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ABSTRACT

Wc implement a new method by which 1o study the faint end of the field star luminosity
function. The mcthod relics on deep, multicolor photometry of fields projected against highly
obscured, nearby molecular clouds. The clouds act as ncarly opaque screens and delimit a well-
defined survey volume which isin principle free of the problem of distinguishing nearby, intrinsically
faint dwarf stars from more distant red giants.

This study is based upon decp phonographic and CCD photometry al optical (V, R, 1)
bandpasscs rewards the most highly obscured portions of” the 1'aurus and Ophiuchus molecular clouds.
The total volume delimited by the clouds is-200” pc’.  Within this region our survey is complete for
al stars brighter than M = 16- 17 mag; at R and 1, the survey is complcte down to the lowest Mass
stars capable of sustaining core hydrogen burning.

Color-color criteria arc used to distinguish between background, highly reddencd stars and
stars located in front of the clouds, and the method of photometric parallax is used to deduce the
absolute magnitudes and spectral types of those stars found to lic in front of the clouds. To help
further resolve foreground/back ground ambiguities we have made proper motion measurements of the
candidate foreground stars using the phonographic and CCI data,and the Palomar Sky Survey.

Wc estimate the faint end of the ficld star luminosity function for the composite Taurus and
Ophiuchus foreground sample and find that it resembles the local luminosity function down o M -
16. Atstill fainter magnitudes wc find more stars than do photometric parallax studics of the polar
regions. This diffcrence widens dramatically if even the simplest correction for incompleteness is
applied 1o our data. Wc therefore tentatively conclude that the luminosity function rises beyond M -
1 (i; even if wc discard our attempts to correct for incompleteness in the faintest magnitude bins, the
luminosity function at Icast remains flat for the lowest mass stars.

Our provisiona finding that the luminosity function rises again beyond its well-known peak at
M, ~ 12-13, implies that the IMI probably rises beyond the turnover point associated with this peak.
Even if our most conservative cstimate for the faint end of the luminosity function is used - in which
no corrections arc made for incompleteness - the IME must at Icast remain flat down to the edge of

the hydrogen-burning main scquence.

Subject Headings:  Stars: Latc-Type, Low-Mass; Photometry; 1 .uminosity Function; Astrometry.



1. Introduction

Notwithstanding its basic importance, the initial mass function (IMF; Salpeter 1955) iS poorly
known in a number of ways, and as Scalo (1986) has emphasized, the very cxistence of a widely
applicable mass functionrem SINS More assumption than observationall y established fact. While the
general hope is that the physics of star formation iSsufficiently universal to promote the existence of a
mass distribution which varies only gently with the various factors known to influence star formation
(such as metallicity and molecular cloud mass), the bulk of what wec know concerning the IMF —
particularly at the low mass end which governs the dynamical behavior of galaxies - is based upon
obscrvations of field starsin the immediate solar neighborhood.  The local IMIE necessarily represents
an average over amixed cnsemblc of stars, some as old as the Galactic disk, which formed in
different parts of the Galaxy and in diverse environments.

Fundamental ambiguities plague the determination of the IMI< ar both its high and low mass
ends. Al the high end, obvious di fficultics stem from the great rarity of massive, very luminous stars.
At the low end, the main problem iSthat the Icast massive star arc intrinsically very faint and can only
be observed in relatively close proximity to the Sun.

The IME isitself not directly observable, but rather is computed from the luminosity function,
$»(My), the mass-luminosity relation, and the bolometric correction, ignoring the formidable problems
associated with determining the mass-luminosity relation, it should be noted that the luminosity
function, is the fundamental observable quantity for studics of the mass function. It is usually
expressed as the frequency distribution of stars per unit volume per unit absolute visual magnitude.

Constructing statistically complete samples of faint (and thus low-mass) main sequence starsin
order to estimate the luminosity function has proven (o be extremely difficult, even for the immediate
solar neighborhood. Studies relying only on stars with measurable trigonometric parallaxes (¢f. Wiclen
et al. 1983; Henry & McCarthy 1990) have been carried out and necessaril y pertain to only the closcst
(d< 25pc) stars. Other approaches, including those employing kinematic and proper motion
congtraints (¢f-1.uylen1963 & 1976; Dahn et «l. 1986),and oplica/infrared photometric surveys (¢/.
Reid & Gilmore 1982; Boceshaar & Tyson1985; Leggett & Hawkins 1988; Tinncy etal. 1992) have
attempted to extend sample volumes to distances -100 pe. “1'0 onc extent or another, all these studics
arc plagued by sclection biases and poor statistics, and most possess limiting absolute magnitudes of
only 14 - 15at V.




The luminosity function iSpoorly understood - and therefore somewhat controversial - for

stars With absolute visual magnitudes exceeding 13. For example, the luminosity function computed
by Gilmorce & Reid (1983) peaks in the range 11< M <13, and cxhibits a steep decline at higher
magnitudes, Interestingly, there is also a suggestion of arising trend at the extreme low end of the
function. The luminosity functions of Hawkins & B cssell (1988) and 1.cggett & Hawkins (1988) also
appear to rise or at least remain flat for masses ncar the hydrogen-burning limit. * This is intriguing,
since arising or flat mass function that cxtends beyond the limit of the minimum mass required to
sustain hydrogen-burning would demand the existence of alarge number of degencrate brown dwarfs
in the Galactic disk. (Given the absence of any con firmed brown dwarf candidates, however, it is
difficult to avoid the conclusion that even if the IMIF continues to rise. for masses < 0.08 M, it must
soon thereafler steeply decline.) in any case, recent results suggest that previous surveys which found
adecline d tile faintend of the luminosity function may smply not have been sensitive to a
subscquent "bump’ or rise.

This paper is a study of the faint end of the ficld star luminosity function, down to limiting
magnitudes which correspond to masses near the hydrogen-burning limit, in regions considcrably
beyond the Solar neighborhood. It implements the approach first suggested by Herbst (see 1 lerbst &
Dickman 1983), which relics on deep, multicolor photometry of ficlds projected against heavily
obscured, nearby molecular clouds. Ideally, such clouds act as distance-limiting opague scrc.ens,
confining the sample of foreground ficld stars and minimizing lilt. confusion caused by background
ficld dwarfs and l1a[c-type giants.

In order 1o obtain reasonable statistics with this method, onc must choose molecular clouds
having highly obscured regions of large angular extent, Further, because the search volume probed
varies as the cube of the cloud’s distance for an opaque region of constant angular area, the
requirement that onc be able to observe the faintest possible stars with the smallest possible telescope
dictates that relatively nearby clouds be sclected for study.  This was done as follows. Deep
multicolor 4-m photography of thellciles’ Cloud 2 region in the Taurus molccular cloud complex, and
of 1.1689 in the p Ophiuchicloud (Jarrett, Dickman & 1 lerbst 1989; Dickman & Herbst 1990)
revealed the locations and extents of the filaments and cores in these regions with extinctions
exceeding 15 magnitudes at V.

To obtain @ sample complete to M, - 16- 18, requires photometry with limiting visua

magnitudes of -22 - 23. (Delails concerning the data and their acquisition arc given in §2). However,



despite their very large cxtinctions, molecular clouds are not totally opaquc at such limiting
magnitudes. Color-color criteria must therefore be applied in order to distinguish reddenced
background stars from inhcrently red stars located in front of the clouds, This requires that wc
accurately determine the visual extinctions of the molecular clouds in our sample. Wc employ star
counts to accomplish this (§3). The method of photometric paralax is used to deduce the absolute
magnitudes and spectral types of those stars found to lic in front of the clouds. To help further
resolve foreground-background ambiguities, wc supplement the photometry and color-color results with
proper motion measurements of the candidate foreground stars (as outlined in the Appendix),
comparing the CCD and photographic data with circa 1950 Palomar SKky Survey fields. These results
arc discussed in §4.To test the effectivencss of the techniques used to distinguish between foreground
dwarfsand heavily reddencd back ground stars, WC oblained optical spectra of three candidate starsin
Taurus. This work is discussed in §5. Wc then estimatc the ficld star luminosity function from the
Taurus and Ophiuchus ficlds, and constrain the |ow mass end of the initial mass function. These

results and a discussion of their implications arc presented in §6.

2. Observations and Data
The data collected in this program consist of optical phonography and CCID images of ficlds

toward the Taurus and p Ophiuchi molecular cloud complexes.

2.1 Photography

Deep prime focus plates in the Kron J, F and N bands (Bruzual 1966; Kron 1980) were taken
using the 4-m tclescopes at CTTC)’ and Kitt Peak' during 1983 and 1986, respectively. These plates
were used mainly to locate the most obscured portions of each cloud, to estimate their extinctions,

'"T'he National Optical Astronomy Obscrvatorics are operated by the Association of Universitics for
Research in Astronomy, inc., under contract with the National Science Foundation.

and to form short-term proper motion basclines. The ficlds observed at CT10 were two -50" diamcter
areas toward the p Ophiuchi molecular cloud complex, onc lying in the southcast filament of the
cloud, 1.1689 [o(1950) = 1 6" 30™ (0%, & = -24° 3(Y 00", and the second in a nearby, nearly extinction -
frce region [0(1950) =16" 32"’ 30%, 8= -25°00" 00'’']. A single -50" diameter ficld toward 1 Iciles’



§)
Cloud 2 in the Taurus molecular cloud [o(1950) = 4'37" 55°, § = -t 25° 46'] was observed with the
KPNO 4-m telescope.  All plates were exposed using a Racine prism.

Densitometry Of the plates was carricd out on the Y ae and University of Minnesota PDS
machines, respectively. BVRg1, photoclectric photometry was also obtained for a number of stars in
the cloud and rcfcrence regions having apparent magnitudes as faint as 17, using a single-channel
photometer on the 60” (1.5-m) C110 and 50" (1.3-m) KPNO telescopes.  These stars were calibrated
using a set of Kron standards, thereddest being the M dwarf star Wolf 359 (Gl. 406: V-R =1.86, R-1
= 2.18; scc Bessell 1990), The BV1I magnitudes were converted to their J, F, N equivalents using the
transformations given by Kron (1980), and the resulting J, ¥, and N magnitudes for each star were
then used to calibrate densitometric diameter-brightness sequences at each color. Because a Racine
wedge was used, calibration of the ficlds was secured to the plate limitin each color. WC estimatc the
accuracy of the magnitude determinations in each band to be -0.2 msg.

The end result of this process was a catal og containing the coordinates and J, , N magnitudes
of each star brighter than the plate limits in the cloud and rcferencc ficlds; J< 23, F < 22, and N < 19.
These values arc not as deep as the plate limits, but represent values at which al detected siars arc

likely 1o bc real and have apparent magnitudes determined to ~0.2 mag or better.

2.2 KPNO CCD Observations

CCD images of the Taurus and Ophiuchus ficlds were made with Tcktronix 2048 X 2048
cameras on the # 0.9-m telescope at Kitt Peak National Obscrvatory.  The Taurus observations were
carricd out in October of 1989, and the Ophiuchus observations were made during May 1990.

