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ABSTRACT 
Forty high-dispersion IUE spectra of HD 153919, the Of-type primary in the 4U 1700-37 X-ray binary 

system, have been examined for evidence of orbital profile variability associated with the Hatchett-McCray 
effect. Although the effect is negligible in the resonance lines of C iv, Si iv, and N v, some subordinate lines 
show clear orbital changes. The variability in the absorption profile of N iv il718, in particular, is shown to 
be in agreement with model calculations. The interstellar spectrum is studied, and highly ionized species are 
shown to be capable of being maintained by the primary’s radiation field alone. 
Subject headings: stars: individual (HD 153919) — stars: winds — ultraviolet: spectra — X-rays: binaries 

I. INTRODUCTION 

The 3.4 day X-ray eclipsing binary system 4U 1700 — 37 was 
discovered by Jones et al. (1973). Since the optical counterpart, 
HD 153919, is a bright early-type star (mv = 6.6; spectral type 
06.5 la f+, Walborn 1973), high-dispersion IUE observations 
are possible; first results were reported by Dupree et al. 
(1978). The system has also been intensively studied in the 
optical (e.g., Hammerschlag-Hensberge 1978; van Paradijs, 
Hammerschlag-Hensberge, and Zuiderwijk 1978) and X-ray 
(e.g., White, Kallman, and Swank 1983; Gottwald, White, and 
Stella 1986) spectral regions. 

Strong orbital variations are found in the UV resonance 
lines of C iv, N v, and Si iv of massive X-ray binaries: HD 
77581 (Vela X-1/4U 0900 - 40; Dupree et al. 1980); Sk 160 
(SMC X-l ; Hammerschlag-Hensberge, Kallman, and Howarth 
1984); HDE 226868 (Cyg X-l; Davis and Hartmann 1983); 
and LMC X-4 (Bonnet-Bidaud et al. 1981; for reviews see 
Hammerschlag-Hensberge 1980, or Cordova and Howarth 
1987). These variations can be understood in terms of the 
Hatchett-McCray effect (Hatchett and McCray 1977): a col- 
lapsar X-ray source embedded in a stellar wind has a signifi- 
cant effect on the ionization balance in that wind, resulting in 
observable orbital variations of the UV P Cygni profiles (see, 
e.g., Dupree et al. 1980 for a more detailed description). 
However, no discernible variations of the Si iv and C iv reson- 
ance lines were found for HD 153919 by Dupree et al. (1978, 
1980). This result can be understood in terms of the very 
strong, dense stellar wind of the star which gives rise to heavy 
saturation in these lines. The additional ionization produced 
by the rather weak X-ray source (Lx ~ 1036 ergs-1) must 
remove some fraction of the parent ions, but the residual 
optical depth is great enough that the lines remain saturated, 
and phase-dependent variability is not seen. The strong stellar 

1 Based on observations made by the International Ultraviolet Explorer, 
collected at the Villafranca Satellite Tracking Station of the European Space 
Agency and at the Goddard Space Flight Center. 

2 1988-1989 JILA Visiting Fellow. 

wind and low X-ray luminosity suggest the X-ray source is 
driven by the capture of wind material, rather than through 
classical lobe overflow (Petterson 1978; Conti 1978). 

We undertook a reexamination of our old IUE spectra HD 
153919 when improved reduction techniques became avail- 
able; in addition to 30 high-dispersion spectra taken in 1978- 
1979, a selection of new spectra obtained in 1985 has also been 
analyzed. (These recent data were obtained by us at the same 
time as the long EX OSAT observation discussed by Haberl, 
White, and Kallman 1989; a detailed comparison of the UV 
and X-ray results will be the subject of a later paper.) The 
results confirm the near-constancy of C iv and Si iv reported 
by Dupree et al. (1978) but reveal clear variations in some 
subordinate lines (see Howarth, Hammerschlag-Hensberge, 
and Kallman 1986). In § II we describe the reduction tech- 
niques used for the high-dispersion spectra, and we discuss 
these data in § III and § IV. Results from low-dispersion 
spectra are givep in § V, and § VI contains an analysis of the 
interstellar spectrum. 

II. DATA REDUCTION 

Table 1 summarizes the spectra used in this study. We have 
reanalyzed the early spectra (which we obtained during a 
multiwavelength international observing campaign in 1978) 
using improved reduction techniques and have added some 
spectra from the /(/£ archive. 

