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ABSTRACT

Far-ultraviolet photometry is presented for 121 objects in a 20° diameter field centered on p Oph and for 649
objects in a field covering the Galactic center. Broadband magnitudes with effective wavelengths of 1375 A and
1781 A are given. The Galactic center field overlaps two fields which were discussed in an earlier paper. Eighty-
eight percent of the ultraviolet objects in the p Oph field were identified with visible stars using the SIMBAD
database, while only 9% of the objects are blends of early-type stars too close together to separate with our resolu-
tion. The photometric calibration was studied in detail, and corrections for nonlinearity were derived for the fields
analyzed earlier as well as those discussed here. For stars in common between the Galactic center field and
the previous fields, a comparison of the magnitudes yielded estimates of the internal errors of the magnitudes of
o1375 = 0.13 mag and 0,75, = 0.21 mag. A collated list of stars in the fields covering the Galactic center and
incorporating the revised calibration is presented and compared with the S201 data of the same region. The
properties of the sample of ultraviolet objects in the p Oph field are briefly commented upon.

Subject headings: Galaxy: center — ISM: individual (p Ophiuchi) — stars: fundamental parameters —

surveys — ultraviolet: stars

1. INTRODUCTION

In previous papers ( Schmidt & Carruthers 1993a [hereafter
Paper 1], b [hereafter Paper I1], 1995 [hereafter Paper I11]),
we presented far-ultraviolet stellar photometry for four celes-
tial fields. In this paper we present broadband magnitudes for
two more fields. The far-ultraviolet magnitudes have effective
wavelengths of 1375 A and 1781 A, as was the case for the
photometry of Paper II1.

One field covers the region of the Galactic center and bridges
the area between the fields discussed in Paper III. The other
includes upper Scorpius and part of Ophiuchus with its center
near p Oph. Gordon et al. (1994) studied the properties of the
reflection nebula in this region using some of the same images
as analyzed here.

The Galactic center field was selected for several reasons.
Because it overlaps two previously studied fields, comparisons
of the magnitudes for stars in common allow an objective esti-
mate of the internal accuracy. In addition, the three fields pro-
vide coverage of a continuous strip of sky slightly over 40° in
length along the Galactic plane and 13° in width at its narrow-
est point. Since this region exhibits a large range of extinction
(see Paper I1I), it will be very useful for studies of the variation
of the interstellar extinction law with location.

The p Oph field was selected for study because of the dust
clouds in that region. In addition, photometry for the stars will
be a useful supplement to the study by Gordon et al. (1994) of
the upper Scorpius reflection nebula.
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2. THE OBSERVATIONS

As was the case for the images discussed in Paper III, the
data used here were obtained with two NRL Far-Ultraviolet
Cameras (FUV Cam) flown aboard Space Shuttle mission
STS-391in 1991 April and May. These cameras had broadband
spectral sensitivity with effective wavelengths of 1375 A
(camera 1)and 1781 A (camera 2). Both have fields nearly 20°
in diameter. Further details regarding the instrumentation can
be found in Paper III and references given there. The details
of the mission and the instrumentation can also be found
on the World Wide Web at http://bradbury.nrl.navy.mil/
bdchome.html.

The attributes of the images are listed in Table 1. The first
three columns list the identification of the fields and the UT
date and time of the middle of the exposure sequences. The
celestial coordinates of the field centers are given in columns
(4)and (5). Column ( 7) lists the exposure times for the frames
used in this investigation. Finally, the last two columns give
information on the calibration and are discussed below. Figure
1 (Plates 2-5) presents prints of both fields taken with each of
the cameras.

The methods used in the extraction of the data were nearly
identical with those used previously. The reader should consult
Papers I-I11 for the details. The few departures from the earlier
data treatment are described after the next paragraph.