Three CCD ficlds were imaged in Taurus using V, R and 1 filters. The areas each cover 26’ x
26', and arc centered at locations (cpoch1950): (1) oe=4" 38" 06°, 8 = 25°36' 107, (2) o = 4" 36"
35%,8 = 25°37 06", and(3) o.=4" 38"'00', 6 = 25° 57" 13“. The Ophiuchus data set IS composed
of onc 23’ x 26' CCD field exposed through V, R and 1 filters, and centered at o (1950) =16" 29
45°,8 (1 950) = -24°23 ()()”. The V and R filters were KPNO standard 1 Yarris filters (¢f. KPNO 4-m
Telescope manual), and the 1 filler an RG715 (cf. Beckert & Newbcerry 1989).

In order 1o calibrate the data, asct of Landolt standards (i .andolt1983) was observed. The
same standard stars used in the photographic photometry reductions were also imaged using the CCD.

The VR, 1, magnitudes were converied to Cousins equivalents, VR 1, using transformations from
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Bessell & Wcis (19X7). The sccondary standards are criticalto the calibration, since Landolt standards
arc generally neither red enough nor faint enough to include heavily obscured stars lying behind the
molecular clouds or the Icast luminous red dwarfs.  The Taurus and Ophiuchus sccondary standards
have (V-J<) and (R-1) colors asred as -2.2 magnitudes, but the lowest mass M dwarls have (R-1)
colors that terminate around -2.2 - 2.4 mag, redward of the linear calibrations. Wc arc therefore Ieft
withlittle choice but o extrapolate the linear relations ().1 - ().2 magnitudes beyond their measured
limit. The potential for Systematic crrors for the reddest stars therefore cannot be ruled out (this is
discussed further below).

Each raw CCD image was subjccted to bias and dark current subtraction, flat- ficlding and
correction for atmospheric extinction.  IRAY was used for thesc corrections, and the extinction
cocfficients (which were substantial for the Ophiuchus data) were checked against mean site values
(sce Jarrett 1992) ; note, however, that no data were taken toward the Oph ficlds at airmasses > 2.
After these corrections were made, the resulting images were cleancd of cosmic ray hits and cosmetic
anomalies and combined into a single, deep exposure for cachfilter. individual stellar profiles were
then located, isolated, and measured using aperture photometry, and magnitudes assigned at each color.

Errors in the raw stellar magnitudes were estimated from SKy and poisson noisc, instrument
read noise and the number of pixelsin the photometry aperture (which depends on the seeing), A less
easily quantifiable source of random crror derives from the cosmetic quality of the CCD itself. The
instruments used in this study were KPNO’s first generation of large-format CCDs. Unfortunately
these chips have litcrally thousands of pixels with non-l incar responsces (a.k.a. traps) which misbehave
according to the degree of filling of’ the potential wells (the smaller the filling, the worse the problem).
"These pixel traps were cleaned from the data when positively identified.

Raw magnitudes were transformed to the Cousins (1976) system using the aforementioned
Landolt and secondary standards. As with the photographic photometry, the end result of this
reduction Process was a catalog containing the coordinates and Cousins V, R, and Imagnitudes for
each star.  Uncertaintics in the reduced magnitudes arc al'so included and contain not only poisson
contributions, but also a random term arising from errors in the standard calibration; these were
cstimated from aleast-squares analysis of the transformation cocfficients. Wc find the color
transformations of (v-r) & (r-i) to (V-R), & (R-1), 1o bc linear within the scatler of the data to the red
limit of (V-1) -4.1. For colors redder than this limit, the transformiation may well be non-lincar due

1o systematic cffccts. A prime source of these arc the differences between the CCD filter systems (and



the quantum efficiency of the CCD itsclf) and the Cousins filter response functions, coupled with the
complicated red-band spectra of cool stars (Cf. Bessell1986; Taylor 1986). The response functions of
the Harris R filter used with CCD detectors at KPNO and the  corresponding  Cousins filter are slightly

different at long wavelengths2 Thesc differences are magnificd upon convolution with a

? The extended tail of the Cousins R filter response, ranging (o ~9000 A, compared to the more
rectangular Harris R filter response which cuts off at -8500A, " conspires to systematically brighten a
cool red star measured using a Cousins R filler relative 1o what iSmcasured Using the Harris filter.
The filter response function of the RG715 filter has an I-band response characterized by a sharp cutoff
at the blue end (~7000 - 7200 A), similar 1o the. Cousins1filtcr, peaks al ~7500 A, and ramps
downward 10 ~10000 A. Since the Cousins 11ilter is mostly rectangular, the RG715 1 band filter will

be more sensitive to the flux of a cool star.

late-type dwarf spectrum, where deep molecular absorption features appear between the R and 1 filters
and, particularly, within the I-band filter itself.

To summarize, for both the Taurus and Oph data sets, we measure V-band limiting magnitudes
of 21.2 + 0.1and 22.2 4 0.2. At the brigit end, calibration to the Cousins systems results in a
photometric uncertainty limitof 0.03 - 0.04 msg. The R and 1 data have limiting magnitudes of 21.0
+0.01and 20.5 + ().], respectively; thus, since most of the stars in the fields are heavily reddenced, the
(V-R) and (R-1) colors have uncertaint ics of up 1o 10 % for V < 21,5 10 22.0. In this study, we limit
our analysis 1o stars with (R-1) color uncerlaintics <10% - in this case, V magnitudes may have

uncertaintics as high as 17%.

3. Star Counts and Visua Extinctions

In this work it is of central importance to determine the distribution of visual extinction over
the molecular clouds which delimit the fields sclected for study. Only if the visual extinction is
known, can a background star’s colors canbe dereddencd, thereby allowing constraints to be placed on
its spectral type, luminosity class; a star closer than the molecular cloud will have little or no
reddening, so that attempting to deredden its colors will place it in an unphysical region of the color-

color plane.



Extinctions duc to the molecular clouds were estimated using the method of star counts (scc

Bok 1956; Dickman 1978). The extinction at each color wasinitiall y determined over areas1-2" ona
side; mean extinctions for larger star-free regions were computed according to the prescription given
by Dickman.

All stars were treated as background objects. N principle, this means that the extinctions
determincd at cach location in the clouds arc only lower limits. 1 lowever, for any rcasonable values of
the luminosity function, it is easy to show thal because the Taurus and Ophiuchus clouds arc so closc,
this simplifying assumption has virtually no practical impact on the results of interest here. The
details of the extinction determinations varied somewhat between the two cloud fields, and arc

discussed separately below.

3.1 Taurus

Even the most lightly obscured areas within the photographic and CCD fields for Taurus have
significant cxtinction. Accordingly, wc chose as a fiducia reference field the 5 square area centered
on location o (1950) = 4"39" 45°, § = 25°45’, and initialy expressed all photographic extinctions
rclative to this region. The residual extinction within this boundary was scparately determined to be
A = 1.7 mag, as described by Jarrett (1992), and this value subsequently added to al extinctions
determined relative to the fiducial reference. The CCD ficlds did not include the fiducia region. We
therefore chose as CCD reference fields two 4 x 6 boxes centered at o(1950) = 439" 05°, 6(1950) =
2.5°45", and o(1950) = 4'38" 55°, & == 2.6° 05'. Asafirst approximation, WC cxpected the residual
extinction within these arcas to be the same as that in the photographic reference field. A more cxact
trcatment, using a starcount model of the Galaxy (Jarrett 1992) gave a dightly higher residual
extinetion of 2.() msg.

Star counts at | provide the greatest penetration of the cloud.  Wc divided the 1 band CCD
field into a grid of rescaucells in 1.4° X 1.4’ size. In each square, the number of stars with apparent
magnitudes brighter than 20.8 was counted and scaled to a corresponding area of 1 deg’. Thosc rescau
cells with no stars were assigned a count of 1, and contiguous areas of zcro star counts were assigned,
asagroup, onc count. The cffective extinction toward each square at 1 is [hen found from the
reference fields described above. Visual extinctions were computed, using the reddening law of
Savage & Mathis (1979): A,=1.69A,. The resultant visual extinction map was then smoothed using
a sharply-peaked 3 x 3 gaussianfilier. Thisreduced the statistical errors associated with the most



obscured portions of the cloud and cffectively smoothed the abrupt transition between regions with
moderate extinction and [hose with extinction sct by the lower limit. (This sharp gradicnt is non-
physical, and is duc to the way that small sample statistics arc treated and to the discreetness of the
star counts.) A grcy-scale image of the visua extinction map determined for the Heiles’ Cloud 2
CCD field is shown in Figure 1. overlaying the map arc contours of A, =5 and 1(). The cxtinction

values range from 2 to alower limit 23 magnitudes.

3.2 Ophiuchus

The photogra phic data includes a 50" diameter reference field, exposcd at the Kron J, F and N
bands, and centered at o(1950) = 16" 32™ 30%, & = -25° 00’ 00”. Dickman & Herbst (1990) used this
data to correct for the residual extinction at the edge of the cloud field proper. 1'101sof the cumulative
stellar surface density curves, corrected for residual extinction, at all three colors can be seenin
Dickman & Herbst (1990). In their study, the N-band star counts provided the deepest measure of the
extinction, largely duc to the longer wavclength (A, - 794 1A); the N-band plate limit was
conscrvatively adopted to bc 19.5 msg.  Wc used the N-band star counts of the Ophiuchus reference
ficld to calibrate the CCD images exposed at Cousins 1 band.

The I-band CCD ficld covers a 23’ x 26' area centeredat 0.(1 950) =16" 29" 45,8 = -24°24’
1()". The field was divided into a 21 X 19 rescau grid with cells of” size 1.25" x 1.25". In each cell,
the number of stars with apparent magnitude brighter than 20.4 was counted and scaled to a
corresponding area of 1 deg’. Rescau cells with no stars were assigned a count of 1, and  contiguous
areas of zero star counts were assigned, collectively, onc count,  The effective extinction toward each
square was then easily determined.

The same factor as in the case of Taurus was adopted to convert the I-band obscurations 1o
visual cxtinctions. The resultant visual cxtinction map was then smoothed using a gaussian filter. A
grecy-scale representation is shown in Figure 2, with contours of A, =5 and 1() shown. The visua
cxtinction is as low as 3-5 mag at the outer perimeter Of the ficld, and extends to more than 21 mag
within theinterior. The darkest regions have contiguous cells with no stars brighter than the plate

limit.
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4. Color - Color Analysis

A kcy advantage of using photometric methods to scarch for low mass stars is the technique’s
freedom from kinematic and popul ation biases (¢f. Hanson 1983). Further, by using multi-color
photographic or CCD photometry, large areas with deep limiting magnitudes can be surveyed -
typicaly, the resultant search volumes are at Icast an order of magnitude greater than that of parallax
surveys. However, although photometric colors can be used to discriminate between stars of different
spectral type, there may be some ambiguity between luminosity classes.  This cffect can be minimized
by studying fields in the dircction of nearby molecular clouds: 1dcally, stars behind the cloud will be
cither completely blocked from view or so heavily reddencd that [heir colors will reveal this. In
principle, this permits us to isolate acomplete sample of low mass stars - provided the photomet ry is
sufficiently deep - within the volume defined by the survey area and the distance to the cloud. In
practice, we shall SCC that with the deep photometric data used here, ambiguities remain in
distinguishing cxtreme M dwarf foreground stars from earlier, reddencd background objects. An
additional potential complication is the possible presence of Tate (or moderately late) type stars, formed
within the molecular clouditsclf - in this case the value of the reddening suffered by the star is
bounded, but essentially indeterminate.

