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ABSTRACT

Observations of the J = 1 - 0 transition' of l2CO were

made in and around the region occupied by the young OB
association Cepheus OB3 to determine the connection between
newly formed stars and molecular clouds. An extended
(20 pc x 60 pc) molecular cloud was detected and mapbed,
and additional observations of 13CO and H2CO were made at
selected positions. The total mass of the cloud is 5 x 103
M@. A range of velocities is seen over the cloud complex.
This is comparable with the stellar velocities in the
association.

Within the molecular cloud are found three regions in
which different stages of star formation are identified.
In one an embedded star may be present. Another appears to
be collapsing on a time scale of ~ 3 x 105 years to form a
new subgroup of the OB association. The mass of this region,
500 M®,is sufficient to produce only the number of O and B
stars typically found in association subgroups, suggesting
that lower mass stars must form under different conditions.
The third displays signs of enhanced density and is probably
the precursor of a star forming region. All three regions
are situated in that part of the molecular cloud which is
closest to the association stars.

The membership and ages of the subgroups of the

Cepheus OB3 association have been re-examined, and their



— 7~

places of origin determined. Ages of 1-3 x 105 yvears and
5-7 x lO5 years are found for vounger and older subgroups
respectively. Their birthplaces are not coincident but
are situated at that end of the cloud where star formation
still appears to be taking place. The younger subgroup
appears to have formed closer to the active regions than
did the older subgroup, so that there is a well-defined
age sequence across the association which continues into
the cloud.

There is currently little direct interaction between
the stars and the molecular cloud, although a few younger
subgroup stars still lie close to or within the complex.
The absence of primeval gas in the environs of the older
subgroup is attributed to the unusually high velocity of
separation between these stars and the cloud.

It appears that the younger and still-forming sub~
groups of Cepheus OB3 are created in a different way from
the older subgroup. However, the way in which star
formation is initiated in this association remains un-

certain.



—-—yvi-

TABLE OF CONTENTS
Introduction 1

Chapter 1 Observations of the Cepheus Molecular Cloud 2

I. Introduction 3
II. Observational Selection 4
ITI. CO Observations 6
IV. Formaldehyde Observations 13
V. Results 14

VI. Detailed Studies of Cep-A, Cep-B, Cep-C 27

VII. Summary 45

References 43

Chapter 2 Star Formation in Cepheué OB3 50
I. Introduction 51

II. The Molecular Cloud 52

IIT. The Cepheus 0B3 Stars 77

IV. The Present Relationship between the 103
Molecular Cloud and the OB Association

V. Star Formation in Cepheus O0OB3 109
VI. Summary 119

References 121



I. INTRODUCTION

This thesis contains two papers concerning the forma-
tion of stars in molecular clouds. A study has been made
of the properties of the young OB association Cepheus 0B3
and its related molecular cloud complex,with the intention
of establishing how the association was created and how the
cloud has subsegquently evolved.

Detection and measurements of the molecular cloud are
described in Chapter 1. Occasional references are made to
following papvers. These remarks may appear out of place
in the context of fhe thesis, but result from the fact that
this chapter is the first paper of a series on molecular
clouds and star formation.

In Chapter 2 the observations of the Cepheus molecular
cloud are analyzed, and the properties of the association
stars are examined in detail. Finally, the results for the
molecular cloud and the stars are combined to determine how
star formation was initiated and how it may proceed in

this particular case.



CHAPTER 1

OBSERVATIONS OF THE CEPHEUS OB3 MOLECULAR CLOUD



I. INTRODUCTION

It is well established that newly formed stars are fre-
guently found in association with dense molecular clouds.
Among the better known examples are the infrared cluster in
Orion (Becklin, Neugebauer, and Wynn-Williams 1973; Liszt et
al. 1974); the infrared sources and water maser found at the
edge of the M17 cloud (Lada 1976; Elmegreen and Lada 1977);
the compact H II regions, HZO and OH masers and infrared
sources located along the boundary of the molecular cloud
connected with W3 (Mezger and Wink 1975; Harris and Wynn-
Williams 1976), and the infrared objects, compact H II
regions, HZO and OH masers found in the region of the Mon R2
cloud {(Downes et al. 1975; Kutner and Tucker 1975; Beckwith
et al. 1976).

However, the way in which stars form within these
clouds and the subsequent behavior of the clouds themselves
is not well understood. In particular, if it is assumed
that all molecular clouds collapse gravitationally to form
stars, the resulting star formation rate is much greater
than that observed (cf. Zuckerman and Palmer 1974). For the
predicted and observed rates to agree, it is necessary that
either cdntraction takes place on a time scale longer than
that for free-~fall collapse or that only a fraction of the

cloud material forms stars.



To elucidate the relationship between star formation
and molecular clouds, a detailed analysis of some group of
newly formed stars and a related molecular cloud is required
To this end, two such groups, Cepheus OB3 and Perseus OB2,
were selected, and associated molecular clouds were searched
for, detected and mapped in the 115 GHz line of carbon mon-
oxide. Sizes and masses of the clouds were determined from
measurements of both the 12CO and l3CO lines, while their
structure was investigated through the variation with posi-
tion of line widths, temperatures and velocities.

In view of the abundance of available data and the ex-
tensive molecular observations involved in the current study,
this paper will confine itself to a presentation of the ob-
servations of Cepheus 0B3 only. A detailed interpretation

of these data will be carried out in Chapter 2.
II. OBSERVATIONAL SELECTION

The young OB association Cepheus OB3 was selected prima
rily because it is young enough to be a site of recent star
formation (its youngest stars are of age v 4 x 106 years,
comparable to the voungest optically visible stars in Orion
OBl), but is also sufficiently old that its primeval cloud
must have evolved to some extent. Its basic properties are

described in Blaauw's (1964) list of O associations in the



solar neighborhood.

Cepheus OB3 is composed of two subgroups {(cf. Fig. 1)
of stars, the older being of age 8 X 106 vears and the
younger 4 X 106 years. This typical age difference between
individual subgroups of an OB association suggests that
there will be indications within any adjacent clouds of the
beginnings of yet another epoch of stellar birth. At 730 pc
the association is sufficiently close that the detection and
measurement of infrared sources, molecular peaks and other
signposts of protostars is facilitated.

The difference between the masses of OB associations

3 4 5

(v few x 10 M@) and typical molecular clouds (v 107 - 10

M@) can be explained if only a fraction of the cloud
material forms stars. Thus analysis of the structure of a
molecular cloud after some star formation has taken place
may indicate the subseguent behavior of the cloud material
and in particular whether or not it eventually disperses.
Blaauw noted, and it is clear from inspection of the Palomar
Sky Atlas, that the degree to which interstellar matter
permeates OB associations decreases with association age.
As might be expected, a considerable amount of interstellar
material is still present in the vicinity of Cepheus 0B3 so
that the region is particularly suitable for studying this

question of cloud evolution.

This association has the further advantage that the



properties of its stars have already been investiéated in
some detail. Proper motions, association membership and
radial velocities of the stars, as well as expansion veloci-
ties of the two subgroups in Cepheus OB3 have been de-
termined by Garmany (1973). Spectral classes on the MK sys-—
tem were assigned by Garrison (1970) in the course of an
investigation of total to selective absorption across the
association. The stars have been well-studied photometri--
cally, from the original UBV measurements of Blaauw, Hiltner
and Johnson (1959), through the ubvy and HB photometry of
Crawford and Barnes (1970), to the ultraviolet observations
of the ANS instrument {Kester 1977). 1In addition, an area
of considerable extent (¢ = 90° to 1l15°, b = -1° to +15°)
around and including Cepheus OB3 was surveyed in the 21l-cm
line of neutral hydrogen by Simonson and van Someren Greve
(1976) . They derived a possible model of the OB association
with respect to the surrounding neutral hydrogen. Finally,
to augment this already large pool of data, a search has
been made by Harris (1976), in conjunction with the observa-
tions described here, for compact H II regions in the neigh-
borhood of 5155, the H II region located in the southwest of

Cepheus OB3.
IITI. CO OBSERVATIONS

The 4.6 meter telescope of the Aerospace Corporation in



El Segundo, California was used to map a 1.5° x 4.5° area of

Cepheus in the J = 1 » 0 transitions of 12CO(llS GHz) and

13CO(llO GHz). The telescope has a main beam efficiency of

70% and a half-power beam width 2.5 arcminutes. Most ob-
servations were obtained between 1975 December and 1976
March when weather conditions were excellent with zenith
optical depths of ~ 0.3 at 115 GHz and ~ 0.2 at 110 GHz.

Typical integration times of 10 minutes for 12

minutes for 13CO were used. The single sideband system

CO and 15

temperature at CO frequencies using an uncooled mixer re-
ceiver was ~ 1200 K. Spectral lines were detected with a 64

channel filter bank giving a resolution of 250 kHz (0.6% km
s71 at 115 chz) per channel. Baseline stability was
achieved by frequency switching with 8 MHz separation be-
tween signal and reference bands. The reference line was
inverted with respect to the signal and later folded with it,

thereby effectively increasing the integration time. The

*
corrected antenna temperature, TA’ is the temperature meas-
ured by &a lossless antenna above the earth's atmosphere,

where

* hv
TA = 5 [F(TB) - F(T

o)l

-1
v (T) = [%xp[%%& - l] .

T, 1s the source brightness temperature and T

B is the

bb

temperature of the microwave background. To determine T

*

A



the signal observed on source 1s corrected for atmospheric
attenuation by multiplying by a factor of P Z, where z
is the zenith distance of the source observed and To is the
zenith optical depth. Measurements of To by tipping were
made every three to four hours during each observing sessiomn
This corrected signal is scaled to the system temperature
using an observing chopper at 300 K which rotated in the
field of view of the feed horn. As a further check on the
stability of the system Orion A was observed each day and
one point of relatively strong CO emission within the cloud
was monitored each hour throughout all observing runs. The
final values of T* are on a scale such that for Orion A TZ

A
*
(*2c0) = 70 X and TA(l3c0) ~ 10.9 K.

a) 12CO

Observations of lzCO were first made at spacings of ten
arcminutes (i.e., four beam widths) in right ascension and
declination., Mapping was continued until the boundaries of
the cloud (defined at TZ < 2.5 K) could be specified.

A primary concern of the survey was to detect small
scale structure in the clouds and, in particular, to deter-
mine the location of possible sites of star formation.

Since lines exhibiting enhanced temperatﬁres, wide wings or
a considerable degree of broadening are indicators of such

sites, more detailed measurements at spacings of two



arcminutes in right ascension and declination were made
about any profile which displayed these properties. The
usual criterion for use of this finer grid was that TZ =
10 K. This criterion incidentally selected regions dis-
playing broadened or wide-winged lines for finer grid meas-
ures.

Observations were also made in the directions of the OB
association members. Mapping was carried out around a few
of the younger subgroup stars, several of which lie within
the cloud boundaries. Gas was unambiguously detected in the
direction of only one older subgroup member. 1In a few
doubtful cases measurements were made as indjicated in Figure
1. As a further check for the presence of CO outside the
primary cloud boundaries, but in the general vicinity of the
association stars, observations at 20 arcminute spacings
were made along the length of the cloud and perpendicular to
it beyond the declination of the most northerly assocociation
member. The area encompassed by these observations is shown

in Figure 1.

