tional evidence that the upper lunar crust
may be compositionally zoned. The
presence of olivine in the Copernicus
region suggests a possible magnesium-
rich zone of unknown origin in the upper
lunar crust. Possible sources of the oliv-
ine include (i) a primary cumulate zone
resulting from early lunar differentiation,
(ii) a singular magma chamber or cumu-
late zone associated with lunar volca-
nism and emplaced within the crust in
this area, and (iii) a zone of material from
either of the above, relocated by an
earlier event. A detailed reconstruction
of the stratigraphic sequence at this site
in light of our current understanding of
crater formation dynamics will be essen-
tial to put this new compositional infor-
mation in context with the evolution of
the lunar crust,
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High-Resolution X-ray Observations of the Orion Nebula

Abstract. Observations of the Trapezium region in the Orion Nebula obtained with
the high-resolution x-ray imaging instrument on board the Einstein Observatory
reveal at least 58 sources of x-ray emission. All but two of the sources can be
identified with visible stars. The strongest x-ray source is the star 'C, which excites
the emission nebula. Its x-ray luminosity is 6 X 10°% ergs per second. The rest of the
x-ray sources may be identified with stars of all spectral types. Strong x-ray emission
is not observed from members of the infrared cluster embedded within the Orion

molecular cloud.

The Orion Nebula (M42) is the best
known and best studied site of recent
star formation in our galaxy. Located
about 500 pc away and easily identified
with a pair of binoculars in the sword of
Orion the hunter, the nebulosity is excit-
ed by the star 6'C, a member of the
Trapezium cluster. An optically opaque
cloud of gas and dust is situated behind
the nebulosity. Such molecular clouds in
our galaxy are believed to be sites of
ongoing star formation. Indeed, studies
of this cloud by infrared and radio tech-
niques have identified several sites of
current star formation within it (I).

We present a deep x-ray image (22,021
seconds of integration) of the Orion Neb-
ula region that was obtained by the high-
resolution imaging (HRI) instrument on
board the Einstein Observatory (2). This
observation was motivated by four con-
siderations. First, the x-ray source in
Orion that was discovered by Uhuru was
known, from observations by SAS-3 and
by the Einstein Observatory arc minute
resolution imaging proportional counter
(IPC), to be centered on the Trapezium
cluster of stars (3—5). The HRI observa-
tion thus offered the possibility of identi-
fying and studying the Trapezium source
in detail. Second, the serendipitous dis-
covery of x-ray emission from the Cyg-
nus OB2 association demonstrated that
hot young stars can be x-ray sources (6).
Observation of the Orion association of
O and B stars was thus of interest. Third,
a deep HRI integration offered the possi-
bility of searching for x-ray emission
from the Orion infrared cluster (7). The
objects that comprise the cluster are
believed to be hot young stars that are
forming, or formed very recently, within
the molecular cloud. Molecular clouds
can be surprisingly transparent to hard x-
rays; using the x-ray opacities deter-
mined by Cruddace et al. (8), we calcu-
late that for a source obscured by 35
magnitudes of visual extinction, at least
10 percent of a 2-keV photon flux pene-
trates the cloud. Our HRI observation
was thus intended, in part, to search for
x-ray sources within the cloud and to
assess their role in the heating, kinemat-
ics, and support of the cloud. Finally, the

IPC observation of a 1° by 1° field cen-
tered on the Trapezium cluster revealed
22 sources tentatively identified with
stars of early spectral type and stars of
the nebular variable class (5). The high
angular resolution capability of the HRI
offered the means to secure their identifi-
cations.

The field of view of the HRI (~ 25 arc
minutes in diameter) was centered near
the Trapezium cluster for our observa-
tion. The angular resolution is ~ 2 arc
seconds (half width at half maximum of
the core of the image of a pointlike
source) over a circular region of radius
~ 5 arc minutes around the telescope
pointing center. The instrument is sensi-
tive to photons with energies of 0.1 to 4
keV; no spectral resolution within this
energy range is possible. We obtained
10,720 seconds of data on 2 September
1979, and the remaining 11,301 seconds
on 27 September 1979. All the data were
added to form a single deep image. Once
individual sources were identified in the
composite image, the data were reparti-
tioned to investigate the variability of the
strongest sources.