Wc may demonstrate the opaque screen method using the Taurus extinction map (Figure 1)
and a Galactic sicllar distribution model. The stellar distribution modcl predicts the surface density of
stars for a given direction in the Galaxy, providing the expected total number of stars per spectral type
heated within a given solid angle, as a function of limiting magnitude. Wc have assumed a local
stellar number density based on previous dcicrminations of the luminosity function (e.g., Wiclen ez al.
1983). Information contained within a single simulation includes population type (type I: disk, and
type 11: spheroid or halo, with spatial functional forms prescribed by Bahcall & Soncira 1980), spectral
type, luminosity class (main sequence dwarf and evolved giants), apparent magnitudes, colors and
locations. Wc have applied arandom noise function to the model photometry that matches the
cmpirical values determined for tile Taurus data set (see §2). Finally, WC have corrected stellar colors
for the non-linear cffccts of interstellar extinction using a synthetic technigue that convolves sicllar
flux distributions with the non-rectangular filters used in this study.  Further detalls of the galactic

distribution model and the synthetic photometry method are given in Jarrett (1992).
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in this demonstration we would like to model the surface density of stars that arc situated

along the line of sight toward the Taurus molecular cloud®,  First consider the case in which the cloud

*inthe case of p Oph, the stellar number densit y is greater than Taurus (since the p Ophisonly -100

from the Galactic center); however, the results are sSimilar in both cases.

dots not interfere with the light from distant stars in the Galaxy. The predicted number of stars
brighter than the CCD V-band limit, -22.2, located aong this line of sight (Q = 173°, b =13.6°)is
-17000 stars deg?. A histogram showing the distribution of absolutc magnitude, M, for these stars is
displayed in Figurc 3a. Itisinteresting to note that while M dwarfs arc the most common stars in the
Milky Way, the bulk of the field stars shown in the histogram arc G and K dwarfs. Thiseffectisa
reflcctionof aluminosity and volume bias.  Animportant feature to note from the histogram is that
late M dwarfs (M, > 12) arc predicted to be present in about the Same numbers as evolved giant stars.
Given that M giants have roughly the same colors as their dwarf counterparts, it is clear that in the
absence of a molecular cloud, it would be difficult to separate the two €lasses of stars based on
photometric constraints alone, Now consider the case in which the molecular cloud acts as an opagque
screen to stars located behind the cloud. We adopt a distance of 140 pe to the Taurus cloud (Elias
1978a). The visual extinction of the Heiles’ Cloud 2 region varies from 2 1o at least 21 magnitudes,
with an average of -5- 17 mag. The total number of stars brighter than the CCD limiting magnitude
isnow -1600" deg?. in Figure 3b wce scc that the cloud also dircctly affects the shape of the observed
stellar distribution. The histogram of reddened field stars isnow dominated by G dwarfs. in addition,
luminous giant stars arc clevated in number density with respect 1o the dwarfs; i.e, the cloud actsas a
bias toward distant, luminous stars, while isolating the unreddened population of located in front of the
cloud.

Asdiscussed in §2, wc arc concerned With possible systematic cffects in the color
transformations, particularly at the red end of the VRIcolor plane. Hence, it is constructive at this
point to compare the model (V-R) & (R-1) colors with the actual Taurus data. The comparison was
made by superimposing the Taurus (V-R) & (R-1) data on the monte-carlo data that was gencrated via
multiple trials. Wc find no evidence for a systematic error in the Taurus color data to within S% or

S0. Models specific to the Ophiuchus data are a'so consistent with this result.
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4.1 Taurus Sample

While the limiting magnitudes of boththe CCD and photographic data sets for Taurus arc
comparable, the CCD photometry is superior, with a limiting accuracy of -1 ()%, compared to the 20-
25% for the photographic photometry. The remaining analysis therefore considers only the three 18’ x
26" CCD ficlds. Within this arca about 2600 stars arc detected at V, Ror 1, and -1650 were detected
at al three bands withat least a 1():1 S/N ratio for the (R-1) index, Another 20 stars or so were bright
enough to saturate the CCD and were discarded from further consideration.  The resultant range in
apparent magnitude was 13<V <22.2,13<R < 21.5, and 13< 1 < 20. Since the opaque screen
method functions best when the cloud cextinction is high, wc restrict our attention to areas of the cloud
wherethe visual extinction isatlcast 3msg. (Wc chosc this value so that the minimum extinction in
the Taurus sample is identical to that for the Oph ficld.) About 34% of the sample remained for study
after this criterion was imposed. In Figure 4 we plot the colors of all stars detected at V, R, and 1.

i 1¢ main-scquence riant tracks shownin igure®, i.e., stars
Nearly all lic above il 1 and giant tracks s! the figurc? most st

“The data were obtained from Bessel] (1991) and Johnson ct. al, (1966). Conversion from the
Johnson photometry system to that of Cousins (19X()) was performed using calibrations of Fernic
(1983). The colors represent typical values for cach spectral class up 1o and are to discern the relative
location of the unreddencd sequence. For the most extreme red dwarls, (R-1) > 2.3, the mean colors
arc very uncertain; thelittle evidence that is known about the stars suggests that the colors arc actually
blucr than expected.
are scattered along the reddening curves expected for background field stars. There arc also a few
stars With colors well below the main-sequence. WC discuss these in more detail @ the end of this
scclion.

Based upon a star count model (sce §4) the dominant fraction of stars in Figure 4 are cxpecled
10 be background G and K dwarfs; stars fainter than ~18 at 'V most likely to be heavily reddened disk
dwarfs located behind the cloud at distances < 1 kpe. Many of the stars in the figure arc
unambiguously reddened and can therefore be discarded from further consideration as foreground
candidates. Still, this lcaves a large fraction of stars with color-color locations within 0.1t0 0.2
magnitudes Of the main-sequence track.  We need 1o apply yet another criterion to this sample in order

to cull the foreground stars from the reddencd background populations.




Photometric parallax provides amethod to isolate objects whose colors and apparent

magnitudes arc consistent with their being closer than the molecular cloud. Since a foreground star
will suffer negligible extinction at 1, its absolute magnitude can be determined by assigning the most
likely spectral type based onthe observed (V-R) and (R-1) colors.  Since most data pointsin Figure 4
do not lic on the average main sequence track, the lcast biased approach is to simply determine the
ncarcst point 0N the main n-scquence track, hereafter represented by the subscript (), asin (V-R), and (R-
1), WC can then assign aspectral type and absolute magnitude using (V,R,1), and the mean M, vs. (R-
1) relation, given in Besscll (1991). 1f the distance implied by the apparent and absolute magnitude is
greater than that of the cloud (140 pe), the colors and apparent magnitudes arc not consistent with a
foreground star interpretation and the star is excluded from further analysis. Note that the absolute
magnitude-color relation has an intrinsic spread, which, ef fectivel y increases the uncertaint y in the
deduced distance as dots the uncertainly in the observed magnitude Of the star, in addition, Bessell
points out that the M, - (R-1) relation is uncertain for the most extreme M dwarfs, with (R-1) > 2.3.
To implement the method described we note the following,  First, the faint end of the
unreddencd V,R,I color planc is bounded by the color limits of the lowest mass stars, (R-1), < 2.4, and
(V-1-t). < 2.2 (Besscll 1991). Allowing for 1()% photometric uncertainty, wc extend this boundary
another 0.1 magnitudes.  Stars with more extreme colors arc rejected from further  consideration.
Second, wec must set alimit to the extent that the stellar colors can deviate from the mean main-
scquence track.  For clarity, Iet { be the minimum magnitude difference between the stellar colors
(V-R) & (R-I), andthe corresponding main-scquence color, (V-R), & (f<-] ), of an observed main

sequence star, The maximum allowed difference, £, ., between (V,R, D) and (V, R,1), defines the limit

at which wc cull the data with the photometric parallax criterion: if { <, .., wc then apply the
photometric parallax method to data point, otherwise we discard it from further consideration. in
principle, ., should be small in order to minimizc the confusion caused by distant, reddened stars
that -- by chance - have colors and brightnesses consistent with SpUrious identifications as nearby
low mass stars.  On the other hand, {,,,, must also be large enough so that all true foreground stars arc
included in the photometric parallax criterion test. With -10% photometry, a forcground star Will have
colors that at least two-thirds of the time scatier within 0.1 magnitudes of the main-sequence track.
Woc therefore provisionaly adoptad,,,, of ().1.

A more rigorous justification for sclecting this value of {,,, iSto employ astcllar distribution

model that includes model photomectric limits and uncer taintics similar to the observed data. Wc will




15

consider both cases described in §4, apply the photometric parallax test to the simulated color-color

datausing {,,. as the independent variable, and compute two critical ratios. The first gives the

wax
fraction of foreground stars (i.e., D <d,,.,, where D isthe true distance) that lic within the {,,
cnvelope and have photometric parallaxes d <d .. Thisratio represents the detection frequency of
foreground stars with our method. "T'he second ratio gives the fraction of background stars - relative
to the total forcground candidatc sample -- that lic within the {,,, envelope and have d < d,q. This
ratio represents the frequency of fal SC det ections.  The results Of these calculations arc shown in Figure
5. Without cloud obscuration (Figure 5a) the percentage Of false detections 1S an unacceptably high
~80%, regardlessof { ... The bulk of the sample contamination comes from K dwarfs located some
2(X) to 400 pc from the Sun that have colors mimicking those of low massred dwarfs. Figure 5b
demonstrates the effectivencss of the opaque sereen method. Nearly all of the foreground stars arc
detected within @ 0.1 magnitude ¢, cnvelope, while most of the background K and M dwarfs arc
screencd away by the Taurus cloud, The contamination of the foreground sample by background stars
is-15% for{

G stars (M, =3 - 6) located within 1 kpc of the Sun. The (reddenced) colors of these stars mimic

aax = 0.02, and slowly rises to -30% at{,,, = 0.10, The contaminant s arc mostly I and
foreground MO dwarfs, whose location on the VRI main scquence track corresponds to the point at
which the (R-1) color begins to dominate for the cooler stars (this 1S significant because the slope in
the main-scquence track at this point departs from the reddening vector). In addition, contamination at
the 10 - 15% level is due to background M| and M2 dwarfs (ID < 300 pc) whose simulated colors
mimic those of very Jalc-type M dwarfs, in the bins tort’ cspmding 1oM, = 15 - 17.

We conclude from Figure Sb that the opaque screen method is cffective in separating low mass
foreground stars from more distant stars located behind the molecular cloud. One must use caution
however, when countin g the inferred foreground stars belonging 1o the faintest absolute magnitude
bins. Given the photometric accuracy of this study, these bins may have a false detection frequency of
up to -15% of the total.

Adopting 0.1as the maximum limit to {, we have culled the Taurus data plotted in ¥igure 4.
Results of this effort arc shown in Figure 6, in which wc have highlighted stars with foreground
solutions (large filled circles): These stars have colors, apparent magnitudes, and inferred absolute
magnitudes consistent With their being low-mass luminosity class V' objects located in front of the
Taurus molecular cloud. Their photometric propertics are given in Table 1. Included in the (able arc

the cquatorial proper motions, and their estimated errors (sce Appendix for description of the technique
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wc used to measure proper motions). [ can be seen from the table that ncarly all of the foreground

candidates have relatively large proper motions, exceeding 3° cent”’, consistent with their being located
nearby (partially duc to reflcx motion of the Sun); in comparison, ficld stars located beyond the
molecular cloud should exhibit proper motions Icss than this value.