Observations of the rarer isotope were for the most part
confined to the vicinity of the "hot spots" as determined by
the 12CO survey. Other detailed measurements were made (see

Fig. 1) in the neighborhood of the association stars 11, 56,

and 75. The numbering system adopted is that of Blaauw,
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FIGURE 1
Areas of the sky covered by observations at various
separations. A heavy so0lid line outlines the region where
12CO measurements at 1l0' spacings were made; 2' and 20°
sampled areas are bounded by dotted and dashed lines re-

spectively. Measurements of 13CO at 2' spacings were made

over the hatched zones. Other 13CO observations are in-
dicated by filled circles where the isotope was detected
and by open circles where it was absent. The stars of the
association are represented by crosses and filled triangles,
crosses denoting members of the younger subgroup, and

filled triangles members of the older subgroup of Cepheus

OB3.
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Hiltner and Johnson (1959). An effort was made to continue
observations of the hot spots outwards from a central posi-
tion until TZ(13CO) = 1 K. In some directions further ob-
servations were made at distances of ten arcminutes from the
central position in the hope of estimating the extent of the
presence of lBCO. The results will be discussed in § Vb.
Figure 1 illustrates how far this procedure was employed.
Further 13CO observations were made where broadened or
multiple lines were seen in 12CO. In cases where the 13CO

line was detected to be = 3 K some large scale mapping was

carried out.

c) High Resolution Measurements

Observations at higher spatial resolution are needed to
clarify the nature of hot spots found in the initial Aero-
space survey. These hot spots were therefore studied at
12CO and 13CO frequencies using the ll—metér telescope of

the National Radio Astronomy Observatory at Kitt Peak,

Arizonal in conjunction with the 256 x 250 kHz filter banks.

lThe National Radio Astronomy Observatory is operated by

Associated Universities for Research in Astronomy, Inc.,
under contract with the National Science Foundation.

The single side-band system temperature was v 1000 K while
the half-power beam-width is v 65 arcseconds at 115 GHz.
Similar calibration procedures to those at Aerospace were

*
employed. Values of TA are on a scale such that for Orion
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12

*
A TA( CO) = 60 K (Ulich and Haas 1876). The telescope was

operated in the position switching mode. Off-source posi-
tions were typically 30 arcminutes away from the source, at
locations previcusly determined to be free of CO emission.

Useful, high resolution profiles were obtained, but detailed
*
A

*
limited. Both with respect to line shape and to peak Ty

measurements about the positions of peak T, are very
observed these profiles are in excellent agreement with
those obtained in the same directions but at lower resolu-

tion at Aerospace.

IV. FORMALDEHYDE OBSERVATIONS

Since the presence of the TReke = 212 > lll transition

of formaldehyde is often associated with relatively high

molecular hydrogen densities (n, = 104 - 10% ™ (Lucas,
2

Encrenaz and Falgarone 1976 and references therein), a
search was made at and around the positions of the hot spots
for this 140 GHz line. The observations were made in 1976
March and 1976 May with the 5-meter telescope of the Milli-

meter Wave Observatory, Fort Davis, Texa52 operated in a

2The Millimeter Wave Observatory is operated by the Electri-

cal Engineering Research Laboratory of the University of
Texas at Austin.

fregquency switching mode. The single side-band systenm

temperature for HZCO was 2400 X, and the half-power beam-

width 2 arcminutes. The spectral resolution was 0.53 km s—l.
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Calibration was carried out by the usual chopper wheel tech-
nique. Orion A, with TZ(H2CO) = 4.8 K, was observed daily
to establish a standard comparison. Measurements were made
at spacings of 2 arcminutes around the positions of peak
intensity to determine the sizes of the HZCO emission

regions.

V. RESULTS

a) 12CO

*
The velocity at which peak antenna temperature, TA(lZC@

occurs is not the same throughout the cloud, but ranges from

! to -15 km s_l; the peak emission appears most fre-

quently at velocities around -10 km sml. In Figure 2 are

-5 km s

shown contours of peak TZ(lZCO} within this velocity range.
The elongation of the molecular cloud parallel to the ga=-
lactic plane is particularly marked. Positions of the
association stars with respect to the cloud are also dis-
played in this figure, the older subgroup being represented
by filled triangles and the younger by crosses. To facil-
itate later discussion, regions of the cloud which will be
referred to individually have been designated A, B, C, etc.,
in the figure. In Figure 3 the contours of TZ(lZCO) as
shown in.Figure 2 are superimposed on thé Palomar Sky Survey
print of the Cepheus region. Thé contours of Cep-B par-

tially obscure S155.
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FIGURE 2
) * 12
Contours of peak antenna temperatures, TA( CO). As
in Figure 1 the crosses and triangles symbolize the associ-
ation stars. Areas Cep-A, -B, ~-C, -D, -E, and -F discussed
in the text are indicated. At Cep-A and -B the undesignated

*

contours represent values of TA'increasing from 10 K to

25 K by increments of 5 K.



3 (1950)

64° 30—

64° 00—

83° 30}

63° 00—

62° 30

62° 00—

6I° 30—

61° 00—

60°30'}-

60°00'+—

Tx ("%CO) Cepheus 0B3
1V

—..9"[...

! i ! ‘ ]

i | |
N oaem
23h20™  230isM 230 oM  p3Pos™ 23 oo™ 22055M oM gsoM  ooh g
a (1950)



-17-

FIGURE 3

1200), for

*

Contours of peak antenna temperature, TA(

the Cepheus cloud superimposed on the Palomar Sky Survey
print of the region. The orientation of the cloud with

respect to equatorial and galactic coordinates is as

shown in Figure 2.
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The maps of Cep-A, -B, -C, -D, and -E derived from
higher positional sampling were found to be in cgood agree-
ment with those determined from mapping at 10' x 10' spac-
ings. Limited 2' x 2' mapping of Cep~F, however, indicates
the presence of small scale structure not shown in Figure 2.
Several of the younger association members lie within the
boundaries of Cep-~F and it is possible that the differences
between the results of the 10' x 10' survey and the 2' x 2!
measures are attributable to the presence of these stars.

A few isolated observations around o = 22h47m, § =
62°00' (cf. Fig. 1) near an association star reveal the
presence of CO at a velocity appropriate to the primary
cloud. From examination of the PSS print and the available
measurements, it seems likely that this secondary component
is fairly small, perhaps comparable to Cep~B in size. The
highest values of T2(12c0) noted are of the order of 10 K.
Further mapping of this zone and of Cep-F is clearly

important.

Across large areas of the Cepheus cloud double, and

frequently triple, features are visible in the 12CO profiles.
* -
Maps of TA at a number of velocities between -5 km s 1 and

-12 km s_-l were therefore constructed and are displayed in
*

Figures 4a through 4e. The TA plotted is the highest value

of that quantity noted within *0.65 km s"l of the velocity

quoted for each map. For comparison Figure 2 is redrawn to
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FIGURE 4a
Contours of T*(lzco) at v = -12.0 km s T
A LSR . -
 FIGURE 4b
Contours of rr‘*(]‘ZCO) at v = ~10.7 km q—l
“A LSR ’ s
FIGURE 4c
Contours of T*(lzco) at v = -9.4 km ™1
A LSR * "
FIGURE 4d
Contours of T. (*2c0) at v = -8.1 km s~ %
A LSR - -
FIGURE 4e
contours of T, (Y2co) at v = -5.5 km st
A LSR - :
FIGURE 4f

Figure 2 reproduced on same scale as Figures 4,
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the same scale alongside these figures. Maps were not pro-

-1 -1 ~Q 33K
duced at VLSR v =7 kmos or VLSR < ~12 km s where peaks

*
in T, occur only rarely. Evidently the cloud comprises a

A
number of components at different velocities, each of which
follows to some degree the overall elongated pattern noted
above.

It is evident from a comparison of Figures 4a through
4e and Figure 2 that the strongest emission from the region
of the cloud closest to the association stars occurs at
velocities near -12 km s~l. The feature observed at this
velocity falls off in intensity gquite rapidly, to be re-
placed by emission closer to =10.7 km s—l, particularly in
the vicinity of Cep—-A, Cep-C and Cep-E. Emission at more
positive velocities tends on the whole to be patchily dis-
tributed, or at least seems uncorrelated with the positions
of either the hot spots or the stars.

The range of cloud velocities observed here is well
within the range of the association stellar velocities. The
stars have values of VLSR' measured with typical errors of
5 km s—l, extending in value from 0 km s—l to -30 km s“l,
with a mean of ~-11 km s-l (Garmany 1973; see also Simonson
and van Someren Greve 1976). For the eleven younger associa-
tion members for which radial velocities are avallable, the
mean is v o -15 km S"l, The VLSR of the H I1 region, S155,

determined by Miller (1968) using the Ho line on standard
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slit spectrograms, and by Georgelin (1975) from photographic
Fabry-Perot interferometry, is also -15 km s_l. Errors
quoted are typically 4-8 km s 1. In view of the excellent
agreement between results acquired by such widely differing
techniques it is presumed that some confidence may bhe placed

in the value -15 km s Y. It is notable that in Cep-B, the

region of the molecular cloud closest to S155, strong 12CO

emission occurs at a very similar velocity, -12 km s_l.

Several of the younger association members lie in the
direction of or close to Cep-F. As may be seen from Table 1
only stars 11 and 24 have radial velocities close to those
at which emission is detected from the cloud. In the direc—
tion and at the velocity of both these stars the CO emission
is decidedly weak (almost at the limit of detectability for
24) and quite localized. In general, emission from Cep-F
occurs between -8 km s ' and -9 km s+ (cf. Figs. 4c and 44d),
but close to stars 11 and 24 the line profiles are distorted
toward more negative velocities, presumably as a result of
contamination by gas associated with the stars. Occasion-
ally CO was seen near to, but notprecisely in the direction
of, a stellar position. In these cases a designation in
Table 1 such as "17-8S4E" indicates a position 8 arcminutes
south and 4 arcminutes east of star 17.

With the exception of star 56 and possibly star 75

there is no evidence for the existence of CO in the direction
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TABLE 1
VELOCITIES OF CO EMISSION AT AND NEAR

ASSOCIATION STARS

o VLSR(SEir)z VLSR(E?)

Position a(1950) § (1950) km s kn s
245 22 47 42 +62 00 04 + 1 -12
10-4E 22 51 08 +62 10 29 -23 -10
11 22 50 37 +62 02 50 -13 =11
15 22 51 18 +61 52 46 -29 -9
16 22 51 33 +61 52 07 ~22 -10
17-8S4E 22 52 11 +62 12 48 .o - 9
24 22 52 39 +62 20 44 -12 -12:
56 22 58 33 +63 14 52 -14 -14
75 23 03 56 +64 01 30 -13 -~15:

lStar numbers from Blaauw, Hiltner and Johnson (1959)

2Garmany (1973)
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of older subgroup members of Cepheus OB3. Within the prima-
ry cloud emission at such negative velocities (cf. Table 1)
is only observed close to the northwestern boundary.