The high-dispersion spectra were all extracted using J. R. 
Giddings’s IUEDR program (Giddings 1983). Each image was 
checked by eye for gross errors (e.g., microphonie readout 
noise), and invalid data were edited out. A cross-dispersion 
scan was then used to locate a short-wavelength order and 
thereby register the initial extraction template with the spec- 
trum. 

Order-by-order extraction was performed using the IUEDR 
centroid tracking algorithm to center accurately the 
“ extraction slit ” on each order. A sampling rate of ^/2 pixels 
was used. All pixels flagged as affected by saturation, fiducial 

698 

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



19
90

A
pJ

. 
. .

35
2.

 .
69

8H
 

MASSIVE X-RAY BINARY HD 153919/4U 1700-37 699 

TABLE 1 
IUE Observations of HD 153919 

Image 
Number3 

ID 
(Start exposure) 

2,440,000 + 
Exposure 

(s) Dispersion15 
Orbital 
Phase0 Remarks0 

1476s. 
1513s. 
1714s. 
1960/. 
1961/. 
1969/. 
1970/. 
1971/. 
1972s. 
1973s. 
1974/. 
1975s. 
1981/. 
1982s. 
1983s. 
1984/. 
1985/. 
1986s. 
1987s. 
1991s. 
1992s. 
1994s. 
1995s. 
1996/. 
1997/. 
1998/. 
1999/. 
2000/. 
2001/. 
2002s. 
2003s. 
2006s. 
2008s. 
2009s. 
2106s. 
2153s. 
4742s. 
4751s. 
4752s. 
4753s. 
5180s.. 
25596/. 
25597/. 
25598/. 
25599/. 
25600/. 
25617/. 
25618/. 
25619/. 
25620/. 
25621/. 
1816/.. 

3632.60 
3638.40 
3664.03 
3700.26 
3700.30 
3701.02 
3701.08 
3701.18 
3701.22 
3701.27 
3701.32 
3701.39 
3702.18 
3702.22 
3702.26 
3702.31 
3702.35 
3702.39 
3702.46 
3703.09 
3703.14 
3703.25 
3703.30 
3703.38 
3703.41 
3703.45 
3703.49 
3703.53 
3703.57 
3703.60 
3703.69 
3704.06 
3704.14 
3704.19 
3715.31 
3720.15 
3957.19 
3958.03 
3958.07 
3958.12 
4003.03 
6161.67 
6161.70 
6161.75 
6161.80 
6161.83 
6162.96 
6163.00 
6163.04 
6163.14 
6163.18 
3701.15 

2400 
2100 
2040 
1200 
1080 
1320 
1080 

13 
1620 
1620 

20 
3600 

18 
1620 
1620 

18 
30 

2880 
2100 
1980 
1620 
1980 
1980 

32 
32 
32 
32 
32 
16 

2400 
3600 
2100 
1980 
1980 
1800 
1800 
2400 
2400 
2400 
2400 
2280 
1200 
1200 
1200 
1200 
1200 
1260 
1260 
1260 
1260 
1260 

12 

H 
H 
H 
H 
H 
H 
H 
L 
H 
H 
L 
H 
L 
H 
H 
L 
L 
H 
H 
H 
H 
H 
H 
L 
L 
L 
L 
L 
L 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
L 

0.80 
0.50 
0.02 
0.63 
0.65 
0.86 
0.87 
0.90 
0.92 
0.93 
0.94 
0.97 
0.20 
0.21 
0.22 
0.23 
0.24 
0.26 
0.28 
0.46 
0.48 
0.51 
0.52 
0.55 
0.56 
0.57 
0.58 
0.59 
0.60 
0.62 
0.64 
0.75 
0.77 
0.79 
0.04 
0.46 
0.94 
0.19 
0.20 
0.22 
0.38 
0.08 
0.08 
0.10 
0.11 
0.12 
0.46 
0.47 
0.48 
0.51 
0.52 
0.89 

DB 
DB 
Xc 
Xc 
Xc 
Xc 
Xc 
Xc 
Xc 
Xc 
Xc 
Xc 
Xc 
Xc 
Xc 

2 x , Xc 
Xc 
Xc 
Xc 
Xc 
Xc 
Xc 
2 x 
2 x 
2 x 
2 x 
2 x 

DB 
DB 
DB 
DB 
DB 
DB 
DB 
Xe 
Xe 
Xe 
Xe 
Xe 
Xe 
Xe 
Xe 
Xe 
Xe 

L, Xc 
3 All images were taken with the SWP camera except 1816 (LWR). The s and / suffixes 

indicate small and large aperture exposures respectively; the small aperture has ~50% 
transmission. 