Also shown in Figure 6 (as filled triangles) arc cither resolved doubles or triples, or objects
with clongated profiles. The latier objects may be unresolved multiple systems or young stars
associated with the molecular cloud. (For example, the Ho object, 1 1aro 6-33, V-R = 1,37, R-1= 1.4,
exhibits awell defined ‘tail” or optical jet structure.) The resolved doubles are objects with two
clearly scparate stellar profiles, but which arc spatially too close (within 6”) to alow reliable
mcasurcment of thei r separate fluxes.  These objects may in fact be physically associated systems, or
alternatively, simply chance superpositions.  The latter appears likely, since most of the objects arc
bright-faint pairs, withthe faint companion very red relative o the bright companion (in many cases
the faint companion is not detected at V); also, the color-color distribution of these objects lies
primarily along the expected reddening track. 1t is should also be noted that one of the foreground
candidates, #1433, is located -9” from a faintreddish star. "The faint star’s fluxcs at R and 1 arc,
unfortunately, inscparable from those of 1433, s0 it iS not possiblc to conclude whether this star IS
physically associated with 1433 or is simply a distant star shining through lilt cloud (subject to A, -
3).

Eight stars in Figures 4 and 6 have unusual colors.  In Table 2 wc list the photometric
propertics of these stars. Stars #90, 626, 1136, and 1543 have (V-R) colors wc]] below the main-
sequence track. These stars arc quite faint, with rather large color uncertaintics, > 1()%, which
suggests that they may be scattered 2 - 30 from the main sequence or expected reddening track, For
#90 wc measure a very high proper motion, -40'" cent!, which if correct, strongly implics that this star
belongs to the spheroid or halo population; however, this measurement should be regarded with
caution since this star is very faint (near the limit of the POSS survey) and its large proper motion
may instead reflect a false match between our CCD dataset and the 1'0SS survey (see Appendix).

The mostinteresting stars in “1'able 2 arc the extreme red objects, #32, 847, 893, and 1()()4, which have
colorsredward of the late M dwarf sequence.  These stars may be associated with the cloud or may be
very low mass stars with colors 10r 2caway from the nominal (but uncertain) values for M7 - M8

dwarfs. Two of the stars, 847 and 893, arc in close proximity to tile I-Tauri star GN Tau (Haro 6-31)

and onc of the dense, “ammonia’ cores of the cloud (cf. Myers et al. 1983; Cernicharo & Guelin




1987). As Beichman et al. (1986) point out, ncarly half of al dense cores in molecular clouds have
associated T-Tauri stars and/or cmbedded protostars (as cvidentin the far-infrared IRAS sources).
Further, none of the four exhibits appreciable proper motion. *1'bus, although they do not qualify as
obvious foreground candidates, [hey are probably worth additional study via near-infmred imaging or

spectroscopy.

4.2 Ophiuchus Sample

As in the casce of the Taurus color-color analysis, we consider only the CCD data here. The
data consist of a single 23’ x 26" CCD ficld. A total of ~700 stars was detected af V, R, or]. Of (his
sample, ~200 were detected at al three bands with atIcast 210:1 S/N ratio in (f<-]). Duc 1o non-
lincar CCD saturation cffcets, ~10 stars brighter than V - 12 were discarded from the sample. The
resultant range in apparent magnitude is13< (V, R)< 22.1, and 13< 1 < 20.5.

In Figure 7, wc present the CCD photometr y of thesce stars in the VRI color-color planc. AS
inthe Case of Taurus (Figu re 4), most Of the stars appear to cluster about a reddening Curve. AS
before, in order to betler unders tand these propertics a monte-carlo sSimulation which convolves the
extinction distribution in the field with our Galactic model (Jarrett 1992) was carried out for all three
color bands. As expecled, reddened background dwarfs were found to dominate the obscrved star
counts; about 10 limes as many siars arc detected at I-band thanat V. Stars with V > 18 arc most
likely G - K dwarfs, and stars ncar the limits of the photometry arc almost certainly dwarfs located
behind the cloud, within 1 kpc of the Sun,

The procedure to refine the foreground candidate sample further is the Same as that described
above for Taurus. For cach star, the nearest point from colors (V-R) & (R-1) on the main sequence
was ascertained, and appropriatc mean main-sequence €olors (V-R), & (R-1),assigned. If the
magnitude difference, {, between the color pairsisless (hen ().1(), then applied tile photometric
parallax criterion, Derived distances less than that of the Ophiuchus molecular cloud, ~ 160 pe (Elias
1978 b; de Geus 1988) imiply that the star can be consisten tly identified as a foreground object.

Results arc shown in Figure 8. Foreground candidates are denoted by filled circles, and visual
doubles and/or candidate stars associalcd With the molecular cloud are represented by filled triangles.
The photometric and inferred physical propertics if these stars arc given in ‘Table 3. As in the case of
the Taurus forcground candidates, ncarly all of the Oph forcground candidates exhibit proper motions

exceeding 3 cent!. Four objects thatare too red 10 include in this list yet arc worthy of mention:
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#25, 34, 42, and 59. The location Of these objects in the VRI plane, 2.4< (V-R),(R-1) <2,6, might
suggest that they are extreme low Mass stars or even degenerate objects. On the other band, the
simplest answer is that they arc heavily reddencd objects.  The latter is more likely given that these
stars arc faint (V -21 10 22) and two of them, #42 and 59, havce extremely red infrared colors (wc
discuss these measurements below). Stars 25 and 59 have relatively large proper motions, -4” cent’,
but they are only 2o measurements.  The other two stars have littlc or no proper motion.

Another object of interest is# 13, which has relatively blue colors, (V-R) = ().2() 4+ ().04, (R-1) =
0.54 1 0.03.] Towever, even though this star S 'bluc’, (R-1) is ().2 to 0.3 mag redward of a color
cxpected of white dwarfs (Bessel1 1990). Given its visual brighiness, 17.28 + ().()5, blue colors and
relatively mall uncertainties in the VRI colors. it seems unlikely that this star islocated behind the
Ophiuchus cloud. Unlessthe measured values arc in gross error, it would seem that the object isan
unresolved white dwarf - red dwarf system. Indeed, at R and particularly 1, the stellar profile of this

object is clearly oblate. Choosing the following paramcters

white dwarf, M_=12.30, (V-R) = (),10, (R-1) = ().1()
red dwarf, M= 16.65, (V-R) = 1.91, (R-1) = 2,22

implies that at 100 pc, the system Will have a combined visual magnitude of -17.28, and (V-R) =
0.18, (R-1) = ().56. This solution is, of course, not unique, butit is likely that the unresolved red
companion is as late atype as dM6, with the pair located -1 ()() pe from the Sun. The binary object
bas a measurable proper motion of -114 2“ cent’. 1 the object iSlocated 1()() pe from the sun, then
the transverse velocity would bc -50 km s, which is plausible given the high mean dispersion

velocity of white dwarfs,

4.3 Other Surveys of the p Ophiuchi Region — Constraints on Foreground Stars

A number of studics have been carricd out in the x-ray (¢f. Feigelson 1987; Monimerle et al.
1983), optical (Ichikawa & Nishida 1989), infrarced (e.g. Wilking & 1.ada 1984), and radio (Andre ez
al.1987; Stine et al. 1988) 10 detect and identi fy young stellar objects in the p Oph complex. Wilking
& Greene recently surveyed the northern portion of 1.1689 at J, 1 i and K (privatec communication).

About 40% of their survey overlaps our CCD field, with 18 stars common to both studics (Jarrett
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1992). Of these stars, two are identi lied with optical foreground candidates from this study, #92 and
587, and an additional two correspond to the extreme red stars, #42 and 59, discussed previously. The
foreground candidates, 92 and 587, have (V-K) colors of 5,() and 2.6, respectively, consistent with the
spectral type inferred for these objects using the method outlined in this paper. In contrast, the other
two stars (#59 and #42) have very red infrared colors ( JK > 3) suggestive of heavy intervening
extinction, The #42 isin fact, a double visual and infrared source; and is associated with a 25pm
IRAS point source, IRAS 16293-2424, This object also lies-2' south of if/AS source 16293-2422 —
identificd with an cnergetic high-velocit y bipolar molecular out flow (Walker et al. 1986; Mundy et al.
1986). The close proximity of #42a,b to this outflow source, as well as its sharply rising flux density
toward the far-infrared (sce Jarrett 1992) strongly implies that this object is associated with the group
of newly forming stars neighboring the outflow source.

in addition to the two IRAS point sources noted above, [here arc four other very faintIRAS
sources in the1,1689 field (sec Beichman, Boulanger & Moshir 1991). None of these additional
sources arc associated with optical detections from this study or infrared detections from Wilking &

Greene.

4.4 Stars with only R and IDetections in Taurus and Ophiuchus

The vast majority of stars detected in our Taurus and Ophiuchus CCD observations do not
have V-band counterparts.  Since most arc background objects, thisisexpected -- the presence of the
molecular cloud biases the survey toward detections of heavily reddened, intrinsically red stars.
However,most of the essentially conical volume populated by foregroundstars is C10sc to the
molccular cloud, so that extremel y late M dwarfs may be missed at V i f they arc close to the cloud.
Thus, asmall percentage of the stars detected only at R and Imay be foreground objects.
Unfortunately, specetral classification is nearly impossible when only onc color is available.
Nevertheless, we may cull the R, 1 sample of stars whose properties arc inconsistent with those of
unreddencd, latc M dwarfs by using not only the (R-1) color, but also the | magnitude, cloud distance
modulus and visual cxtinction,

The procedure follows anumber of steps. 1'wo obscrvational propert iCS constrain the R, 1
detections: (1) the limiting visual magnitude of the data is -22,2, and (2) the distance modulus to both
cloudsis ~6. As noted above, any foreground stars not detected at V arc most likely located near the

cloud since a conical search volume grows quadratically with distance. At the cloud distance, our
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survey is thus strictly complete only to an absolute visual magnitude of -16- 17, corresponding 1o an

M5.50r M6 V star. A star of this spectral type will have a mean (R-1) color -2-2.2. A star withan
(R-1) color greater than this value will not be detected at V (unlessit is closer than 150 pc), but will
be detectedat R and 1. Moreover, stars with (R-1) color greater than -2,5 arc probably not red dwarfs,
because this color index ccases to increase with spectral type for the latest M dwarfs (Bessell 1991).
All stars satisfying the constraints specificd above can be further culled by assigning an absolute
magnitude, MI, viathe color index and comparing the distance modulus of the cloud with the derived
stellar distance. Stars found 1o be closer than the cloud modulus have propertics at Ieast self-
consistent with their being la[c-type M dwarfs.  Again, wc caution the reader that the inferred M, is
very uncertain for extreme red dwarfs.  The value we derive from (R-1) is only arough estimate of the
true value (which may range from 12.510 14.5).