In Tables 2 and 3 we list the ultraviolet objects found in the
two fields. The first column is a running number for reference
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TABLE 1
LOG OF OBSERVATIONS

Field Date Time 1950 81950 Camera Exposure n o

(1) )] 3) 4 ) (6) @) ®) 9
Galactic center ........... 1991 May 5 19:15 17°51m —29°24' 1 3, 10, 30, 100 7 0.19
2 3,10, 30 9 0.22
pODh s 1991 May 5 2:50 16 23 -22 50 1 3,10, 30 22 0.11
2 3,10 24 0.19

purposes, while columns (2) and (3) contain the coordinates
of the objects determined from our images. Columns (4) and
(5) contain the ultraviolet magnitudes, while column (6) lists
optical objects identified with the ultraviolet sources. The re-
mainder of the table gives the magnitudes, colors, and spectral
types for the stars identified with the ultraviolet objects. As be-
fore, coordinates from the FUV Cam images were used to in-
terrogate the SIMBAD database and thus identify visible stars
with the ultraviolet objects and retrieve the photometry and
spectral types. When the database contained more than one
spectral type for a star, we have adopted that from the Michi-
gan Spectral Survey (Houk 1982; Houk & Smith-Moore
1988). The colors are only given when photoelectric photom-
etry on the UBV system is available.

It can be seen in Table 2 that nearly all the ultraviolet ob-
jects, 88%, are identified with visible stars, while only 9% are
blends of multiple objects. This high rate of unblended images
compared to previous fields is the consequence of this being
the least crowded field we have analyzed.

For the Galactic center field, the transformation of the image
coordinates (x, y) to celestial coordinates (o959, 01950) Pre-
sented greater difficulties than had been the case for other
fields. While a quadratic polynomial in x and y with cross
terms up to x2y and x)* was adequate previously, a cubic poly-
nomial with cross terms up to x2y? was needed for the Galactic
center frames. We attribute this to variable image distortion in
camera 2. As can be seen in Figure 1, the field for that camera
is compressed on one side compared with the round field of
camera 1. This was due to the magnetic field of the adjacent
camera. An additional variable component probably arises
from electrostatic charging of the camera due to overexposure.
The Galactic center frames followed a day thruster firing which
produced gross overexposure of the camera.

When we had images from both camera | and camera 2, the
coordinates are accurate to about 14°in right ascension and 0.6
in declination. On the other hand, for stars in the Galactic
center field with only camera 2 magnitudes, the errors in the
coordinates given in Table 3 can be several times this amount,
particularly toward the eastern edge of the field. Because the
field is rather crowded, this will render the identifications with
visible stars less certain for such objects. Under these circum-
stances, when there was doubt regarding the inclusion of
nearby stars in the ultraviolet object, we tended to err on the
side of including them in a blend. This circumstance has also
no doubt resulted in a somewhat higher rate of stars with no
plausible identification in Table 3 than for the other fields.

As before, TUE spectra of stars in our fields were folded into
the FUV Cam response functions to provide a photometric cal-

ibration. Care was exercised to avoid using stars which were
blends in our images. Previously, the JUE spectra from the
original JUE archive were used. These were processed by the
TUESIPS software. However, here only spectra from the final
archives which have been reprocessed with the NEWSIPS soft-
ware were included. This should provide a more uniform set of
calibrators.

The number of calibrating stars for each field and each cam-
erais listed in column (8 ) of Table 1. While the Galactic center
field had a similar number of calibrators to those studied in
Paper III (referred to here as the Scorpius and Sagittarius
fields), the p Oph field had several times more suitable objects.
In Figure 2 we plot the difference between the raw FUV Cam
magnitudes (the weighted means of the magnitudes extracted
from the various frames by IRAF; see Paper III) and the mag-
nitudes calculated from the JUE spectra. It can be seen that
the difference depends on the magnitude level. Although the
calibrators in the Scorpius, Sagittarius, and Galactic center
fields are not sufficient to reveal the presence of this scale error,
it is clear that they are consistent with the trend shown by the
p Oph calibrators. There are, however, zero-point offsets be-
tween the various fields.

Nonlinearities have been reported in various electrographic
emulsions at densities above about 1.5. In addition, the process
of microdensitometry is a possible source of nonlinearity. In
view of this, it is clear that the small differences shown in Figure
2 originate in our electrographic data.