The existence and location of the
sources were established in two ways.
Most of the sources were derived by a
computer algorithm developed at the
Harvard-Smithsonian Center for Astro-
physics; the algorithm calculates the av-
erage background level in the field and
the counts in each 12 by 12 arc second
detection element, and then compares
these to a threshold level equal to four
times the fluctuation in the background.
Fifty sources satisfied this criterion. This
algorithm works - best for isolated
sources but fails for crowded regions.
Because the Trapezium region proved to
have several sources in very close prox-
imity, we established their existence by
direct inspection of maps of counts per
detection element. The x-ray sources
were then identified by inspection of an
overlay of a contour plot of the x-ray
image on suitable optical photographs.
We established in this manner that a total
of 58 sources of x-ray emission were
present in the 25 arc minute field. Of
these, 51 sources can be unambiguously
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identified with a single star, for another
five the x-ray resolution element con-
tains at least two stars so that unique
identification is not possible, and two
have no cataloged optical counterpart.

The source list is given in Table 1.
Source coordinates are in columns 2 and
3 of the table and the stellar identifica-
tion and spectral classification in col-
umns S to 7. The x-ray fluxes in column 4
were calculated with an HRI conversion
of 1 count per second = 2.6 x 107'% erg
cm~2 sec™!, found by comparing HRI to
IPC counts. These values are only a
guide to the actual x-ray flux because
they depend on the spectrum incident on
the detector.

Most of the sources in the central 6 arc
minutes of our image are also labeled in
Fig. 1. Figure 2 shows in detail the x-ray
emission from the Trapezium region.
Comparison of Fig. 1 and Table 1 reveals
several possible x-ray sources that are
not established by the source algorithm
but appear in Fig. 1 to be associated with
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stars (for example, 71924, 71838, and
w2032). Because their identification and
flux are uncertain, these possible
sources are not listed in Table 1.

In this report we describe the sources
located in the central 6 arc minutes of
the HRI image (9). The strongest x-ray
source in the Orion region is 8'C (Figs. 1
and 2 and Table 1). It completely domi-
nates the x-ray emission of the Trapezi-
um region. Its spectral type is O7 (10).
The next strongest source in the image is
the star 8'E, which is also in the Trapezi-
um region. Its spectral type was recently
determined as F8Vn (11). Figure 2 shows
that 6'F and 6'A may also be x-ray
sources, but their emission cannot be
separated, because of the angular resolu-
tion, from that of 6'C and 6'E. It is also
difficult to distinguish this emission from
that of several weak point sources. The
only other O-type star in the field of
view, 82A [O9V (12)], is the fourth stron-
gest x-ray source in the field. Both 6°C
and w1956 [BSV and B8IV-V (I3, 14)] are

x-ray sources, while other B-type stars
such as 6'B (B3V), 6'D (B0.5V), and 6°B
(B1V) (13-15) were not detected (< 1
percent of the intensity of 8'C). In addi-
tion to the two O-type stars, two B-type
stars, and one F-type star, two G- and
seven K-type stars were detected. Thus,
on the basis of this sample of 14 stars
with known spectral classification, there
is little evidence that stars of a particular
spectral type are predisposed toward x-
ray emission.

From their analysis of the IPC obser-
vation of this region, Ku and Chanan (5)
argued that many of the sources detected
in the Orion region were stellar and
associated with the class of stars identi-
fied as nebular variables or pre-main
sequence stars (/6). Indeed, the third
brightest source in the image is MT Ori.
In addition, Feigelson and De Campli
(17) found that two variable T-Tauri stars
in the Orion region are x-ray sources.
Twenty-six of the sources in Table 1 are
identified with stars known to be vari-
able. Five of these, KM, LL, AD, KR,
and V356, have been identified (I8, 19)
as young stellar objects. Little is known
about the remaining x-ray sources in the
image. They are identified in Table 1 and
Fig. 1 by their Parenago designation (20).
We suspect that they are optically fainter
members of the nebular variable class.