Unfortunately, most of the (R-1) stars have properties not only consistent with their being
forcground stars, but also with their being reddencd background G and K dwarfs. This is the major
limitation of onc-color analysis-  there arc usually two solutions. However, there appear 1o be no
acceplable background stellar solutions for a fow of the (R-1) stars.  Tables 4 and 5 1i st the photometry
and color solutions for Ophiuchus and Taurus stars, respectively, satisfying the constraint 2.2< R-1<
2,5, consistent with lalc-type M dwarfs in the rangeM6 - M8 V.

5. Spectra of Three Taurus Candidates — A Check on Methods

During December 22 and 23 of 1990, three of the Taurus foreground stars®, #604, 823 and
*Two of the stars, #604 and 823, were sclccted from the foreground candidate sample (Table 1) based
on their colors and high proper motions; object #994, whosc colors would indicate foreground
candidacy if €, = 0.15, wassclected primarily duc to its very high proper motion.
994, were observed at the authors' request by Terry 11erter of Comell University using a grating
spectrograph and the 4-Shooter CCI> camera on the 5-m Hale ‘Telescope Of Palomar Observatory.
The spectrograph covers a wavelength range from 6000 A to 9000 A and uscs a 300 line/mm grating,
which yiclds a spectroscopic resolution of ~15A. A slit widthof 2' x 1.5” was employed. The data
reductions were carried by oncof us (T.11. J); the images of the spectra were flat-ficlded, bias-

subtracted, sky-subtracted and converted to onc-dimensional spectra using the routines in the IRAY
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software analysis package. T'he spectra were wavclength calibrated using a1 le-Ne-Ar reference
spectram and were flux calibrated using 11DS standard stars and various IRAF routines, Strong
absorpt ion fcatu rcs attributed to terrest rial O, at -6800” A and -7600” A, and 1,0 at -7200 A were not
removed from the spectra,

Because of contamination from the telluric absorption features, it is difficult to measure TiO
and V() band equivalent widths precisely. Accordingly, we favor spectral classification of these stars
via qualitalive comparisons between temperature and gravity-sensitive features with those of the
Bessell (1991) and Kirkpatrick, Henry & McCarthy (1991) M dwarf spectral sequence, and with those
of the spectrum Of the late M dwarf, Wolf 359 (G1 406), Iigure 9 (data provided courtesy J. Stauffer).

The spectra of stars #604, 823 and 994 arc shown in Figures 10 - 12, respectively.

S.1 Spectrum of Candidate #604

The most striking propertics of the spectrum of #604 are the rising flux continuum toward red
wavelengths, and the numerous absorption features blanket ing the continuum. Major Ti O feat urcs,
including the TiO bands at 7200” A, 8300 A and 8500 A, arc present, strongly suggesting that this star
IS very cool; the strengihs of these bands arc comparable 1o those in stars with a spectral type later
than M4. Furthermore, there appears to be a hint of molecular VO at 7500 A and particularly, at 7900
A, butlongward of 8500” A it is impossiblc 1o distinguish between absorption features because of the
poor signalto noise. Overall, the spectrum suggests a temperature €lass corresponding to that of an
M S star, but probably no later than ibis.

The spectrum undoubtedly Corresponds to that of a dwarf because of the many tell-tale gravi -
sensitive features prominent in the spectrum, including CaOll at 6250 A, possibl y Cal 1 at 6400 A, K 1
al 7700 A, and the prominent Na 1 feature at 8200 A. The strength of the sodium feature itself
suggests that this star is atlcast as latc dM4 and IS probably an MS dwarl. Finally,Ho emission is
prominent in the spectrum of #604, hinting at signi ficant chromospheric activity, and thus, is also
consistent With this star being a late-lypc M dwarf.

Based on the spectralevidence outlined above, wce favor the classification of candidate star
#604 asaMSV or M6 V, where the spectral type MSV is probably the better cstimate. An MS
dwarf bas the following propertics:

M, =147 and M| = 11.3,
V-R, = 15andR-1 =19 .
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These values arc consistent (to within -1 ()%) with the observed broad band colors and deduced

luminositics for foreground candidate #604 (scc Table 1).

5.2 Specetrum of Candidate #823

The spectrum of foreground candidate #823 is similar to thatof #604, in that it is clearly a
cool star, Fortunately, the S/N is considerably better for this siar, and thus, it iS easier to identify
molecular and atomic fcatures. Comparing its spectrum with that of #604, wc scc that the TiO
features at 8500” A and W(K) A arc cqually prominent (and belter-dci”tned), and, more significantly,
there is ahint of the VO bands at 7500 A and 7900 A for #823. Indecd, the molecular features in the
spectrum of star #823 arc similar to those seen in the spectrum of Gl. 406 (Figure 11), an M6 dwarf.
Several gravity-scnsitive features arc present in the spectrum of #823, including CaOH at 6250 A, Cat |
al 6900 A (though there is contamination from the O, telluric band), K | at 7700 A, Call at 8500” A
(with contamination from the nearby Ti0O ban(i), and finally, a prominent Na 1 feature at 8200 A, As
in the casc of #604, there is also a significant 1 1o emission linc.

Based on the gravity features and the strengths of the 110 and VO bands, wc favor Ihc
classification of thisstar asadwarf of spectral type between M5.5 and M6. An M6 dwarf has the
following mean propertics (Bessell 1991):

M,=16.6 an(i M,= 12.5,
V-R = 1.9 andR-1,=2.2.
These values arc consistent (1o Within ~10%) with the observed broad band colors and deduced

luminositics o { foreground candidate #823, listed in Table 1.

5.3 Spectrum of Candidate #994

Although star #994 [V =19.69 1 0.()9, (V-R) = 1.70 £ 0.07, (R-1) = 1.92 + 0.04] is not onc of
the forcground candidates (it has a € valuc of 0.14), it docs appcar 10 have a large proper motion and
as such wc chose this star for study. The spectrum of 994 is markedly different from those of the
previous two foreground candidates.  In particular, it isnoticcably lacking in molecular fcatures. The
features at 6900 A, 7300” A and 7600 A arc probab ly duc to terrestrial 0Xygen and water absorption;
however, there is a hint of the TiO bands at 7200 A and 85(K) A. Furthermore, it is difficult to
identify any gravi[y-sensitive features. There may, however, be some Hoo emission al 6563 A,

although thisis difficult to discern. Based simply on the relatively weak molecular bands, this star
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probably is not very late in spectral type. On the other hand, the continuum fluX is clearly rising
beyond 9000 A, indicative of interstellar reddening.  The projected location of the star #994 on the
Taurus molecular cloud corresponds to a visual cxtinction Of about 5 mag and A, -3 mag. If this
object lies behind the cloud, then flux at 9000 A is diffcrentially elevated with respect to the flux at
6000 A by afactor of -6. If wc account for (his [hen the spectral continuum of #994 is more or less
flat, which is consistent with its being a KS or MO star.

Let us consider this hypothesis in conjunction with the observed photometric properties. If the
star is a KS dwarf, then its intrinsic visual magnitude must be -7,6. The apparent visual magnitude
(extinction-correc[cd with A, - 5) is-14.7, and thus, the deduced distance from the Sun is about 260
pc, which is a reasonable location for aGalactic disk dwarf. Even if the star is an MO dwarf, its
intrinsic magnitude is ~8.8, and the resultant distance is ~150 pc, still beyond the cloud (though the
close proximity of the star and cloud raises the possibility of some kind of association).

I the star iS a KS 111 giant, then its absolute magnitude 1S ~0.3, and the deduced distance iS
-7.6 kpe, which would imply a7 height > 2 kpc.  Fven if W take into account general interstellar
absorption of -1 mag pcr kpc which is appropriate for the Galactic plane, the deduced distance is
beyond 4 kpc. Therefore, WC consider the field dwarl interpretation as the more likely scenario.

Star #994 has a significant proper motion of (i, cosd, py) = 2.5 & 6.7” cent™, giving a total
proper motionof -7.1+ 1.3“ cent”’.  If our interpretation that this star is afield dwarf located at a
distance bet ween 150 and 260 pe from [he Sun is correct, then the deduced tangential velocit y must be
inthe range from S() to 90 kms?. A (dispersion velocity of this magnitude is possible for what could
be expected for old disk K and M dwarfs - though onthe high end, perhaps ~2¢ from the typical
value. Another possibility is that Ibisstar isii subdwarf belonging 1o an intermediate or spheroid
population, This is, however, lcss likely given that there isno evidence for strong Cal i bands
(indicative of extreme subdwarfs, sce AKC & Greenstein 1980) in the spectrum of 994, In any case,
this star is clearly not a low mass M dwarf. This is significant in thatif wc had extended the {
envelope (sce Figure 6) to 0.15 mag, then this object would have been classified (falscly) as a nearby
dM5 star. Apparently the ’contamination’ rate implicd in Figure 5 iS to be taken  seriously.

To summarize, a spectralanalysis of three Taurus stars indicates that two, #604 and 823, arc
undoubtedly lalc-type M dwarfs, which is consistent with the results found in the previous two
sections using photometric and proper motion analysis. 1ligh proper motion star #994 appears tobc a

background, reddened d K field star. ‘This underscores the analysisin §4 that photometric and proper
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motion anaysis techniques of this study arc not immune to contamination by background field stars.
It should be noted that the colors of #994 are not clearly consistent withits being a foreground M4
dwarf, butrather, arc -().14 magnitudes offset from the expected values of this type of star;
furthcrmore, the color offset isin the area of the color-color p! anc where the reddening curves align,
making it difficult 1o differentiate between Very late foreg round stars, and reddened background
objects.

These spectroscopic checks lend some confidence to the robustness of our photometric
sclection procedure. They aso highlight the limitations of the proper motion sclection criterion when
used without photomelric constrains.  Finally, it must be emphasi zed that used together, the
photometric and proper motion sclection methods can only sclect candidate forcground objects, whose

identifications must be confirmed spectroscopically.

6. The Luminosity Function

The luminosity function, ¢(M), defined as the number of stars per unit magnitude intcrval per
unit volume, is usually cxpressed in terms of cither absolute visual magnitude, M, or absolute
bolometric magni tude, m,,;.  Wc adopt the former convention in this paper sinceit avoids additional

uncertaintics associated with bolometric corrections.

6.1 The Ophiuchus/Taurus | uminosity Function

We estimate the Tuminosity function using the Ophiuchus and Taurus foreground candidates in
Tables 1and 3 (position coordinates given in Table 6). The two data scts arc combined rather than
treated scparately because the volume corresponding to the Ophiuchus ficld, ~70 pc’, istoo small to
yield a statistically meaningful estimate of the number density of stars. The total volume of our
Survey is~200 pc’.

Expected uncertaintics in ¢ arise from counting statistics, Ady, and distance cstimates to the

molecular clouds, Thelatter is given by

AG,(M,) = 3(1\[;’_](;)(/\40 1)

where D is the distance 1o the cloud, and AD is cstimated distance error. Since A¢, and Ad,, arc
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statistically independent, the total uncertainty, Ad, 1S

A = ~/A¢:, 4 A(bf') . (2)

11 should be emphasized that Ag represents only the internal, random uncertaintics associated with the
estimated luminosity function. Potenti ally more serious (and difficult to quant i fy) Sysiematic crrors arc
not included.