In Paper III, our photometry for Scorpius and Sagittarius
was compared to photometry from 7D-1, OAO, and the Astro-
nomical Netherlands Satellite (ANS) but did not clearly reveal
the scale errors. An examination of the comparisons (Figs. 3
and 4 of Paper III) shows that the scatter in the plots is suffi-
cient to make this effect unnoticeable; a scale error of the size
shown in Figure 2 can clearly be accommodated within the
scatter.

Least-squares fits to the data in Figure 2 yield slopes of
—0.100"and —0.135 for cameras 1 and 2, respectively (with
several deviant points omitted). We will adopt this as the cor-
rection for the scale error for all the fields, but we will deter-
mine the zero points for each field individually. The solid lines
in Figure 2 show the relations for the p Oph stars.

The FUV Cam magnitudes for the Galactic center and
p Oph fields were transformed to the ultraviolet magnitude
scale (defined such that m,, = 10.0 corresponds to a flux of
F,=3.6 X 10" ergscm™2s~' A ') using the above slopes and
zero points determined from the TUE calibration stars. These
magnitudes are listed in columns (4)-(5) of Tables 2 and 3.
The rms scatter of the individual calibrating stars is given in
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TABLE 2—Continued

No. 1950 61950 mis7s mirs1 ldentification vV (V — B) Spectral Type
91 16:46:45 -24:34 cee 7.14 HD 151659 7.10 cee Alm
92 16:47:58 -16:28 5.82 6.20 HD 151884 7.00 - B5V
93 16:48:01 -28:54 --- 851 HD 151857 9.10 cee BIIV/V
94 16:48:44 -30:48 6.00 .-+ HD 152018 10.00 e BIIV/V
95 16:49:12 -25:31 6.92 6.49 HD 152071 6.90 - A0V
96 16:50:26 -28:17 ---  8.48 HD 152286 9.67 0.02 B2III
97 16:50:39 -28:50 --- 8.62 HD 152346 8.10 A0V
98 16:50:56  -25:01

cee 7.45 Blend 7.95 .- Ap,A0III/IV
99 16:51:00 -15:38 6.18

100 16:51:40 -21:49 5.82 6.19 HD 152516 8.04 0.08 B2III

101 16:52:10 -18:46 EE 7.23 Blend 7.67 e B9.51I/1,B9V
102 16:52:34 -21:30 5.50 5.79 HD 152655 6.90 e BIIII

103 16:52:39  -25:28 6.52 6.34 HD 152657 7.40 e BSII

104 16:53:45 -23:06 5.30 4.79 HD 152849 5.58 -0.02 A0V

105 16:53:49 -26:53 8.71 HD 152834 9.20 A0
106  16:54:07 -19:28 4.90 4.92 Blend 6.11 e B7/B8IIL,B7TV
107 16:54:42 -27:33 8.54 HD 152989 7.60 e ALIIL/IV

108 16:55:16 -29:18 5.13 ---  HD 153084 849 0.00 B2V
109 16:55:18 -19:09 6.86 7.29 SAO 160194 9.69 0.05 BO

110  16:55:27  -26:20 7.14 HD 153083 9.20 e BIIV/V
111  16:56:18  -26:22 aee 7.10 HD 153255 8.30 .- B9V
112 16:57:41 -20:31 6.94 6.86 HD 153480 8.90 e BIIII
113 16:58:17 -20:22 6.69 6.48 HD 153609 7.20 B7/B8V
114  16:58:57 -25:06 .-+ 7.88 HD 153707 8.45 e Ap

115 17:00:39  -24:53 .-+ 8.09 HD 153977 9.42 0.09 BsII/III
116 17:00:58 -25:38 4.98 4.79 HD 154021 6.70 e BIIV/V

117 17:01:18 -21:03 B 7.25 HD 154103 8.90 e BSII/III
118 17:01:46 -20:24 4.23 4.45 HD 154204 6.30 -0.02 BTIV/V
119 17:02:30 -22:00 5.00 5.25 HD 154293 7.04 0.10 BSIII
120 17:03:47 -24:30 6.47 .- HD 154499 9.10 e BSIV/V
121 17:03:55 -23:37  3.92 B e e

