

background objects since the extinction is lowest there and 

few R > Rbg sources are found there (Figures 18 and 20) . 

Sources in the west and north of Figure 19 might be young 

stars embedded in the cloud with no infrared excesses, 
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perhaps naked T-Tauri or even ZAMS stars. This conjecture 

is consistent with having up to 27 background stars in 

Figure 18. The R > Rbg but R-crR < Rbg sources in Figure 20 

are then all likely to be a mix of YSOs embedded in the 

cloud with varying amounts of infrared excesses and 

photometric errors, reddened ZAMS dwarfs in the cloud, and 

some reddened background giants. 

Figure 23 shows our survey region K LF plotted along 

with our estimate of background contamination in each bin. 

Figure 24 is the difference of these 2 LFs, and it 

represents the K LF of sources embedded in the p Oph cloud. 

Although the number of sources increases with K magnitude, 

the LF depicted in Figure 24 grossly departs from a power 

law expected for an IMF distribution of main-sequence stars 

over the range 9.5 < K < 11.0. 

This LF abnormality can be better exposed when the 

cloud survey region is split into two areas. Figure 25 is a 

K LF histogram of the most opaque area of the survey region, 

R.A. = 16h23m20 s to 16h24m30 s and Dec. = -24°32'00" to -

24°14'00" (1950). The stellar background contamination for 

a mean Av = 35 has been subtracted in this figure, leaving a 

LF of embedded sources in this region that can be described 

by a power law which monotonically increases with magnitude 

to our completeness limit. We determine that the number of 

sources embedded in this region of the cloud per K magnitude 

116 



N 

45 

40 

35 

30 

25 

20 

15 

10 

5 

o 

K LF: Survey Sources and Calculated Background 

II survey 

o bg(Av=20) 

8.25 8.75 9.25 9.75 1025 10.75 11.25 11.75 12.25 12.75 

K Mag Bm Center 

Fig. 23. K Luminosity Function of p Oph cloud and stellar 
background sources. 
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Fig. 24. K Luminosity Function of p Oph cloud sources, 
background subtracted. 
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Fig. 25. K Luminosity Function of p Oph cloud central R.A. 
16h23m20 s to 16h24m30 s and Dec. = -24°32'00H to -24°14'00H 
(1950) sources, background subtracted. 
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Fig. 26. K Luminosity Function of p Oph cloud exterior 
region sources, background subtracted. 
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is proportional to K4.57. Figure 26 is a histogram of the K 

LF of sources in the survey region but outside of the 

central selected area. This LF was generated by subtracting 

the selected central region LF (Figure 25) from the entire 

survey region LF (Figure 24). This LF departs from a power 

law, especially in the 9.5 < K < 11.0 range. We determine 

that the LFs in Figures 25 and 26 have less than a 0.1% 

chance of representing the same distribution by applying the 

Kolomogorov-Smirnov test, so the two figures truly represent 

different underlying LFs. The populations in these two areas 

have clearly different colors (R values) and LFs, suggesting 

that they consist of different objects. These differences 

might be explained in terms of different mass spectra, ages, 

or extinctions of the stars in the two regions. 

Faint sources would have to be extincted more than 

bright ones in the exterior survey region to explain the 

departure of its LF (Fig. 26) from that of the central core 

region (Fig. 25). This peculiar geometry and the low Av of 

the exterior region makes this scenario very unlikely, so 

the LF differences are probably not caused by variable 

extinction. We now explore the remaining possibilities. 

Physical Natures of Embedded Stars 

The large amount of data in our near-infrared survey 

may reveal some new facts about the star cluster forming in 
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the p Oph cloud, so now we consider the possible natures of 

the detected stars in more detail. The existence of the p 

Oph cloud virtually guarantees that the sources embedded 

within it are relatively young ZAMS or even younger PMS 

stars. We now consider the LFs and colors of our survey 

sources to determine more precisely their ages and 

evolutionary status within this range. 

i) ZAMS Stars? 

The first study of the p Oph embedded cluster sources 

(Grasdalen, Strom, and Strom 1973) interpreted them as being 

highly obscured main-sequence stars. Subsequent work has 

not supported this idea (Fazio et ai. 1976, etc.) and we 

have so far described the sources as PMS objects, but we re

examine the ZAMS scenario to see if it is consistent with 

our wealth of new data. 

The p Oph cloud has a distance modulus m - M = 6.0. 

This means that our K-band LF of Figure 24 spans the range 

of absolute K magnitudes 2.0 < Mk < 7.0 Most of our 

detected sources also have large color indices, typically H

K - 1 and J-H - 2. If these sources were main sequence 

stars, then these colors would be almost entirely due to 

reddening by the intervening cloud material. This would 

imply that the observed K magnitudes are also extincted 1 

mag. or more by the cloud, placing the absolute K magnitudes 
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of all observed sources in the range 0.0 < Mk < 6.0. This 

range corresponds to ZAMS stars of spectral type 88 through 

M1. Our K LF (Fig. 24) has an abundance of objects in the 

9.5 < K < 11.0 range, corresponding to an abundance of FsV 

to G8V stars. 

Our study of the the p Oph cloud energy balance does 

not permit the additional -1000 La of source luminosities 

that this scenario dictates. Furthermore, lRAS did not 

detect FIR emissions elevated over the cloud background near 

many of our bright and red sources, indicating that they do 

not have ZAMS luminosities. The R values of most of our 

objects are greater than the off-field R value, suggesting 

that these survey sources are not a reddened cluster behind 

the cloud. We conclude, therefore, that most of the objects 

in our survey can not be ZAMS stars. Instead, they must be 

much colder and less luminous objects, with their K 

magnitudes much closer to their bolometric magnitudes. Most 

of the R > Rbg sources (Figures 18 and 20) can not therefore 

be reddened main sequence dwarfs. 

ii) A PMS Population? 

Using Luminosity Functions and near-infrared colors to 

classify the evolutionary status of PMS objects is a bit 

like using a pea shooter to down a charging rhinoceros, but 

we will attempt to apply the latest star formation theories 
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to our data in order to determine if the p Oph survey 

objects might be PMS stars. Low mass class II PMS stars 

evolve in color as they emerge from their dusty cocoons and 

dissipate their circumstellar disks and shells. They also 

drop in luminosity by 2 orders in magnitude, and these 

changes occur in less than 10 6 yr. It is therefore 

difficult, if not impossible, to deconvolve the effects that 

a cluster's mass function and age have on its LF and near

infrared colors. However, we will now describe the 

observational predictions of a standard IMF and low-mass PMS 

evolution theory and relate them to the objects in our p Oph 

survey. 

D'Antona and Mazzitelli (1986) describe a photometric 

band LF (ie. dN /dMK) as being a product of the IMF (dN 

/dM) , the time-dependent derivative of the stellar mass

luminosity relation (dM/dL), and a bolometric correction 

(dL/dMK). Zinnecker, McCaughrean, and Wilking (1991) have 

produced theoretical LFs with this relation, taking a 

Miller-Scalo (1979) IMF and evolving it over time with a PMS 

mass-luminosity relation. This dM/dL relation includes 

contraction and deuterium burning energy sources (D'Antona 

and Mazzitelli 1985). They have produced theoretical age

dependent LFs with this technique which may be compared to 

the observed LFs of clusters. 
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The LF of a very young cluster is roughly proportional 

to the mass function of its stars which are all powered by 

contraction energy and do not yet exhibit mass-selective 

luminosity evolution. Figure 27 shows such a theoretical K 

LF for the Orion cluster at age 10 5 yr (Zinnecker, 

McCaughrean, and Wilking 1991). This LF is rather similar 

to our p Oph core K LF (Fig. 25) once it has been shifted by 

2.3 magnitudes to accommodate for Orion's greater distance 

and normalized to the p Oph counts. This shifted and scaled 

model LF is compared to our our p Oph core K LF in Figure 

29. Objects of this young age (10 5 yr) are believed to be 

enshrouded in dust and have accretion as an energy source, 

two factors not included in the computation of the model LF. 

However, these young objects are still expected to have a 

power-law LF because they have not yet undergone any mass

selective evolution and their luminosities are all the same 

function of their masses, so the comparison of the model and 

survey LF general shapes is valid. The model LF therefore 

supports the premise that the central p Oph cluster core is 

quite young with a power-law [possibly Miller-Scalo (1979)) 

IMF. The mean R-crR value for JHK detected sources in this 

region is 0.35, larger than Rbg and 1.2 times higher than the 

mean R-crR value for the entire survey region. This implies 

that many of them are PMS objects with infrared excesses 

caused by either circumstellar material or disks. Figures 

125 



17-20 show that only a few low-R sources are detected in 

this central selected area. It is expected that few stellar 

background sources would be detected here since the mean Av 

= 35, but it is interesting to note that few unreddened or 

intermediately reddened embedded sources (Figures 19 and 20) 

are detected here also. This does not seem to be related to 

extinction since the area just to the east of this selected 

region has these sources but the extinction there is 

comparable to that in the northern third of the selected 

region where only the reddest (highest R) sources are found. 

It is likely, then, that this selected area of high column 

and spatial densities contains the youngest PMS objects in 

the p Oph cloud. Loren et al. (1980,1983,1991) find 3 cold 

dense cores (10 4 < n < 10 6 cm-3 ) in this selected area, and 

Wilking (1981) notes that a high column density ridge in 

this region contains 550 Mo, a substantial fraction of the 

cloud's total mass. It is therefore quite interesting to 

find that the youngest stars in the cloud are found and are 

forming in this region. Vrba (1977) proposed that a shock 

wave may be propagating through the cloud near this region, 

moving southwest to northeast, and inducing star formation 

at its front edge as it sweeps up material. Loren and 

Wooten (1986) further develop this idea by presenting data 

showing that one of the high spatial density molecular cores 

in this survey region is just ahead of and may be compressed 

126 



250 r -- ,...r- -
;-or-- -200 

-
150 ;-0 

r-
# -

100 -
;-0 --

r-r--50 -
o 

7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0 12.5 130 13.5 

K mag. Bin Center 

Fig. 27. Theoretical K Luminosity Function of Orion cluster, 
age 10 5 yr (from Zinnecker, McCaughrean, and Wilking 1991). 
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by such a shock front. The otherwise quiescent molecular 

conditions here will most likely allow formation of a bound 

cluster as proposed by WL since Loren and Wooten find no 

excessively disturbed CO in the wake of this shock wave. 