-6°24'30" I T 3
~ MT Ori 1
)
723
b Y "
T -5925'00" — Be —
(]
w
o - De® -
Q)
- — -
F \ 6'C
-5°25'30" I 1 1
shaamsos 48%
R.A. (1950)

Fig. 1 (left). The central 6 arc minutes of the
high-resolution x-ray image of the Orion re-
gion, superposed on a photograph of the neb-
ula. Isophotes of x-ray emission are drawn at
the levels 0.01, 0.02, 0.05, 0.07, 0.10, 0.14,
0.18, 0.23, 0.28, 0.40, 0.57, and 0.80 of the
peak value of the total counts detected per
square arc second. The most intense x-ray
emission is from the Trapezium region, which
is shown in detail in Fig. 2. The other stellar x-
ray sources are designated by their usual
identification or by their Parenago catalog
number (20). Fig. 2 (right). X-ray emis-
sion of the Trapezium region. Dots indicate
the astrometric positions of the Trapezium
stars. Isophotes of x-ray emission are
smoothed with a Gaussian of width 1.8 arc
seconds and drawn at the levels of 2, 5, 9, 14,
and 20 counts per square arc second.
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X-ray emission is detected at the posi-
tion of the infrared Becklin-Neugebauer
(BN) object, believed to be a protostar.
Due to the weakness of the emission we
cannot separate BN from the two nearby
stars w1839 and 71840. Since most of the
other x-ray sources in this field are iden-
tified with stars, we consider the identifi-
cation of this source with either or both
of the stars as the more likely possibility.
We note, however, that Pravdo and Mar-
shall (27) recently presented evidence for
x-ray emission from a protostellar ob-
ject: Herbig-Haro 1 in the Orion region.

In the 25 days separating our two
observations of this region, the x-ray
intensities of several sources changed.
The counting rate from 6'C increased
from 60.0 = 2.0 to 82.5 = 2.7 counts per
1000 seconds from the beginning to the
end of September. During one 1000-sec-
ond period the flux was as high as
121 = 11 counts. Shorter term fluctua-
tions from this bright source were also
observed but with less statistical signifi-
cance. Four other sources showed signif-
icant long-term changes in intensity:

8'E, w2085, MT Ori, and AN Ori. The

first two of these also showed fluctua-
tions on a time scale of a few thousand
seconds. Many other sources were ob-
served to vary at the level of 2 to 3
standard deviations, suggesting that x-
ray variability is characteristic of many
of these young stars.

The spectrum and x-ray flux of 6!C
may be estimated from IPC data because
9'C is at least a factor of 5 stronger than
the other Trapezium sources. The best
fit to the IPC data gives an optically thin
thermal bremsstrahlung source tempera-
ture of 2 X 107 K and an x-ray flux of
2.0 x 107" erg ecm™? sec”!, observed
through a column of material (with cos-
mic abundance distribution) of 2 x 10?'
hydrogen atoms per square centimeter.
At a distance of 500 pc, the x-ray lumi-
nosity of 8'C is ~ 6 x 10°? erg sec™!, or
about 1 million times the x-ray luminos-
ity of the quiet sun. In the normal inter-
stellar medium, the derived gas column
density would correspond to visual ex-
tinction by dust of Ay ~ 1 magnitude, in
agreement with the observed visual ex-
tinction to 6'C (15). Because of the un-
certainties in the IPC response, best-fit
spectral parameters are subject to large
errors. We estimate the uncertainty in
the temperature and column density val-
ues to be about 50 percent and that in the
flux 30 percent.

In the bremsstrahlung interpretation
for 6!C, a volume emission measure of
N2V ~ 1 x 10% cm™? is required to ac-
count for the observed x-ray flux from a
gas at 2 X 107 K obscured by matter of
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column density” NyL ~2 x 102! ¢m™2

(N, is the electron density, V the vol-
ume, Ny the hydrogen number density,
and L the length of the obscuring region).
To avoid catastrophic self-obscuration
we take NgAR = 2 X 10*' cm™2, where

AR is the thickness of the emitting re-
gion (this allows for the possibility that
the x-ray obscuration may take place
either in or outside the emitting region).
From the emission measure, this sets a
limit of R(R/AR) > 2 x 10'? c¢cm for the

Table 1. X-ray sources in the central Orion region.