To summarize, l2CO emission at more negative velocities
(i.e., = —-12 km s—l) tends to be confined to the northern
edges of the cloud around Cep-B, S155 and close to the associ-
ation stars; in the regions of broadened lines (e.g. Cep-3,
Cep-C) where future star formation might be expected to take

*
place (cf. §§ VI and VII), peak T

a occurs at less negative

velocities, between =10 km st and -11 km s—l; emission at
more positive velocities arises from what seem to be fairly
tenuous extended regions in which there are as yet no indi-
cations of star formation.

p) T3co

In the Cepheus molecular cloud 13CO was detected in

Cep—A, -B, -C and -D and at the positions indicated by
filled circles in Figure 1. Detailed contour maps of TZ
(13CO) for Cep—-A, -B and -C are presented in the sections
dealing specifically with these regions (cf. § VI). Obser-
vations at the locations of Cep-E and Cep-=F imply that 13CO
is present to extents at least comparable with Cep-B.
Insufficient measurements are available to follow the
velocity patterns as closely as in § Va. Moreover, the

. . 12 ]
secondary features seen in CO are rarely strong enough for

. 13 C o . ,
equivalent CO emission to be expected. Nevertheless, there
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is excellent agreement throughout the cloud between the
velocities at which maxima in TZ(lZCO) and TZ(13CO) appear.
Although multiple lines are not detected from the rarexr
isotope, at the positions where these are seen in 12CO weak
and broad 13CO features, encompassing the velocities of the
various 12CO emission peaks, are observed.

The 12CO observations did not justify searches for 13CO
at stellar positions other than those given in Table 1. De-
tections were made at and around the locations of stars 11,
15 and 56, although the extent, as expected, was much less

than that of 12CO. 13CO was also found near stars 2, 10 and

®

17. The velocity of peak TA is in all cases the same for

both isotopic species.

The 13CO data confirm the velocity structure implied by

the 12CO observations of the cloud complex and indicate the
areas where density may be enhanced (cf. Chapter III). 1In
portions of the cloud closest to the association stars and
to S155 (e.g. Cep-B and Cep-F), measurements of the rarer
isotope are neither as intense nor as extended as in Cep-A
and Cep-C (cf. § VI), where particularly broad 12CO lines
are found. Interpretation of these profiles as increased

density indicators will be discussed in detail in Chapter

ITIT.
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) H,CO

2

Cep-A, -B and ~C were examined for 140 GHz emission

from H,CO as described in § IV. At Cep-A and Cep-~C 140 GHz

Hzco is unambiguously detected over areas approximately 6
arcminutes square, with maximum values of T;(HZCO) ~v 0.9 K
and 0.6 K respectively. The velocities of peak TZ(H2CO),
being of the order of -10 km s_l, are comparable with those

* .12 * 13 . . .
of peak TA( CO) and TA( CO). It is doubtful if H,CO is

present at Cep-B. This result may be related to the fact

% ,13
that values of LA(

lower than those found at Cep-A and Cep-C.

CO) observed there were considerably

VI. DETAILED STUDIES OF CEP-A, CEP-B, CEP-C

The regions Cep-A, -B and -~C were observed at higher

resolution in 12CO and examined for the presence of 13CO and

H,CO as described in 88 III and IV. Relevant parameters for

each region are presented in Table 2.

a) Cepheus-A

Perhaps the most interesting portion of the Cepheus 0B3

cloud complex is Cep-A. In Figure 5 are shown the 12CO and

13CO line profiles observed éround the center of the zone.
Over a small region these profiles are characterized by deep
minima, possibly the result of self-absorption. The varia-
tion of this phenomenon with position is clearly illustrated.

Note that the 12CO profiles were obtained with a different



TABLE 2

OBSERVATIONS OF INDIVIDUAL REGIONS IN THE CEPHEUS O0OB3

CLOUD
. o . Beo
5 (1950) 5(1950)  TalK)  Vygplkm s ) TR (K)  Vpgplkmos )
Cep-n  22054™10%  4ele44v36"  18:7 ~12: 7 11.0 -10.3
Cep-B 22 55 27 +62 18 37 29.0 -12.3 8.1 ~12.3
Cep-C 23 03 38 +62 12 23 13.4 ~10.3 9.1 ~10.3

Colon indicates approximate measurement
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FIGURE 5

12CO and lBCO profiles observed about the central

region of Cep-A. 2W, 2N, etc., refer to observations

2 arcminutes west of center, 2 arcminutes north of center

and so on. The 12CO profiles labeled 4N2E, 4N2W, 2N4E,

2N2E and 252W, as well as all 13CO data, are from the

Aerospace 5-m. Cther 12CO data are from the 1l-m NRAO

instrument.
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instrument and at higher resolution than their 13CO equiva-

* 13

lents. Contours of TA( CO) are displayed in Figure 6. Be-

12

cause interpretation of the CO profiles is complicated by

*
the absorption feature no equivalent contours of TA(lZCO)
are presented.
From Figure 5 it is evident that the absorption feature

is present only in the immediate vicinity of the central pos-

1 1

ition, with the T2CO intensity minimum lying at -8.8 km s

and the 13CO maximum at —10;3’km”é“l. Where the feature is

12

absent, the CO and 13CO maxima appear at the latter ve-

locity. Displacement to yet more negative velocities of the

12CO maxima at positions north and east of center is attrib-

utable to the presence of an additional component at ~ -12

km s . The 2 mm H,

Figure 7. Usually the velocity of the H,CO maximum is the

CO lines observed at Cep-A are shown in

same as that of the 13CO peak at the same position, but a
component at v ~12 km sﬂl is clearly present at the central

position. Comparing Figures 5 and 7 it is clear that in

Cep~A the presence of a 12CO absorption feature is well cor-

related with the detection of 2-mm H2CO,

b) Cepheus-B
* ,
The highest values of TA(lzco) in the Cepheus 0B3 cloud

are found in Cep-B. The position is marked by a cross in

*
Figures 8a and 8b, where are shown contcurs of TA(lzco} and

* "
TA(lBCO) respectively. Emission from Cep-B is primarily at
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FIGURE 6

1300y at Voggp = ~10.3 km s ! for Cep-A.

*
Contours of T ( SR
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FIGURE 7
H2CO profiles observed over the central region of

Cep-A.
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FIGURE 8a
Contours of T*(lzco) at Vv = ~-12 km s—l for Cep-B
A LSR .
*
The cross indicates the position of maximum TA(12CO).
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FIGURE 8b

¥ 13 o -1 _
Contours of lA( C0) at VLSR = =12 km s for Cep-B.
3

. ] *
A cross indicates the position of maximum TA(l CoJ .
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-12.0 km s—l, although at the boundary of the cloud itself
(cf. Fig. 2}, a feature at ~v -15 km s_l remarked upon in § V

* *
is evident. Over the whole region the ratio TA(lZCO)/TA

(13 12CO lines have widths at half-

maximum of between 2 and 4 km s‘l. Limited searches of the

CO}) is 3 - 5, and thes

region have been made in the 2-mm line of H,CO but no detec-

2
tions have resulted.

c) Cepheus-C
Several velocity components are visible in the 12CO
profiles observed across Cep-C (cf. Figs. 4a, b, ¢, d). Over
most of the region only one of these components, that at
-10.3 km snl, is also seen in 13CO. Contours of T;(lZCO)
and TZ(13CO) are presented in Figures 9a and 9b. Maximum
values of these gquantities occur at different, although ad-

jacent, positions as can be seen from the figures. The core

of Cep-C probably encompasses both maxima since unambiguous

detections of 2-mm H2CO were made at their positions. From
*
Table 2 it is clear that, in view of the observed TA(lzco),
*
the values of TA(13CO) are unexpectedly high.

To the north and west of the central position shown in
. -1 . .
Figure 9a, a feature at -11.7 km s gradually increases in
strength. This northwest zone is in fact not uniike Cep-B
C . 13 s .
in its general properties. Few CO observations were made

here since it is relatively far from the site of peak in-

tensity, o = 23703™38%, § = +62°12723", but existing
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FIGURE 9a

* 12 _ -1 _
Contours of TA( CO) at VLSR = -10.3 km s for Cep-C.

*
The cross indicates the position of maximum TA(lZCO).
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FIGURE 9b

Analogous contours of 13CO. A cross indicates the

*
position of maximum TA(l3CO).
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measurements indicate that the rarer isotope is never more

than weakly present.

VII. SUMMARY

Detailed discussion and interpretation of the observa-
tions presented in this paper will be undertaken in Chapter
2. At this juncture the data will merely be summarized and
indications will be given of the direction the analysis will
take.

It has been demonstrated that in the vicinity of the
young OB associlation Cepheus OB3 there is a large (20 pc x
60 pc) molecular cloud complex comprising a number of com-
ponents, several of which overlap in the line of sight.
Emission from these components is seen at a number of ve-
locities between -5 km s~l and -15 km s_l. Such velocities
lie well within the range spanned by the association stars
and the H II region 5155, confirming the relationship be-
tween the cloud complek and the OB association.

Within this molecular cloud, from which Cepheus OB3
appears to have formed, three regions, Cep-A, -B and C, have
particularly interesting properties. The interpretation of
self-absorption profiles such as those seen in the direction
of Cep-A is currently under discussion (Snell and Loxen 1977;
Leung and Brown 1977). It appears, however, that such pro-
files are cbserved at locations where new stars are currently

forming. Intensity ratios and line widths over Cep-B are
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typical of dark clouds heated by a single star (Mi.lman
19755, b; Dickman 1975). Simonson and van Someren Greve
(1976) did in fact detect in the direction of Cep~B a small
H I concentration which they concluded lay in front of S155
and was related to the dark clouds around Cepheus O0B3. Ob-
servations in this direction made with the Westerbork Syn-
thesis Radio Telescope at a wavelength of 6-cm indicate the
presence of a weak extended (v 30 arcseconds)} H II region
suggestive of an early B star (Israel 1977), but no other
evidence for the existence of such a source in the form, for
example, of an infrared object has been discovered. Searches

(to 10 f.u. sensitivity) within each region for H,0 masers

2
at the positions of peak 12CO intensity have yielded no
detections (Knapp 1977).

Thus in the Cepheus cloud complex there is some evidence
for the existence of an embedded star (Cep-B), a region of
continuing star formation (Cep-A) and a zone Cep-C, which is
perhaps the precursor of regions such as Cep-A and Cep-B.

It is clear that there is indeed a large amount of gas
still associated with the stars of Cepheus 0B3. Estimates
cf its mass relative to the member stars and neutral hydro-
gen in the association are of primary importance in consid-
ering the evolution of the complex. TIn view of the quanti-
ties of data involved and the very careful analysis necess-

ary to determine the precise relationship between the



-4
association and the molecular cloud the interpretation of

the observations will be deferred until Chapter II.
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CHAPTER 2

STAR FORMATION IN CEPHEUS O0OB3
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I. INTRODUCTION

A molecular cloud complex related to the young OB as-
sociation Cepheus OB3 has been detected. The observational
data have been described in Chapter 1. Physical and kine-
matical properties of this cloud complex will now be derived,
and discussed in conjunction with the observed properties of
the association stars.

The Cepheus 0OB3 association is known to comprise two
subgroups of stars (Blaauw 1964). Ages of these subgroups
are recalculated; they are found to be of order 1-3 x 105
years and 5-7 x lO5 vears, a factor of ten lower than the
values given by Blaauw (1964). Both subgroups appear to
have formed at one end of the related molecular cloud.

The molecular cloud is estimated to have a mass of a
few thousand solar masses, and its dimensions are 20 pc x
60 pc. It contains three smaller regions in which different
stages of star formation may be identified. In one region
there is evidence of the existence of an embedded star;
another reéion appears to be currently collapsing to form
a new subgroup of the association, while the third may be in
a still earlier phase of coliapse. The time scale for the
formation of the new subgroup is comparable to the differ-
ence in age between the existing subgroups. All three
regions lie at the same end of the molecular cloud as the

birth-sites of the optically wvisible subgroups, and star
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formation is apparently taking place at only one édge of
the clioud.