The exterior region K LF (Figure 26) is not difficult 

to interpret in terms of a coeval set of YSOs with a Miller

Scalo IMF, however. Figure 28 shows the theoretical K LF of 

the Orion cluster at age 10 6 yr (Zinnecker, McCaughrean, and 

Wilking 1991). The LF bump in Figure 28 occurs in the range 

10.8 < K < 12.0 which corresponds to the range 8.6 < K < 9.7 

in Figure 26 once the distance difference between p Oph and 

Orion has been removed. The LF bump in the p Oph exterior 

region K LF (Fig. 26) occurs in the range 9.S < K < 11, 

quite similar to the corrected Orion LF bump if about 1 

magnitude of (K) extinction is removed from Figure 26. The 

number enhancement of the Orion LF bump (Fig. 28) is about a 

factor of 2 relative to the underlying power law, while the 

number enhancement of the p Oph survey LF bump (Fig. 24) is 

about a factor of 1.6 above the underlying power law, and 

the non-central area LF bump (Fig. 26) is about a 3x 

enhancement. Results of these shifts and scaling of the 10 6 

yr model LF are compared to the p Oph survey exterior region 

LF in Figure 30. The similarities in the LF bump locations 

and widths in Figure 30 imply that the the p Oph outer 

region sources are consistent with a Miller-Scalo IMF and an 
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age of 10 6 yr, considerably older than the central core 

region sources. If these stars did form at the same time, 

they must be at an age where many have similar (relatively 

high) luminosities. One would expect the stars to be in 

different PMS phases (unless the group was very young) with 

a variety of luminosities. Figure 26 also displays a 

deficiency of low-brightness objects relative to 

intermediate-brightness ones, implying that the faint ones 

have "brightened UpH to about the same luminosity. This is 

conceivable if the stellar group is old enough (t - 10 6 yr) 

for the more massive members to be burning deuterium while 

the less massive ones are intermediate-luminosity objects 

still descending the Hayashi track and powered by 

gravitational contraction. This descent is rapid (t < 10 6 

yr) and varies with mass, however, so it is unlikely that so 

many objects would be found at the same luminosity on the 

Hayashi track. Alternatively, the stars in this exterior 

region could be coeval with an IMF that features an excess 

of intermediate-mass objects and a deficiency of low-mass 

ones, differing radically from the Salpeter or Miller-Scalo 

laws. This is an interesting proposition but there is no 

observed reason why the IMF should be different in the 2 

cloud regions. The third possible explanation of this 

strange LF is that the stars exterior to the densest cloud 

region have an age spread of 1 or 2 million years but a 
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standard law IMF. This would allow even stars of the same 

mass to be in different evolutionary phases, allowing many 

possibilities for the creation of the LF in Figure 26. 

The propositions of a 10 6 yr age or age spread of 

sources outside of the central selected area are also 

consistent with the detection of sources there with a 

variety of R values, from R < Rbg to R-crR > Rbg' Figures 

17-20 show that embedded sources with all values of R, hence 

at varying PMS-ZAMS stages and ages, are common to the east 

of the central R.A. = 16h23m20 s to 16h24m30 s and Dec. 

24°32'00" to -24°14'00" (1950) area. The sources outside of 

this area have a mean R-crR = 0.26, considerably less than 

the R-crR = 0.35 of the central area. This mean R value will 

be diluted somewhat by background sources, and the high mean 

R of the central area may be somewhat due to a selection 

effect caused by the high extinctions there and our 

completeness limits. However, these R values and the non

standard LF of Figure 26 both support considerable (-10 6 yr) 

ages or an age spread among the objects in this exterior 

region which appear to be in a variety of evolutionary 

phases. This value is consistent with WLY's estimate of T 

Tauri ages (t < 1.5X106 yr) in the cloud, and close to their 

estimate of the duration of star formation there, 1.5xl0 6 < 

t < 3X10 6 yr. 
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Although our observed LFs match the model Orion LFs 

rather well, we must qualify the usefulness of these 

comparisons. The Orion region is undergoing both low and 

high mass star formation activity, while the p Oph cloud is 

currently forming only low mass stars. This fact must make 

us question whether it is reasonable that the same mass 

function (ie. Miller-Scalo [1979] IMF) is applicable to both 

regions. The Zinnecker et al. (1991) LF models are also 

purely photospheric as we have stated, so they do not 

accurately represent the physical states of YSOs which are 

enshrouded in dust and may also have circumstellar disks 

contributing to their luminosities. Finally, many unknown 

variables contribute to a composite LF, so a good match 

between data and models can only be consistent with the 

models' premises but can not guarantee a unique result. 

However, we do find the good agreement between our data and 

the Zinnecker et al. (1991) LF models to be encouraging. 

Star Formation Efficiency 

The many newly discovered objects in our near-infrared 

survey warrant a re-examination of the p Oph cloud star 

formation efficiency (SFE). WL define the SFE of a cloud to 

be equal to the ratio of its mass in stars (M*) to its total 

mass of stars and gas (M* + Mgas) : 
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SFE = ---
M* + Mgas 

WL also demonstrated that a final SFE > 0.5 is required for 

a bound cluster to form from an initial cloud in virial 

equilibrium. They first determined the SFE of the p Oph 

cloud, finding it to be 34% assuming a PMS stellar 

population. WLY use more data and distinguish between class 

I and class II PMS objects in calculating stellar masses 

from luminosities and find a SFE ~0.22 for the region 

internal to the WL Av = 50 mag contour. 

We now consider some observational biases in our survey 

before calculating a new estimate of the p Oph cloud SFE. 

The first step in calculating a new SFE is determining the 

number of detected sources which are actually embedded in 

the p Oph cloud. Of our 298 K-detected sources in the 

survey region, 209 (70%) are brighter than our completeness 

limit of K = 13. We therefore estimate that the 54 K < 13 

background sources that we expect to detect in our survey 

represent about 70% of the background sources actually 

detected in our survey. We ignore the somewhat steeper 

background LF power law function in making this estimate, 

and predict that 77 of our 298 k-band detected sources (26%) 

are background stars. We expect to detect a smaller 

fraction of background stars in the J and H bands due to the 

cloud's selective absorption [eq. (13) 1 as discussed above. 

An upper limit to the number of background stars in our 
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source survey would therefore be 125 (26%) of the 481 total 

objects, so at least 356 detected stars are likely to be 

embedded in the cloud. WLY determine that a survey complete 

to K=12 samples the outer Av = 25 mag cloud layer for 

sources with L > 0.25 Lo . We therefore completely sample 

the outer Av 35 mag layer for these sources and 

incompletely sample higher extinction regions for these 

sources. WLY found that the YSOs associated with the cloud 

had a mass of at least 0.5Mo, determined from fits of 

bolometric luminosity and color to evolutionary tracks. Our 

near-infrared data do not yield bolometric luminosities, so 

we may only guess at the masses of the objects detected in 

our survey. If we now estimate that the mean stellar mass 

of the embedded sources detected in our survey is 0.5 Mo and 

the gas mass of our survey region is 550 Mo (WL), then the 

new SFE of the cloud is greater than or equal to 25%. This 

figure is a lower limit because of our lower limit YSO mass 

estimate of 0.5Mo, incomplete sampling of the cloud core for 

low luminosity objects, and our use of an upper limit to the 

number of background stars detected in the survey. 

136 



137 

Table 4: p Oph Survey Sources 

IRS R. A. (1950) Dec. (1950) J CJJ H CJH K CJK R CJR A 
-----------------------------------------------------------------------

1 16h23 ffi19s 6 -24°39'20" 13.30 0.29 
2 16 23 19.6 -24 37 08 14.61 0.88 
3 16 23 19.9 -24 37 59 12.76 0.09 11. 61 0.29 11.11 0.22 0.43 0.34 
4 16 23 20.1 -24 35 55 15.34 0.07 13.13 0.21 12.54 0.22 0.27 0.14 
5 16 23 20.1 -24 19 20 13.04 0.09 11.21 0.15 
6 16 23 20.2 -24 16 24 8.66 0.15 * 
7 16 23 20.3 -24 38 09 14.53 0.30 
8 16 23 20.4 -24 35 08 15.49 0.38 14.77 0.40 
9 16 23 20.6 -24 14 01 13.88 0.34 

10 16 23 20.9 -24 17 10 13.59 0.10 12.56 0.16 
11 16 23 20.9 -24 17 24 15.13 0.30 
12 162321.0 -24 16 10 14.81 0.11 11. 59 0.06 9.89 0.15 0.53 0.05 
13 16 23 21.1 -24 36 31 14.64 0.32 
14 16 23 21.3 -24 20 37 14.03 0.08 12.48 0.22 
15 16 23 21.4 -24 22 04 15.23 0.07 12.67 0.08 12.00 0.15 0.26 0.07 
16 16 23 21.5 -24 38 46 14.88 0.10 13.57 0.29 13.02 0.23 0.42 0.30 
17 162321.7 -24 36 33 9.78 0.06 9.48 0.20 7.92 0.15 5.20 3.71 * 
18 16 23 22.0 -24 28 35 13.62 0.25 
19 16 23 22.0 -24 34 46 14.96 0.35 
20 16 23 22.1 -24 14 17 9.39 0.09 7.87 0.08 6.86 0.22 0.66 0.16 * 
21 16 23 22.2 -24 17 58 14.59 0.10 11. 80 0.06 9.91 0.15 0.68 0.06 
22 16 23 22.4 -24 37 20 15.18 0.07 13.42 0.21 13.29 0.16 0.07 0.15 
23 16 23 22.7 -24 18 07 11. 46 0.09 8.71 0.06 7.49 0.15 0.44 0.06 * 
24 16 23 22.8 -24 35 59 16.91 0.35 14.34 0.21 
25 16 23 23.0 -24 23 01 16.18 0.17 14.09 0.21 12.19 0.15 0.91 0.17 
26 16 23 23.2 -24 39 52 16.02 0.15 
27 16 23 23.5 -24 39 12 16.43 0.22 
28 16 23 23.8 -24 29 41 14.72 0.06 12.62 0.29 11. 68 0.15 0.45 0.17 
29 16 23 23.9 -24 18 03 12.91 0.06 10.98 0.15 
30 16 23 24.2 -24 16 20 14.23 0.13 12.89 0.22 
31 16 23 24.2 -24 16 44 14.10 0.10 13.79 0.24 
32 16 23 24.5 -24 35 58 14.81 0.31 
33 16 23 25.6 -24 35 12 14.26 0.06 11. 26 0.20 1 0.12 0.42 0.08 
34 16 23 25.7 -24 31 05 16.92 0.23 13.70 0.21 13.45 0.23 0.08 0.10 
35 16 23 25.9 -24 33 25 17.50 0.47 14.17 0.30 
36 16 23 26.1 -24 37 10 15.75 0.08 14.20 0.21 
37 16 23 26.4 -24 20 00 14.30 0.09 12.64 0.06 11.88 0.15 0.46 0.10 
38 16 23 27.3 -24 15 12 12.87 0.22 
39 16 23 27.4 -24 39 49 16.05 0.13 
40 16 23 27.4 -24 16 51 15.89 0.47 
41 16 23 27.4 -24 24 57 14.18 0.41 
42 16 23 27.7 -24 37 28 15.77 0.08 14.09 0.21 
43 16 23 27.8 -24 37 37 16.16 0.10 14.75 0.31 
44 16 23 28.1 -24 29 07 14.50 0.53 
45 16 23 28.1 -24 32 00 12.38 0.06 10.16 0.14 8.34 0.12 0.82 0.10 
46 16 23 28.3 -24 35 48 17.08 0.26 14.89 0.23 
47 16 23 28.5 -24 36 12 15.09 0.30 12.76 0.25 
48 16 23 28.9 -24 36 34 13.51 0.22 
49 16 23 28.9 -24 32 45 14.39 0.32 
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IRS R.A. (1950) Dec. (1950) J CJJ H CJH K CJK R CJR A 