X-ray centroid* X-ray fluxt Star
Right Declina- —13 Spec-
Source ascension tion lgr Ezri' Other tral
(1950) (1950) Cm§2 Ng desig- type
(hr, min, (deg, min, 1 : nation (refer-
sec 0)
sec) sec) ence)
1 53217.7 -527 00 3.9 1587
2 23.1 25 56 1.6 1633
3 28.7 25 06 9.4 1659 KM K1 (19)
4 30.1 3332 1.4 1667 KO
5 32.5 24 56 1.7 1684 KR K6 (19)
6 33,7 26 03 2.5 1694
7 34.7 28 29 2.3 1704
8 34.8 17 33 1.8 1703 V403
9 35.8 3157 1.5 1727 Kz
10 38.3 27 12 3.7 1746 LL K3 (19)
11 41.9 3151 2.2 1773 V356 K3 (19
12 423 2522) 6.8 1771
13 43.1 28 12 32 1785 LR
14 43.3 2537 7.4 1784 LQ
15 44.2 27 57 2.8 1800 LU
16 449 2536 2.3 1808/07 -/LV
17 46.5 32 48 1.7 1827 V488
18 46.6 2147 1.8 1836
19 46.6 2313 2.2 ?
20 (47.4 24 28) 2.1 1839/40
21 (47.8 24 44) 13.5 1862/41/42 V348/—/~
22 48.2 27 05 2.8 1872
23 (48.3 25 04) 36.4 1864 0'E F8Vn (/1)
24 (48.3 25 44) 5.5 1870/69
25 49.0 2516 198.0 1891 8'C 07V (10)
26 (49.0 25 53) 3.6 1895
27 49.6 2324 2.1 1884 AE
28 49.8 34 36 1.7 1897
29 50.1 27 36 1.9 1914
30 50.2 24 01 2.0 1886
31 (50.3 24 38) 21.8 1910 MT
32 (50.5 24 29) 2.3 1925
33 50.7 1731 1.6 ?
34 50.9 18 31 5.3 1906 . MS
35 51.0 24 23 3.1 1887/1909 —-/AD
36 51.2 2226 1.6 1922 MV
37 52.7 22 45 2.1 1937 TU KO (20)
38 52.9 28 31 2.4 1962
39 53.1 23 37 2.5 1956 B8IV-V (34)
40 53.5 14 07 2.5 1955 GO-2111 (34)
41 53.8 25 41 6.6 1961 V494
42 53.9 26 50 2.7 1974 V377
43 53.9 28 37 5.1 1975
44 ¢ 54.8 22 23 2.2 1972
45 55.5 26 50 15.9 1993 0%A 09V (34)
46 55.7 20 43 1.7 1989
47 56.6 3238 6.6 2001 V358 G8V (35)
48 59.0 29 28 4.6 2033
49 33 00.1 28 20 2.1 2047
50 02.7 34 42 3.8 2069
51 - 03.7 20 47 2.8 2075
52 03.8 17 25 1.5 2073
53 03.9 27 08 3.7 2085 02C BSV (34)
54 05.1 3301 2.0 2100
5§ 07.6 3105 4.4 2112 V803
56 14.6 30 03 10.7 2167 AN KIIV (12)
57 19.9 24 39 2.0 2209
58 24.8 30 30 2.7 2253 AQ KO (20)

*Due to source confusion, x-ray centroids in parentheses are nominal positions.

tX-ray ﬂuxels in the

range 0.1 to 4 keV are derived by multiplying the HRI counting rate by 2.6 x 107" erg cm™2 sec™".
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size and thickness of the emitting region.
This requirement is consistent with the
constraint of R < 10' c¢cm set by the
observation that the core of the x-ray-
emitting region is smaller than 1 arc
second and the more severe constraint of
< 3 x 10" cm set by the observation of
intensity variations on the time scale of
1000 seconds.