The properties of the molecular cloud and of the re-
gions of interest mentioned above are considered in § II.
In § IITI the membership of the OB association and of its
subgroups are critically examined, and the ages and sites
of origin of these subgroups determined. Current inter-
action between the association stars and the molecular cloud
is analyzed in § IV. In § V are considered ways in which
star formation maj have been initiated in this region, and
how it propagates through the cloud. A summary and discus-
sion of the results of the preceding sections are presented

in § VI.
IT. THE MOLECULAR CLOUD

In regions where stars have recently formed or are in
the process of formation a variety of phenomena are noted
in the associated molecular line observations. These in-
clude above average CO temperatures, CO profiles which are
broadened or which display wide wings, density enhancement
{indicated by the presence of such higher dipole moment
molecules as H2CO, HCN, CS) and, occasionally, self-absorp-
tion in the 12CO profiles. Such phenomena have been noted

in several regions of the Cepheus 0OB3 cloud complex. Con-
12

*
tours of corrected antenna temperature., T, (

A CO), resulting

from the data of Chapter 1, are displaved in Figure 1. As
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FIGURE 1

2CO), for

Contours of peak antenna temperatures, T;(1
the Cepheus molecular cloud. The association stars are
represented by crosses, filled triangles and filled squares.
Crosses denote members of the younger subgroup, and filled
triangles members of the older subgroup of Cepheus OB3.
Filled squares represent stars unassigned to either sub-

group. The numbering system is that of Blaauw, Hiltner

and Johnson (1959).
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in Figure 2 of Chapter 1, stars of the older and younger
subgroups of the association are represented by filled
triangles and crosses respectively. Filled squares denote
possible additional members of the association. Following
the terminology of Chapter 1, regions of particular intexr-
est are labeled -aA, -B, and -~C.

Observational evidence was presented in Chapter 1 in-
dicating that in this cloud there exist an embedded star
(Cep-B), a region of continuing star formation (Cep-A), and
a zone (Cep-C) which may be the precursor of regions such as
Cep~A. 1In regions where stars are being created it is im-
portant to ascertain how much mass is available for star
formation and if the individual regions are gravitationally
unstable. The properties of these areas, and of the cloud
as a whole, will now be considered.

a) Densities

In Table 1 observed and derived parameters for Cep-A,
-B and -C are presented together with results for the en-
tire molecular cloud. Observed properties at the positions
of peak intensity in each region are reproduced from Chap-
ter 1. The derivation of 13CO column densities, N(13CO),
and molecular hydrogen column densities N(Hz), will be de-
scribed below. Corresponding volume densities n(lZCO) and

13

n(Hz), will also be discussed. Mean values, (N("~CO) ), were

obtained by averaging all available measures within the 10 K



TABLE 1

REGIONAL AND CLOUD PARAMETERS

Cep—-A Cep-B Cep-C Cloud
*
12, T, . 18.0: 29.0 13.4
Vv  km s _12: -12.3 ~10.3
*
T K 11. 8.1 9.12
13 A -1 a
co v kmsly -10.3 ~12.3 -10.32
AV km s 3.2 1.9 2.4
{ 15K pc? 1.04 1.86 : b
Area{ 10K pc? 4.78 3.03 3.23 261€
N (F3co) cm™ 2 5-7x1016  2-3x1016  3-4x10%
N (H,) em™ 2 2-4%x10%2  1-2%1022 1-2x1022
peak -3 3 3 b
n(HZ)peak cm 7-11x10 3-4x10 . v
o (3o em™2 2-3x10+¢ 1x101®  2-3x101® 5x10%°
0 (H,) ) om™ 2 1x1022 6x10%1  1x1022
(n(H,)) om™ 3 2-4%10° 1x10°  2-4x10°
Mass M 500 100 300 5x10°




-57—

Footnotes to Table 1:
a - 13CO values at position of 12CO peak
b - No 15K contours exist.

c - Total area inside 5K contours
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contours, The areas covered by relevant contours are also
given, assuming the distance to the association is 725 pc
(Crawford and Barnes 1970).

There are a large number of uncertainties involved in
the determination of the densities. Molecular hydrogen,
the most abundant constituent of molecular clouds, is unob-
servable at millimeter wavelengths. Its column density must
therefore be derived from the column density of observable
molecules, usually lzco and 13CO. The first uncertainties
in the calculations are introduced in determining N(13CO);
since it is usual to assume that 13CO is thermalized and that
the excitation temperatures of the J = 1 » 0 transition are
the same for 12CO and 13CO.

For a region with uniform TOl along the line of sight,

where TOl is the excitation temperature of the J =1 » 0

transition of CO,

* 12 _ hv - _ AT
T, (77CO) = ¢ [F(Tyy) - F(T )11 - e™h) . (1)
*x
Here TA(IZCO) is the corrected antenna temperature, F(T) =

(ehv/kTwl)»l, T, 15 the 2.7 K background radiation and <
3

is the optical depth. At H, densities of 10 cm"—3 or high-
er, typical of molecular clouds, 12CO is thermalized and
optically thick (Penzias et al. 1971) and T(12CO) >> 1. A

similar relation to equation (1) holds for 13CO, with the

difference that the rarer isotope is optically thin, so that
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13 . . 12
T(7CO) may be determined if TOl( TOl(
13

The column density of CO molecules in the J = 0 state,

13

Co) = Co) .

No’ is related to the optical depth by

2 -hv/kT
T, = %F —%—— AN (1 - e oL, | (2)
VAV

where v is the frequency of the observed line, and Av is its

4 3 2
frequency width at half-maximum; A = §£E~E§E~, and for CO

9hc
the dipole moment 4 = 0.112 debyes (Lovas and Tiemann 1974).
Assuming a Boltzmann distribution the number of molecules
in all states, N(l3CO), can be obtained from the number in
' 13 NoTor .
the ground state through N(77CO) = 5T The derivation
of this relation requires that the sum over J be replaced

by an integral in the formula for the linear molecule parti-

e nEJ/kain

tion function, Q = § (2J+l)e . Assuming LTE holds,
J=0

the kinetic energy of the cloud, Tyin’ is equal to TOl'

E the energy of the Jth rotational level is equal to

JI
J{(J+1)hB, where B is the rotation constant of the molecule.

Numerical comparisons between sums and integrals over J for

a number of cases demonstrate that the replacement of T
13

01
by (TOl + 0.9) in this formula for N(""CO) compensates for
the approximation of the sum by an integral. Substituting
for NO in equation (2), and expressing the half-width in
terms of velocity rather than freguency leads to the follow-

in expression for the column density of 13CO,



-60~

2.312x107% «(Fcoy av(co) (ryr0.9)

Cco) = — — cm “,(3)
5.291/1Ol

(L - e )

13

N

where AV(lBCO) is the velocity width at half-maximum of the

13CO line.

An alternative method of obtaining N(13CO) has been

devised by Blair (1976) to circumvent the difficulty of

1

equating T (13CO) with T . ( ACO). He relates N(l3CO) to
01

01
i3

T{ “CO) through the mass absorption coefficient and finds

13 14 1

= 3 *,13
N("7CO) = 3.6 x 10 AV (T7CO) TA( CO)/fl ' (4)

where fl is the fraction of 13

CO molecules in the J = 1
state. Solving the equations of statistical equilibrium
and radiative transfer in a large velocity gradient model
{see Snell and Loren 1977), Blair shows that fl takes wvalues
between 0.26 and 0.55, approaching the former wvalue at

densities greater than 10% em3.

Very similar values of N(13CO) result from applving
equations (3) and (4) to the observed data, although
equation (3) consistently leads to slightly smaller column
densities. Any noticeable ranges in value are indicated
in Table 1. Blair's method still requires the asgssumption

that 13

CO is thermalized and observations indicate that
—_

this is not the case at densities < 103 cm - (see for

example, Dickman 1976). However, from his model calcula-

tions he concludes that, even in very diffuse regions, use of
¥ ’
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fl = 0.26 will result in column densities which are in error
by a factor of 2 at most. The column densities of Table 1
will be taken to be correct to within this factoxr.
Computation of : N(Hz) from N(13CO) necessitates the
introduction of further assumptions. Here Dickman's (1976)

relation

5

N(H,) = (5.0 £ 2.5) x 10 N coy (5)

will be applied.
Equation (5) is based on Dickman's finding that within
the range 1T < Av < 4@0, and probably up to Av = 10?0, a

linear relation,

A'V'/N(13CO) = 4.0 x 107% cm? mag (6)

exists between the wvisual extinction, AQ, determined from

13

star counts and N{ ~C0), determined as in equation (3)

. o 21 -2 -1
above. It is known that Ntotal/AV = 2.50 x 10 cm mag

(Jenkins and Savage 1974), where N is the total number

total

of particles (HI, H2, protons) in the line of sight, in

lower density molecular gas and H I clouds. Therefore
21

-1
N(HZ)/AV o 1.25 x 10

mols cm-—2 mag ’ (7)

and N(Hz) may be directly related to N(13CO) by equation
(5). Values of N(Hz) in Table 1 are thus derived employing

only the plausible assumptions that the normal gas to dust



ratio pertains in the region observed and that there is

complete conversion of atomic hydrogen to molecular hydro-

gen in the line of sight (cf. Hollenbach et al. 1971).
This way of determining N(Hz) is more reliable than

methods whose application require knowledge of such uncer-

12

tain quantities as the CO/13CO isotope ratio, the fraction

of carbon present in the form of CO and the C/H abundance
ratio (cf. Elmegreen and Lada 1977a).

Average volume densities, (nH >, were obtained from the
> 4

column densities assuming each source to have a line of
sight depth egual to the square root of the surface area
enclosed by the 15 K contour. These are shown in Table 1.

For peak values of n the line of sight depth was taken to

Hy

be equal to the square root of the surface area enclosed by

the contour of highest temperature in the region.
Densities were also . derived from formaldehyde ob-

servations. 2mm HZCO results at the peak of Cep-A are

*
given in Chapter 1. One measure of 2 cm H,CO (TA = - 0.11 K)
has been made at this position. A comparison of these re-

sults with the models of Evans and Kutner (1976) implies a

peak density of ~ 6 x lO4 cmnj. The difference between this

density and that derived from 12CO and l3(30 observations,

< lO4 cm—3, is too large to be explained by errors in the

~

line of sight depth. Evans et al. (1977) have noted a

similar situation in S255. There the H2CO data lead to
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densities one hundred times higher than those determined
from CO data.
Blair et al. (1977) and Wootten et al. (1977) have

proposed that in the denser regions of molecular clouds

12 13

co, CO, H,CO and HCO+ are depleted relative to H

2 2°

Equation (5) would then be invalid in these regions. The
former authors base their assertions on model fitting to
observed lines in the S140 cloud, while the latter have
studied the HCO+ cbservations in a number of molecular

clouds of different densities. They find n(l3CO)/n(H2) =

2 x 1077, as compared with Dickman's (1976) value 2 x 1070,

13

This degree of depletion of CO in the core of Cep~A would

explain the disagreement between densities from H.,CO and

13

2
CO data, since the latter determination was based on
Dickman's relation. A value of ~ 6 x 104 cmn3 is therefore
accepted for the peak density in Cep-A. However, while
equation (5) may be invalid in the very dense core of any
region, it is probably applicable over most of Cep-A, -B
and -C, and there 1s no reason to doubt the average densi-
ties given in Table 1.
b) Masses

Before masses can be calculated, the geometry of the
sources involved must be specified. The usual technique
has been to assume a spherically symmetric source whose

diameter is equal to the square root of its visible surface

area. For Cep-~A, -B and -C the 10 K contours define the
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surface areas. Evans et al. (1976) have adopted a slightly
different approach, determining masses from the product of
the average column density and the projected surface area
of the source. Both forms of mass determination were ap-
plied to the data for Cep-A, -B and -C, with very similar
results. These are displayed in Table 1.