-----------------------------------------------------------------------
50 16 23 29.1 -24 35 34 14.55 0.05 12.18 0.14 11. 84 0.11 0.14 0.08 
51 16 23 29.1 -24 16 14 16.43 0.19 12.51 0.04 10.15 0.11 0.60 0.04 * 
52 16 23 29.2 -24 36 48 15.64 0.06 13.44 0.14 13.37 0.13 0.03 0.09 
53 16 23 29.4 -24 37 13 15.73 0.06 14.00 0.17 
54 16 23 29.4 -24 24 24 15.20 0.05 12.14 0.14 11.10 0.11 0.34 0.06 * 
55 16 23 29.5 -24 30 58 16.21 0.14 
56 16 23 29.6 -24 29 04 13.99 0.27 
57 16 23 29.8 -24 14 32 12.68 0.22 
58 16 23 29.8 -24 24 58 14.69 0.15 13.75 0.25 * 
59 16 23 29.8 -24 18 48 15.26 0.11 12.65 0.04 11.52 0.15 0.43 0.06 
60 16 23 30.0 -24 18 51 14.90 0.09 
61 16 23 30.1 -24 18 19 12.80 0.22 
62 16 23 30.6 -24 39 42 16.92 0.26 
63 16 23 31. 0 -24 38 50 17.16 0.32 
64 16 23 31.1 -24 19 54 16.92 0.25 14.14 0.07 12.95 0.16 0.43 0.07 
65 16 23 31.1 -24 29 43 13.39 0.04 10.47 0.14 9.02 0.11 0.50 0.07 
66 16 23 31.2 -24 33 36 16.88 0.24 
67 16 23 32.0 -24 23 15 17.39 0.38 
68 16 23 32.1 -24 31 51 16.78 0.16 14.08 0.17 13.06 0.15 0.38 0.09 
69 i6 23 32.8 -24 18 27 17.04 0.94 
70 16 23 32.9 -24 16 47 8.03 0.04 7.84 0.11 
71 16 23 33.4 -24 39 16 16.33 0.19 15.42 0.23 
72 16 23 33.6 -24 38 41 14.17 0.06 12.63 0.20 12.37 0.22 0.17 0.19 
73 16 23 34.0 -24 38 52 15.74 0.07 14.20 0.31 
74 16 23 34.2 -24 34 39 15.08 0.20 
75 16 23 34.4 -24 32 06 13.69 0.22 
76 16 23 34.8 -24 17 24 12.80 0.23 
77 16 23 3'1.9 -24 38 18 15.03 0.32 
78 16 23 35.2 -24 16 45 13.14 0.08 
79 16 23 35.4 -24 37 32 15.79 0.08 13.87 0.21 
80 16 23 36.0 -24 32 20 14.99 0.09 13.54 0.21 13.18 0.22 0.25 0.21 
81 16 23 36.5 -24 16 19 15.30 0.10 11. 90 0.06 10.68 0.15 0.36 0.05 + 
82 16 23 36.8 -24 26 56 14.24 0.55 
83 16 23 37.0 -24 35 01 15.64 0.07 13.91 0.14 13.73 0.11 0.10 0.10 
84 16 23 37.5 -24 16 42 12.68 0.04 11.62 0.11 
85 16 23 37.5 -24 37 50 16.38 0.12 15.11 0.23 
86 16 23 37.6 -24 3~ 54 14.88 0.32 
87 16 23 38.2 -24 38 45 15.59 0.37 
88 16 23 38.4 -24 37 08 15.96 0.07 14.41 0.15 
89 16 23 38.6 -24 18 00 12.91 0.13 
90 16 23 38.6 -24 15 52 16.63 0.21 14.43 0.09 13.10 0.22 0.60 0.12 
91 16 23 38.9 -24 20 32 12.55 0.13 
92 16 23 39.2 -24 24 08 15.03 0.22 13.19 0.16 + 
93 16 23 39.4 -24 33 36 10.99 0.04 10.27 0.17 9.51 0.11 1. 06 0.38 * 
94 16 23 40.0 -24 16 54 11.73 0.22 
95 16 23 40.1 -24 16 39 12.35 0.22 
96 16 23 40.1 -24 26 43 12.88 0.17 9.39 0.11 + 
97 16 23 40.1 -24 31 24 17.07 0.31 
98 16 23 40.5 -24 24 21 14.01 0.14 11.09 0.12 
99 16 23 40.6 -24 39 34 17.59 0.44 

100 16 23 40.8 -24 14 51 14.85 0.06 12.67 0.09 12.04 0.15 0.29 0.08 
101 16 23 40.9 -24 19 44 12.68 0.11 
102 16 23 40.9 -24 34 42 16.68 0.19 14.35 0.22 13.39 0.22 0.41 0.14 



