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ABSTRACT 

A near-infrared survey has been conducted of nearly 20 square degrees of the Taurus dark 
cloud complex. Additional observations have been made of selected objects detected in this sur- 
vey. These observations show that recently formed stars are spread throughout the cloud, and 
that these stars are primarily T Tauri stars or T Tauri-like stars. Two luminous objects are identi- 
fied embedded in the reflection nebulae IC 359 and IC 2087. A new Herbig-Haro object is also 
described. The reddening law of the dark cloud material is discussed; it does not appear to be 
unusual in the infrared. Comparison of the young stellar population in Taurus with that in 
Ophiuchus suggests that the star formation mechanisms in the two regions are qualitatively 
different. 
Subject headings: infrared: sources — nebulae: individual — stars: pre-main-sequence 

I. INTRODUCTION AND OVERVIEW 

The Taurus dark cloud may be the nearest major 
aggregate of dust and gas in which star formation is 
currently in progress. Numerous T Tauri stars provide 
visual evidence for this, as does the presence of several 
Herbig-Haro objects. The dark cloud complex extends 
over many degrees, and does not have a well defined 
center. 

Infrared studies have been confined to surveys of 
small selected areas (e.g., Allen 1972; Allen and 
Pension 1975; Strom, Strom, and Vrba 1976) or to 
studies of optically selected objects, such as T Tauri 
stars (e.g., Rydgren, Strom, and Strom 1976). It was 
clear that a more extensive infrared survey would be 
useful since it offers the best chance of finding ob- 
scured high-luminosity objects, which appear to be 
rare in the Taurus clouds (see Strom, Strom, and 
Grasdalen 1975). Also, lightly obscured or visually 
bright objects are not seen preferentially in such a 
survey, so that a better idea of the total population of 
objects of various types within the dark cloud complex 
is possible. 

Nearly 20 square degrees in the center of the complex 
were surveyed at both 1.6 and 2.2 ¡¿m. Over 200 ob- 
jects were detected which were brighter at 2.2/¿m 
than K= +7.5. Spectrophotometry at 2 ¿an and 
broadband 1-20 /xm photometry were done on 30 of 
the objects in order to determine the spatial distribu- 
tion and the nature of the young objects associated 
with the dark cloud complex. 

The observations are described in § II, and the 
results of the survey and of the subsequent photom- 
etry and spectrophotometry are described in § III. 
These results permit unambiguous identification of 
the young stars associated with the cloud (§ IV), based 
mainly on the results of the infrared spectrophotom- 
etry, using procedures described previously (Elias 
1978a, hereafter Paper I). The identified field stars 
can be used to derive the Taurus reddening law (§ V). 

The observations of several of the more interesting 
objects are discussed in detail. A newly discovered 
infrared source associated with the reflection nebula 
IC 359 is discussed in § VI, and the infrared source 
associated with the reflection nebula IC 2087 (Allen 
1972) is discussed in §VII. A third infrared source 
associated with the emission-line object Haro 6-10 
(Haro, Iriarte, and Chavira 1953) is discussed in 
§VIII. 

The observations of T Tauri stars associated with 
the Taurus dark clouds are discussed in §IX; these 
indicate that the near-infrared flux distributions of 
these stars can best be modeled by a hot dust envelope 
combined with a late-type stellar photosphere. The 
results of this paper are compared with the results of 
a similar study of the Ophiuchus dark cloud complex 
(Elias 19786, hereafter Paper II) in §X. This com- 
parison is combined with the results of other com- 
parative studies of these regions (e.g., Rydgren, 
Strom, and Strom 1976; Vrba, Strom, and Strom 
1976) to discuss the differences between the two 
regions. 

II. OBSERVATIONS 

The infrared survey was done using the 60 cm tele- 
scope on Mount Wilson during the 1974 and 1975 
fall observing seasons. The total area covered was 
19.7 square degrees (Fig. 1). The 1974 observations 
were done using the two-channel InSb system described 
in Paper I. In this system, bands corresponding ap- 
proximately to the standard 1.6/xm (H) and 2.2/xm 
(X) filters were observed simultaneously with a T 
beam. Scans were done at sidereal rate, spaced 45" 
apart in declination. The chopping direction was 
parallel to the scan direction, and the beam spacing 
was roughly 2'. The limiting magnitudes were near 
H = +7.5 and AT = + 8.0. These observations covered 
the region to the south of the dotted line in Figure 16. 
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TAURUS DARK CLOUD COMPLEX 859 

Fig. Ic 

Fig. la.—Outline of area surveyed, superposed on a mosaic of Palomar Sky Survey blue prints. The maximum extent of the 
region is roughly 5° in declination and 9° in right ascension. The box in the center is a region omitted from the survey. 

Fig. lb.—Sources brighter than K = 7.5 detected in the survey. Objects with 7.0 < K < 7.5 are shown as pluses, objects with 
5.0 < K< 7.5 are shown as asterisks, objects with 3.0 < # < 5.0 are shown as open circles, and the objects with K < 3.0 are 
shown as filled circles. 

Fig. 1c.—Sources in Taurus which were studied in detail. Squares are objects with K < 7.0, and H — K > 0.70; triangles are 
the remaining objects in Table 1. The filled symbols are association members, and open symbols are field stars. The three pluses 
are T Tauri stars detected by the survey with K < 7.5 which were not subsequently observed. A “2” next to a symbol indicates 
that two objects from Table 1 are at that position. 

The 1975 observations were done using the more 
sensitive system described in Paper II. This system 
was a single-channel InSb detector, with a 2' beam. 
Scans were done at both 1.6 and 2.2/xm. Scanning 
was again done at sidereal rate, but with a spacing in 
declination between successive scans at the same 
wavelength of Y.5. The beam spacing was approxi- 
mately 3', and the limiting magnitudes were roughly 
H = +8.5 and K — +8.0. 