Note that the compositc Taurus +- Ophiuchus luminosity function consists of stars from
dilferent regions of the Galactic disk nearly 180° apart (though, both arc -15° from the Galactic
plane). And as such, a small correction to the computed number density is required 1o account for the
Galactic disk density gradientrelative to the local solar neighborhood density. WC estimate this
correction using the stellar distribution model discussed in §4 (sce also Jarrett 1992). The correction
amounts to roughly 7% and 12% reduction in the stellar densitics computed for the Taurus and
Ophiuchus fields, respectively.

Our survey is incomplete in regions tothe clouds. Both the Taurus and Ophiuchus data sets
arc limited to V -22.2 mag; since the i stance moduli of the clouds range from 5.7 - 6 mag, the stellar
samples arc completctoonly My - | 6.4. Consequently, the luminosity function for starswith M >
16.4 must be corrected for its lack of completeness. *1he usua method to correct for incompletencss IS
to apply the V,,,, method (¢f. Schmidt 1975). Itisimplemented by deducing for each star in some
magnitude interval the maximum volume in which it can be located and still be detected in the survey.
Bright stars rejected because of detector saturation limits should not ¢ {feet the faint end of the
foreground sample, but will limit the sample for G and K dwarfs, withM, < 1(); note however, that
based on the Wiclen et al. (1983) luminosity function, we should expect only 1 or 2 G-K dwarfsin
our forcground sample.

Magnitude-limited photometric studies of the luminosity function arc usually subject to
Mamquig[-type systematic bias cffects in estimating stellar luminosities (cf. Stobic et al. 1989). Wc
do notatiempt to correct our data for these cffects since only those magnitude bins with M >16 arc
aflected, and since the clfects arc most likely small compared to the large Poisson uncertaintics that
plague our data. Indced,itis worth pointing outthat onc advantage Of a (sufficiently) opaque screen
luminosity survey is its freedom from Malmquist cffects.

In addition to the problems of completeness that affect thefaintest magnitude bins of our

composile sample, there may be significant contamination from reddencd field stars and/or associated
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cloud members. As previously discussed in §4, we expect somelevel of false foreground ‘detections’

the greatest source of background star contamination arises from field G and K dwarfs located
some 200- 400" pc behind the clouds.  Given the mean extinctions Of the clouds and the limiting
magnitudes of the surveys, the absolute magnitude bins affected most tire those with M > 15.5 msg.
From our galactic distribution model we estimated the degree of contaminationto tbec foreground
candidatc sample of order 1() - 15% for the faint end of the luminosity function and roughly 1()% for
the bins with M between 9 and 11 (scc Figure 5).

As afinal caveat, wc notc that most field stars reside in binary and multiple stellar systems.
Amongst the nearby stars, the binary fractionis reported to be between 30 and 50%, (¢f. Henry &
McCarthy 1990; Reid 1991; Fischer & Marcy 1992). of the nearby binarics, projected separations
vary from -1 () 101200 a.u. (the numbers of starsperlog separation interval iSroughl y constant over
ibisrange). Our survey should be sensitive to wide binaries (>300 au), but is quite incomplete beyond
50 pe for closer pairs.  WC therefore expect a fow binary systems within our sample to be
misidentified as single star systems.  The netresult IS that the total number density - and more
important, the total mass density - will be under-rcpresented in our survey. Wc shall make no
corrcctions for stellar multiplicity, but pointout that our estimate of the stellar luminosity function in
fact measures the number densit y of stellar systems.

in Table 7 wc show the results of binning the stars from Tables 1and 3. The total volume
surveyed is 200" pc®. The column denoted ¢’ isthe luminosity function adjusted according to the
aforementioned effects Of the Galactic density gradient and background slatl’ contamination, The
number densities corresponding to magnitudce bins M, > 16 have been corrected using the V..,
technique. Until wc have further verification, we will not include the suspected dM6 star of the white
dwarf- red dwarf pair (# 13) in ~'able 7.

The composite luminosity function is shown in Figure 13.  The range in values, namely ¢ 4
AY'y, isillustrated in the shaded portion of the figure. Inthe M,= 17 bin, wc show as a lower limit

the uncorrected number density; the density resulting from the v, ,, correction is not shown on the plot

(becausc it would be off-scale), but isindicated by the arrow. Inspite of the substantial statistical
uncertainty associated with the results shown above, the faint end of the stellar luminosity function

appears to rise, or a lcast remain flat, beyond M, ~16.
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6.2 Discussion

in comparing this result with other determinations, we begin by noting that the the luminosity
function of the nearby starsisthe standard benchmark for comparison with other work in this field. in
particular, the work of Wiclen, Jahreiss & Kruegger (1983; hereafter referred as WIK), based on the
sample of stars within -20 pc of the Sun lisied in the Glicse catalogue, IS the best determined
[uminosity function for absolute magnitudes extending to M, - 13 - 14. The WIK luminosity function
isplotted in Figure 13 with filled circles.  other surveys which countstars within 5.2 pc of the Sun
arc generaly considered to be complete to absolute magnitudes much fainter than that of WIK (cf.
Dahn, Licbert & Harrington 1986; hereafter referred as 111.1 1; Henry & McCarthy 1990). Though the
DLI| luminosity function is apparently compleieto M, - 17 mag, and the Henry & McCarthy K-band
luminosity function is complete to the limit of the hydrogen-burning main scquence, both
determinations suffer from substantial statisticalnoise  the 5 pediameter volume which Ihey
cncompass IS considerably smaller than that of the WJIK study, and (here is also some concern that
their samples arc incomplete because of a kinematic bias toward high proper motion stars. in any
event, amajor advantage that the WJIK, DLE 1, and particular] y the tlenry & McCarthy determinations
possess is that they arc sensitive 10 near binarics; thus, these luminosity functions represent true stellar
density distributions for the solar neighborhood. Both the WIK and 111,11 functions arc characterized
by increasing stellar densitics at faint luminositics and an apparent maximum at M, - 12- 13,
Thereafler, there is a decline toward M, - 14, and a general flattening of the number density at the
faintest luminositics, in contrast, the K-band luminosity function determined by Henry & McCarthy
exhibits a significant rise that extends to the luminosity limit corresponding to the lowest masssstars, at
which it abruptly declines. Itisinteresting to note that the luminosity function of 1J1,11 compares
quilt closely with the most conservative estimate of this study, up to M - 17, while the Henry &
McCarthy result IS more consistent with the V. -corrected results from this study.

The other major approach used to determine the stellar luminosity function iSvia photometric
parallax. }or reasons which arc still unclear, the faint end of the luminosity function determined by
this method differs significantly from that determined for the nearby stars. Photometric studies by
Reid & Gilmore (1 982, hercafter referred as RG; also Gilmore & Reid 1983 published a revised
version of RG) and 1 lawkins & Bessell (1988; hercafter referred as 1B) show a number density peak
at M, - 12 (agreeing with WJK and DI1.1 1), but therealter rapidly decline at fainter luminositics. The

luminosity function of Gilmore & Reid (1983) is plotiedin Figure 13 with filled squares. Bothof the
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RG and 1B studics do suggest arise, or at least aflatiening, of the luminosity function at M, > 16.
However, preliminary results from a statisticall y significant cxtension of the RG survey by Tinncy et
al. (1992) seem 1o rule out any rise in the faint end of the luminosity function. Although the
statistical errors arc admittedly large, wc find more stars at the faint end than these surveys do.

For COMparison purposes, the large statistical €Tors associated with the relatively small
numbers of stars in our sample can be reduced somewhat by comparing cumulative number densities.
in ~ able § wc show the cumulative number of stars as afunction of absolute magnitude for various
luminosity functions. All the data has been normalized 1o the volume of thisstudy, -200 pc’, and the
number densities have been summed from M = 85. The luminosity functions of RG and HB have
also been corrected for the decreasing disk density along the Galactic poles. Also shown in the table
(in parentheses) arc the expected VN errors associated with each estimate.

It can be seen in ‘1’ able 8 thatthe cumulative number of objccts found inibis study agrees
quite wcll with those deduced from other surveys for absolute magnitudes brighter than M - 15 - 16.
‘I’here also appears 10 be good agreement between our results and those of DLY 1 for magnitudes
extending to M - 17. Differences relative to the photometric parallax surveys become apparent at the
fainter magnitudes. Even if wc ignore completeness corrections, OUr study contains more stars at the
faint end of the luminosity function where both photometric studies arc presumed to bc complete. The
disparity ismuch larger if our corrected number densitics arc used.  Other than statistical aberration, it
isnot clear what the cause of this apparent discrepancy is.

1t has been suggested by 1>1.11 that the differences @l the faint end of the various luminosity
functions arise from unresolved binary companions.  Photometric parallax surveys arc not sensitive to
these objccts. Yet simple models which factor in the contribution from various binary systems (e.g.,
cqual and uncqual mass systems) imply that unresolved binarics probably cannot account for the Targe
apparent differences between the two types of luminosit Y functions (see Reid 1987; 1991; Stobic et al.
1989). in any case, while our survey undoubtedly contains afew unresolved binary systems, they
apparcently cannot resolve the discrepancy between our results and the others given in g able 8. We
therefore tentatively conclude that the luminosity function risesbeyond M =16; even if wc discard
our attempts to correct for incompleteness in the faintest m agnit ude bins, the luminosit y function at
lcast remains flat for the lowest mass stars.

Although our statistical crrors arc clearly large, our provisiona finding thatthe luminosity

function again ri scs beyond this peak imp] ics thatthe initial mass function probably also rises for
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M <0,2 M. This point is particularly relevant (and encouraging) to future surveys of low-mass
degenerate objects, given that the IMFE is usually quoted in the literature (€.9., Scalo 1986) as having a
turmover for the lowest mass stars (<(),2 MO). liven if’ our most conservative estimate for the faint end
of the luminosity function isused - in which no correct ions what socver arc made for incompleteness
wc arc forced to conclude that the IMF is at least flat down to the edge of the hydrogen-burning
main sequence,

A rising IMFE suggests the existence of an alternative formation mode for very low mass stars.
This may be consistent with Larson’s (1 986; scc also 1.arson 1 992) ‘bimodal’ star formation
mechanism, in which a second class of l1ow massstars forms, possibly in aburst very early in the
existence Of theGalaxy. Several authors (e.g. Shu, Adams & Lizano 1987; Rana 1987) have
suggesied amechanism of hicrarchical star formation, or multimodal bursts, cach of which triggers or
induces further episodes Of star formation. A rising IMF that extends beyond the limit of the
minimum mass required to sustain hydrogen-burning, ~0.08 MO, would also suggest that there may be
profuse numbers of degencrate “brown dwarl™ objectsinthe Galactic disk. Given the absence of any
confirmed brown dwarf candidate.s, however, it isdi flicult to avoid the conclusion that even if theIM t
continucs to rise for masses <(0.08 MO, it must soon therealter steeply decline.