The total mass of the cloud was calculated by assuming
that over the area bounded by the 5 K contours (261 pc2)
the mean 13CO column density = 5.1 x 10]‘5 cm—z. This value
derives from the average of all column densities observed
across the cloud, individual regions being weighted accord-
ing to the square of their surface areas. The mass is also

shown in Table 1.

c) The Nature of Cep-A, Cep-B and Cep-C

The derived areas, densities and masses of Cep-A,
Cep-B and Cep-C will now be used in conjunction with their
observed intensities and line widths to justify the earlier
suggestion that these regions are sites of star formation.

From Chapter 1 it will be recalled that the 12CO
profiles in the central region of Cep-A are self-absorhed,
the velocity of the self-absorption minimum being displaced
from that of the T°CO maximum by 1.4 km 1. The

variation of the phecmenon across Cep-A may be seen in

Figure 5 of Chapter 1, but for illustration the 12CO
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profile and its 13CO counterpart at the center of Cep-A
are shown in Figure 2. Snell and Loren (1977) have sug-
gested that such profiles are indicative of the collapse
of a given region. 1If their hypothesis is accepted, the
profiles observed across Cep~A fulfill the necessary
criteria for a collapsing region. It should, however, be
noted that Leung and Brown (1977) have pointed out that
such profiles do not necessarily indicate collapse.

Most self-absorbed profiles detected to date have been
seen in the direction of embedded stars (Loren, Peters and
Vanden Bout 1974; Encrenaz, Falgarone and Lucas 1975;
Kutner and Tucker 1975; Knapp et al. 1976; Loren 1976).

In Cep~A there is little proof of the presence of an em-
bedded star. A few minutes west of the region a feature
resembling a reflection nebula is visible on the PSS plates.
This becomes even more apparent on plates at 8200 ﬁ_ While
it may be due to an embedded protostar in Cep-A, limited
searches in the near infrared have not produced corrobo-
rative evidence for such a source.

Some measure of the stability of a region is given by

comparing its Jeans length,'kJ/z, with its radius.

3\1/2
(TkinR . .
AJ/Z = 0'81\"“ﬁ“”“ pC {Dickman 1976),

where T is the kinetic temperature of the region, R its

radius in parsecs, and M its mass in units of solar mass.
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FIGURE 2
12 13 .
CO and CO profiles observed at the center of
Cep~A. Vertical lines indicate the positions of the 12CO

minimum and the 13CO maximum.
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It seems likely that Cep-A is in a state of gravitational
collapse, since its Jeans length is 0.5 pc, a factor of
more than four less than its radius, and there is no evi-
dence of an embedded source to cause internal expansion.

. . . 2cm, /2
The free-fall velocity at its boundary, given by (~§~) ,
is 1.4 km s-l, in excellent agreement with the velocity
difference between the 13CO peak and the 12CO absorption
dip. This difference is a measure of the maximum infall

velocity at the edge of a cloud in which self-absorption

is observed. The free-fall collapse time is of order
7
3x10 3 -3

’ |
. Adopting (n, ) = 4.3 x 10” cm ~ leads to ~ 5 x 10”
VnH 2
2
years. However, a density of nH ~ 6 X 104 cm_3 is inferred
2
from observations of 2 mm and 2 cm HZCO in the central

region, with a corresponding collapse time of ~ 1 x 105
years. Since the larger density appears to exist over only
a small centfal part of Cep~A, the time scale for collapse
is probably somewhat less than 5 x 105 yvears.

The mass of Cep-A is of the order of 500 M®, consid-

erably lower than the 2000 M, quoted by Blaauw (1964) as

®
typical for individual subgroups of an OB association.
Blaauw's mass estimate was derived by extrapolating from
the visible stars by means of the Initial Luminosity
Function, assuming that there were also present less mas-

sive and as yvet invisible members of the associations. It

may well be that the luminosity function for OB associations
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is guite different from the Initial Luminosity Function.
Recent investigations (see Elmegreen and Lada 1977b and
references therein) have in fact indicated that O and B
stars may form under different conditions from lower mass
stars. The total mass of an individual subgroup would then
be close to the sum of the masses of the constituent stars.
From Garrison's (1970) spectral classifications, estimates
can be made of the stellar masses in Cepheus 0OB3 (Harris
et al. 1963; Underhill 1966). The masses of the older and
younger subgroups are found to be ~ 200 M® and ~ 300 M@

respectively. Conti and Burnichon (1975) have shown that

20% of all O stars have masses greater than 60 M but a

@!

typical subgroup of 15 stars, comprising a few very high
mass O stars and lower mass O and B stars could easily be

formed from the 500 M® available in Cep-A. It is postulated
that Cep-A is collapsing on a time scale of a few x 105
years to form a new subgroup of the Cepheus OB3 association.

In Cep-C no self-absorption is detected but the 12CG

lines are broader than those usually seen in dark clouds

13CO is markedly enhanced relative to its 1200 value

and
{see Table 2, Chapter 1). Around the center of the region

weak (< 0.6 K) 2 mm H,CO emission is present. Similar

2
emission has been observed by Evans and Kutner (1976) in
the Taurus and L134N dark clouds. Although there are no

other indications of density enhancement, such as IR sources
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or even CO hotspots, Evans and Kutner, using spatially co-
incident measurements of 2 cm and 6 cm HZCO absorption, have
shown that densities of nH2‘~ lO4 cmn3 must exist in these
clouds at the locations where 2 mm HZCO emission is present.
Thus, although observations of 2 cm or 6 cm HZCO are lacking,
the presence of 2 mm H2CO is evidence for densities of order
104 cm_3 in the center of Cep~C. As in the case of Cep-3,
this is considerably larger than the peak density calculated
from the 12CO and 13CO measurements (see Table 1) and the
remarks in § IIa concerning differences between relative
abundances of heavy molecules in dense molecular clouds and
dark clouds are applicable.

The radius and mass of Cep-C are rather smaller than
Cep-A (see Table 1), but its Jeans length is a factor of
four smaller than its radius, so that it could be in a state
of gravitational collapse. A free-fall collapse time
slightly greater than that for Cep~A results, the velocity
at the boundary being ~ 1.2 km s”l. The presence of the
dense core, the likelihood that the region is collapsing,
and the generally weaker and narrower profiles as compared
with Cep—A, indicate that Cep-C may be the precursor of a
region such as Cep-A.

The mass derived for Cep-B is only ~ 100 M Clearly

0"
this is not the formation site of a new subgroup. There is

no evidence for density enhancement either in the form of
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12

broadened CO profiles or detectable 2 mm HZCO; ' The Jeans

length of the region is comparable to its radius and gravi-
tational collapse is improbable. Here, however, the lZCO
intensities attain their highest values in the Cepheus OB3
cloud. The lines remain relatively narrow and observations
across the region are typical of those seen in a dark cloud
heated by a single star. From Figure 1 it can be seen that
Cep~-B 1is a reasonable position for a still embedded associ-
ation star. The average extinction in the region can be

16 N(13CO) (Dickman

determined using A_ = (4.0 * 2.0) x 10”
1976) , and is found to be of order 5 magnitudes. Further
evidence for the existence of such a star will be given in

§ IId.

d) Heating and Cooling Rates for the Molecular Cloud

Energetics of the gas and dust in the Cepheus cloud
will now be investigated. Goldreich and Kwan (1974)

attribute the heating of molecular gas at densities greater

than nH = 104 cm—3 to collisions between H2 molecules and
2

dust grains. Scoville and Kwan (1976), however, cite ob-

servational evidence to demonstrate that the kinematic

temperature of the gas, Tkiﬁ’ is often quite close to the

dust temperature, Td’ and point out that this process can,

CL . 4 -3
at densities nH2 ~ 10" cm produce only Tkin a

They show that the heating rate will be increased if H

= 1/2 7

20

molecules absorb far infrared radiation from the dust and



=72~

subsequently de-excite through collisions with H,. The re-
sulting gas and dust will then be thermally coupled at

nH2 ~ 10% cm™?. Tn both theories it is presumed that the
gas is heated by the dust. Since no far infrared measure-
ments of this cloud have yet been made, Td is unknown and
other sources of gas heating may be relevant here.

Total cooling rates for the gas and dust are deter-
mined for Cep-A, Cep-B and Cep-C by summing, as did Evans
et al. (1977) for S$255, contributions from concentric
shells around each source bounded by contours 10 X, 15 K,
etc. For the 10 K and 15 K shells the projected areas on
the plane of the sky are given in Table 1. Values of T

*
appropriate tc each contour wvalue of TA(12C05 are shown

kin

in Table 2.

Cooling of the molecular gas is affected principally

through CO emission, and for densities Neg Dy > 10% cm®

2 .
the cooling rate is A(CO) = 2 x 10727 T;in ergs em™3 71

(Scoville et al. 1975). For each source, total gas cooling
rates, ;Ai Avi, where Avi is the volume of each contribu~-
ting sh;ll, are given in column 2 of Table 3.

In the absence of far infrared observations estimates

of the dust cooling rates must be inferred from the 13CO

data. Evans et al. (1977) derived an empirical relation,
Tprp = 10718 N(13CO), between the far infrared optical
depth, TEIR’ and the 13CO column density N(13CO). It

appears to agree fairly well with available observational
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TABLE 2

KINETIC TEMPERATURE

*

Ta(t?co)  Tkin
(k) (R)
25 28.5
20 23.5
15 18.4
10 13.4.

5 8.3
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TABLE 3

HEATING AND COOLING RATES IN THE CLOUD

SA AV, C. (FIR)
PR TFIR(pk) TFIR(mean) PR
(1) (2) (3) {4) (5)
(L) (o) |
Cep-A 0.5 0.049 0.02 4.6x10
Cep-B 0.3 0.021 0.01 4.2x10°

Cep~-C 0.1 0.030 0.02 1x10°
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data and will be employed here. In Table 3 the values of

TeIR at the peak of each source, and averaged over the

source are displayed in columns {3) and (4) respectively.
Dust cooling rates are in column (5). Clearly considerably
more enerdgy is radiated by the dust than by the gas.

As already noted, Tq is unknown here, but since dust
cooling of the gas is very efficient (Scalo 1977), it must

be at least equal to Tkin.Some source of dust heating is

therefore required. Embedded near infrared objects can
provide the necessary energy, but no such sources are known
in the Cepheus OB3 cloud.