Selected objects detected in the survey were observed 
using broad-band photometry from 1.2 to 20 /xm and 
using low-resolution 2 /xm spectrophotometry. These 
observations were made using the 0.6, 1.5, and 2.5 m 
telescopes on Mount Wilson. Most of the observa- 
tions between 1.2 and 4.8/xm were made with an 
InSb detector; the remaining observations and the 
observations at longer wavelengths were made with 
a germanium bolometer. The properties of the various 
filters and the flux calibration used are given in Wilson 
et al. (1972), Beckwith et al. (1976), and Paper II. 
The calibration and reduction of the 2 /xm spectro- 
photometry are described in Paper I. 

Several deep infrared plates (IV-N emulsion + 
Wr88a filter) were taken on the 48 inch (1-2 m) Palo- 
mar Schmidt, primarily for purposes of identification 
of objects. This plate material was supplemented by 
several deep red (127-04 emulsion + red Plexiglas 
filter) plates which were made available by Dr. J. E. 

Gunn. Dr. Gunn also provided optical spectra for two 
of the objects (see §§ VI, VII); these were taken using 
the Cassegrain SIT spectrograph on the 5 m Hale 
telescope. 

in. RESULTS 

a) Survey 

The spatial distribution of the 215 objects found in 
the survey with K < 7.5 is shown in Figure \b. Of 
these, 144 were brighter than K = 7.0. Detections in 
adjacent scans were considered to be due to a single 
source if they were coincident in right ascension by 
2' or less. The actual counts must be corrected for 
pairs of stars occurring so close as to be considered 
one object, but this coincidence correction is less 
than 3% for all sources brighter than K = 7.5. The 
cumulative counts, corrected for coincidence, are 
shown in Figure 2. 

b) Photometry and Spectrophotometry 

Two groups of objects were observed more exten- 
sively. The first group consists of the 21 objects which 
were observed to have H — K > 0.70 and K < 1.0; 
as shown in Paper II, this appears to be a reasonable 
selection criterion for finding objects which are likely 
to be associated with the dark cloud material. These 
objects are listed in Table 1, together with previous 
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LIMITING 2.2/xm MAGNITUDE 
Fig. 2.—Cumulative 2.2/xm source counts. The points 

show the observed counts, the solid curve shows the results 
predicted by the model in Paper I, and the dashed curve shows 
the results predicted if there is no radial decrease in stellar 
density toward the galactic anticenter. 

identifications, positions, and infrared magnitudes. 
The distribution of these objects is shown in Figure Ic. 
The second group consists of nine objects which were 
observed for a variety of reasons; all are either fainter 
or bluer than the objects in Table 1. These objects are 
also listed in Table 1, as objects 22-30, and their 
positions are also plotted in Figure Ic. 

Published values for the positions quoted in the 
table were used if available. Otherwise, the positions 
were measured from the Schmidt plates used for 
identification or were derived from the infrared pho- 
tometer offset guider settings and measurements of 
guide star positions. The positions determined in this 
work are accurate to ±1" if measured from plates, or 
to ± 5" if determined from offset guider settings. 

The magnitudes listed in the tables are averages of 
all observations, unless the objects appeared variable. 
In these cases, only the most extensive single set of 
observations is listed and the additional results are 
given in the notes. Objects were not considered variable 
unless the differences in the 2.2 /xm measurements were 
greater than 0.15 mag. The photometry of those ob- 
jects which have been previously studied by other 
investigators is in reasonable agreement with the 
earlier results (e.g., Mendoza 1968; Allen 1972; 
Gehrz 1972; Allen and Pension 1975; Rydgren, 
Strom, and Strom 1976). 

The 2 /xm spectra of the objects in Table 1 are shown 
in Figure 3. The energy distributions of selected objects 
are plotted in Figure 4. 

IV. ASSOCIATION MEMBERS 

The criteria used to select objects from the survey 
for further study were intended to preferentially select 
young stars associated with the dark cloud. It is 
necessary to determine which of these objects are field 
stars before they are discussed in detail. It is also 
useful to estimate the number of stars associated with 
the cloud which were detected in the survey but were 
not observed further. 

a) Identification of Young Stars 

Most of the objects detected in the present survey 
appear to be field stars. This is best seen from the ob- 
served spatial distribution of the detections (Fig. \b). 
The cumulative counts are in rough agreement with 
those predicted by the model of the galactic stellar 
distribution described in Paper I (Fig. 2), although it 
appears that the decrease in stellar density toward the 
galactic anticenter may be smaller than was supposed. 

The predicted relative proportions of the various 
stellar spectral types are not sensitive to the scale 
length of the density decrease; consequently the pre- 
dictions may be used with some confidence. According 
to these predictions, slightly under 90% of the field 
stars should be giants of spectral type G8 or later, and 
the remaining field stars should mainly be main- 
sequence A and F stars. The late-type giants should 
have a discernible CO absorption feature in their 2 /xm 
spectra longward of 2.3 /xm (Paper I) while the young 
stars associated with the cloud should have relatively 
featureless 2 /xm spectra. The main-sequence field 
stars will generally be unreddened foreground objects, 
and can therefore be identified by their “blue” colors. 

The identifications of the objects in Table 1 as field 
stars or as objects associated with the dark clouds are 
given in the last column of this table. The identifica- 
tions based on the infrared measurements were sup- 
plemented using lists of T Tauri stars and probable 
T Tauri stars (Haro, Iriarte, and Chavira 1953; 
Herbig and Rao 1972; Herbig 1977), and by searches 
for visible reflection nebulosity using the identification 
plates and searches for infrared reflection nebulosity 
using multiaperture infrared photometry. In addition 
to the stars in Table 1, three probable T Tauri stars 
were detected in the survey with K < 7.5, but were 
not observed further; these are DF Tau, FV Tau, 
and LkHcc 332. 

b) Properties of the Young Stars 

The stars which are identified as association mem- 
bers are seen to be uniformly scattered over the entire 
region surveyed (Fig. Ic); there does not seem to be 
any single pronounced clustering of objects. There 
appear to be at least two small groupings of young 
stars. The first is to the northwest, including objects 
1 and 22 and several T Tauri stars fainter than the 
infrared survey limit. A second clustering of young 
stars exists around a(1950) = 4h30m, 8(1950) = +24°, 
and includes object 12 and objects 23-28. Several 
isolated young objects are also found, most notably 
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Fig. 3.—2 ¡xm spectra of objects in Table 1, identified by entry number in the table. The spectra have been shifted vertically 
by an arbitrary amount. 