2 There are five B stars within a few arcminutes of the ultraviolet object in addition to HD
145502. However, all are of spectral type B8 or B9 (as compared with B2 for HD 145502) and
are fainter. Hence, HD 145502 should be the source of most of the ultraviolet flux.

b The ultraviolet source is the hot, main-sequence companion of Alpha Sco.
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FIG. 2.—A comparison of the raw ultraviolet magnitudes from the FUV cameras with magnitudes calculated from JUE spectra. The symbols indicate
the four fields as follows: filled squares, the Galactic center; filled circles, the p Oph; open squares, Scorpius; open circles, Saggitarius. The solid lines have
slopes of —0.100 and —0.135 and are fitted to the p Oph points.
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TABLE 3—Continued

No. 1950 61950 mMma3z7ys mi7s1  ldentification V. (V-B) Spectral Type
631 18:27:34 -33:04 .. 6.65 HD 170479 5.34 0.16 A5V
632 18:28:12 -24:53 6.79 6.63 HD 170531 7.50 ‘e BA4III
633 18:28:31 -30:08 6.19 6.60 HD 170638 8.62 .. B3II/III
634 18:28:40 -29:12 cee 8.70 SAO 186924 9.40 ce- B7/B8Ib/I1
635 18:28:52 -32:41 cee 7.61 SAO 210281 8.40 e B9V
636 18:29:00 -27:16 6.60 6.77 HD 170770 7.76 0.12 B5IV
637 18:29:18 -31:34 - -- 10.51 Blend 9.21 ‘e A0,B9V
638  18:29:47 -26:30 s 8.77 HD 170956 10.90 cee B8Ib/II
639 18:29:50 -30:11 .- 8.34 Blend 8.00 .. AO0V,A0,BIIV/V
640 18:30:07 -27:34 cee 8.69 HD 171032 8.91 0.15 BS8III
641 18:30:39 -33:04 2.49 2.95 HD 171034 5.28 -0.11 B2IV-V
642 18:30:52 -31:14 s 7.52 SAO 210322 8.90 cee A0V
643 18:30:57 -30:57 6.73 6.58 HD 171117 7.30 e BIIV
644 18:31:13 -25:23  6.53 e Blend 8.44 ‘e B9.5IV/V,B2II/1I1,B8IV/V
645 18:32:31 -30:57  --- 8.36 SAO 210354 9.20 e BSII
646  18:32:53  -32:43 7.45 SAO 210358 8.90 B8/B9Ib/I1

647 18:34:40 -28:01 6.54
648  18:35:46 -30:33  6.87
649 18:36:45 -29:22 6.56

HD 171757 895 0.11 B3Ille
HD 171963  7.60 .-
HD 172140 994 -0.02 BO.5III

B8/BOIII

2 This object is an unresolved clump of star in the cluster Bochum 13.

b This object is an unresolved clump of stars in the cluster NGC 6383. The magnitude and spectrum refer to the
brightest star, HD 159176, which should dominate the ultraviolet flux.

¢ These objects are unresolved clumps of stars in the cluster NGC 6405.

9 These objects are unresolved clumps of stars in the cluster NGC 6475.

© These objects are unresolved clumps of stars in the cluster NGC 6530.

f This object consists of a number of stars in the cluster NGC 6530, but the ultraviolet is likely to be dominated by
HD 164794 and NGC 6530-9. The ¥ magnitude is a combination of those two stars.

2 This object is an unresolved clump of stars in the cluster NGC 6531.

b This object is an unresolved group of stars in the cluster Colinder 367. The magnitude and spectrum refer to HD

165921, which should dominate the ultraviolet flux.

the last column of Table 1. Note that these standard deviations
together with the number of stars used imply that the standard
errors of the mean zero points are all smaller than 0.07 mag.

From Figure 2 and the previously adopted zero point, we
derived the scale corrections to the magnitudes of Paper III.
They are

Myzys = 1.111m',375—0.44, (1)

Mmyzg, = 1.156m' 7, — 0.94, (2)
for the Scorpius field, and

Myzzs = 1.111m'375 — 0.57, (3)

Myqg = 1.156m'75, — 0.96, 4)

for the Sagittarius ﬁeld, where m' 375 and m';75, are the ultravi-
olet magnitudes listed in Paper III, while m,3,5 and m, 5, are
the corrected values.