139 

IRS R.A. (1950) Dec. (1950) J (jJ H (jH K (jK R (jR A 
-----------------------------------------------------------------------
103 16 23 41. 0 -24 19 49 12.82 0.11 
104 16 23 41. 0 -24 34 54 15.67 0.06 13.44 0.20 12.95 0.11 0.22 0.10 
105 16 23 41.0 -24 36 26 13.69 0.05 12.77 0.14 11. 98 0.11 0.86 0.24 
106 16 23 41.4 -24 17 46 14.99 0.17 13.06 0.11 + 
107 16 23 41.4 -24 15 42 14.52 0.06 12.19 0.04 11.99 0.11 0.09 0.05 
108 16 23 41. 4 -24 39 47 15.12 0.07 
109 16 23 41.5 -24 16 18 15.66 0.07 12.67 0.04 11. 53 0.11 0.38 0.04 
110 16 23 41. 6 -24 13 49 10.95 0.06 9.02 0.06 8.29 0.15 0.38 0.09 * 
111 16 23 42.3 -24 28 05 13.57 0.14 10.94 0.11 * 
112 16 23 42.4 -24 36 34 11. 24 0.04 10.19 0.14 9.76 0.11 0.41 0.18 
113 16 23 42.9 -24 32 50 16.77 0.17 13.62 0.29 13.74 0.16 -0.04 0.11 
114 16 23 43.1 -24 36 08 15.59 0.39 
115 16 23 43.2 -24 37 09 16.65 0.15 14.74 0.17 
116 16 23 43.7 -24 16 26 13.32 0.06 10.55 0.04 9.10 0.11 0.52 0.04 * 
117 16 23 44.1 -24 37 13 13.49 0.06 11. 61 0.17 11. 35 O.lS 0.14 0.12 
118 16 23 44.2 -24 32 33 14.76 0.85 
119 16 23 44.8 -24 15 13 16.33 0.16 13.67 0.10 12.65 0.22 0.38 0.09 
120 16 23 44.8 -24 36 23 13.42 0.30 
121 16 23 45.0 -24 29 24 14.70 0.53 
122 16 23 45.1 -24 37 50 12.57 0.04 10.76 0.17 10.59 0.12 0.09 0.12 
123 16 23 45.5 -24 34 27 16.41 0.14 13.61 0.17 13.71 0.14 -0.04 0.08 
124 16 23 45.7 -24 16 21 15.43 0.33 
125 16 23 46.2 -24 35 23 12.68 0.04 10.77 0.14 10.86 0.11 -0.05 0.09 
126 16 23 46.8 -24 32 09 13.3'7 0.23 
127 16 23 46.8 -24 39 38 17.13 0.32 
128 16 23 46.9 -24 21 57 13.58 0.06 11.17 0.11 * 
129 16 23 47.1 -24 31 43 13.85 0.04 11.51 0.17 10.21 0.11 0.56 0.10 + 
130 16 23 47.2 -24 19 43 14.99 0.25 12.87 0.11 
131 16 23 47.2 -24 38 05 14.61 0.06 12.81 0.20 12.81 0.15 
132 16 23 47.4 -24 32 46 17.03 0.29 13.51 0.29 12.82 0.11 0.20 0.09 
133 16 23 47.9 -24 31 25 14.68 0.42 
134 16 23 47.9 -24 39 17 16.03 0.08 15.42 0.20 
135 16 23 48.0 -24 13 22 12.49 0.06 9.12 0.15 * 
136 16 23 48.0 -24 35 49 1G.63 0.14 14.68 0.14 
137 16 23 48.3 -24 38 56 1;j.94 0.09 
138 16 23 48.5 -24 38 45 15.83 0.08 14.17 0.20 
139 16 23 48.8 -24 39 21 15.47 0.07 14.47 0.20 
140 16 23 49.3 -24 35 24 17.41 0.45 14.27 0.14 
141 16 23 49.7 -24 26 02 15.37 0.05 14.50 0.21 
142 16 23 49.8 -24 19 48 16.36 0.86 
143 16 23 49.8 -24 14 10 14.05 0.06 11. 32 0.06 10.43 0.15 0.33 0.06 + 
144 16 23 50.2 -24 23 57 13.53 0.16 
145 16 23 51.6 -24 33 21 15.64 0.06 13.56 0.21 12.83 0.11 0.35 0.12 
146 16 23 51. 6 -24 25 54 13.19 0.16 
147 16 23 51. 8 -24 38 06 15.83 0.11 13.49 0.29 
148 16 23 52.1 -24 39 42 16.23 0.16 14.19 0.30 
149 16 23 52.2 -24 36 16 14.69 0.18 
150 16 23 52.6 -24 15 47 14.68 0.09 11.26 0.06 9.53 0.15 0.51 0.05 + 
151 16 23 52.7 -24 39 46 15.09 0.33 
152 16 23 52.8 -24 17 56 13.87 0.34 
153 16 23 52.8 -24 19 39 14.73 0.09 11.49 0.06 9.80 0.12 0.52 0.04 * 
154 16 23 53.2 -24 20 20 15.05 0.22 12.66 0.11 
155 16 23 53.6 -24 36 03 14.96 0.22 
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IRS R.A. (1950) Dec. (1950) J crJ H crH K crK R O'R A 
-----------------------------------------------------------------------
156 16 23 53.7 -24 15 49 15.25 0.07 11. 71 0.05 1 0.11 0.48 0.04 
157 16 23 54.0 -24 13 47 15.84 0.11 11.70 0.06 9.96 0.15 0.42 0.04 + 
158 16 23 54.3 -24 36 59 16.09 0.08 13.71 0.17 
159 16 23 54.4 -24 39 33 16.29 0.14 14.40 0.21 
160 16 23 54.6 -24 39 18 15.33 0.07 13.58 0.21 
161 16 23 54.6 -24 39 03 16.58 0.21 14.75 0.22 
162 16 23 54.8 -24 27 45 14.87 0.75 
163 16 23 55.3 -24 21 55 14.33 0.08 13.04 0.13 
164 16 23 55.5 -24 28 57 14.64 0.22 13.00 0.11 * 
165 16 23 55.5 -24 39 26 11. 02 0.06 10.11 0.20 10.26 0.15 -0.16 0.28 
166 16 23 56.5 -24 39 49 15.42 0.11 
167 16 23 56.6 -24 38 56 10.03 0.06 8.88 0.17 7.21 0.15 1. 45 0.30 * 
168 16 23 56.6 -24 38 52 10.97 0.06 
169 16 23 56.7 -24 39 23 15.56 0.08 13.77 0.29 
170 16 23 56.8 -24 37 04 15.13 0.18 
171 16 23 57.1 -24 14 49 16.25 0.15 12.87 0.06 11. 36 0.15 0.45 0.05 + 
172 16 23 57.2 -24 29 16 16.31 0.09 13.07 0.14 11.91 0.11 0.36 0.06 * 
173 16 23 57.2 -24 37 57 15.17 0.34 
174 16 23 57.3 -24 28 17 13.57 0.16 * 
175 16 23 57.9 -24 21 55 14.66 0.33 
176 16 23 58.7 -24 38 52 16.39 0.18 
177 16 23 58.8 -24 38 56 15.60 0.11 
178 16 23 58.8 -24 39 48 14.11 0.06 
179 16 23 58.9 -24 39 19 15.15 0.32 
180 16 23 59.1 -24 22 05 14.27 0.35 
181 16 24 00.3 -24 14 57 14.29 0.06 10.78 0.06 9.46 0.15 0.38 0.05 + 
182 16 24 00.5 -24 30 46 14.30 0.09 9.98 0.29 7.92 0.12 0.48 0.08 * 
183 16 24 00.6 -24 15 27 12.64 0.22 
184 16 24 00.6 -24 37 13 15.82 0.08 13.24 0.20 
185 16 24 01. 0 -24 28 45 15.72 0.56 
186 16 24 01.2 -24 38 30 17.77 0.65 
187 16 24 01.2 -24 37 23 15.05 0.05 12.86 0.14 12.20 0.11 0.30 0.08 
188 16 24 01. 4 -24 19 34 12.33 0.13 
189 16 24 01. 6 -24 15 36 13.06 0.37 
190 16 24 01. 6 -24 13 59 14.30 0.12 13.17 0.24 
191 16 24 02.0 -24 37 22 14.58 0.30 16.78 4.53 
192 16 24 02.5 -24 21 49 12.84 0.06 ll.02 0.11 * 
193 16 24 02.6 -24 36 20 12.20 0.06 10.52 0.14 9.89 o .ll 0.37 0.11 
194 16 24 02.7 -24 35 34 12.50 0.04 10.45 0.14 9.93 o .ll 0.25 0.09 
195 16 24 02.9 -24 20 34 16.21 0.11 12.90 0.04 11. 22 0.11 0.51 0.04 
196 16 24 03.1 -24 37 43 15.69 0.06 14.06 0.14 
197 16 24 03.2 -24 29 47 13.34 0.23 
198 16 24 03.7 -24 34 17 14.11 0.42 
199 16 24 03.9 -24 13 28 13.00 0.06 9.72 0.15 
200 16 24 04.1 -24 13 54 14.34 0.10 13.62 0.17 
201 16 24 04.3 -24 31 33 16.04 0.07 
202 16 24 04.4 -24 21 55 14.33 0.09 13.01 0.17 
203 16 24 04.4 -24 19 37 13.24 0.04 11.00 0.11 + 
204 16 24 04.7 -24 35 09 12.55 0.04 11.26 0.14 10.88 0.11 0.29 0.14 
205 16 24 04.9 -24 31 34 14.57 0.20 11.44 0.11 * 
206 16 24 05.2 -24 36 59 14.88 0.31 
207 16 24 06.1 -24 33 49 13.21 0.23 
208 16 24 06.3 -24 35 49 15.63 0.05 11. 99 0.17 10.80 0.12 0.33 0.06 
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IRS R.A. (1950) Dec. (1950) J CJJ H CJH K CJK R CJR A 
-----------------------------------------------------------------------
209 16 24 06.9 -24 18 55 15.14 0.15 
210 16 24 07.1 -24 31 02 13.56 0.22 
211 16 24 07.3 -24 27 28 12.81 0.04 10.25 0.14 8.95 0.11 0.51 o . 08 * 
212 16 24 07.4 -24 36 40 14.54 0.05 12.27 0.14 1l. 28 0.11 0.44 0.08 
213 16 24 07.5 -24 33 42 13.45 0.17 1l. 65 0.12 
214 16 24 07.6 -24 30 37 1l. 95 0.20 8.36 0.11 * 
215 16 24 08.0 -24 23 14 13.92 0.25 
216 16 24 08.2 -24 38 55 1l. 54 0.09 10.48 0.20 10.68 0.12 -0.19 0.22 + 
217 16 24 08.3 -24 22 22 13.60 0.29 
218 16 24 08.3 -24 22 32 16.81 0.22 14.96 0.20 
219 16 24 08.5 -24 22 51 14.22 0.30 
220 16 24 08.6 -24 26 42 13.34 0.29 1l. 59 0.22 * 
221 16 24 09.1 -24 38 51 13.14 0.09 10.51 0.29 10.19 0.15 0.12 0.12 
222 16 24 09.2 -24 16 35 16.60 0.22 13.84 0.C7 12.83 0.16 0.37 0.07 
223 16 24 09.2 -24 35 01 15.36 0.07 
224 16 24 09.4 -24 34 06 12.87 0.21 10.42 0.22 
225 16 24 09.5 -24 39 34 15.11 0.09 13.01 0.20 12.80 0.22 0.10 0.14 
226 16 24 09.6 -24 28 45 16.76 l. 61 
227 16 24 09.8 -24 31 51 14.79 0.34 10.96 0.11 * 
228 16 24 10.2 -24 17 01 11.49 0.05 9.92 0.15 + 
229 16 24 10.3 -24 28 09 15.80 0.08 13.19 0.14 11.85 0.11 0.51 0.08 * 
230 16 24 10.5 -24 17 56 14.06 0.84 
231 16 24 10.7 -24 39 26 15.40 0.36 
232 16 24 1l.4 -24 34 54 12.49 0.14 9.68 0.11 
233 16 24 1l. 4 -24 38 54 15.69 0.12 
234 16 24 1l. 6 -24 17 46 17.10 l. 58 
235 16 24 12.0 -24 36 52 13.60 0.04 11.08 0.14 10.22 0.11 0.34 0.07 + 
236 16 24 13.0 -24 20 05 15.46 0.22 12.39 0.11 + 
237 16 24 13.4 -24 21 03 14.30 0.35 
238 16 24 13.8 -24 24 12 13.25 0.13 + 
239 16 24 13.9 -24 19 59 13.19 0.04 10.48 0.11 * 
240 16 24 13.9 -24 32 02 10.80 0.20 9.43 0.15 * 
241 16 24 14.3 -24 18 34 13.11 0.13 + 
242 16 24 14.5 -24 30 40 13.10 0.22 
243 16 24 15.8 -24 15 50 13.24 0.22 
244 16 24 16.0 -24 22 16 14.05 0.07 12.21 0.11 * 
245 16 24 16.5 -24 32 34 12.39 0.15 
246 16 24 16.6 -24 22 12 14 .28 0.09 10.79 0.11 + 
247 16 24 16.8 -24 22 25 14.97 0.05 11. 34 0.06 9.68 0.12 0.46 0.04 * 
248 16 24 16.9 -24 17 46 12.99 0.05 11.54 0.11 
24.9-16 .. 24 17.6 -24 22 03 14.31 0.12 11.16 0.12 * 
250 16 24 17.7 -24 35 01 9.84 0.06 9.55 0.17 8.50 0.11 3.62 2.36 * 
251 16 24 18.7 -24 16 37 17.50 l. 05 
252 16 24 19.7 -24 35 03 15.55 0.06 11.19 0.17 8.39 0.11 0.64 0.05 * 
253 16 24 19.9 -24 36 56 12.97 0.14 10.91 0.11 
254 16 24 20.2 -24 23 13 14.08 0.17 10.12 0.11 * 
255 16 24 20.3 -24 15 10 15.63 0.11 12.35 0.06 10.75 0.15 0.49 0.05 
256 16 24 20.4 -24 22 58 12.94 0.13 
257 16 24 22.6 -24 22 49 15.02 0.33 12.17 0.15 
258 16 24 22.6 -24 35 08 14.79 0.15 12.66 0.22 
259 16 24 23.1 -24 22 55 14.66 0.31 12.43 0.13 
260 16 24 24.5 -24 36 07 14.98 0.18 
261 16 24 24.6 -24 38 36 14.40 0.30 
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IRS R.A. (1950) Dec. (1950) J O"J H O"H K O"K R O"R A 
-----------------------------------------------------------------------
262 16 24 24.6 -24 32 43 15.92 0.08 11. 82 0.20 10.31 0.11 0.37 0.06 
263 16 24 24.8 -24 34 05 14.53 0.17 * 
264 16 24 25.1 -24 19 13 13.15 0.06 12.00 0.08 12.15 0.12 -0.13 0.13 
265 16 24 25.2 -24 34 11 13.15 0.21 9.58 0.22 
266 16 24 25.5 -24 25 38 14.38 0.21 12.21 0.15 
267 16 24 25.7 -24 24 37 12.57 0.05 10.10 0.29 9.06 0.22 0.42 0.16 * 
268 16 24 26.0 -24 20 00 14.21 0.89 
269 16 24 26.1 -24 32 53 12.96 0.21 9.45 0.11 * 
270 16 24 26.3 -24 29 50 15.12 0.18 13.09 0.22 
271 16 24 26.4 -24 13 35 17.63 0.77 
272 16 24 26.5 -24 25 03 13.69 0.18 
273 16 24 27.0 -24 20 40 14.86 0.06 11.39 0.04 9.61 0.15 0.51 0.05 * 
274 16 24 27.6 -24 32 36 16.17 0.10 12.82 0.20 9.82 0.11 0.90 0.09 * 
275 16 24 27.6 -24 27 30 14.47 0.21 12.67 0.11 
276 16 24 27.7 -24 20 26 12.31 0.25 
277 16 24 28.2 -24 24 05 15.02 0.71 
278 16 24 28.4 -24 26 58 15.25 0.31 12.36 0.11 
279 16 24 28.7 -24 21 03 15.74 0.07 11. 35 0.06 9.42 0.11 0.44 0.03 * 
280 16 24 28.8 -24 25 56 13.22 0.04 12.28 0.14 12.20 0.11 0.09 0.19 
281 16 24 29.0 -24 19 36 15.97 0.69 
282 16 24 29.3 -24 32 36 17.34 0.35 14.80 0.33 
283 16 24 29.4 -24 27 25 13.64 0.04 11. 26 0.14 10.44 0.12 0.34 0.08 
284 16 24 29.4 -24 18 15 12.90 0.06 10.73 0.04 10.19 0.11 0.25 0.05 
285 16 24 30.1 -24 22 02 17.38 0.39 
286 16 24 30.5 -24 15 23 14.92 0.10 14.20 0.16 
287 16 24 30.6 -24 23 04 15.19 0.20 13.01 0.11 
288 16 24 30.8 -24 38 21 16.45 0.34 
289 16 24 31. 0 -24 26 46 16.20 0.08 12.28 0.20 10.72 0.15 0.40 0.07 
290 16 24 31.1 -24 26 03 14.47 0.15 12.55 0.11 
291 16 24 31. 2 -24 25 56 16.18 0.07 12.46 0.14 10.80 0.11 0.45 0.05 
292 16 24 31. 3 -24 34 36 11. 49 0.04 9.74 0.14 7.89 0.11 1. 06 0.13 
293 16 24 32.8 -24 25 23 13.54 0.23 
294 16 24 33.5 -24 23 35 14.54 0.24 
295 16 24 33.5 -24 31 54 11.51 0.05 10.44 0.17 9.94 0.11 0.47 0.20 
296 16 24 3.3.8 -24 38 54 12.93 0.09 10.89 0.29 10.85 0.22 0.02 0.18 
297 16 24 34.9 -24 21 53 12.26 0.06 11.16 0.08 11.26 0.11 -0.09 0.12 
298 16 24 34.9 -24 32 59 14.58 0.22 
299 16 24 35.3 -24 17 03 13.05 0.04 12.26 0.15 
300 16 24 35.3 -24 15 42 13.43 0.05 12.26 0.13 
301 16 24 35.4 -24 35 58 14.01 0.15 11. 26 0.15 
302 16 24 35.5 -24 15 04 14.38 0.18 
303 16 24 35.5 -24 22 06 14.38 0.10 13.13 0.13 
304 16 24 35.5 -24 23 55 10.89 0.04 9.81 0.14 7.71 0.11 1. 94 0.31 * 
305 16 24 35.8 -24 24 48 17.81 0.71 
306 16 24 36.5 -24 24 03 12.84 0.04 10.62 0.14 9.72 0.11 0.41 0.08 * 
307 16 24 36.5 -24 17 50 14.41 0.08 13.00 0.16 
308 16 24 36.6 -24 30 19 11. 63 0.06 9.96 0.20 8.44 0.22 0.91 0.21 * 
309 16 24 36.6 -24 18 49 14.63 0.11 12.60 0.13 
310 16 24 36.8 -24 32 00 13.50 0.04 12.05 0.14 11.45 0.11 0.41 0.13 
311 16 24 36.9 -24 16 42 14.69 0.09 
312 16 24 37.1 -24 33 41 16.22 0.08 13.67 0.17 12.17 0.11 0.59 0.09 
313 16 24 37.3 -24 23 45 14.72 14.16 0.27 
314 16 24 37.6 -24 32 36 11. 07 0.09 9.85 0.20 8.60 0.11 1. 02 0.26 
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IRS R. A. (1950) Dec. (1950) J OJ H °H K OK R OR A 