DG Tau (object 5), Haro 6-10 (object 7), and Allen’s 
source in IC 2087 (Allen 1972: object 18). There are 
in addition well-studied groupings of young objects 
outside the survey region. The best examples of these 
are the groupings associated with XZ Tau and HL 
Tau, and with AB Aur and SU Aur (Strom, Strom, 
and Vrba 1976). 

c) Field Stars 

The field stars from Tables 1 and 2 are mostly 
normal late-type giants. The only exception to this is 
the variable star RY Tau (object 20), which has pre- 
viously been studied in the infrared by Gehrz (1972). 
It is possible to see a weak CO absorption feature in 
the 2 /xm spectrum of this object (Fig. 3), although it 
is much weaker than that seen in a normal late-type 
giant of similar spectral type. This provides additional 
support for the belief that most of the near-infrared 
flux from this star and other related objects does not 
come directly from the central star (e.g., Gehrz 1972). 

V. REDDENING LAW 

a) Derivation 

The reddening law for Taurus was derived in a 
manner similar to that used in Paper II. A spectral 
type was assigned to each of the normal field stars 
listed in Table 1 based on the depth of the 2.3 /xm 
CO band (see Paper I). Intrinsic colors for the stars 
were taken from Johnson (1966), as supplemented by 
Lee (1970) and Frogel et al. (1978); these colors were 
applied to the observed colors to obtain color excesses, 
which are listed in Table 3. 

In order to obtain an idea of how the reddening 
law behaves at shorter wavelengths, approximate 
magnitudes were obtained from the Palomar Sky 
Survey prints for the stars in Table 2 which are 
located in the 4h20m, +24° field. These magnitudes 
were obtained using a magnitude-image-diameter 
relation calibrated using the photoelectric sequence of 
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20 10 4.8 22 1.2 20 IO 4.8 2.2 1.2 

Fig. 4.—Energy distributions of selected objects from Table 1. Uncertainties are not shown if they are comparable in size to 
the symbols plotted. Curves are identified by the corresponding entry number in Table 1. 

Landolt (1967) in this field. The photographic b magni- 
tude was assumed equal to the photoelectric B magni- 
tude for the sequence stars, while the photographic r 
magnitude was assumed to be given by the relation 
r — V — 0.49(5 — V) given by Dorschner et al. 
(1966). The scatter about the relation indicated that 
the photographic magnitudes are accurate to about 
±0.4 mag. A more accurate determination of the 
magnitudes was not needed, as the uncertainties in 
the intrinsic b — K and r — K colors of the individual 
stars are 0.5 mag or greater. The magnitudes for the 

seven background stars which have optical counter- 
parts are given in Table 3, along with the color ex- 
cesses inferred from the measurements and the adopted 
spectral types. Images which are near the plate limit 
have been indicated as limits 1 mag brighter than the 
approximate plate limit. Weighted means of the color 
excess ratios are listed in Table 4. For comparison, 
the mean values for the Ophiuchus dark cloud (Paper 
II) are given, together with values for the interstellar 
medium in the direction of the galactic center (Neuge- 
bauer et al. 1978; Becklin et al. 1978). 

TABLE 2 
Field-Star Infrared Color Excesses 

Object Ej _ 

Color Excesses (mag) 

Eh-k Ek Ek-n 
Spectral 

Type Av* (mag) 

3. 
4. 
6. 
9. 

10. 
13. 
14. 
15. 
16. 
17. 
19. 
21. 
29. 
30. 

1.12 
0.16 
0.76 
0.62 
0.28 
1.37 
0.72 
1.76 
2.70 
0.45 
0.29 
0.38 
0.44 
0.57 

0.65 
0.09 
0.46 
0.34 
0.17 
0.87 
0.45 
1.14 
1.74 
0.35 
0.14 
0.22 
0.27 
0.26 

0.30 
0.01 

0.24 

0.53 
0.84 
0.18 
0.06 
0.16 
0.20t 
0.29Î 

1.3 

0.7 ± 0.3 

0.2 1.5 0.2 

K2 III 
K0 III 
M8 III 
M4 III 
M8 III + t 
K2 III 
M5III 
M2 III 
K1 III 
M5 III 
M4 III 
M2 III 
G9 lilt 
K0 lilt 

8.1 
1.2 
5.9 
4.5 
2.1 

10.3 
5.4 

13.3 
20.6 

3.7 
2.2 
2.6 
3.2 
3.8 

* Av = 4.6Ej-k. 
t Spectral type uncertain. 
Í Value uncertain. 
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TABLE 3 TABLE 4 
Field-Star Color Excesses Reddening Laws 

Photographic Color 
Magnitude* ExcESSEsf 

Object b r Eb-K Er-K 

3  >20t 13.5 >10.4 5.7 
9  17.7 13.8 5.2 4.2 

13   >20§ 14.2 >10.6 6.6 
14   >20§ 15.9 > 5.2 4.2 
15   >20§ >21.5|| ... >11.4 
17  >20î 15.2 > 5.6 3.9 
29  15.5 12.6 5.4 4.0 

* Uncertainty ± 0.4 mag. 
t Uncertainty ± 0.7 mag. 
t Marginally visible. 
§ No image visible. 
II No image visible on red print, but a faint image is seen 

on a deep 127-04 plate. 