3. COMBINATION OF THE GALACTIC CENTER DATA WITH
THE OVERLAPPING FIELDS

A detailed comparison was made of the magnitudes from
Table 3 with those from Paper III (after applying the correc-
tions given in egs. [1]-[4]). Table 4 summarizes this compar-
ison. Column (3) lists the number of stars in common between
the Galactic center field and the fields from Paper 11, while the

mean differences for all the stars in common are listed in col-
umn (4). Column (5) gives the standard errors of the means.
The sense of all the differences is that the Galactic center mag-
nitudes are fainter. It can been that all except one of the differ-
ences are statistically significant.

There are several possible causes of the differences between
the various data sets. Since the cameras were positioned differ-
ently from one field to another and more significantly, rotated,
individual stars fall on different locations of the camera cath-
ode for the different fields. Thus, sensitivity variations across
the field could produce differences of the type seen here. How-
ever, a plot of the residuals versus location in the field failed
to show any convincing trend. A second possibility is that the
calibration differences arise from the use here of the JUE spec-
tra from the final archive and processed by the NEWSIPS soft-
ware. Since the final archive should be more homogeneous and

TABLE 4
COMPARISON OF OVERLAPPING FIELDS WITH THE
GALACTIC CENTER FIELD
Field Camera n {a) o
(1 ) 3) 4 5)
Sagittarius .......... 1 111 0.145 0.019
2 203 0.087 0.022
Scorpius ............. 1 10 0.017 0.045
2 17 0.218 0.076

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1996ApJS..104..101S&amp;db_key=AST

JS. DI047 ZI01ST

]

rT99BA

No. 1, 1996

represents the final calibration of the JUF data, we have chosen
to place all the data in the scale of the Galactic center photom-
etry. Accordingly, the values in column (4) of Table 4 were
subtracted from the corresponding corrected magnitudes from
Paper I11.

The differences for stars in common between the Paper III

magnitudes (after the application of egs. [1]-[4] and the ad-
justment of the zero points described in the previous
paragraph ) and the magnitudes from Table 3 were used to es-
timate the uncertainties. The standard deviations of individual
magnitudes are ¢35 = 0.13 and o,73; = 0.21. These should
be taken as our best estimate of the internal accuracy of the
ultraviolet photometry. They are somewhat smaller than the
errors estimated in Paper III. This is reasonable, since the ear-
lier estimates were known to be upper limits.

A collated list of the magnitudes for the three fields covering
the Galactic center was formed after correcting the earlier mag-
nitudes as detailed above. It contains 1500 objects. This list is
presented in Table 5. This table will appear in AAS CD-ROM
Series, Vol. 6, 1996. The first part is printed here for guidance
as to form and content.

4. DISCUSSION

In Paper III we compared our ultraviolet photometry with
previous observations. In view of the recalibration of the pho-

FAR-UV STELLAR PHOTOMETRY 113

tometry discussed in the previous section, it is of interest to
revisit this question. Accordingly, we searched the S201 catalog
(Page, Carruthers, & Heckathorn 1982) for stars in common
with Table 5. A total of 154 stars with both 71,375 and S201
magnitudes were found, and the magnitudes are plotted in Fig-
ure 3. As was the case in Paper III, the scatter is larger for the
S201 m; magnitudes than for the m magnitudes. For the lat-
ter, the five low points between m,3;5 = 6 and m,3,5 = 8 had
large interframe discrepancies in the S201 catalog. Accord-
ingly, they were omitted from consideration. Fitting to the re-
maining points, we obtained the relationship mc =
0.99m, 3,5 + 0.30 with a scatter about the fit 0of 0.43 mag. Thus,
the 11% scale difference between the two sets of data found in
Paper I1I is resolved by the recalibration, and the zero-point
offset has been reduced by about 0.2 mag. The data from the
two missions are now in satisfactory agreement.

Since the Galactic center field overlaps the Scorpius and Sag-
ittarius fields to a large degree, the characteristics of the stars
are essentially the same as discussed in Paper III. Hence, we
will not discuss this field further here.