-----------------------------------------------------------------------
315 16 24 38.0 -24 36 36 12.20 0.14 9.02 0.11 * 
316 16 24 38.2 -24 16 08 14.00 0.05 12.97 0.22 
317 16 24 38.3 -24 31 58 17.23 0.34 14.84 0.21 
318 16 24 38.3 -24 24 48 14.45 0.29 14.21 0.11 
319 16 24 38.8 -24 15 25 8.17 0.06 7.75 0.11 
320 16 24 39.2 -24 22 21 14.99 0.05 13.67 0.06 13.51 0.13 0.12 0.11 
321 16 24 39.6 -24 35 11 17.91 0.77 
322 16 24 39.8 -24 28 59 14.19 0.04 11.75 0.14 10.43 0.11 0.54 0.08 
323 16 24 39.9 -24 36 57 14.33 0.15 12.68 0.11 
324 16 24 40.0 -24 19 00 15.38 0.07 14.38 0.08 
325 16 24 40.8 -24 35 38 16.38 0.12 15.18 0.32 
326 16 24 40.9 -24 32 11 13.43 0.04 11. 26 0.20 10.50 0.12 0.35 0.11 
327 16 24 41. 4 -24 15 23 13.31 0.09 
328 16 24 41. 5 -24 20 22 14.74 0.20 
329 16 24 41.7 -24 23 38 14.62 0.29 
330 16 24 41. 8 -24 26 46 14.18 0.21 12.93 0.16 
331 16 24 41. 9 -24 31 27 18.53 1.18 
332 16 24 41. 9 -24 29 33 14.86 0.22 12.79 0.22 
333 16 24 42.0 -24 21 41 15.97 0.12 14.54 0.13 15.39 0.54 -0.59 0.40 
334 16 24 42.0 -24 36 29 13.39 0.17 11.18 0.15 + 
335 16 24 42.0 -24 34 13 16.28 0.12 
336 16 24 42.7 -24 36 57 16.13 0.28 
337 16 24 42.8 -24 17 56 16.05 0.18 13.64 0.06 12.50 0.15 0.47 0.08 
338 16 24 43.1 -24 22 57 15.61 0.07 13.08 0.17 12.28 0.15 0.32 0.09 
339 16 24 43.1 -24 31 20 17.15 0.33 
340 16 24 43.3 -24 23 49 13.61 0.22 
341 16 24 43.3 -24 24 06 13.27 0.22 
342 16 24 43.5 -24 33 35 17.02 0.25 14.23 0.31 
343 16 24 43.9 -24 29 19 17.49 0.52 
344 16 24 43.9 -24 38 15 16.46 0.20 13.66 0.21 11. 68 0.15 0.71 0.12 
345 16 24 44.2 -24 17 17 13.20 0.06 12.13 0.15 
346 16 24 44.2 -24 31 22 16.40 0.16 14.35 0.17 12.48 0.11 0.91 0.14 
347 16 24 44.3 -24 23 14 15.00 0.29 
348 16 24 44.4 -24 19 36 14.17 0.06 12.41 0.16 
349 16 24 44.5 -24 23 04 17.06 0.27 
350 16 24 44.7 -24 25 02 14.07 0.04 12.37 0.14 11. 60 0.11 0.45 o .ll 
351 16 24 45.2 -24 16 43 8.56 0.04 7.94 o .ll 
352 16 24 45.2 -24 38 57 15.97 0.09 12.24 0.20 10.90 0.12 0.36 0.07 
353 16 24 45.3 -24 17 45 14.91 0.16 
354 16 24 45.3 -24 13 26 12.58 0.16 
355 16 24 45.7 -24 19 38 16.34 0.13 15.45 0.25 
356 16 24 46.0 -24 15 28 12.46 0.22 
357 16 24 46.0 -24 15 44 13.07 0.22 
358 16 24 46.1 -24 25 06 16.50 0.18 14.60 0.15 13.58 0.12 0.54 0.12 
359 16 24 46.4 -24 13 44 14.34 0.11 
360 16 24 46.6 -24 21 24 16.52 0.15 14.42 0.10 13.80 0.23 0.30 0.12 
361 16 24 46.8 -24 15 23 12.08 0.06 11.72 0.11 
362 16 24 46.8 -24 18 23 15.10 0.27 
363 16 24 46.9 -24 25 12 17.00 0.22 14.21 0.21 14.08 0.12 0.05 0.09 
364 16 24 46.9 -24 15 40 14.51 0.11 13.62 0.25 
365 16 24 47.1 -24 33 46 14.94 0.17 
366 16 24 47.4 -24 17 50 14.35 0.07 
367 16 24 47.8 -24 18 13 14.17 0.05 
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IRS R. A. (1950) Dec. (1950) J CfJ H CfH K CfK R CfR A 
-----------------------------------------------------------------------
368 16 24 47.8 -24 16 42 14.49 0.12 
369 16 24 48.0 -24 14 25 14.73 0.15 13.81 0.26 
370 16 24 48.1 -24 37 39 14.07 0.04 11.79 0.14 11. 24 0.11 0.24 0.08 
371 16 24 48.2 -24 18 42 13.04 0.06 10.80 0.04 10.23 0.11 0.25 0.05 
372 16 24 48.3 -24 19 00 9.84 0.06 8.41 0.06 7.49 0.22 0.64 0.16 * 
373 16 24 48.7 -24 32 24 14.57 0.06 12.58 0.20 11. 88 0.11 0.35 0.12 
374 16 24 48.8 -24 33 09 15.62 0.06 13.66 0.14 13.72 0.31 -0.03 0.17 
375 16 24 48.9 -24 22 28 14.83 0.31 
376 16 24 49.6 -24 18 53 14.81 0.23 
377 16 24 50.0 -24 39 53 14.55 0.09 
378 16 24 50.2 -24 25 07 15.75 0.08 13.04 0.14 10.65 0.12 0.88 0.09 * 
379 16 24 50.3 -24 22 35 16.14 0.10 13.91 0.10 13.20 0.22 0.32 0.11 
380 16 24 50.3 -24 34 11 10.26 0.06 9.65 0.17 8.23 0.15 2.33 0.78 * 
381 16 24 50.7 -24 16 28 13.67 0.06 13.30 0.23 
382 16 24 50.7 -24 22 36 14.88 0.13 
383 16 24 50.7 -24 30 06 14.23 0.30 
384 16 24 50.8 -24 17 33 15.13 0.32 
385 16 24 50.9 -24 19 31 15.51 0.11 13.26 0.06 12.33 0.22 0.41 0.10 
386 16 24 51. 0 -24 21 20 14.57 0.15 
387 16 24 51. 3 -24 34 24 13.01 0.25 
388 16 24 51. 6 -24 24 49 13.97 0.30 13.48 0.13 
389 16 24 52.6 -24 16 35 13.66 0.23 
390 16 24 52.7 -24 34 27 13.14 0.25 
391 16 24 52.8 -24 34 21 13.03 0.25 
392 16 24 52.9 -24 23 06 10.84 0.04 10.29 0.14 10.12 0.11 0.31 0.33 
393 16 24 53.0 -24 33 59 14.59 0.32 
394 16 24 53.3 -24 16 21 14.66 0.13 14.00 0.31 
395 16 24 53.5 -24 23 18 13.13 0.04 11.45 0.14 10.85 0.11 0.36 0.11 
396 16 24 53.6 -24 20 41 15.92 0.06 14.00 0.05 
397 16 24 53.7 -24 22 00 13.24 0.04 11.41 0.06 11.12 0.13 0.16 0.08 
398 16 24 53.8 -24 38 13 12.55 0.06 10.89 0.20 10.50 0.15 0.23 0.15 
399 16 24 53.8 -24 19 53 14.83 0.09 13.69 0.07 
400 16 24 54.0 -24 19 39 10.35 0.06 9.10 0.04 8.58 0.11 0.42 0.11 * 
401 16 24 54.4 -24 28 33 13.88 0.31 
402 16 24 54.5 -24 20 27 16.21 0.09 14.28 0.06 
403 16 24 54.8 -24 20 36 16.62 0.19 14.59 0.07 
404 16 24 55.1 -24 18 09 16.01 0.20 
405 16 24 55.2 -24 37 2~ 15.07 0.32 
406 16 24 55.3 -24 19 05 12.60 0.22 
407 16 24 55.3 -24 23 13 14.85 0.05 13.20 0.14 12.86 0.12 0.21 0.11 
408 16 24 55.5 -24 31 17 15.20 0.29 
409 16 24 55.7 -24 34 43 13.96 0.29 
410 16 24 56.1 -24 33 23 12.85 0.04 10.78 0.14 10.08 0.11 0.34 0.09 
411 16 24 56.2 -24 31 10 13.06 0.04 11.12 0.14 9.72 0.11 0.72 0.11 
412 16 24 56.2 -24 29 23 15.47 0.05 12.87 0.17 12.32 0.11 0.21 0.08 
413 16 24 56.7 -24 21 46 17.19 0.32 
414 16 24 56.7 -24 19 39 15.90 0.11 
415 16 24 56.9 -24 38 25 17.45 0.51 13.71 0.21 
416 16 24 57.0 -24 17 19 13.89 0.07 
417 16 24 57.0 -24 14 33 14.82 0.24 
418 16 24 57.2 -24 30 03 16.31 0.07 14.11 0.21 13.55 0.23 0.25 0.14 
419 16 24 57.2 -24 39 28 14.54 0.06 11.52 0.20 10.68 0.15 0.28 0.08 
420 16 24 57.4 -24 39 35 14.44 0.21 
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IRS R. A. (1950) Dec. (1950) J crJ H crH K crK R crR A 
-----------------------------------------------------------------------
421 16 24 57.6 -24 16 18 14.52 0.08 
422 16 24 57.8 -24 15 50 10.85 0.04 10.21 0.11 
423 16 24 57.8 -24 22 33 14.64 0.05 12.40 0.06 11.76 0.13 0.29 0.06 
424 16 24 57.9 -24 30 17 16.28 0.11 14.28 0.18 13.95 0.23 0.17 0.15 
425 16 24 58.1 -24 18 06 15.96 0.11 14.49 0.08 
426 16 24 58.3 -24 15 22 14.00 0.08 12.85 0.22 + 
427 16 24 58.3 -24 26 01 16.33 0.16 
428 16 24 58.6 -24 34 22 15.51 0.10 
429 16 24 58.7 -24 24 47 15.61 0.11 
430 16 24 58.7 -24 19 08 16.07 0.15 14.01 0.11 
431 16 24 58.7 -24 30 32 15.96 0.12 
432 16 24 58.7 -24 21 41 16.38 0.19 
433 16 24 58.7 -24 32 25 15.97 0.12 
434 16 24 58.7 -24 26 41 15.22 0.33 
435 16 24 58.7 -24 36 17 15.88 0.12 
436 16 24 58.8 -24 26 18 15.90 0.12 
437 16 24 58.9 -24 18 47 14.20 0.09 12.48 0.06 12.07 0.16 0.24 0.10 
438 16 24 58.9 -24 28 24 15.77 0.11 
439 16 24 59.3 -24 24 58 15.99 0.10 14.10 0.21 13.06 0.16 0.55 0.16 
440 16 24 59.4 -24 19 11 16.78 0.26 
441 16 24 59.6 -24 18 43 15.73 0.11 14.26 0.08 
442 16 24 59.7 -24 22 12 16.62 0.21 
443 16 24 59.7 -24 18 12 14.69 0.09 13.23 0.06 13.45 0.24 -0.15 0.17 
444 16 24 59.9 -24 16 30 14.68 0.11 
445 16 25 00.3 -24 16 42 12.69 0.06 12.31 0.16 
446 16 25 01.1 -24 16 38 14.32 0.08 
447 16 25 01.4 -24 18 35 15.35 0.27 
448 16 25 01. 4 -24 21 36 16.42 0.16 15.09 0.29 
449 16 25 01. 5 -24 17 21 15.05 0.27 
450 16 25 01. 9 -24 28 00 15.38 0.36 13.05 0.16 
451 16 25 01. 9 -24 37 06 15.98 0.08 13.67 0.20 13.59 0.22 0.03 0.13 
452 16 25 02.0 -24 22 27 15.13 0.07 13.25 0.08 12.46 0.22 0.42 0.13 
453 16 25 02.2 -24 19 53 9.34 0.09 8.02 0.06 7.72 0.15 0.23 0.12 
454 16 25 02.3 -24 39 15 15.16 0.33 
455 16 25 02.5 -24 24 40 15.41 0.06 13.05 0.29 12.62 0.22 0.18 0.16 
456 16 25 02.6 -24 20 31 16.33 0.12 14.89 0.20 
457 16 25 02.7 -24 21 03 17.12 0.31 15.16 0.34 
458 16 25 02.7 -24 23 24 16.50 0.17 14.48 0.23 
459 16 25 02.8 -24 19 37 15.37 0.10 14.11 0.08 
460 16 25 02.8 -24 15 42 12.69 0.06 12.02 0.22 
461 16 25 02.9 -24 28 09 14.92 0.22 12.66 0.22 
462 16 25 02.9 -24 22 22 13.94 0.30 
463 16 25 03.0 -24 28 17 17.04 0.28 13.21 0.21 10.93 0.15 0.60 0.09 
464 16 25 03.0 -24 20 11 16.08 0.20 
465 16 25 03.1 -24 30 31 13.57 0.09 11.00 0.29 10.54 0.15 0.18 0.13 
466 16 25 03.3 -24 37 37 14.41 0.21 
467 16 25 03.3 -24 19 42 15.33 0.30 
468 16 25 03.6 -24 23 06 15.98 0.08 14.33 0.23 
469 16 25 03.9 -24 23 47 16.09 0.10 14.09 0.21 
470 16 25 04.0 -24 14 47 15.18 0.22 
471 16 25 04.1 -24 24 46 14.58 0.30 
472 16 25 04.1 -24 27 16 13.87 0.21 12.51 0.15 
473 16 25 04.2 -24 39 57 15.97 0.13 