The reddening law at 4.8 ftm and longwards is based 
essentially on measurements of one object, number 16, 
as there are no other objects with accurately measured 
magnitudes for which intrinsic colors are known. As 
the color excess ratios are roughly consistent with an 
extinction law proportional to A"1, it will be assumed 
that Ak = IAEh_k. This value is quite arbitrary, but 
it is unlikely that it is severely in error. The extinction 
at 2.2 fim cannot be less than the K — N color excess, 
and the extinction at 10 /zm of object 16 cannot be 
greater than 1.5 mag, as its implied brightness would 
not be at all consistent with its spectral type and a 
position on the far side of the dark cloud. The limits 
on the 2/¿m extinction are therefore 0.9EH__K < 
Ak < \.%Eh^k. 

b) Results 

There seem to be no significant differences in the 
infrared between the three reddening laws listed in 
Table 4. There is not enough information to find small 
differences between one reddening law and the next, 
but large deviations from a “normal” law can be 
excluded. This result is in contrast to those of Gras- 
dalen (1974) and Rydgren, Strom, and Strom (1976), 
who find dark cloud reddening laws which are very 
different from that found here. The main difference is 
that previous determinations have used stars embedded 
in the dark clouds, rather than background stars, to 
determine the reddening law. The difference between 
the resulting reddening laws can be ascribed to unusual 
reddening in the immediate vicinity of the embedded 
stars due to modification of the grains by the stellar 
radiation or to formation of unusual grains in a stellar 
wind. 

The observed unusual reddening laws can equally 
well be explained by a normal reddening law combined 
with a near-infrared excess (e.g., Garrison 1968). Most 
of the objects for which unusual reddening laws are 
derived show definite excesses at 10/xm and longer 
wavelengths. It will be assumed that the reddening 
law derived above applies to all objects discussed in 
this paper. In general, however, the conclusions in 

Region 

Color Ophiuchus 
Excess Taurus Galactic Dark 
Ratio Dark Cloud Center* Cloudf 

Ej-hIEh-k... . 1.56 ± 0.05 1.50 ± 0.09 1.60 ± 0.04 
Ek-lIEh-k. ... 0.48 ± 0.03 0.65 ± 0.06 0.56 ± 0.04 
Ek~mIEh-k • • • 0.75 ± 0.10 ... ... 
Ek-n/Eh-k • • • 0.87 ± 0.10 ... ... 
Er-k/Eii-Kt' • • 9.1 ±0.8 ... ... 
Eb-kIEh-k.... 16 ±3 ... 14 
AkIEh-k...... 1.1 0.8-1.7 

(+0.7, -0.2) 
AyfEn-K. ..... 12§ ... 12 

* Neugebauer et al. 1978; Becklin et al. 1978. 
t Paper II and Vrba et al. 1975. 
t r is the red Palomar Sky Survey magnitude. 
§ Adopted value. 

these discussions do not depend critically on the details 
of the reddening law which is assumed. 

VI. OBJECT i 

The region around the three T Tauri stars CZ Tau, 
DD Tau, and Hubble 4 (object 22; see Herbig 1977) 
was identified as IC 359 by Hubble (1922). Struve 
(1937, 1961) and Struve and Swings (1948) noted that 
the three T Tauri stars were not apparently bright 
enough or blue enough to account for the extent and 
color of the surrounding reflection nebulosity. Gras- 
dalen, Strom, and Strom (1973) suggest that the 
dominant illuminating star has to be another as yet 
undiscovered object, probably an early-type star. 
Object 1 is located in the middle of the nebulosity 
(Fig. 5 [PI. 12]) and has an optical spectrum like a mod- 
erately reddened star with emission at Ha (Fig. 6). 
It seems probable that this star is the source of the 
illumination for much of the reflection nebulosity 
surrounding it. 

The star is not a normal main-sequence star, as it 
shows Ha in emission (Fig. 6) and is variable in the 
near-infrared (Fig. 7). The brightness of the object in 
the red (mr ~ 15) relative to that in the infrared sug- 
gests a visual extinction of roughly 10 mag. The 
maximum visual extinction consistent with the ob- 
served 1.2-1.6/xm color is approximately 12.5 mag 
if the reddening law of Table 4 applies. The intrinsic 
energy distribution of the object is shown in Figure 8 
for these two values of the visual extinction. There is 
obviously an infrared excess at wavelengths longer than 
5 /xm, and it also appears that there is a significant flux 
excess over that expected from a hot star at wavelengths 
at least as short as 2.2 /xm. 

There is no certainty that most of the flux below 
2.2 /xm is entirely from the star. There is no evidence 
in the 2 /xm spectrum (Fig. 3) of the By line of hydro- 
gen at 2.17 /xm, while the higher Balmer lines are seen 
strongly in absorption, with equivalent widths of 
~ 20 Â (Fig. 6). The upper limit to the By absorption 
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Fig. 6.—SIT spectrum of object 1. The flux scale is linear, but in arbitrary units as the spectrum was taken through a slit. 

equivalent width is 5 Â, which suggests that most of 
the 2.2 pm flux from object 1 does not come from the 
visible star, unless By emission is significant. On the 
other hand, the colors of the visual spectrum indicate 
that B — V ~ 1.5 mag and V — r ~ 1.2 mag; this 
implies a visual extinction of ~ 8 mag if the spectral 
type of the star is near AO. As this extinction is com- 
parable to that inferred from the r — J color, it seems 
that the excess at 1.2 fim is at most comparable to the 
stellar flux. If the 1.2 to 2.2 /xm excess is produced by 
dust with emissivity proportional to A-1 and a grain 
temperature of 1500 K, the 1.2/xm excess flux will 
be roughly a third of the 2.2 /xm excess. If this is the 
case, and if the visual extinction is 10 mag, roughly 
85% of the flux at 1.2 /xm and slightly less than half 
of the flux at 2.2 /xm is from the star. 

Fig. 7.—Infrared magnitudes and colors of object 1 as a 
function of time. 