b H means high dispersion (R ~ 104); L, low dispersion (A2 ~ 6 Â). 
c Phases calculated from (j) = (JD —2,442,476.680)/3.41180 — E; Branduardi, Mason, and 

Sanford 1978. 
d DB means spectrum obtained from the IUE data base (all other spectra are from the 

authors’ observing programs); Xc, Xe mean that contemporaneous of simultaneous X-ray 
observations were made with the Copernicus or EX OS AT satellites, respectively; 2 x means 
two exposures where made in the large aperture; and L means an exposure made with the 
LWR camera. 
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marks, ITF truncation, or otherwise identified as faulty were 
rejected at this stage. A wavelength shift of the form 
mAi = constant (where m is the echelle order number) was 
made to bring the C n* 21335.70 line to its laboratory wave- 
length. A subsequent check on the wavelength alignment was 
made using the A1 m 21862.79 line, which was found to have an 
instrumental mean wavelength of 1862.76 Â, with a standard 
deviation of 0.015 Â and an extreme range of 1862.73-1862.78 
Â. This shows that the IUEDR dispersion constants give an 
internally highly consistent wavelength scale, allowing the 
individual spectra to be combined with confidence. 

A first-order correction to the cross-dispersion order overlap 
problem was made using the algorithm of Bianchi and Bohlin 
(1984). This algorithm does not give perfect results, as can be 
seen from inspection of the C iv and Si iv resonance lines, 
which go slightly below the nominal zero level in the mean 
spectra (described later). Nonetheless, it seems safe to assume 
that the zero level is everywhere good to about 5% of the 
continuum level, or better. 

We also implemented a slightly modified version of Barker’s 
(1984) algorithm for optimizing the echelle ripple correction 
parameter K. We adopted a = 0.856 for all images, following 
Ake (1982). We calculated K at each order overlap (N — 1 
calculations for N orders) and then smoothed the values with a 
triangular filter with half-width of five orders, incorporating a 
2 <r rejection threshold. For each order the value of K finally 
used is the average of the values at each end. In determining 
the value of K at each overlap, we used all the points in each 
order in the overlap region, with each point being weighted 
according to the inverse of the calculated ripple correction 
factor. At the longest wavelengths, where the orders do not 
overlap, we used the end 1 Â of each order (or 10 points, 
whichever is greater). 

Finally, the data were mapped onto a uniform wavelength 
grid at 0.05 Â intervals, using a triangular filter. Regions of 
order overlap were combined by again assigned weights pro- 
portional to the inverse ripple correction factors. 

The reproducibility given by lUEDR’s tracking capability, 
together with the use of the Bianchi-Bohlin and modified 
Barker algorithms, ensures that the extracted spectra are 
mutually consistent and of uniformly high quality 
(substantially better than the original IUESIPS result), and 
that the data can be differenced or combined with confidence. 

III. HIGH-DISPERSION RESULTS 

We used all the high-dispersion data to construct good 
quality mean spectra for each 0.2 (or smaller) phase interval. 
For each interval, typically about six spectra were merged 
using 

Ä = [l FÖjiOW)], 

where fk(i) is the extracted flux of spectrum i (in linearized WE 
“Flux Numbers” per second); t(i) is the exposure time; 
H,(i) = 1(0) for good (bad) data; and F(i) is the mean flux in the 
range 1300-1900 Â. This approximately weights the spectra by 
the integrated net flux and gives a mean spectrum which has an 
average value of 1.0 in the 1300-1900 Â region. (No correction 
for orbital motion was applied; Kx ^20 km s-1, or ~0.1 Â, 
which is much less than the stellar line widths.) 

The grand mean of all spectra shows that saturated P Cygni 
profiles are present at C m 21175, N v 21240, Si iv 21400, and 
C iv 21550, with corresponding maximum velocities in absorp- 

tion of ~2360, 2620, 2290, and 2590 km s_1, from which we 
adopt a maximum edge velocity of v* ~ 2600 km s-1. The 
terminal velocity is expected to be ^ 0.85z;* ^ 2200 km s-1 

(Howarth and Prinja 1989). Evidence of mass loss is also 
present in O iv 21340, S v(?) 21500, He n 21640, N iv 21718, 
and N in 21750 (but not in the A1 m 21860 resonance lines, nor 
the O v 21370 or Fe ni multiplet UV34 subordinate lines). This 
emphasizes the extraordinary strength of HD 153919’s stellar 
wind. 