Whether one chooses a flat IME or arising IMFE (with a slope that is clearly ill-determined by
thiswork), it should be kept in mind that any extrapolation involving brown dwarfs will possess
staggering uncertaintics, given our ignorance of the M-I, relation and luminosity function
corresponding to the brown dwarf’s, Indeed, there are doubts as to the very existence of these objects.
To date, there is not one firm identification of abrown dwarf or extra-solar Jupiter object, 1tis
especialy discouraging thatthe results from studics specifically designed to find brown dwarfs in
binary and multiple stellar systems have been negative (e.g. Skratskic 1987; Skrutskic, Forrest, &
Shurc 1989). What wc can say definitively iSthat the lowest mass stars fire the most common stars in
the Galaxy, and that given the constraints established by our luminosity function, the most numerous

stars in the Solar ncighborhoodappearto have masses very near the hydrogen-burmning limit.
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7. Summary

We have implemented a new method by which to study the faint end of the ficld star
luminosity function. The method relies on deep, multicol or photometry of ficlds projected against
highly obscured, nearby molecular clouds, The clouds act asncarly opaque screens, enabling us to
dclimit a well-defined survey sample volume free of the problems of distinguishing nearby,
intrinsically faint dwarf stars from more distantred giants.  Wc¢ have demonstrated that with this
technique it is possible to probe the faintend of the luminosity function out to distances much further
than have been previously attempted. The main points and conclusions of this work maybe

summarized as follows:

.+ We obtained decp photogra phic and CCD photomctry at optical (V, R, 1) bandpasses towards
very highly obscured portions Of the Taurus and Ophiuchus molecular clouds. The fields
cover atotal area of ~0.63 sguare degrecs, and the total volume delimited by the cloud
distances is ~200 3.”  Within this volume, the survey is complete for all stars brighter than
M, - 16.25 mag; at R and I, the survey is complete down (o the lowest mass stars capable of

sustaining core hydrogen burning.

« Color-color criteria were used to distinguish between background, highly reddened stars and
stars located in front of the clouds, The method of photometric p arallax was used to deduce
the absolute magnitude and spectral type of those stars found to lic in front of the clouds. Wc
supplemented the photometry and color-color results with proper motion measurements of the
candidatce stars, The proper motions were obtained from our photographic and CCD data, and

from the (ea. 1950) Palomar Sky Survcey.

«  As a test of our ability to distinguish foreground dwarfs from heavily reddencd background
stars, WC obtained redband (6000 - 9000 A) spectra of three Taurus stars. T'wo of the Stars
whosc photometric properties led usto identify them as foreground candidates were confirmed
to be lalc-type foreground M dwarfs, with spectral type from MS to M6 V. The third, which
was photometrically cxcluded as aforcground object but which had a proper motion

marginally consistent with such an identification, appears to be areddencd, high velocity
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background dK star. These results Iend sSome confidence to our sclection methods but prove

the nced to confirm the identity of cach candidate star spectroscopically.

Woc cstimated the field star luminosity function for the composite Taurus and Ophiuchus
foreground sample. We find that the faint end of the luminosity function resembles that for
the local population as determined by Wiclen er al. (1983) and Dahn ez al. (1986) up to M -
16. At still fainter magnitudes, wc find the shape of the luminosity function to be consistent
with that exhibited by the K-band luminosity function determined by 1 Ienry & McCarthy
(199(1) for very low massstars; furthermore, we find more stars than do photometric parallax
studics of the polar regions. This difference widens dramaticall y if even the simplest
correction for incompleteness isapplicd to our data.  While statistical noise duc to our mail
Sample size,systematic cffccts, the Galactic density distribution, and stellar multiplicity may
al contribute to this disparity, it nonctheless seemsreal and substantial. 1 «urthermore, this
result IS consistent with the shape of the K-band Juminosity function determined by Henry &
McCarthy (1990) for the lowest mass nearby stars.  Wc thercfore tentatively conclude that the
luminosity function rises beyond M, - 16. Even if wc discard our attempts to correct for
incompleteness in the faintest magnitude bins, it appears thatthe luminosity function at |east

remains flat for the lowest mass stars.

Although our statistical errors arc large, our provisiona findingthat the luminosity function
rises againbeyond its well-knownpeakat M, - 12 - 13, also implics that the IME probably
rises beyond the turnover pointassociated with this peak, Even if our most conservative
estimate for the faint end of the luminosity function isuscd - in which no corrections
whatsoever arc made for incomplcteness - we conclude that the IMFE is atleast flat down 1o

the edge of the hydrogen-bu ming main scquence.
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Appendix Proper Motion Measurements

To carry out the proper motion analysis, we obtained digit ized images of the Taurus and Ophiuchus
regions from glass platc copies of the National Geographic Palomar Obscrvatory Sky Survey (1'0SS)
at the National Optical Astronomy Observatorics in Tucson, Arizona.  Since the object fields arc all
heavily obscured, the red (E) -plates of the survey were used to minimize the molecular cloud
extinctions, The plates used were: E-228 Taurus epoch 1950.9 and E-1105 Ophiuchus epoch 1954.5.
Stars within @ 1.5° square area centered on the clouds were identificd and (heir relative magnitudes
compuled using the "Monet Machine” automatic measuring engine. The result was a catalog of
several thousand stars within the Taurus and Ophi uchus fields, with cartesiancoordinates and machine
magnitudes.

The accuracy of the coordinates obtained in this way depends in part upon the actual location of
the steltar images on the glass plate.  Distortion duc to buckling of the glass asit is placed in the plate
holder of the telescope typically amounts 1o (),5” - 1.3”; for the most part, l€ss than al” position crror
can be expected (¢f. Bowen 1960). The relative brightnesses Of the scanned stellar images arc accurate
to ~0.5 magnitudes, which is adequate for our purposes, butthere is a non-lincar relation between
actual and machine magnitudes (Jarrett 1997?.), Since our goal was to extract all stars on the plates
brighter than the plate Iimit (R, -20; Minkowski & Abcell 1963), the machine was set to an extreme
brightness threshold, Unfortunately , this choice also resulted in the unavoidable side cffect of
numerous false detections. For the most part, these pseudo-g[;trs were casily culled using a magnitude
criterion, as their apparent brightness is typically very low.

The gencral technique that we use 1o determine proper motions iSto compare our 4-m phonographic
data and data from thered 1°0SS plates with our corresponding CCD data. The ficld pairs used in the

calculation of the stellar proper motions arc:

CCD R-image vs, POSS E-plate; Taurus baseline = 39.0 years, Ophiuchus = 35.9 years, and

CCD 1-image vs. 4m N-band phonographic plate; Taurus = 3.1 years and Ophiuchus = 8.() years.

Our approach is to usc a set of reference stars to define a positional mapping between two data
sets. The fitied fields must be kept small inorder 1o keep the transformation fit as accurate as

possible; this is especially crucialin the case of POSS data, since the physical curvature of the
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Schmidt plate during exposure introduces appreciable large-sextlc ficld distortions. The functional form
of the mapping adopted here is a cubic polynomial, which we fit with the aid of alcast squares
analysis. The reference stars chosen for the fit must cxhibit negligible angular shift (consequently,
most Will be field stars, located far from the Sun), and they must as faras possible be uniformly
distributed relative to cach other (otherwise, the cubic polynomial Will be biased for those stars closcly
grouped together). Note also that the reference stars have colors that are comparable 1o any
foreground stars duc to the reddening effect of the molecular cloud. The relative positions are then
further refined by fitting a lincar polynomial to the local group of stars immediatel y surrounding cach
star. The sct of local reference stars 1S, as far as possible, confined to arectangular area typicaly only
-5- 10 arc minutes in diameter. The use of such local Mappings in the vicinity of cach candidate star
maximizes the accuracy of any angular shifts.  With thistechnique wc expect the positional
uncertaintics to be in the range of 1 - -2” cent!. The photographic data gencrally have greater
positional accuracy than the CCD data because the centroid computatio ns are limited by only the size
of the emulsion grains themsclves (size - several microns).  The robustness of our technique 1S
demonstrated by our ability to recover casily the proper motions o [ the Jones & Herbig (1979) sample

of stars toward Taurus. Further details are provided in Jarrett (1992).



1Al N 1

Taurus Photometric Foreground Candidates

d d, d, pgcosd  pg An

1D# V(A) V-R (A) R-1  (A) M, M, My (pc) (pe) (pe) “cent-’ “cent “cent’!

18 18.78 (0.07) 1,43 (0.06) 1,72 (.04 13,15 13491397 71 113 155 3.4 -1.0 08
2917.85(0).07) 1,21 (0-.05) 1.55 (().(03) 11.8112.04 1235111145179 -19 -74 08
24117.68 (0.07) 1.24 (().05) 1.49 (0.03) 11.6411.8712.16 112 145179 62 -54 08
604 20.53 (().08) 1.55 (0.07) 1.99 (().()4) 14.68 15.08 1548 66123 180 -4.9 64 10
794 2133 (0.14) 1.78 (0,12) 2.04 (0.05) 15.48 16101666 60 111 163 46 33 08
823 21.15 (0.11) 1.89 (().09) 2.15 ((.05) 16.3216.73 17.03 41 77 112 04 38 08
926*15.61(0.01) 1.07 (0.01 ) 1.08 (0.01) 10.00 1().041().()8 100" 130 160 1.6 -08 ()8
94821.60 (O. ] 3)1.63 (0.1 1) 2.01 (0,05) 14.841548160290167 245 09 38 08
984 2.1.61 (0.14) 1.57 ((.12) 1.88 (().05) 14.05 14.76 1540 125 234 343 ... ... ...
1235 15.37 (().01) 1.07 ((.02) 1.31(0-03) 10681 0.81 10.95 63 82 100 5( 4.0 L
1433*16.30 (0,06) 1.01 (().()5) 1.07 ((-()2) 9.72 9.92 1 ().()8 138189233 04 -08 1.0

5017* 14.29 (0.01) 1.15 ((0.01) 1,46 ((.01) 11.48 11.54 115927 36 44 83 72 13

Table notes: (a) sccondary photometric standard; (b) possible double: located within -9” of a faint red st ar.




TABLE 2

Taurus Stars with Anomalous Colors

N,c0sd Ps Ap

DIV (A) V-R(A)  R1(A) “cent' “cent*’ “cent’

626 21.78 (().16) ().70 (0-12) 1,41 (().12)
1136 21.15 ((.17) (0,35 ((0.13) 1,30( ().11)

1543 21.88 ((),22) ().98 (().17) 1.84 (().13)

90" 21.90( ().16) 1.06( ().13) 1.88 ((.09)  29.  36. 13
893 22,08( ().19) 1.77 (0.17) 2,52 (0-07)

32 21.87 ((.14) 2.31 ((.11) 2.63 (0.06) 07 23 13
847 20.61 (().12) 2.55 (().09) 2.52 (0.05) 05 05 13

1004 20.96( ().14) 2,38 (().11) 2.32 ().05) 07 03 18

Table notes: (8) measured proper motionis not reliable duc to faint R-band magnitude of star




TABLE 3

Ophiuchus Photometric Foreground Candidatcs

1D# V (A) V-R(A) RIW@G M, My My (PC ) () (PC ) “cent’

5 21,68 (().14) 1,68(0.12) 1,98 ((),()5) 14.92 15.56 16.17 90 167 245 -1
19 21.25 (().11) 1.51 (().()9) 1.87 (().0S) 13.90 14.45 15.()() 123 230 336 2.2
43 17.40( ().(7) 1.30( ().06) 1.61 ((),(4) 12.22 12.60 12.94 70 91 112 -5.5
74 21.87 (().14) 1.86 (().12) 2.18 (().(6) 16.17 16.66 17.09 59 110 161 11
92* 16.61 (0.07) 1.13 (0.04) 1,60( ().03) 11.8112,04 12.28 63 82 101 11

103* 20.28(0.09)" 1.41 (0.07) 1.72(0.04) 13.01 13.44 13.90 147 233319 11
218 22,15 (().17) 2.01(0.14) 2,31 (0.06)16.85 17.24 1751 51 96 141 -6.5
220 22.04 (0.15) 1.51 (().13) 1.95 (().()6) 14.05 14.76 15.48 152 285 418 -1
221 22.11 (0.16) 1.92 (().14) 2.30( ().(6) 16.6017.0317.4155 104 152 43

587°11.99 (0.02) (.62 (0.02) 0.54 (0.02) 6.74 691 707 80 104 128 108

d d, d. p,cosd s Ap
“cent? “cen (!
6.3 2.5
50 13
75 1.3
11 1.3
38 13
38 1.3
-1.3 2.1
1.5 13
113 2,1
-5.0 3.8
-0.8 2.1

777 1088 (().02) 0,56(0.02) 048 (0.02)6.196.38 6.56 61 80 98 11

Table notcs: (a) sccondary photometric standard; (b) partially resolved double or young stellar object.