The simplest explanation of the observations is that 
object 1 is a Herbig Ae star (Herbig 1960) which is 
heating circumstellar dust. The heated circumstellar 
material is the probable source of the infrared flux; 
this material is either blown off from the star by a 
stellar wind or remnants of the material out of which 
the star condensed (Strom al. 1972; Strom, Strom, 
and Grasdalen 1975; Paper I). 

vu. ic 2087 (Object 18) 
IC 2087 is a reflection nebula without a visible 

illuminating star (Struve 1937, 1961). The illuminating 
star (object 18) was discovered at 2.2/xm by Allen 
(1972), and additional photometry was done by Allen 
and Pension (1975) who also identified the optical 
counterpart on the Palomar Sky Survey red print. 
This star is more readily seen on deeper photographs 
(Fig. 9 [PI. 13]) in the red and infrared. 

\(/¿m) 

TÈs iiö iis" 
L0G(i/) 

Fig. 8.—Energy distribution of objects 1 and 18 after 
correction for reddening using the law given in Table 4. The 
alternative values of visual extinction removed from object 1 
are Av — (a) 12.5 mag and (6) 10 mag; the values removed 
from object 18 are (a) 20 mag and (b) 17 mag. Extinction at 
20 fim has been assumed to be negligible. 
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Fig. 10.—Multiaperture photometry of object 18. The 
measurements have not been corrected for flux in the reference 
positions. Chopper spacings and chopping directions are 14" 
east and west for the 9" beam, 30" north and south for the 
20" beam, 48" north and south for 16", 32", and 48" beams, 
and 110" east and west for the 55" beam. 

This object is the only object studied in Taurus which 
is significantly extended in the infrared (Fig. 10). This 
extended emission is presumably reflection nebulosity 
similar to that found around several objects in 
Ophiuchus (see Paper II). This suggestion is supported 
by the blueness of the extended emission, which is seen 
strongly at 1.2 jLtm, and is only marginally detectable 
at 2.2/xm. This blueness is shown more directly in 
Figure 11, where measurements of the nebulosity 32" 
east of the illuminating star are compared to measure- 
ments of the star. If the nebular spectrum is produced 
by a single scattering, the relative scattering cross- 
sections Qx at 1.25, 1.65, and 2.2 /xm can be deduced 
from the colors. The value of Ô1.2/Ô2.2 is 13 ± 3, 
and that of Ô1.6/Ô2.2 is 4.1 ± 0.8. These values are 
consistent with the reflection being produced by 
Rayleigh scattering, for which the relevant values 
should be 9.6 and 3.2, respectively. As can be seen 
from Figure 9, the visual reflection nebulosity is 
brightest roughly 1' east of the infrared source. This 
suggests that the visual extinction decreases to the 
east of the object, which may be embedded near the 
eastern side of a dense condensation of dark cloud 
material. The blueness of the scattered radiation may 
then be due in part to reduced extinction along the 
line of sight to the east of the object. 

The energy distribution of the object is not purely 
that of a reddened hot star. This can best be seen from 
Figure 8, where the energy distribution of the star is 
shown after correction for two alternative values of 
the extinction. The maximum visual extinction con- 
sistent with the measured 1.2-1.6/xm color is ~20 
mag; with this extinction removed, the object shows 
a significant flux excess at longer wavelengths. The 

X(/xm) 
3.4 2.2 1.65 1.25 

LOG(t/) 
Fig. 11.—Photometry of object 18 {open circles) and of a 

position 32" to the east {filled circles, fluxes x 100), both with 
a 32" beam and 48" north-south chopper spacing. No correc- 
tions have been made for flux in the reference positions. 

most probable extinction is ~ 17 mag. As with object 
1, there may be a significant flux excess at all infrared 
wavelengths. The spectral type of object 18 is un- 
known; if the object emits little or no excess 1.2/xm 
flux, and lies on the zero-age main sequence (ZAMS), 
it should have a spectral type of roughly B5. This is 
consistent with the radio continuum observations by 
Gilmore (1978), who found no detectable H 11 region 
surrounding the object; his limit indicates that the 
star has a spectral type later than B3. The star could 
well be considerably later than B5 if it lies above the 
main sequence, though the absence of detectable CO 
and H20 absorption at 2 /xm (Fig. 3) implies a spectral 
type earlier than ~ K0. 

vin. haro 6-10 (Object 7) 

a) Description and Identification 

The Ha emission object Haro 6-10 (Haro, Iriarte, 
and Chavira 1953) is located in a region of the dark 
cloud relatively distant from any other identified 
young objects. Photographs of the object show it to 
be nonstellar (Fig. 12 [PI. 14]), and a visual spectrum 
(Fig. 13) shows prominent [O 1], [O in], and [S 11] 
forbidden emission lines in addition to Balmer line 
emission. The appearance of the object and its visual 
spectrum strongly suggest that it is a Herbig-Haro 
(HH) object (cf. Herbig 1974; Haro 1976). This identi- 
fication is supported by a more detailed comparison of 
the emission-line spectrum with that of other Herbig- 
Haro objects. The observed lines and their intensities 
are listed in Table 5, together with intensities corrected 
for plausible amounts of reddening. As a comparison, 
intensities observed by Böhm, Siegmund, and 
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Fig. 13.—SIT spectrum of Haro 6-10. The flux scale is linear but in arbitrary units. 

Schwartz (1976) for HH 1 are also listed, after 
correction for reddening. 