While thermal bremsstrahlung from
hot plasma is a reasonable interpretation
of the x-ray data, detailed models for the
x-ray emission from 6'C or any of the
other stars in the Orion Nebula do not
exist. Several scenarios for emission
from early-type stars with strong stellar
winds have been proposed. Our data and
other Einstein data on OB stars (5, 6, 22—
24) constrain some of these wind models.
Cold stellar winds seem to be ruled out
by the higher temperatures observed.
Strong shock heating and the formation
of large circumstellar bubbles (25) con-
flict with our observation of a small
emission region for 6'C. Colliding winds
from 6'C and other Trapezium stars (26)
may not be ruled out (see Fig. 2), but
they cannot account for more than a few
percent of the total x-ray emission from
6'C. Hybrid models invoking hot coro-
nas at the base of cold stellar winds (27)
may eventually yield the right explana-
tion for early-type stars. X-ray emission
from late-type stars is also not well un-
derstood. In addition to coronal models
(28), accretion and outflow models (29,
30) have been applied to x-ray observa-
tions with limited success. The observa-
tion of x-ray emission from a wide vari-
ety of field stars by the Einstein Obser-
vatory (31, 32) led Vaiana et al. (31) and
others to suggest that magnetically domi-
nated coronas, similar to that on our sun,
must play an important role in all stars.
Our observations of the Orion Nebula
and other Einstein observations of the
Pleiades and the Hyades (33) suggest
that age and activity, as evidenced by
rotation and magnetic fields, also play a
part-—that is, younger stars with active
coronas produce more x-rays. Further
analysis of the 29-month Einstein data
base should improve our understand-
ing of stellar dynamics and stellar evolu-
tion.

W. H.-M. Ku
Columbia Astrophysics Laboratory,
Departments of Physics and
Astronomy, Columbia University,
New York 10027
G. RIGHINI-COHEN
M. SimoN
Astronomy Program, Department of
Earth and Space Sciences,
State University of New York,
Stony Brook 11794
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Phagocytosis: Flow Cytometric Quantitation with

Fluorescent Microspheres

Abstract. The phagocytosis of uniform fluorescent latex particles by pulmonary
macrophages.in the rat was analyzed by flow cytometric methods. The percentage of
phagocytic macrophages and the number of particles per cell were determined from
cell-size and fluorescence histograms. A comparison of in vivo and in vitro
phagocytosis data showed that the percentage of phagocytic lavaged macrophages
reflected the availability of instilled particles. With sodium azide used to model
phagocytosis inhibition, it was shown that the percentage of phagocytic cells and the
number of particles per cell can be determined simultaneously.

The phagocytosis of inhaled microor-
ganisms and inert particles by pulmonary
alveolar macrophages (PAM’s) is the pri-
mary cellular defense mechanism within
the lung (/). Any agent that depresses or
alters phagocytic action adversely af-
fects the host’s susceptibility to disease
or destructive lung damage (2). Two fre-
quently used criteria of phagocytosis are
the percentage of cells having phagocyt-
ized one or more particles and the actual
number of particles per cell determined
microscopically (3). The procedure used
to measure these values is tedious and
time-consuming, and only a small sam-
pling of the total cell population is ob-
tained. Other methods, such as the use
of radiolabeled biological material (4),
are faster but provide no information on
the actual proportion of cells that are
phagocytic.

We have developed a phagocytosis
assay in which cells are incubated with
uniform fluorescent latex particles and
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are analyzed by automated flow cyto-
metric (FCM) cell-analysis methods (5,
6). This technique permits rapid quanti-
tation of the percentage of phagocytic
cells within the total population and the
number of phagocytized spheres per cell.
We measured in vivo phagocytosis by
instilling 1 x 107 to 2 x 107 green fluores-
cent latex spheres (1.83 wm in diameter)
(7) suspended in 0.5 ml of saline into the
lungs of anesthetized (15 mg of metho-
hexital sodium, intramuscular) Sprague-
Dawley rats. Two hours later the lungs
were lavaged four times with § ml of
saline containing 5 percent newborn bo-
vine serum. Cells were layered over 3 ml
of newborn bovine serum and centri-
fuged for 10 minutes at 360g. The cells
were pelleted while the nonphagocytized
spheres remained at the serum-saline in-
terface. Cells were then washed in saline
and fixed for 30 minutes in 70 percent
ethanol. Before automated analysis, the
cells were centrifuged to remove ethanol
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