IRS R.A. (1950) Dec. (1950) J CJJ H CJH K CJK R CJR A 
-----------------------------------------------------------------------
474 16 25 04.3 -24 22 34 12.33 0.06 10.54 0.08 10.19 0.15 0.20 0.10 
475 16 25 04.5 -24 13 32 13.66 0.25 
476 16 25 04.8 -24 20 22 16.72 0.17 14.62 0.09 
477 16 25 05.8 -24 21 16 14.41 0.09 12.83 0.08 
478 16 25 06.1 -24 38 35 14.36 0.09 12.69 0.29 
479 16 25 06.2 -24 21 13 14.95 0.24 
480 16 25 06.5 -24 15 49 1l. 20 0.08 11.07 0.15 
481 16 25 06.6 -24 18 59 1l. 53 0.22 

Sources previously associated with the cloud (WLY Table 4) are marked 
with a +, and sources possibly associated with the cloud (WLY Table6) 
are marked with a * in column A. 
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Table 5: Off-Cloud Background Sources 

IRS R.A. (1950) Dec. (1950) J (jJ H (jH K (jK R (jR 

--~~------------------------------------------------------------------

1 16h 27m28 s 3 -24°19' 35"16.43 0.26 
2 16 27 28.6 -24 20 09 15.29 0.11 
3 16 27 29.6 -24 20 52 15.91 0.16 15.04 0.35 
4 16 27 29.9 -24 20 44 13.52 0.09 12.29 0.08 11. 90 0.09 0.32 0.10 
5 16 27 30.5 -24 20 12 14.60 0.26 
6 16 27 30.7 -24 21 55 11. 95 0.09 10.75 0.08 
7 16 27 31.4 -24 21 15 17.15 0.40 
8 16 27 31.6 -24 22 16 15.83 0.12 
9 16 27 31. 7 -24 20 05 17.07 0.35 