The infrared source associated with Haro 6-10 is 
apparently very red (Fig. 4) and shows only a weak 
silicate feature. This suggests that it is intrinsically 
quite red. Infrared observations of this object cover 
a period of over 3 years, during which it has gradually 
grown fainter and redder (Fig. 14). A similar fading 

has been observed on the plates of this object (Fig. 12). 
The maximum change in brightness at 2.2/xm has 
been roughly a factor of 3; the change in total ob- 
served luminosity has been considerably smaller, of 
the order of 30%, as most of the observed luminosity 
is emitted at the longer wavelengths, where the object 
is least variable. The infrared energy distribution of 
object 7 is very similar to those seen or inferred in 

TABLE 5 
Observed Line Intensities in Haro 6-10 

Haro 6-10 (object 7)* 
      HH1Î 

Line Observed Fß-y = l.Of Isß-y = 1.5t EB-V = 0.6 

[O ii] 3726 + 3729. 
H8 3889   
Can 3933  
Ca ii 3968\ 
He 3970 /  
[S ii] 4069 + 4076. 
HS 4101  
Hy 4340  
[Mg I] 4562   
[Fe in] 4814  
Hß 4861  
[O in] 4959.  
[O in] 5007...... 
He I 5016  
[N ii] 5755  
He i 5876  
[O I] 6300  
[O I] 6364  
Ha 6562  
[N ii] 6583  
He i 6678    
[S ii] 6717  
[S ii] 6731  

<13 
<8 
30 
26 ± 

± 4 
± 4 

48 
11 
29 
13 

7 
100 

6 
18 
9 

<12 
16 

323 
103 
821 

65 
40 
75 

135 

± 4 
± 4 
± 4 
± 6|| 
± 4|| 

±3 
± 3 
± 4|| 

7|| 
10 
10 
25 
15 
2011 
20 
20 

<50 
<24 

84 ± 11 
69 ± 11 

111 ± 9 
25 ± 9 
49 
17 

7 
100 

6 
16 

8 
<6 

8 ± 
120 ± 
37 ± 

266 ± 
21 ± 
12 ± 
23 ± 
40 ± 

7 
8 
4 

3 
3 
4 

3 
4 
4 
8 
5 
6 
6 
6 

<95 
<41 
140 ± 19 
113 ± 17 
170 ± 
37 ± 
63 ± 
20 ± 

7 ± 
100 

5 ± 
15 ± 

7 
<4 

5 
73 
22 

151 
12 

7 
12 
22 

14 
13 
9 
9 
4 

3 
2 

± 3 

186 
6 

12 

67 
24 
38 
10 
28 

100 
13 
39 

§ 
3 
7 

115 
46 

266 
114 

§ 
83 

108 

* Normalized to Inp = 100. The absolute intensities are not known. 
t Observed intensities corrected for reddening using the Whitford reddening law (Miller and 

Mathews 1972). 
t Böhm et al. 1974, 1976. 
§ Not tabulated. 
II Uncertain detection and identification. 
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DATE 
Fig. 14.—Infrared magnitudes and colors of Haro 6-10 

as a function of time. 

other Herbig-Haro objects (e.g., Strom, Grasdalen, 
and Strom 1974; Strom et al. 1976; Schmidt and Vrba 
1975). 

Haro 6-10 can be seen as a stellar object in the 
image tube guider used on the 1.5 m telescope, so it 
is possible to accurately determine the relative posi- 
tions of the optical object and the infrared source 
associated with it. There is no evidence for any 
position difference greater than the centering 
uncertainty of less than 1". 

b) Interpretation 

The positional coincidence of the visible and infra- 
red source positions strongly implies that the two are 
in fact the same object, and that the extinction derived 
from the visible spectrum applies to the infrared 
spectrum as well. The color of the optical continuum 
corresponds to a 5 — V color of ~ 1.8, excluding the 
emission lines. The color excess, EB-V, which is in- 
ferred from this depends on the mechanism producing 
the observed continuum. If the continuum is produced 
by optically thin recombination radiation, the color 
excess is ~ 1.4 mag for 7^ = 104 K. If the continuum 
is optically thick, the excess is somewhat larger. The 
hydrogen lines in the spectrum can be used to derive 
an approximate reddening if it is assumed that they 
are produced by optically thin recombination; the 
resulting color excess is ~ 1.0 mag. This value may 
be considerably in error if the hydrogen emission 
lines are optically thick or if collisions are important. 
The estimates of 2sB _ v are thus all in the range 1-2 mag, 
and suggest that the total visual extinction is less than 
10 mag. This relatively small value for the extinction 
indicates that the infrared energy distribution is in- 
trinsically quite red. The visible continuum is there- 
fore not produced by the same mechanism as the 

infrared flux. The energy distribution shortward of 
2.2 ¿on may be affected by the “blue” component 
which produces the visible emission, and in this case 
the near-infrared variations may be produced by 
superposition of flux from a variable, blue component 
on a relatively constant, redder energy distribution. 
The structure of the object remains mysterious. One 
possibility is that the infrared flux is produced by 
heated dust outside or mixed with the emission-line 
region, in which case the source of excitation for the 
emission-line region is undetected. A more speculative 
alternative is that the infrared flux is from a stellar 
object inside the emission-line region which excites 
it in some way, possibly by means of mass loss and 
shock heating. Probably the best way to differentiate 
between the two possibilities is to measure the object’s 
size in the infrared, in order to distinguish between a 
compact object and a more extended object with a 
size comparable to that of the core of the emission 
region, which is at most a few seconds of arc. The 
present measurements constrain the size at 10 /¿m 
to less than 7". 

No other Herbig-Haro objects were detected in the 
survey. HH 31 (Herbig 1974) lies outside the region 
surveyed, but two candidate objects lie inside the 
boundaries. The most promising of these is Haro 6-19 
(Haro, Iriarte, and Chavira 1953) which lies at 
«(1950) = 4h29m37?6, 3(1950) = 24°15'08", and shows 
H« in emission. It is readily seen on red plates, where 
it is obviously nonstellar, but it is invisible on infrared 
plates. No infrared source was seen down to a limit 
of AT = +8.0 at or near the position of this object. 
A second object is the small fuzzy patch visible in the 
red near IC 2087, about 3' to the northeast (Fig. 9); 
its coordinates are «(1950) = 4h37m04?4, 8(1950) = 
+ 25°40'54". No spectroscopic information is avail- 
able for this object, although it also has no detected 
counterpart on infrared plates or at 2.2 /¿m. 