Figures 1-9 show the appearance of these mass-loss features 
at different binary phase intervals. The most important result 
apparent from these figures is the convincing evidence for 
phase-related variability in the N iv 21718 line (Fig. 10). No 
other line shows such striking changes, although related effects 
appear to be present in He n 21640 (Fig. 7), and possibly also in 
N in 21750 and S v 21500 (Figs. 5 and 9). 

The top section of Figure 10 shows the N iv line in the 
average of six 1978 spectra taken near phase zero (i.e., X-ray 

T" “ 11 1 1 1 1 1 r 

1 • I u 1 1 1 1 i i_ 
1 160 1 165 1 170 1 175 1 180 1 185 1 190 

WAVELENGTH (ANGSTROM) 
Fig. 1.—Mean spectra of HD 153919 in the region of C m A1175 for differ- 

ent binary phase intervals. Each mean spectrum is the average of from four to 
six individual spectra; the dotted spectrum is the mean of six spectra taken 
during X-ray eclipse (0 0.9-> 0.1). 
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1 .5 

0.5 

0.0 

4 .0 

3.5 

3.0 

2.0 

- 1 .0 

0.5 

1220 1225 1230 1235 1240 1245 1250 1255 1260 
WAVELENGTH (ANGSTROM ) 

Fig. 2.—Same as Fig. 1, but for N v 21240 

0.0 

eclipse, when the “bleaching” effect of the X-ray source is 
expected to be negligible), and the average of six similar spectra 
taken near phase 0.5. The bottom section shows corresponding 
results from spectra taken in 1985. In both cases the absorption 
component is weaker near phase 0.5, as expected if the origin of 
the variability is the Hatchett-McCray effect. 

To distill the variability into a single number, we fitted a 
sixth order polynomial to all datum points in the wavelength 
ranges 1708.5-1709.5 Â and 1710.5-1718.0 Â, then took the 
value of the fitted function at 1713.25 Â. This quantity is 
plotted as a function of orbital phase in Figure 11, which con- 
firms the decrease in absorption line strength for phases 0.4 
through 0.6. Moreover, Figures 10 and 11 show that the varia- 
bility repeats at widely separated epochs, confirming that it is 
attributable to the phase-dependent Hatchett-McCray effect, 
rather than stochastic changes. 

There is evidence that the effect is somewhat stronger in 
1978 than in 1985, a result which could be due to a difference in 
the strength of the X-ray source at the two epochs. G. Brand- 
uardi (1988, personal communication) and F. Haberl (1988, 
personal communication) kindly supplied the X-ray fluxes 

recorded by Copernicus in 1978 (Branduardi et al 1979) and by 
EXOSAT in 1985 (Haberl, White, and Kallman 1989) close to 
the times of phase 0.5 ultraviolet observations. The integrated 
flux observed by Copernicus in the energy range 3.1-9.4 keV 
(not corrected for low-energy absorption) is 4.1 x 10"9 ergs 
cm-2 s-1 during JD 2,443,703.14-703.16 (</> = 0.48). During a 
similar phase interval in 1985, EXOSAT (ME experiment) 
obtained more than 30 spectra; in the same 
energy range the flux varies over 1.5 orders of magnitude (JD 
2,446,162.80-163.24; 0 = 0.40-0.53). Although it is difficult 
directly to compare results from the two satellites when the 
X-ray emission is so strongly variable, it seems that the flux 
observed by Copernicus is close to the maximum recorded by 
EXOSAT. The stronger 1978 X-ray flux is therefore in quali- 
tative agreement with the weaker N iv 21718 absorption 
profile observed at that time, compared to the 1985 observa- 
tions. 

The He n 21640 line also shows profile variations which are 
phase related, but apparently more complex. The undisturbed 
profile shows two absorption components, one at about 900 
km s "1 (the same velocity as the N iv component) which disap- 

4.5 

4 .0 

3.5 

3.0 

2.5 

2.0 

1 .5 

1 .0 

0.5 

0.0 

Fig. 3.—Same as Fig. 1, but for O iv 21340 
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152Ü 1525 1530 1535 1540 1545 1550 1555 1560 1565 1570 
WRVELENGTH (RNGSTROM) 

Fig. 6.—Same as Fig. 1, but for C iv /11550. Variability in the violet wing of 
the (j) 0.45 ->0.55 spectrum may be due to the Hatchett-McCray effect. 

pears at phase 0.5. This is comparable to the N iv behavior and 
the reverse of the behavior reported for He i ¿5876 and Ha 
¿6560 by Fahlman and Walker (1980), i.e., and extra absorp- 
tion component appearing at 0 ^ 0.6, which they interpreted 
as evidence for a gas stream from the inner Lagrangian point. 
Further details of the wind structure come from a detailed 
analysis of EX OS AT observations of a complete orbital cycle 
(Haberl, White, and Kallman 1989). 