It was proposed in § IIc that an embedded early B star
might exist in Cep-B. If this region is heated by one star
the luminosity of each shell should be the same. For the

25 K, 20 K, 15 R and 10 K shells of Cep-B the respective

luminosities are 1.5 x 10° Ly, 1.1 x 10° Ly, 1.1 x 10° L,
and 0.5 x 103 L@" The first value may be too high since it

was derived assuming that t (pk) applied throughout the

FIR

25 K shell, whereas N(lBCO), and therefore =t falls off

FIR'
rather quickly in this regiqn. Irregularities within the
10 K shell could equally account for the rather low lumi-

nosity found there, and it is concluded that an embedded

star may be present. A star of spectral type B2

with luminosity ~ 5 x 103 M® (Panagia 1973) would provide

just sufficient energy to balance the dust cooling rate.
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However, if such a star exists in Cep-B the extinction
in this direction must be considerably largexr than the
5 magnitudes derived in § IIc.

Sources of heat for the dust over most of the cloud
are not obvious, although the proximity of the younger sub-
group stars to the cloud suggesisthat they may contribute
largely to its heating. No detailed calculations concern-
ing the effects of stellar radiation on the dust temperature
have been made, since the mechanism of heat transfer from
external sources to the cloud is not well understood and
since Ty is in any case a weak function of distance from
the star (Scoville et al. 1975). However, the stellar con-
tribution to dust heating may be roughly estimated by con-
sidering the effect of the radiation from the younger sub-
group on unshielded grains at the cloud edge. The spectral
types (Garrison 1970) of its members imply a total lumi-
nosity (Panagia 1973) ~ 5 x 105 L® for the younger subgroup.
Taking the mean distance between these stars and the cloud
edge to be 3 pc, this luminosity could produce a grain
temperature of 13 K. Throughout most of the cloud the gas
kinetic temperature is in féct lower than 13 XK. It is
therefore possible that the gas is heated by dust, and the

association stars contribute significantly to the heating

of the dust itself.
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ITI. THE CEPHEUS OB3 STARS

In principle if a star's age and its proper motion are
known, it is possible to ascertain how far it has moved on
the plane of the sky since its formation. In practice the
errors inherent in the proper motions are very large, and
often only an upper limit tc the age is known, so that such
a calculation is not particularly significant for individual
stars. In OB associations, howevéf, the stars are thought
to be expanding away from a common origin, and an "expan-
sion age", corresponding to the time which has elapsed since
they began to move away from each other, may be computed.
Proper motion errors still preclude a precise determination
of the birthplace, but the general area in which it is
situated may be identified. Before the origins of the
Cepheus OB3 assoclation can be established, membership in
the association and in its individual subgroups, as well as
the'ages of these subgroups, must be critically examined.

a) Association Membership

A list of members of the Cepheus OB3 association was
originally given by Blaauw et al. (1959). Membership was
decided on the basis of locafion on the color-magnitude
diagram, distribution on the sky and interstellar extinc-
tion. Blaauw et al. found that stars with (B—V)O less
than 0?15 have an average interstellar extinction E& = 2@46,

and are more concentrated on the plane of the sky than those



~78= "

with {B—V)O greater than 0715, which have an average ex-
tinction Xv = 1T25, They concluded that stars having
(B—V)O < o%1s belonged to the association but membership
of other stars was nct entirely excluded. The positions of
the association stars are shown in Figure 1.

Two stars in the original list, BHJ 44 and BHJ 59,
were not included as members in a later study of proper
motions and radial velocitles in the association (Garmany
1973). Since they fit the above membership criteria in all
respects, these stars will be considered to be members for
the purposes of this analysis. Because it is difficult to
assign them to either subgroup (see § IIIb), their positions
are shown as filled sguares in Figure 1.

In the solar neighborhood the density of early type

stars is 0.48 x 10_8 pc"3 for 05 stars, increasing to

164 x 107° pc"3 for B5 stars (Prentice and Ter Haar 1969;
Torres-Peimbert et al. 1974; Cruz-Gonzalez et al. 1974).
Within the Cepheus OB3 boundaries the number of O stars
expected is 3 x 107> and B5 stars is 1.1 x 10 2. Stars in
the Cepheus region of spectral type B5 or earlier, having
the appropriate distance modulus, 93, (Crawford and Barnes
1970) , are therefore very likely to be association members.
However, the uncertain distance modulus of BHJ 11 coupled

with its location on the HR diagram and its unusually high

. . m . , .
extinction, 4.3, render its membership very doubtful,.
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b) Subgroup Membership

The members of each subgroup of Cepheus 0OB3 listed
by Garmany (1273) are given in Table 4. If there is any
doubt that an individual star belongs to the association
or to the particular subgroup (see discussion following)
its BHJ number is enclosed in parentheses. BHJ 44 and
BHJ 59 are classified as older subgroup members (see below).

Association stars are assigned to separate subgroups
on the basis of their position in the Hertzsprung-Russell
diagram and their relative concentration on the plane of
the sky (Blaauw 1958). In general the earliest spectral
types are found in the more densely populated areas of the
associations. The more dispersed stars are of later
spectral type or at systematically higher luminosities than
those of the same spectral types lying in the denser regions.
The subgroups should therefore represent groups of stars of
different ages. Since the boundary of the "densely popu-
lated" region of the association is not precise, it is ob-
vious that there will be stars which can almost equally well
be assigned to either subgroup.

In an attempt to distinguish more clearly bhetween stars
of each subgroup, the distribution of spectral types, inter-
stellar extinctions, radial velocities and proper motions
among the stars are displayed in Figures 3a through 3e re-

spectively. Hatched areas represent the clder subgroup
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TABLE 4

SUBGROUPS OF CEPHEUS OB3

Younger Subgroup Older Subgroup

2 16 (25) 40 14 (44) 56 70
8 17 26 41 18 46 (59) 75
10 20 31 19 47 (66) 76
(11) 22 (33) 23 (50) 68
15 24 (39) (37) 54 69
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FIGURE 3a
Distribution of spectral typesamong the Cepheus 0RB3
stars. Hatched regions indicate older subgroup stars.
Cross-hatched regions represent older subgroup stars of

luminosity class other than V.
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FIGURE 3b |
Distribution of interstellar extinctiors among the
Cepheus OB3 stars. Hatched regions indicate older sub-

group members.
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FIGURE 3¢,
Distribution of radial velocities among the Cepheus

OB3 stars. Hatched regions indicate older subgroup members.
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FIGURE 3d
Distribution of proper motionsin right ascension.

Hatched regions indicate older subgroup members.
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FIGURE 3e
Distribution of proper motiors in declination.

Hatched regions indicate older subgroup members.
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stars. While there is no clear-cut division of properties
according to subgroup, there are tendencies for the older
subgroup to have lower values of AV, more positive radial
velocities and more positive values of Uy, than the younger
subgroup.

In the following discussions it will be important to
bear in mind the fact that some stars cannot be unambigu-
ously assigned to either subgroup. These stars and their
properties are tabulated in Table 5 and may be compared
with the distributions illustrated by Figure 3a through
3e. Their locations are evident from Figure 1. BHJ 44
and BHJ 59 are also included in Table 5. They are probably
members_of the older subgrouy.

c) Pre-Main-Sequence Stars

The locations of any pre-main-sequence members of
Cepheus OB3 are particularly important to a study of the
way in which newly formed stars are related to the associ-
ated molecular cloud. Eggen (1976) has suggested that the
peculiar spectra of BHJ 37 and BHJ 44 indicate that traces
of their pre-main-seguence circumstellar shells still re-
main, implying that these stars have scarcely reached the
main sequence, and are among the youngest agsociation
members. Their properties are given in Table 6. In
Figure 1 they are represented by filled sguares and their

BHJ numbers are enclosed in parentheses.
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TABLE 5

PROPERTIES OF SELECTED STARS OF CEPHEUS OB3

(3)

(3)

BHJ Av(l) Sp. Type(z) VR -1 Ho B
(km s ) ("/yr) ("/yx)
25 1799 B5 .. +0"0021  -0"0010
33 2T41 B5 .. -0"0005 -0"0063
39 2726 BO.5 -18.3 -0"0061 -0"0065
37 2T B6Vnnp . +0"0104  +0"0050
44 179 B3V -26.8 e .
59 2Tg’ B2IV | ... +0"0064  +0"0017
(1) Blaauw et al. (1959)

(2)
(3)

Garrison (1970)
Garmany (1973)



TABLE 6

POSSIBLE PRE-MAIN-SEQUENCE STARS

BHI  V_-M, A, MK Vl?_ L " }{ yr " {1’ yr
(km s o 8
8 P 1.49 B7IV -18.3 ~-0v0027 +0° 0086
37 9.3 2.10 B6Vnnp . +070104 +070050
42 T e 2.14 . . +0V0159 +07004¢6
44 o e s 1.90 B3V -26.8
50 9.03 1.96 B3V -18.0 +0V0072 -0%0115
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Ultraviolet photometry of stars in the Cepheus region
obtained by the ANS satellite indicates that several of
these lie in regions of the color-magnitude diagram typical-
ly populated by pre-main-seguence stars (Kester 1977). 1In
addition, Garmany (1973) has speculated that BHJ 9, BHJ 42
and BHJ 45, which lie somewhat to the right of the associ-
ation main sequence and have proper motions comparable with
those of the association stars, may be pre-main-sequence
members. However, computations of distance moduli from the
ubvy and HB photometry of Crawford and Barnes (1970), fol-
lowing the method of Eggen (1976 and references therein),
immediately eliminate most of these stars from membership.
An exception is BHJ 50. No ubvy photometry and hence no
accurate distance moduli are available for BHJ 9 and BHJ 42.
Properties of these possible pre-main-sequence members of
the association are also given in Table 6.

d) Subgroup Ages

In a recent proper-motion study Garmany (1973) has
determined the expansion age of Cepheus OB3 to be 7.2 x 105
vears. As already noted, this age corresponds to the time
which has elapsed since the members of the association be-
gan to move away from their common origin. The state of
evolution of the stars when expansion begins.is not known.

Some, or even all, may not have reached the main seguence.

Thus, the expansion age gives an upper limit to the age of
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the association provided that the onset of expansion occurs
relatively quickly after the stars form, and that subsequent
stellar motions are uniform. In Cepheus 0B3 both these
requirements appear to be fulfilled. There is no evidence
of a bound core of 0 and B stars which would remain if ex-

pansion were due to dynamical relaxation of an established

cluster (Gott 1973), nor is there any suggestion of retar-
dation in the expansion velocity.

An upper limit to the association age can also be
obtained from the upper main-sequence turnoff point. BHJ 75,
spectral type BOIII, implies an age ~ 107 years (Iben 1964).
However, this star may not be an association member and the
expansion age, although uncertain because of proper-motion
errors, will be accepted.

The upper limit to the association age is also the
upper limit to the age 6f the older subgroup. A lower
age limit may be established from the time regquired for the
subgroup member of latest spectral type to contract to the
main sequence. A B7V.-star, the latest type observed in the

older subgroup, typically has a mass ~ 5 M_ (Underhill 1966).

(]
Then's (1965) pre-main-sequence contraction paths show that
such a star will reach the main segquence after ~ 5 x 105
vears. It is concluded that the age of the older subgroup
is ~ 5-7 » 105 years.

Confirmation of this age estimate is provided by

Garmany's (1273) proper-motion data. The expansion age
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quoted above is derived from the expansion of the associ-
ation as a whole. However, Garmany also noted some in-
ternal expansion in the older subgroup, from the motions in
galactic latitude, and calculated an expansion age of

4.8 x 105 vears. She found little evidence of internal
expansion from motions in galactic lonagitude, but her data
have been used here to determine an expansion age ~ 106
years. A weighted mean of these values gives an age of

~7 x 10°

years for the older subgroup.