IX. T TAURI STARS 

The objects in Table 1 include over a dozen T Tauri 
stars and probable T Tauri stars. These objects show 
a considerable variety in their energy distributions 
(Fig. 4), indicating that they cannot be modeled 
simply. The observed distributions range from that 
of Hubble 4 (object 22), which has an energy distribu- 
tion very nearly that of an ordinary late-type star, to 
that of DG Tau (object 5), which shows a much 
cooler energy distribution with only a negligible 
contribution by a stellar component. DG Tauri shows 
a weak 10/xm absorption feature, while RY Tau 
(object 2) shows a similar feature in emission. There 
is a tendency for some of the redder objects to show 
two distinct components in their energy distributions, 
which are then characterized by a dip at 3.4 /xm. Other 
objects show no such dip. 

These objects are thought to be stars of moderately 
late spectral type (typically K or early M) surrounded 
by a circumstellar emission envelope. This envelope 
clearly contains a certain amount of ionized gas, indi- 
cated by the presence of emission lines, but it is not 
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clear how much the gas contributes to the continuum 
emission. Rydgren, Strom, and Strom (1976) have 
suggested that the visual and infrared excesses are 
produced predominantly by free-free radiation by the 
hot gas, and that dust emission becomes significant 
only at 10 and 20 fim. 

This model of T Tauri stars does not fit the observa- 
tions of many of the stars unless a highly abnormal 
reddening law is postulated. As noted in §V, there 
seems to be no direct evidence for such an abnormal 
law. Additional evidence against this model is pro- 
vided by infrared spectroscopy (Cohen 1975; Paper II; 
Fig. 3), as there are no definite detections of emission 
lines in any T Tauri stars. The upper limits on the 
equivalent width of By in emission are typically ~ 5 À. 
Although self-absorption will reduce the emission-line 
strengths below those expected from optically thin 
recombination, it seems plausible that much of the 
2 ¡xm emission is in fact from hot dust. 

The 2 fim spectra of these objects are not wholly 
featureless. Hubble 4 (object 22) and the binary star 
UZ Tau (object 11) both show weak CO and H20 
absorption features (Fig. 3). Hubble 4 has a negligible 
2 fjum excess, and the strengths of the absorptions can 
be compared with those predicted from the visual 
spectral type of K7, assigned by Herbig (1977). The 
strengths of the absorptions are consistent with that 
of a dwarf of spectral type MO or Ml (Persson, 
Aaronson, and Frogel 1977), although a real surface 
gravity determination is not possible. In UZ Tau, 
the 2 fim excess is significant, and the true absorption 
band strengths cannot be determined easily. The 
strengths observed are consistent with Herbig’s (1977) 
visual spectral types of the system, between Ml V 
and M4 V, if the circumstellar emission is comparable 
in strength to the stellar emission. The presence of the 
CO and H20 features supports the general picture of 
the T Tauri stars as cool stars with moderate surface 
gravities (Herbig 1977; Mould and Wallis 1977). 

X. COMPARISON OF THE OPHIUCHUS AND 
TAURUS DARK CLOUDS 

a) Observed Properties 

A comparison of the properties of the two major 
dark cloud complexes in Ophiuchus and in Taurus is 
of considerable interest, as both dark cloud com- 
plexes are of roughly similar extent, and are at very 
similar distances (160 pc for Ophiuchus, 140 pc for 
Taurus [Appendix A]). The two regions are nonethe- 
less quite different, both in their morphology and in 
their apparent stellar content. Such a comparison has 
been previously made by Rydgren, Strom, and Strom 
(1976) and by Vrba (1977), who also proposed explana- 
tions for the observed differences. The new data 
presented in this paper for Taurus, and in Paper II 
for Ophiuchus, permit strengthening or modification 
of the conclusions presented by Rydgren et al. and 
by Vrba. 

The most noticeable difference between the two 
regions is the paucity of OB stars in Taurus compared 
to Ophiuchus, already noted by Strom, Strom, and 

Grasdalen (1975). This difference applies primarily in 
the immediate vicinity of the dark clouds, where most 
of the recent star formation has presumably occurred. 
In Ophiuchus one sees close to twenty B or A0 stars 
in the immediate vicinity of the dark clouds (Paper 
II), whereas in Taurus there are only two early-type 
stars inside the region studied in this paper (objects 1 
and 18). One more early-type star, AB Aur (Strom, 
Strom, and Vrba 1976), is found in dark cloud 
material farther to the east. 

A similar difference is not seen if one compares the 
T Tauri star populations; in fact, there may be more 
such objects detected in the Taurus survey than in 
Ophiuchus (Paper II), although T Tauri star 
identifications in both regions are incomplete. 

Comparisons between populations of more exotic 
objects indicate that there are peculiar objects unique 
to each cloud. In particular, the Ophiuchus region 
contains a number of very red objects surrounded by 
reflection nebulae; such objects appear absent from 
Taurus. In contrast, Herbig-Haro objects are found 
in Taurus but not in Ophiuchus. 

In addition to the differences in the stellar popula- 
tions of the two regions, there are differences in the 
morphology of the clouds and of the star formation 
regions within them. The newly formed stars in 
Ophiuchus appear strongly concentrated in a region 
a few parsecs across (Rydgren, Strom, and Strom 
1976; Paper II), while in Taurus the young objects 
are distributed over a far larger region (§IV). The 
dark clouds themselves appear different: the Taurus 
clouds appear far more patchy and fragmented than 
the clouds in Ophiuchus. This is not because the 
Taurus clouds are less opaque, since they include 
regions with inferred visual extinctions of ~ 20 mag 
(near objects 15 and 18, for example) whereas the 
typical visual extinction in Ophiuchus is probably not 
much greater than 10 mag (Paper II). 

b) Interpretation 

The differences observed between the Taurus and 
Ophiuchus regions imply that recent star formation 
in Taurus has been more widespread, but has gener- 
ally resulted in stars of lower mass. There are at 
least two possible explanations for this fact. The first 
is that the Taurus clouds are younger than the 
Ophiuchus region, and that in the future the stellar 
population in Taurus will resemble that in Ophiuchus, 
while an alternative is that the star formation mechan- 
isms in the two regions are qualitatively different. Of 
these, the second explanation appears most consistent 
with the evidence. 