TARBLE 4

Taurus Foreground Candidates based on R,1 Analysis

1 R1 (A) M, M,

Mpdo(pe) do(pe) d,(pe)

A, Type d(pc)

1859 18.36 2.39 (().()6)

2105 18.56 2.31 ((),()7)

2147 18.16 2,29 ((),()5)

2228 18.04 2.19 (().04)

2262

2347 18.00 2.13 (0.04)
2387 18.22 2.23 (().(05)
2411 18.51

2429 18.601

19.06 2.33 (().1 1)

2.24 (().06)

2.25(0.07)

2430 18.57 2.31 (().07)

2532 18.10 2.37 (().06)

133 136 139
12.9 13.2 13.6
129 131 134
125 12,7 129
12.8 133 13.9
12.2 12.4 12.6
12.() 12.9 13.1
12.6 129 13.2
12.6 13.0 13.3
129 13,2 13.6

133 135 138

78

100

90

110

110

89

116

101

120

140

133

119

130

136

120

82

101

136

113

130

178

145

130

153

41 M4V 170
9.5 G3 V 600
3.6 M4 V 175
7.1 KS V 420
98F5 v 1600
85G3 v 600
83K8 v 1300

7.5 G8v 840

1601 (0.4 A0 V 1800

136

92

10.4 A3 V 1500

12.2 ...




TABLES

Ophiuchus Foreground Candidates based on R,] Analysis

1D# 1 R1 (A M, M M (L @p)dgpe) dipe) Ay

397 18.03 2.30 ((0.07) 129 132 135 105 123 143 112
398 18.79 2.39 (().08) 1.2 13( 14() 91 108 129 112
450 18.70239(0.08) 132 136 140 87 104 124 133
465 18.552.29 (().06) 129 131 134 1() 121 140 11.1

466 1843 2.25 (0.06) 12.7 13.0) 13.2 109 125 143 114




1D

18

29

241

604

794

823

926

%4

984

994

1235

1433

5017

Taurus and Ophiuchus Coordinate Positions

TABLE 6

Taurus

RA(1950)  DEC(1950)
4:38:24.9 25:26:37
4:38:38.2 25:28:30
4:37:27.5 25:38:08
4:38:17.1 25:47:02
4:36:204 25:33:54
4:36:32.1 25:36:54
4:37:154 25:45:14
4:35:44.7 25:46:28
4:37:01.5 25:48:35
4:37:33.8 25:49:12
4:38:37.5 25:58:00
4:38:24.2 26:03:39
4:37:03.0 25:30:58

1D

43

74

92

103

113

218

?.20

Ophiuchus

RA(1950)

DEC(1950)

16:29:05.1

16:30:08.3

16:30:00.0

16:30:01.9

16:29:33.6

16:29:35.2

16:29:31.3

16:29:59.0

16:29:27.1

16:30:08.7"

16:29:07.8

16:29:21.0

-24:34:09

-24:32:10

-24:24:05

-24:21:26

-24:17:32

-24:16:38

-24:16:03

-24:23:55

-24:32:57

-24:21:14

-24:16:40

-24:33:51




TARLE 7

The Combined Taurus and Oph 1 .uminosity Function

M, o(My) ¢'(My)

~~~
[

[

RS
=

(100 x stars mag™ pc®)
9 1 0.5 (().5) 0.5 (().5)

1) 2 1.0(0.7) 0.8 (0.7)

il ! 0.5 (0).5) 0.5 (0).5)

12 4 2.0 (1.0) 1.8 (1.1)
13 3 1.5(0.9) 1.3(1.0)
14 31509 1.3 (0.9)
15 3 1.5(0).9) 1.3(0.9)
16 ! 0.5 (0.5) 0.4 (().5)
17 4 20(1.0) 11.5(6.8)

18 <1 <05(0s)  <9.0(4.0)

‘1’ able Notes: ¢y is the uncorrected number density, and the values in parenthesis the cooresponding YN
uncerlainty; 9 v is the number density correcled for completencss, the Galactic density gradient and

background star contamination, and the values in parenthesis the corresponding total uncertainty.



Cumulative Number of Objects from Various Surveys

TABLES

lim
My

this study*

9.5

10.5

115

125

135

14,5

155

16.5

17.5 >19 (4) 39 (6)

18.5

12 (4)

15 (4)

16 (4)

‘I’able Notes: (a) The value corresponding to My = 17.5 represent lower limits in the left hand box; the right

hand boxes contain the value corrected by the V,

(taken from Fig. 5 in Stobic et al. 1989). (c) Determined for stars toward the NGP (Stobic et al. 1989).

113)
14 (4)
16 (4)
17 (4)
18 (4)

18 (4)

niax

10 (3)

14 (4)

16 (4)

18 (4)

technique. (b) Corrected to the local number density

1?2 (3)

1? (3)

13 (3)

13(3)

14 (3)

HR®
1(1)
2 (1)
4(2)
7(2)
9(3)
10 (3)
11(3)
12(3)
12 (3)

12 (3)

6 (2)

8Q)

9@3)

10(3)

10 (3)

11(3)
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List of Figures

Figure 1 Visual extinction map of the leiles® Cloud 2 CCD ficld. The map is based on star counts in
agrid of 41x 37 rescau cells, each 1.4° square. Contour levels correspond to Ay = 5 and 10 msg. The

A, grcy-scale values range from 3 to 23 mag (white to black).

Figure 2 Visua cxtinction map of the Ophiuchus CCD field. The map was constructed from star counts
inagrid of 21 X 19 rescau cells, each 1.25 square. Contour levels correspond to A,= 5 and 10 msg.

The A, grey-scale values range from 3 1o 21 mag (whitc to black).

Figure 3 Model predictions of the absolute magnitude histogramof the stars located within a 1° x 10
area in the dircction of the Taurus molecular cloud (Q = 173°, b = 13.60). In case (a), A, = O is
assumed, i.e.,there is no obscuration duc tothe cloud; in case (b), the cloud, located at adistance of 140
pc, functions as adark screen. The solid line represents dwarf stars, the dotted line evolved disk giants,

and the dot-dashed line spheroid stars.

Figure 4 CCD photometry of the Taurus sample, presentedin the (V-R) vs. (R-l) plane. The V-band
1 0% and 20% limiting magnitudes are roughly 21.2 and 22.0, respectively. Stars with visual magnitudes
brighter than 13 arc excluded. Color uncertainties, represented by 1o error bars, arc also shown; st ars with
A(R-)> 10% arc cxcluded. All stars arc located along aline of sight with at least 3 magnitudes of visual
extinction. Mean colors of main-s sequence G - M dwarfs arc represented by the solid line, and giants by

the dashed line (Bessell 1991; Johnson 1966).

Figure § Mode] predictions of detection frequency of foreground stars and background contaminant stars.
The values arc computed using the opague screen method and the stellar distribution model described in
the text. Foreground candidates ("detections™) must satisfy the following two conditions: (1) VRI colors
such that{ < {,,, where { is the minimum di (fcrence in magnitude bet ween the stellar colors (V-R) &
(R-1) and the corresponding main-sequence color, (V-I{ ), & (R-]),), and (2) photometric parallaxes d <

Ao 1N CBSE (@), AV™ = 0; in case (b), the cloud functions as a dark screen. The solid line represents
cloud l




”~

the ratio of stars detected as foreground objects relative to the ‘true’ total foreground stars. The dashed
Jinc corresponds to the ratio of background stars (with false forcground detections) relative to the total

foreground candidate sample (includ ing true and fal sc foreground detcctions).

Figure 6 CCD photometry of the Taurus candidate foreground stars presented in the (V-R) vs. (R-I)
planc. These stars (denoted by filled circles) have colors thatlic within (). ] mag (dashed lines) of the
main scquence track (solid ling), and have a photometric parallax placing themin front of the molecular
cloud (d - 140 pe). Also plotted (filled triangles) arc the colors of visual doubles, triples, or stars with

extended structure. The remaining stars in the sample (sce Figure 4) are plotted with small dots.

Figure 7 CCD photometry of the Ophiuchus sample, presented in the (V-R) vs. (R-1) plane. The V-band
20% limiting magnitude IS -22.2. Stars with visual magnitudes brighter than 12 arc excluded. Color
uncertaintics, represented by 1 o error bars, arc aiso shown; stars with A(R-1) > 1 ()% arc excluded. All
stars arc located along a line of sight with at lcast 3 magnitudes of visual cxtinction. As with Figure 6,
mean colors of main-scquence G - M dwarls arc represented by the solid line, and giants by the dashed

line.

Figure 8 CCD photometry of the Ophiuchus candidate foreground stars presented in the (V-R) vs. (R-1)

plane (denoted by filled circles). Scc Figure 6 for a (inscription of (he remaining symbols.

Figure 9 Spectrum of Gl 406. This dwarf star IS of spectral type M6 V.

Figure 10 Spectrum of candidate forcground star #604. The flux levels arc in units of
10" ergscm’See-l AL,

Figure 11 Spectrum of candidate foreground star #823. The flux levels arc inunits of

10" ergsem® seel g1



Figure 12 Spectrum of high proper motionstar #994. The flux levels are in units of

10" ergs cm”see-i A”,

Figure 13 The combined luminosity function (in units of stars pc® mag™! X 1()()) for the Taurus and
Ophiuchus fields, The range in density, ¢y £ Ady, IS illustrated with grey shaded magnitude bins. The
values have been corrected for the Galactic density gradient and contamination from background stars.
Duc to completeness problems, the M =- 17 bin value represents a lower limit to the true density; the

density resulting from the V_,, correction iSnot shown on the plot (due to a dynamic range constraint),

but is indicated by the arrow. Also shown arc the observed luminosit y functions of Wiclen, Jahreiss &
Kruegger (1983; denoted by filled circles), and Gilmore & Reid (1983; denoted by filled squares), where

the crrorbars corresponds to the YN uncertainty in each bin.
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