Figure 4 shows the frequency distributions of the stars in the
p Oph field with respect to the ultraviolet magnitudes. A com-
parison of this diagram with Figure 5 of Paper III shows that
while all three fields have a few stars per magnitude at bright
levels, the Scorpius and Sagittarius fields have roughly 6 times
more stars at fainter levels (say between m1,3;5 = 5.5 and 7.0

TABLE 5
COLLATED LIST OF OBJECTS FROM THE SCORPIUS, SAGITTARIUS, AND GALACTIC €ENTER FIELDS

No. a1950 61950 mi37s mirs1  ldentification V (V- B) Spectral Type
1 15:57:51 -40:17 e 6.19 HD 143248 6.21 A0V
2 15:59:43  -43:17 e 7.16 Blend 7.29 B9V,A0V
3 16:01:08 -40:42 e 8.18 HD 143824 7.70 AlV
4 16:01:36 -37:40 cee 5.67 Blend 7.13 B8/B9V,A1V
5 16:01:37 -39:18 e 6.30 HD 143939 7.10 B9p
6 16:02:41 -39:41 oo 8.66 Blend 7.78 A5,B6IV/V
7 16:03:07 -45:01 s 6.65 HD 144197 4.72 Am
8 16:03:15 -36:39 S 1.63 HD 144294 4.20 B2.5Vn
9 16:03:25 -39:06 e 10.40 SAO 207329 8.00 AlV
10 16:04:03 -43:09 s 8.98 HD 144351 7.10 AlV
11  16:04:51 -44:43 cee 8.47 Blend 9.29 B7III/IV,A2
12 16:04:51 -43:42 oo 8.89 HD 144478 7.90 B9V
13 16:04:55 -36:06 s 5.41 HD 144591 6.90 B9V
14 16:05:19 -38:58 e 5.29 Blend 6.08 A15IILATIV
15 16:06:02  -44:50 cee 8.14 GC 21695 9.8 BIIl
16  16:06:27 -44:41 S 7.72 HD 144851 8.73 B8V
17 16:06:50 -40:00 5.74 6.49 HD 144965 7.06 B3Vne
18 16:06:56 -42:41 cee 8.43 Blend 7.60 B9V,B9V,A2,A
19 16:08:01 -41:00 s 8.40 HD 145191 5.86 FoIv
20 16:10:50 -43:36 7.36 s Blend 9.31 BOII/III,B9
21 16:11:35 -39:30 6.81 6.70 Blend 6.88 B9.5V,A3V
22 16:11:35 -47:14 s 3.60 HD 145842 5.14 B8V
23 16:14:09 -42:54 8.01 8.64 HD 146335 8.20 B6III
24 16:14:59 -45:44 cee 8.62 Blend 8.9P B2III,B8
25 16:15:54  -42:35 s 6.64 HD 146667 5.45 A3Vn
26 16:16:32 -43:14 8.06 8.34 Blend 7.49 B8V,A0V,A1V
27 16:16:39  -46:14 cee 7.91 Blend 7.7P AO0V,BIIII/IV
28 16:17:05 -39:19 4.47 492 Blend 5.78 B9V,B9V
29 16:17:47 -47:00 cee 8.33 Blend 7.70 A0IV,B3III
30 16:17:47 -48:03 cee 5.43 HD 147001 6.52 BTV

NoTE.—Table 5 is presented in its entirety in computer-readable form in the AAS CD-ROM
Series, Vol. 6, 1996. The first part is presented here for guidance regarding its form and content.
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early B stars is smaller than in the Scorpius and Sagittarius
fields (Paper III) but comparable to the Monoceros and Orion
fields (Papers I and II). In Paper III, we attributed the abun-
dance of hot stars in Scorpius and Sagittarius to the presence
of OB associations in those regions.
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the data analysis. We also thank many coworkers at the Naval
Research Laboratory and elsewhere who assisted in or contrib-
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FIG. 1.—Prints of the far-UV images of the two fields: (a) Galactic center, camera 1 (Aeg = 1375 A); (b) Galactic center, camera 2 (Ag = 1781 A); (¢)
p Oph field, camera 1; (d) p Oph field, camera 2.
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