Vrba (1977) has discussed the situation in Ophiu- 
chus. He argues that the magnetic field geometry 
(Vrba, Strom, and Strom 1976) and the position of the 
most recently formed stars at the western edge of the 
dark cloud complex suggest that these stars have 
formed in a part of the cloud compressed by .a shock 
propagating through the cloud. According to this 
picture, the prominent streamers which extend east- 
ward from the cloud represent material ejected along 
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magnetic field lines by the shock. Carbon monoxide 
velocities of these streamers relative to the main cloud 
were used to estimate approximate ages of 5-7 x 106 

years. This age is consistent with that of the youngest 
B stars (e.g., Stothers 1972). Many of the pre-main- 
sequence stars in the central regions of the cloud ap- 
pear to be significantly younger than this (e.g., 
Rydgren, Strom, and Strom 1976; Paper II). This sug- 
gests that the event which triggered star formation in 
the central region of the cloud postdates the formation 
of the streamers and the observed main-sequence B 
stars. It is tempting to speculate that the event (such 
as a supernova [Herbst and Assousa 1977]) which 
triggered the most recent episode of star formation is 
the same as that which produced the runaway star 
I Oph; this event is estimated to have occurred ~ 106 

years ago (Blauuw 1961; Stothers 1972). 
In Taurus, the widespread star formation and the 

absence of high-mass stars suggest that the recent star 
formation has been spontaneous and has not been 
triggered by an external event (cf. Elmegreen and 
Lada 1977; Vrba 1977). This is also consistent with 
the extremely fragmentary appearance of the Taurus 
clouds and the absence of any preferred regions where 
star formation is occurring. 

The Taurus and Ophiuchus regions thus appear 
completely different; their past histories have probably 
also been quite different. Although their futures are 
unclear, it seems reasonable that the differences in 
cloud morphology and in associated stellar population 
will cause their future evolution to continue to diverge. 

XI. CONCLUSIONS 

Two general results emerge from this study of the 
Taurus region. The first is that recent star formation 

has occurred in many locations in the cloud; while 
there are small clusterings of young objects, there 
is no single site where almost all recent star formation 
has happened. The second result is that the stellar 
population is dominated by T Tauri stars and similar 
objects, although there are a few more luminous objects 
in the region studied. 

A number of interesting objects have been identified 
in this work. These include a new Herbig Ae star in 
the IC 359 region (object 1) and a probable new 
Herbig-Haro object, Haro 6-10 (object 7). Studies of 
object 1 and of the star illuminating IC 2087 (object 
18; Allen 1972) indicate that these have significant 
infrared excesses at wavelengths as short as 2.2 /zm. 
Observations of Haro 6-10 in the infrared show it to 
be intrinsically cool and quite variable. These results 
were derived using a reddening law determined from 
measurements of field stars obscured by dark cloud 
material; this law appears no different in the infrared 
from that seen in the Ophiuchus region or in the 
interstellar medium. 

Comparison of the Taurus region to the Ophiuchus 
dark cloud complex strongly suggests that the two 
are qualitatively different, and that the dominant star 
formation mechanisms in each are different. 

This work would not have been possible without the 
aid of the Mt. Wilson night assistants, J. Frazier, 
H. Lanning, and E. Hancock, and help from other 
members of the Caltech infrared group, especially 
D. Nadeau, S. Beckwith, and A. Sargent. G. Neuge- 
bauer provided a number of useful discussions. This 
work was partially supported by National Science 
Foundation grant AST 74-18555A2, National Aero- 
nautics and Space Administration grant NGL 05- 
002-207, and by the California Institute of Technology. 

APPENDIX 

DISTANCE TO THE TAURUS DARK CLOUDS 

Three different methods have been used to find the 
distance to the Taurus dark clouds. The first method 
uses observed star counts versus magnitude to find 
both a distance and a mean absorption due to inter- 
vening material. This method has been applied by 
Greenstein (1937) and McCuskey (1939), who find a 
distance of 140 pc. In the second method the redden- 
ing of field stars is plotted as a function of their dis- 
tance; large changes in the reddening occur at the 
distance of the reddening material. Gottlieb and Upson 
(1969) have used this approach to find an approximate 
distance of 150 pc. 

The third method is to find the distances to stars 
known to be associated with the dark cloud material; 
this method clearly works only if the stellar lumi- 
nosities are well known. Van den Bergh (1966) has 
assembled a catalog of bright stars associated with 
nebulosity which includes several stars in Taurus; 
Racine (1968) has found the distances to these objects 
using spectroscopy and visual photometry. Racine ob- 

tains a distance of 135 ± 10 pc for the Taurus dark 
clouds, based on stars spread over a large area. If the 
stars are restricted to a smaller area, and if the B7 
star 72 Tau (Dorschner and Gürtler 1963) is added, a 

TABLE 6 
Taurus Dark Cloud Distance 

Spectral 
HD Type (m — M)0 

26154  G6 III* 5.3* 
28149  B7 Vt 6.0f 
30378  B9.5 V* 5.9* 
31293   AOep* 5.4* 

Mean.... 5.65 ± 0.2 

* Spectral type and distance modulus 
from Racine 1968. 

t Spectral type and distance modulus 
from Lesh 1968. 
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distance of 135 ± 15 pc results (Table 6). The differ- 
ent estimates of the distance to the Taurus dark cloud 
are all in good agreement. The mean of these esti- 
mates is roughly 140 pc; this value has been used in 
this paper. Although the different distance estimates 

agree to better than 10%, it seems reasonable to 
believe that the radial extent of the dark cloud complex 
is comparable to its projected extent of ~ 10° or 25 pc. 
The distances of individual objects are therefore 
probably uncertain by roughly ± 20 pc. 
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