10 16 27 31.9 -24 19 15 15.08 0.78 
11 16 27 31.9 -24 18 51 14.92 0.74 
12 16 27 32.0 -24 22 00 16.86 0.31 
13 16 27 32.2 -24 18 43 14.00 0.12 13.30 0.17 
14 16 27 32.5 -24 19 26 15.06 0.35 
15 16 27 32.5 -24 22 04 14.20 0.09 
16 16 27 34.7 -24 19 22 15.79 0.69 
17 16 27 35.0 -24 18 45 14.44 0.16 13.83 0.23 
18 16 27 35.2 -24 21 39 15.60 0.10 14.53 0.15 13.78 0.15 0.70 0.23 
19 16 27 35.7 -24 19 22 14.89 0.52 
20 16 27 35.7 -24 21 54 17.59 2.78 
21 16 27 36.3 -24 20 27 16.37 0.15 14.44 0.25 
22 16 27 37.4 -24 19 11 16.00 0.10 14.93 0.20 
23 16 27 37.7 -24 20 18 15.17 0.07 14.29 0.12 13.60 0.08 0.78 0.21 
24 16 27 37.8 -24 19 34 16.90 0.25 15.05 0.25 
25 16 27 38.0 -24 19 36 16.57 0.19 14.24 0.20 
26 16 27 38.3 -24 18 50 16.23 0.88 
27 16 27 38.4 -24 19 56 16.35 1. 21 
28 16 27 38.6 -24 20 41 16.93 0.25 
29 16 27 38.7 -24 21 49 17.71 0.44 
30 16 27 38.8 -24 20 36 16.57 0.14 
31 16 27 38.8 -24 22 07 16.05 0.09 
32 16 27 38.9 -24 19 43 16.58 0.21 
33 16 27 39.0 -24 19 28 16.02 0.09 14.94 0.22 
34 16 27 39.0 -24 21 00 16.85 0.24 
35 16 27 39.5 -24 18 42 14.23 0.11 13.90 0.17 
36 16 27 39.8 -24 20 47 15.10 0.05 14.14 0.11 13.55 0.08 0.61 0.16 
37 16 27 39.8 -24 22 08 15.58 0.07 
38 16 27 39.9 -24 21 21 16.50 0.13 
39 16 27 40.0 -24 19 32 14.43 0.53 
40 16 27 40.2 -24 21 53 14.67 0.09 13.95 0.07 13.30 0.14 0.90 0.26 
41 16 27 40.2 -~4 18 ~o 17.32 1. 89 
42 16 27 40.3 -Z1 21 48 16.24 0.12 
43 16 27 4().8 -24 ' 0 J. .• 00 16.54 0.24 15.93 0.47 16.35 2.98 -0.69 4.98 
44 16 27 40.8 -24 20 ()6 15.90 0.08 14.50 0.14 
45 16 27 40.8 -24 19 23 13.52 0.06 12.02 0.06 11. 61 0.06 0.27 0.06 
46 16 27 40.9 -24 21 22 17.40 0.40 16.40 0.97 
47 16 27 41. 6 -24 20 19 16.51 0.13 15.33 0.31 14.75 0.29 0.49 0.39 
48 16 27 42.2 -24 20 25 15.26 0.34 
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IRS R.A. (1950) D~c. (1950) J C1J H C1H K C1K R C1R 

---------------------------------------------------------------------
49 16 27 42.4 -24 21 02 16.05 0.08 14.77 0.17 14.55 0.17 0.17 0.19 
50 16 27 42.5 -24 21 17 15.42 0.07 14.16 0.09 13.82 0.09 0.27 0.10 
51 16 27 43.0 -24 19 37 16.54 0.15 15.50 0.58 
52 16 27 43.1 -24 19 50 17.70 0.61 
53 16 27 43.1 -24 20 38 16.35 0.10 15.10 0.25 15.43 0.53 -0.26 0.47 
54 16 27 43.2 -24 20 11 15.80 0.08 14.74 0.12 14.50 0.19 0.23 0.21 
55 16 27 43.4 -24 21 03 15.82 0.57 
56 16 27 43.7 -24 21 33 15.05 0.09 13.90 0.07 13.64 0.08 0.23 0.10 
57 16 27 43.8 -24 20 05 15.85 0.11 14.77 0.12 14.41 0.32 0.33 0.32 
58 16 27 43.9 -24 19 38 17.64 1. 61 
59 16 27 44.1 -24 18 51 12.75 0.06 12.34 0.09 
60 16 27 44.5 -24 20 27 15.04 0.09 13.95 0.14 13.57 0.13 0.35 0.18 
61 16 27 44.9 -24 21 57 14.89 0.09 13.72 0.10 
62 16 27 45.0 -24 21 39 15.40 0.07 14.21 0.11 14.05 0.18 0.13 0.18 
63 16 27 45.0 -24 20 31 15.44 0.07 14.00 0.14 13.52 0.11 0.33 0.13 
64 16 27 45.2 -24 20 09 15.01 0.07 13.51 0.11 13.50 0.14 0.01 0.12 
65 16 27 45.4 -24 21 40 17.13 1. 34 
66 16 27 45.6 -24 19 04 13.30 0.06 12.22 0.06 11.67 0.08 0.51 0.10 
67 16 27 45.7 -24 19 31 13.74 0.06 12.77 0.06 12.25 0.09 0.54 0.12 
68 16 27 45.7 -24 20 11 14.61 0.06 13.57 0.07 13.19 0.10 0.37 0.12 
69 16 27 45.7 -24 19 52 16.47 0.17 14.90 0.31 15.59 0.87 -0.44 0.60 
70 16 27 46.1 -24 21 36 16.87 0.22 15.23 0.26 
71 16 27 46.2 -24 19 04 15.40 0.08 14.66 0.16 14.34 0.28 0.43 0.45 
72 16 27 46.2 -24 21 54 17.49 0.36 
73 16 27 46.4 -24 20 07 16.66 1. 75 
74 16 27 46.7 -24 19 30 15.84 0.80 
75 16 27 46.8 -24 21 54 16.41 0.12 15.41 0.28 
76 16 27 46.9 -24 19 35 15.39 0.07 14.09 0.09 13.12 0.21 0.75 0.19 
77 16 27 47.1 -24 22 12 13.36 0.06 
78 16 27 47.2 -24 20 37 16.25 0.10 15.88 0.89 15.16 1. 06 1. 95 6.01 
79 16 27 47.5 -24 19 28 15.12 0.07 14.00 0.08 13.67 0.14 0.29 0.15 
80 16 27 48.0 -24 19 14 14.08 0.45 
81 16 27 48.0 -24 21 48 16.84 0.18 15.95 0.55 
82 16 27 48.2 -24 21 18 13.92 0.06 12.64 0.06 12.31 0.06 0.26 0.07 
83 16 27 48.9 -24 21 42 16.74 0.20 
84 16 27 49.0 -24 20 33 16.33 0.08 14.73 0.29 
85 16 27 49.4 -24 21 18 19.71 3.10 17.55 3.23 
86 16 27 49.7 -24 20 29 18.20 1. 00 
87 16 27 49.9 -24 19 43 16.60 0.88 
88 16 27 50.2 -24 19 56 15.69 0.08 14.36 0.08 14.11 0.17 0.19 0.14 
89 16 27 50.4 -24 20 37 15.83 0.08 14.63 0.13 
90 16 27 50.4 -24 18 45 11. 35 0.06 10.79 0.06 
91 16 27 50.4 -24 19 42 14.90 0.06 13.61 0.06 13.24 0.09 0.29 0.09 
92 16 27 51. 0 -24 20 16 14.28 0.06 13.01 0.05 12.82 0.07 0.15 0.07 
93 16 27 51.1 -24 21 48 15.89 0.07 14.83 0.13 14.28 0.28 0.52 0.30 
94 16 27 51.1 -24 19 57 17.06 0.33 
95 16 27 51.2 -24 20 32 15.04 0.07 14.12 0.08 13.72 0.10 0.43 0.15 
96 16 27 51. 5 -24 22 04 16.03 0.08 
97 16 27 51. 6 -24 20 49 18.15 0.65 15.89 0.66 
98 16 27 51. 8 -24 20 21 17.37 0.44 16.01 0.54 
99 16 27 51. 9 -24 21 21 17.52 0.41 

100 16 27 52.2 -24 19 09 16.35 0.17 14.64 0.11 14.77 0.34 -0.08 0.21 
101 16 27 52.7 -24 21 30 15.60 0.10 14.54 0.12 14.03 0.23 0.48 0.25 
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IRS R.A. (1·950) Dec. (1950) J erJ H erH K erK R erR 
---------------------------------------------------------------------
102 16 27 52.9 -24 21 56 16.57 0.14 
103 16 27 53.4 -24 20 16 16.76 0.21 
104 16 27 53.5 -24 20 43 17.00 0.23 15.97 0.46 
105 16 27 53.6 -24 20 24 14.79 0.09 13.62 0.09 13.56 0.14 0.05 0.14 
106 16 27 54.0 -24 18 52 16.29 0.15 
107 16 27 54.0 -24 22 09 15.38 0.10 
108 16 27 54.3 -24 19 31 15.42 0.81 
109 16 27 54.3 -24 19 42 15.92 0.51 
llO 16 27 54.3 -24 19 58 16.82 1. 03 
III 16 27 55.0 -24 19 II 18.01 3.17 
ll2 16 27 55.4 -24 20 03 16.62 1. 65 
ll3 16 27 55.4 -24 21 25 15.59 0.10 14.39 0.10 13.73 0.13 0.55 0.15 
ll4 16 27 55.5 -24 19 56 12.69 0.08 12.41 0.09 
ll5 16 27 55.5 -24 19 12 15.53 0.85 
ll6 16 27 55.6 -24 20 36 16.63 0.18 
ll7 16 27 56.1 -24 19 56 14.58 0.09 13.37 0.09 13.10 0.10 0.22 o .ll 
ll8 16 27 56.4 -24 21 II 15.66 0.10 14.06 0.18 
ll9 16 27 56.8 -24 19 36 16.09 0.12 14.53 0.12 14.10 0.18 0.28 0.14 
120 16 27 56.8 -24 20 29 16.80 2.13 
121 16 27 57.2 -24 21 57 16.03 o .ll 14.79 0.12 
122 16 27 57.4 -24 19 07 12.73 0.09 ll.27 0.08 10.97 0.08 0.21 0.08 
123 16 27 57.9 -24 20 01 16.36 0.13 15.47 0.24 
124 16 27 58.3 -24 21 50 15.63 0.10 14.30 0.10 14 .14 0.16 0.12 0.14 
125 16 27 58.3 -24 19 II 17 . 35 0.46 
126 16 27 58.4 -24 20 42 16.86 0.19 15.52 0.29 
127 16 27 58.4 -24 21 17 16.80 0.21 15.62 0.28 
128 16 28 00.6 -24 20 03 14.99 0.18 15.70 0.75 