It is difficult to determine an upper limit to the
age of the younger subgroup since no main-sequence turnoff
occurs among the stars. The latest spectral type observed
is B5, but both stars of this type, BHJ 25 and BHJ 33,
have been shown to be at least doubtful members of the
subgroup. Their contraction time to the main seqguence is
estimated to be ~ 3 x 105 years. If these stars are not
members, the latest spectral type observed is B2.5. The
corresponding main-sequence contraction time is ~ 1 x 105
vears. An age ~ 1-3 x 105 years is deduced for the vounger
subgroup. Garmany's (1973) proper-motion data have been
used again to obtain an appfcximate internal expansion age
for this subgroup. From motions in galactic longitude, an
age ~ 3 x 105 vears (some variation about this number re-

sults depending on which stars are accepted as subgroup

members) is obtained, in gocd agreement with the age:
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suggested by the spectral types observed.

Blaauw (1964) assigned average ages of 8 x 106 years
and 4 x 106 years respectively to the stars of the older
and younger subgroups of Cepheus OB3 on the basis of their
locations in the Hertzsprung-Russell diagram. The ages
determined here are considerably lower, being 5-7 x 105
vears and 1-3 x 105 years for the older and younger sub-
groups respectively. However, they are to be preferred to
the earlier values since they derive from kinematic data
and improved evolutionary time scales which were unavail-
able at the the time of Blaauw's initial studies of OB

associations.

e) Origins of the Subgroups

The above subgroup ages were combined with Garmany's
(1973) proper motions to establish where the subgroups
formed,

Calculated positions for the younger subgroup stars
3 x 105 yvears ago and 1 x 105 years ago are shown in
Figure 4a as crosses and filled circles respectively.

Light solid lines counnecting these symbols indicate trajec-
tories in time. So0lid lines outline the present boundary

of the molecular cloud. 1Its location 105 vears ago is
derived by correcting only for the effects of differential
galactic rotation and is described by dashed lines. Clearly

the lattexr representation is purely schematic, since the
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FIGURE 4a
Calculated positions for the younger subgroup members
1l x lO5 years ago (filled circles) and 3 x 105 years ago
(crosses). Light solid lines connecting the symbols rep-
resent time trajectories. The circle defines the area
within which the younger subgroup was formed. The position
of the cloud at present and 1 x 105 vears ago is outlined

by solid and dashed line respectively.
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cloud may well have had a different form at that time.

Because the errors inherent in the proper motions are
large, no great weight can be placed on any individual
stellar position. As a result, a "mean"” position of origin
for each subgroup was determined. A mean current position
of the subgroup was derived by averaging the present posi-
tions of all members. This was then projected back in
time, using the average of all proper motions for the sub-
group. In the case of the younger subgroup the exclusion
of doubtful members makes little difference to the final
position. If the mean of all pfoper—motion errors within
the subgroup is taken to be the error in this position, the
light dotted circle in Figure 4a represents the area from
which the younger subgroup could have originated within
the derived time span.

A similar diagram for the older subgroup is shown in
Figure 4b. The crosses and filled circles here result from
ages of 7 x 105 and 5 x lO5 years respectively, and the
molecular cloud is schematically represented at its posi-
tion 7 x 105 years ago. The possible area in which the
stars of the older subgroup were born is shown as a lightly
hatched region. This is considerably larger than its
counterpart in Figure 4a mainly because of the longer time
scale involved in the error determination.

A large fraction of the stars in the older subgroup
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FIGURE 4b

Calculated positions for the older subgroup
members 5 x 105 years ago (filled circles) and 7 x 105
years ago (crosses). The hatched area indicates the
region within which the older subgroup formed. Light
solid lines connecting the symbols represent time tra-
jectories. The open squares show the present positions
of Cep-A and Cep-~C. The location of the cloud now and

7 ¥ 105 vears ago is represented by solid and dashed

lines respectively.
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have errors in proper motion comparable with the proper
motions themselves. It is therefore not surprising that
their calculated positions of origin fail to cluster in
any way, unlike those of the yvounger subgroup. However, if
it is conceded that these stars were born in the same
region and are presently expanding away from each other,
the area indicated in Figure 4b is not implausible. For
comparison the supposed location of the younger subgroup
at its time of formation is also drawn in Figure 4b. Al-
though contiguous, the formation regions do not overlap,
suggesting that the two subgroups formed in quite differ-

ent locations.

IV. THE PRESENT RELATIONSHIP BETWEEN THE MOLECULAR CLOUD

AND THE OB ASSOCIATION

Membership in the Cepheus OB3 association and in its
individual subgroups, the ages and kinematics of the stars,
and the structure and energetics of the related molecular
cloud have been treated in some detail. The properties of
the association and the cloud complex will now be summa-
rized and the current relationship between the stars and
the cloud will be considered.

Cepheus OB3 comprises two subgroups of ages ~ 5-7 x 105
years and‘~ 1-3 % lO5 years. Their separation on the plane
of the sky is ~ 13 pc. The mean radial velocity, VLSR of

the older subgroup is -9 km s~i and that of the younger
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subgroup -15 km s—'l (Garmany 1973)}. The proper motions
(Garmany 1973) lead to mean tangential velocities, V&,
equal +19 km s™! and -14 km s”! for the older and younger
subgroups respectively. Most of the younger subgroup stars
are seen in the direction of, or close to, the irregular
H IT region 8155 (Sharpless 1959), for which VLSR = ~15
km s_l (Miller 1968; Georgelin 1975). The exciting star
or stars of this H II region have not been identified but
they may be obscured by the Cepheus molecular cloud.

The mass of the molecular cloud is equal to a few
thousand solar masses and its dimensions are 20 pc x 60 pc.

1

In the cloud complex V ranges from -5 km s — to =15

LSR
km sml. The tangential velocity is unknown but, from the
velocity of galactic rotation in this region,
may be inferred to be ~ 15 km s”1. Within the cloud, and
approximately 7 pc from the younger subgroup, is the region
Cep~A of mass ~ 500 M®, which appears to be collapsing to
form a new subgroup of the association. Cep-B, where an
embedded star may exist, lies close to and partially ob-
scures the H I1 region S155. Both regiong are located at
the same end of the cloud as the birthplaces of the
optically visible subgroups.

Blaauw (1964) has shown that in OB associations the

younger subgroups appear on the plane of the sky to be more

closely connected with the interstellar gas out of which
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the stars presumably formed, while progressively less gas
is seen in association with older subgroups. This is
certainly the case in Cepheus OB3 and it therefore seems
logical to presume that the advance of star formation may
be followed across the association, through the successively
vounger groups of stars and into the cloud itself, where,
as described above, there are signs that stars are currently
being made. It seems likely that optically visible pre-
main-sequence stars will be situated closest to the mole-
cular cloud and will give some indication of the pattern
of star formation.

Possible pre-main-sequence members of the association
are listed in Table 5. Spectral classification of BHJ 15
(see Table 5) and the fact that it illuminates a reflection
nebula (BHJ 15 = +62°2361 = vdB 155, van den Bergh 1966),
suggests that this is also a recently formed member of the
younger subgroup. These stars are not found preferentially
closer to the molecular cloud (see Fig. 1l). It appears
that when expansion of the association begins, not all of
its members have reached the main sequence, and at the
present time there are, in both subgroups, stars still in
the contraction phase. Thus, the positions of the subgroups
as a whole, rather than the current locations of individual
pre-main-sequence Or very young stars, are important in

establishing the progression of sgtar formation through the
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association.

It also seems most probable that if remnants of the
primeval cloud still exist these will be found preferen-
tially around the youngest members. However, the searches
for CO in the directions of the association stars describ-
ed in Chapter 1, resulted in detections only for the stars
in Table 7. Parentheses indicate very uncertain measures.
The only possible pre-main-sequence star among these is
BHJ 42 and since its velocity is unknown it is impossible
to determine its position in the line of sight relative to
the molecular cloud. Among the very young association
stars CO is observed only toward BHJ 15. 1In this instance
and also for the relatively young BHJ 16, the velocities
of CO emission are so very different from the stellax
velocities that stars and gas do not appear to be phys-
ically related.

For the remaining stars in Table 7 there is no obvious
relation between age as indicated by spectral classification
and CO intensity. Where stellar velocities exist, they are
in good agreement with the gas velocities, implying that
the stars lie within the cloud. The strongest CO emission
is seen in the direction of stars having the greatest values
of absolute visual extinction, as might be expected from the
roughly linear corxrelation which obtains between gas column

density and AV (Dickman 1976 and referernces therein)}.



TABLE 7

CO DETECTION IN THE DIRECTION OF STARS

BHJ MK Vog (km s~ 1 v, (km s™1) TZ(K) Ava
11  BIV -11 ~13 4.4 aT2s (1)
15 B21V-Vne -9 ~29 4.9 2789 (1)
16 B0.5V -10 ~22 4.0  2T91 (1)
17  B1.5V ~11P 2.9 3Mi8 (1)
24  BLlV [-12] ~12 ~1 1 3%01 (1)
42 . ~15- . 3 1 2M4  (3)
56  BlV [-14] ~14 2.3 2™35  (2)
75  BOIII [-15] -13 [1.57 2W84  (2)

-LOT-

(1) Younger subgroup member

(2) Oider subgroup member

(3) Possible pre-main-sequence star

a Calculated after Blaauw et al. (1959)

b Note difference in velocity from BHJ 17 - B8S4E
{Table 1, Chapter 1)

c Garrison (1270)
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There is no evidence of the enhanced density expected in

a remnant of the primeval cloud around a newly formed star.
Emission intensities in these directions reflect only the
conditions within the cloud lying in front of the stars in
the line of sight. This is true even for'BHJ.56 where CO
is observed at a considerable distance from the primary
cloud. It seems most probable that in this case the
juxtaposition of an association star and the gas occurs by
chance.

Sbme deviation from this general pattern is noticed
around BHJ 11 where, over a very limited area (~ 0.5 pc x
0.5 pc), CO emission is enhanced above the values typically
observed in that region of the cloud. Emission from both
isotopic species is usually detected at velocities of the

13CO being weak, as the 12CO

12

order of -8 or -9 km s—l, the
measures would imply (see Chapter 1l). The CO emission
becomes noticeably stronger close to BHJ 11, but its veloc-
ity varies with position, being ~ -11 km s-l at the stellar
position and becoming less negative (and closer to the
average cloud velocity) at increasing distance from the
star. The -11 km s~ * feature appears to be a blend of

~13 km s_l (the stellar velocity) and -9 km s~l (the cloud
velocity) lines. There is no corresponding variation in
the 13CO velocity. It is presumed that BHJ 11 has moved

some distance from its place of origin and is now respon-

sible for purely local heating of the cloud.
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The evidence suggests that with the exception of
BHJ 11 there is currently little interaction between the
association stars and the molecular cloud. It is indeed
guestionable if BHJ 11 is an association member (see

§ IIIa).
V. STAR FORMATION IN CEPHEUS OB3

It remains to ascertain how the present Cepheus OB3
complex was produced. Recently Elmegreen and Lada (1977b)
have presented a theory of how star formation, once initi-
ated, proceeds in OB associations. A unique process for
creating the initial subgroup has not yet been identified,
although a number of mechanisms have been suggested. These
include cloud-cloud collisions (ILoren 1976), partial cloud
collapse induced by the passage of the galactic density
wave {(Mouschovias, Shu and Woodward 1974; Woodward 1976),
and supernova explosions (Berkhuijsen 1974; Sancisi 1974;
Assousa et al. 1977; Hexrbst and Assousa 1977). Following
a suggestion by Opik (1953), Ogelman and Mdran (1976) have
indeed proposed that not only the first, but alsc all
following bursts of star formation in OB associations are
caused by supernovae. Cepheus OB3 will now be examined to
determine which star forming process of processes are
applicable.

Star formation is taking place at only cne edge of the
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molecular cloud. Various stages are identified schemat-
ically in Figure 4b; in the hatched area the older subgroup
was born 5-7 x 105 years ago; immediately between this and
the cloud itself the vounger stars were created 1-3 x 105
years ago in the area described by a circle; continuing
into the cloud itself, a newly formed star may be currently
embedded in Cep-B; a new subgroup, denoted by an open sguare,
is apparently forming at Cep-A; and Cep-C, alsco denoted by
an open square, may be the precursor of a region such as
Cep-A.

At the present time there is a striking absence of
gas in the environs of the older subgroup, but some younger
subgroup stars are found near to, or within, the cloud
(see § IV). On the Palomar Sky Survey prints a few
younger subgroup members appear against the extended H II
region, S155. These stars have values of VLSR very close
to that of S155, and apparently lie within the H II region.

The mean radial velocities of the subgroups, -9 km s—l
for the older and =15 km s_l for the younger, are comparable
to the range of velocities observed in the Cepheus OB3 cloud
complex. However, the mean tangential velocity of the old-
er subgroupr, +19 km s—l, is oppositely directed to that of
the younger subgroup, -14 km s“l, and the molecular cloud,
~ -15 km s~ '. Uncertainties in the radial velocities are

1

of order * 5 km s ~. The proper motions give rise to un-

certainties of at least 50% in the tangential velocities,
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but the older subgroup appears to be moving away from the
primeval cloud with a velocity of 34 £ 9 km s"l. Any
theory of how stars are created in Cepheus OB3 must explain
both the absence of gas around the older subgroup stars and
the widely differing tangential velocities of the subgroups.
These velocities in fact suggest that since their
formation, the older subgroup stars have merely separated

1

from the cloud. Taking for the cloud V., = -15 km s ~ and

T
extrapolating forwards in time by 5-7 x 105 vears, it is
found that by now the primeval cloud of the older subgroup
(represented schematically by the hatched area of Fig. 4b)
should lie within a region bound by 22738 and 22P'50™ in
right ascension and by 61°30°' and 63°30' in declination.
Inspection of the Palomar Sky Survey prints shows some
obscuration in the southern part of this region which may
be a remnant of the molecular cloud out of which the sub-
group formed. The CO observations do not extend sufficient-
ly far wesﬁ for its structure to have been examined.

A considerable number of molecular clouds, apparently
connected with OE asscciationsg, have now been detected.
Their masses and dimensions zare generally very similar, but
are somewhat larger than those of the Cepheus cloud (Blitz
1977). An increase of 20 pc in the loﬁgitudinal dimensions

of the Cepheus 0B3 cloud would not only bring its size and

mass closer to that of other association clouds, bhut would
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also encompass the obscured region mentioned abové. It
seems plausible that the parent cloud was more extensive
than the present observations imply. A superficial com-
parison of the obscuration iﬁ this unobserved region with
that in the area of the known cloud does, however, indicate
that the extension is fragmentary in nature,

In explanation of the absence of CO in galactic
clusters with main-sequence turnoffs at spectral types
later than BO (Bash, Green and Peters 1977), Wheeler -and
Bash - (1977) have shown that a supernova of ~ 20 M®
(the mass of a very early B or late O star) can effectively
break up a 104 M@ molecular cloud. In Cebheus O0B3 no
stars later than B0 are evolving away from the main se-
quence and, according to their hypothesis, CO should still
be present since no member star should have evolved to the
point of exploding and disrupting the remaining cloud.
While CO is not presently detected among the members of the
older subgroup, it appears to be present at positions where
they would be expected had they not possessed such large
velocities. The present observations therefore do not con-
tradict the conclusions of Bash and Wheeler,

The disparity between older subgroup velocities and
those of the younger subgroup and the molecular cloud

indicate that the formation mechanisms for the subgroups

are probably quite different. Some event capable of
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endowing the older subgroup with such velocities must have
occurred at the time of their formation. One possibility
is a supernova explosion, which would affect the velocity
of the gas from which the star formed.

There is some evidence for the presence of a supernova
remnant around Cepheus OB3. In their 2l1-cm line survey of
the region, Simonson and van Someren Greve (1975) detected

an H I shell of mass 5 x 104 M_ and radius 4°, centered on

KC)
2 = 110°, b = 3° and expanding at 10 km s™1. more recently,
Assousa et al. (1977) using the data of Weaver and Williams
(1974) have confirmed the existence of a shell but contend
that it is centered at £ = 111°, b = 3°, and has an ex-
pansion velocity of 35 km sml. The locations of these

shells with respect to the association and the cloud
complex are shown schematically in Figure 5.

Assousa et al. (13977) derive an age of 4.5 x 10° years
for the remnant. The data of Simonson and van Someren
Greve (1975) lead to an age of 1.6 x lO6 years. Within the
errors, either age is compatible with the hypothesis that
the supernova explosion initiated the formation of the old-
er subgroup. However, it is difficult to reconcile the
present velocity of the stars with a current shell velocity
of 35 km s L. The present location of the stars with re-
spect to the shell is also somewhat surprising.

Since the ages are so large it is unlikely that the
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FIGURE 5
Schematic representation of the present position of
the supernova shell on the plane of the sky. The solid
lines indicate the shell centered on £ = 111°, b = 3°
(Assousa et al. 1977), and the dashed lines the shell
centered on £ = 110°, b = 3° (Simonson and van Someren

Greve 1975).
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identification of the hydrogen shell as a supernova remnant
can be confirmed by the detection of non-thermal radio
continuum radiation. However, Assousa et al. (l977) point
out that the pulsar PSR 2223+65 at & = 108.6°, b = 6.9°, at
730 pc and of age 1.4 x 106 yvears (Taylor and Manchester
1975), may well be a result of the original supernova ex-

1 (0.0154

plosion. A tangential velocity of ~ 53 km s
arcseconds per year), which is somewhat low for a pulsar,
would be required to traverse the distance between the
supernova center and the present position in the given
time scale. Unfortunately, proper motions are not known
for this object. There appears to be no conclusive evi-
dence that star formation in Cepheus O0B3 was triggered by
a supernova explosion.

There remains the possibility that the Cepheus OB3
association formed as a result of the passage of the
galactic density wave. The older subgroup has a peculiar
velocity with respect to the cloud only in the tangential
direction, implying that the stars were formed as a result
of compression of interstellar matter by a shock front
moving in the opposite direction to that of galactic
rotation. At the position of Cepheus 0OB3 the velocity of
galactic rotation is greater than the pattern speed of the
galactic density wave (Roberts 1969), so thalt gas passes

through the shock in such a way that any stars formed will
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preferentially move in the sense opposite to galactic
rotation. However, the association lies in the Orion spur
which may be a material arm, and in this situation high
velocities are not easily explained.

Although the way in which star formation is initiated
remains uncertain; it seems plaucsible that the sequential
formation mechanism proposed by Elmegreen and Lada (1977b)
applies in Cepheus OB3. It appears that the younger sub-
group, created in the compressed region between the ion-
zation front produced by the older subgroup stars and its
related shock front, has now emerged_from this compressed
region and is ionizing the surrounding gas. A new com-
pressed layer ig indicated by Cep-A and possibly Cep-C.

Unfortunately, while the general patterrn observed in
Cepheus OB3 agrees with the theory of Elmegreen and Lada,
the details do not. They find - typical time scales
between bursts of star formation of ~ 2-3 x 106 years,
and corresponding distances of 10~-20 pc. This distance
is in reasonable agreement with the observations in this
asgociation, but the time is much too high. The differ—
ence in age between the subgroups has been shown to be
~ 4 x 105 yvears. A collapse time of ~ 3 x 105 yvears for
Cep-A gives an age difference between it and the younger
subgroup which is also ~ 5 x 105 yvears. Elmegreen and

Lada admit that density inhomogeneities in the cloud can
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modify their model considerably and suggest that within the
compressed layer stars may form first from fragments which
initially had higher densities than their surroundings.

(In the Cephéus cloud the layer could conceivably extend
from Cep-C to Cep-A, the unstable regions reflecting

higher density areas of the original cloud.) Assuming theirx
variable No (the number of main-segquence O stars per 10 pc2

in an OB subgroup) to be constant, the time between bursts

of star formation, tI' scales as n_l/z, where n is the
hydrogen density in the cloud; the distance between the
formation zones, rI, scales as n_4/5. There is thus no

way in which t; can be reduced without significantly
affecting the acceptable values of rr-
The projected formation time of the new subgroup was
determined assuming Cep-A to be in free-~fall collapse.
Elmegreen and Lada point out that their tI is in fact
larger than the growth time of a Jeans instability in the
molecular cloud and that this may be an impediment to
their model. They contend, that observational evidence
indicates that free fall of the cloud as a whole does not
occur. The observations presented here agree with this
argument. However, individual fragments of the cloud can
be in free-fall collapse, and in Cepheus OB3 the difference
in ages between the known subgroups is comparable to the

free-fall collaspe times of these fragments.
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Vi. SUMMARY

Observations of the Cepheus OB3 molecular cloud and
of the association stars have been extensively analyzed.
The suggestion of Chapter 1 that Cep-A and Cep-~C are
regions of enhanced density have been confirmed, and it
has been established that a new subgroup of the association
may be forming in Cep-A on a time scale of ~ 3 x 105 years.
There is sufficient mass available in this fragment to
give rise only to the usual number of 0 and B stars found
in an OB subgroup. It appears that lower mass stars must
form elsewhere, possibly as a result of fragmentation and
collapse of much smaller portions of the cloud. There is
some evidence that an embedded star may be present in
Cgp—B.

Ages of the individual subgroups, and a formation
time for that currently being created in Cep-A, have bheen
determined. It is suggested that the subgroups may be con-
siderably vounger than the ages originally given by Blaauw.
Their ages are 5-7 x 105 years and 1-3 x 105 years.

Star formation appears to begin at one end of, and
then proceed seguentially through, the molecular cloud.
Available calculations of such a process do not apply in
detail to the Cepheus 0B3 association, principally because
of the revised subgroup ages.

The way in which star formation is initiated remain
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uncertain. While it seems unlikely that supernovae are
always the authors of star formation in OB associations,
that they occasionally are is supported by observations

of Per 0OB2, Sco 0OB2 and Lac OBl (Sancisi 1974; Sancisi

et al. 1974), and the possibility that the older subgroup
of Cepheus OB3 formed in a supernova shell cannot be
entirely ruled out. A test of the more general applicabil-
ity of the supernova hypothesis, which would also take into
account the likelihood of density wave related star forma-
tion, might be made by examining the relative positions

and velocities cof the stars and gas in the associations
Cep OB2 and Cep 0B4. These are at about the same distance
as Cep OB3 but on either side of it in the QOrion arm.

The disparity between the tangential velocities of the
older subgroup and those of the cloud and the younger sub-
group in fact suggests that the method by which star for-
mation is initiated is very different from the way in which

it propagates in Cepheus OB3. Whether this is a property

common to OB associations or whether it holds only in this

case is a subject for further study.
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