Table 6: Forrest Background K Luminosity Function 

Lum. Class Sp.Type Mk Log(na) ~b 

v 
V 
V 
V 
V 
V 
V 
V 
V 
V 
V 
V 
V 
V 
V 

III 
III 
III 
III 
III 
III 
III 
III 
III 
III 
III 
III 
III 
III 

I 
I 
I 
I 
I 

08 
BO 
B1.18 
B3.16 
B6.38 
B8 
A2 
F1 
F9 
K1 
K7 
M2 
M5 
M6 
M8 

M7.34 
M6.71 
M5.68 
M4.79 
M3.48 
MO.76 
K6.43 
K3.31 
K1.54 
KO.38 
G8.97 
G5.66 
G2.13 
G1.06 

M5 
M5 
M5 
M5 
M5 

-5 
-4 
-3 
-2 
-1 
o 
1 
2 
3 
4 
5 
6 
7 
8 
9 

-10 
-9 
-8 
-7 
-6 
-5 
-4 
-3 
-2 
-1 
o 
1 
2 
3 

-12 
-11 
-10 
-9 
-8 

a n is stellar density in kpc-3 mag-1 

b ~ is scale height in kpc. 

0.382 
2.227 
2.773 
3.390 
4.222 
5.095 
5.71 
5.942 
6.64 
6.85 
6.88 
7.17 
7.39 
7.39 
7.28 

1.607 
2.048 
2.471 
2.942 
3.105 
3.497 
3.989 
4.463 
5.159 
5.489 
5.289 
4.645 
3.890 
2.957 

-0.1191 
0.4936 
0.6973 
0.4936 

-0.1191 

0.04000 
0.04057 
0.04016 
0.04019 
0.05359 
0.0710 
0.1146 
0.1382 
0.2800 
0.34 
0.35 
0.35 
0.35 
0.35 
0.35 

0.3004 
0.3001 
0.3001 
0.3000 
0.3000 
0.2999 
0.2944 
0.2374 
0.2137 
0.2251 
0.2591 
0.3646 
0.4747 
0.4978 

0.05 
0.05 
0.05 
0.05 
0.05 

From Forrest (1989,1990). All Class I, III, and 08V-K1V 
data are from Elias (1978a), while F9V-M9 data are from 
D'Antona and Mazzitelli (1986). 
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CHAPTER 5 

CONCLUSIONS AND SUGGESTED FURTHER WORK 

This analysis of the equilibrium process grain emission 

and near-infrared YSO population in the Rho Ophiuchi cloud 

has yielded the following results: 

1) The luminosity of the cloud closely matches the 

luminosity of the cloud's known embedded and external 

radiation sources. There is no evidence for a large 

population of undetected low luminosity sources within the 

cloud, and unknown external heating is also only a minor 

source of energy. Most of the cloud's luminosity is emitted 

in the mid- to far-infrared (40 to 250 ~m). A grain 

emissivity law can not be chosen from an energy balance 

requirement; the differences in cloud luminosities predicted 

by both standard laws is on the order of the uncertainties 

in the incident flux. These uncertainties are in the 

calculations of flux absorbed by the Sco OB2 association and 

in the cloud's unobserved scattered ultaviolet and visible 

radiation. 

2) Dust temperature maps indicate that the dust is not 

hot enough to heat the gas to observed temperatures. Gas 

molecules must be heated by other processes, such as 

ambipolar diffusion, magnetic braking, shocks, external 
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sources, or winds. A simple cloud model with a radiation 

field composed of flux from HD147889, Sl, and the Sco OB2 

association correctly predicts the observed lRAS 60 to 100 

~m inband flux ratios for a mean cloud density n(H2) = 1400, 

provided that a MRN/DL crystalline grain model is adopted. 

The model demonstrates that known radiation sources are not 

strong enough to heat amorphous grains (E~A-l) to the 

temperatures required by the lRAS data. The cloud's 

observed luminosity precludes the existence of substantial 

additional radiation sources. 

3) Flattened 12 and 25 ~m lRAS SURVEY COADD frames show 

much extended emission in these bands, suggesting stochastic 

heating of very small grains or large molecules. The 25 ~m 

band is dominated by nonthermal emission even in areas of 

high ambient radiation field values (Figure 13). Desert's 

grain model (1986) and our color-color plots (Figures 11 and 

12) indicate a larger than normal minimum value of grain 

size in the MRN grain distribution, and they also confirm a 

population of very small grains or PAH molecules. These 

results are in agreement with previous studies of the Rho 

Ophiuchi region (Young et al. 1986, Vrba et al. 1975), but 

now the minimum equilibrium particle size in an MRN 

distribution is found to be 10 nm. Figure 11 also suggests 

that regions with many embedded young stellar objects have 

lower Fv (12)/Fv (25) than more barren areas, suggesting that 
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PAR molecules are dissociated in the radiation fields 

surrounding these objects. 

4) The 60 ~m band dust optical depth map is generally 

similar to the optically thin N(C180) map in the cloud core. 

Differences in the maps are interpreted as differences in 

the depths to which the dust is heated since a constant gas 

to dust ratio is assumed over the core region. Artificially 

low dust optical depth values also arise at the locations of 

embedded infrared sources. 

5) Column densities of hydrogen have been computed from 

the 60 ~m dust optical depth map for three major grain 

material and size distribution models. The Hildebrand 

model and MRN/DL/Desert dust models give dust heating depths 

which are consistent with cloud geometry. We suggest that 

the MRN/DL/Desert model heating depths are correct since 

only its crystalline grains can be heated to the observed 

dust temperatures in the cloud's radiation field. The good 

correlation between ~60 and N(C 180) maps (Figure 9) also 

suggests that a considerable fraction of the cloud's 

interior is heated as predicted by the MRN/DL/Desert model. 

Grains are therefore heated to approximately 10% to 20% of 

the cloud's depth in the core region. 

6) 481 near-infrared sources have been detected in the 

cloud survey region R.A. = 16h23m20 s to 16h 25m07 s and Dec. = 

-24°40'00" to -24°13'15" (1950). We estimate from 
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background star counts and cloud Av maps that at least 356 

of these are YSOs embedded in the cloud. We detect 144 

sources in all three of the J, H, and K bands, of which we 

expect 117 to be YSOs embedded in the cloud. 86 of these 

are found to be redder than the local stellar background, 

most of which are PMS objects in various evolutionary 

phases. The remaining 32 sources are likely to be more 

evolved naked T-Tauri or ZAMS stars. 

7) The K LF of the embedded sources departs from a 

power law by having an excess of intermediate luminosity 

objects. However, a subregion from R.A. = 16h23m20 s to 

16h24m30 s and Dec. = -24°32'00" to -24°14'00" (1950) 

contains about half of the detected K sources which exhibit 

a normal power law K LF, dn/dK = K4.57. The sources in this 

subregion are considerably redder than the background 

population so they are likely to be the youngest PMS objects 

in the cloud, still surrounded by circumstellar material and 

disks. A few of these sources could also be heavily 

reddened main sequence stars in the cloud. Theoretical 

models of a Miller-Scala IMF evolved to an age of 105 yr are 

consistent with the observed K LF. This idea of recent star 

formation in short bursts in this region is consistent with 

previous molecular and near-infrared studies. 

8) The K LF of cloud sources exterior to this subregion 

has a very pronounced overabundance of intermediate 
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luminosity sources and a deficiency of low luminosity ones 

relative to a standard monotonic power law. This LF 

represents a statistically significant departure from the 

interior region K LF. This is most probably caused by 

considerable ages or an age spread among YSOs in this 

region; the objects there are in a wide variety of 

evolutionary states with requisite luminosities. The K LF 

of this exterior area is similar to a Miller-Scalo IMF 

evolved to an age of 10 6 yr. This age is consistent with 

previous age determinations of T Tauris and estimates of the 

duration of star formation in the cloud. It is also 

supported by the wide range of reddening of sources in this 

peripheral area. 

9) We estimate that the SFE ~ 25% for the p Oph cloud 

from our new infrared survey data. The young age of the 

embedded YSOs and the large amount of quiescent gas in the 

cloud core indicate that a bound cluster may be forming in 

the cloud and the final SFE may be greater than 50%. 

The large number of excessively red objects discovered 

shows us that the p Oph cloud is forming many more low-mass 

stars than previous studies (ie. WLY) indicated. Mid

infrared (LMN band) follow-up observations of these new 

objects are essential for answering several scientific 

questions. First, what are the spectral energy 
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distributions of these objects? We have a large uniformly

sampled group of sources which could be classified into the 

3 Lada and Wilking YSO evolutionary phases in order to 

determine better the lifetimes of the phases. True infrared 

excess values usually emerge only in these longer wavelength 

data. Second, What is the LF like at longer wavelengths? 

Is it similar to the K LF which varies drastically with 

cloud location? Longer wavelength data would help determine 

the true natures of the sources in the 2 cloud regions, 

providing similarities and differences in total luminosity, 

PMS class, etc. Bolometric LFs and IR colors would allow us 

to estimate better masses from theoretical PMS evolutionary 

models. Also, are there even younger stars forming in the 

most dense cloud regions that are undetected due to 

obscuration? Few such objects have turned up in a 

considerably more sensitive K band survey of the Av > 50 

region (G. Rieke 1990), but they may be bright and 

unobscured enough at longer wavelengths to be detected with 

the mid-infrared cameras of the future. 

This work is but another chapter in the unravelling 

story of star formation in the p Oph cloud. We have 

addressed questions about infrared grain luminosities, grain 

materials, and have found out more about the embedded 

population. We have uncovered peculiarities in source color 

and LF distributions that give us hints about the cloud's 
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YSO ages and mass function, but we seek confirmation in data 

not yet acquired. Also we hope that this and future work 

will continue to unveil the nature of the star formation 

process in general. 
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