IV. MODELING THE N IV LINE 
The variability in N iv is similar to that seen in the reson- 

ance lines of C iv and Si iv in other massive X-ray binaries 
(Hammerschlag-Hensberge 1980), and is qualitatively consis- 
tent with the “bleaching” of N3+ ions in a zone in the wind 
surrounding the X-ray source (Hatchett and McCray 1977). 
We have therefore calculated the N iv profile variability 
expected on the basis of this model to see if the results are 
indeed consistent with the observed effects. 

Our modeling procedure is as follows. (1) We assume that 
the observed N iv profile at phase zero reflects the distribution 

of N3 + ions with velocity in the absence of X-ray ionization 
and fit the models of Olson (1981) to this profile. This yields a 
value for the parameter T, which is proportional to the radial 
optical depth in the line. (2) We then construct models for the 
phase 0.5 profile by assuming that at each point in the wind the 
abundance of N3+ ions is given by either the undisturbed wind 
fit (from step [1]) or by X-ray photoionization theory, which- 
ever is smaller. The X-ray ionization is most important inside a 
roughly spherical “Strömgren zone” which surrounds the 
X-ray source and which turns out to be comparable to the 
primary star in size. The size of this region (and therefore the 
extent of the X-ray-induced line suppression) depends on the 
ratio of the X-ray source luminosity, Lx, to the wind density; 
given the run of velocity with radius, and assuming a spher- 
ically symmetric steady-state flow, this is equivalent to the 
ratio of Lx to the mass-loss rate, M. We adopt a velocity law of 
the canonical form 

v(r) = ^(1 - RJR)ß , 

where ß is believed to have values in the range 0.5-1 for the 
winds of single O stars (e.g., Pauldrach, Puls, and Kudritzki 
1986). More details of the photoionization model and line 

Fig. 7.—Same as Fig. 1, but for He n A1640. Phase-dependent variability is 
present. 
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profile modeling procedure are described in Kallman and 
McCray (1982) and McCray et al. (1984). 

Results are illustrated in Figure 12. The upper section shows 
the results of modeling the phase zero profile. An acceptable fit 
is found using Olson’s models with an optical depth parameter 
T = 5; the fit is significantly improved if we assume a “core” 
N iv absorption line. (This assumption is supported by the 
observation of a strong N iv photospheric line in the spectra of 
main-sequence stars of similar Te{{.) At low velocities (both 
positive and negative), the observed profile is not very well 
matched, but this failure is typical of models calculated using 
the Sobolev approximation and monotonie velocity laws, and 
is not specific to the present case. We were also unable to 
match the absorption profile at velocities more negative than 
about —2000 km s-1 (^O.Ti;*); here the observed profile 
shows an absorption dip, while the model profiles all how a 
monotonie increase in residual intensity with 11; |. Almost cer- 
tainly there is a blend with a photospheric line at ~1707 Â, 
since it is difficult to understand what excitation mechanisms 
could produce N iv absorption at such high velocities. 

WAVELENGTH (ANGSTROM) 
Fig. 8.—Same as Fig. 1, but for N iv A1718. A weakening of the absorption 

profile due to the Hatchett-McCray effect is clearly visible around phase 0.5. 

Fig. 9.—Same as Fig. 1, but for N m A1750 

The lower part of Figure 12 shows our best fit to the 
observed profile at phase 0.5. The systematic discrepancies 
noted for the phase zero profile are still present, but the varia- 
tion in the observed profile is rather well matched by the 
change in the theoretical profiles. In particular, the increase in 
residual intensity around —1000 km s~1 is reproduced in some 
detail. The wavelength dependence of the profile variability 
yields the wind velocity at the X-ray source and thereby con- 
strains the index ß. Since a comparison of the phase zero and 
phase 0.5 profiles shows that the X-ray-induced suppression 
of the absorption, and hence the X-ray ionization, occurs at 
^0.4 i;^, the orbital separation (adopted from Conti 1978) 
requires ~ 1. An attempt to fit the profile with a /? = 0.5 law, 
for example, would yield X-ray induced suppression at ~0.lv*, 
a much greater velocity than is observed. 

It is interesting to note that the value of ß which we obtain is 
consistent with dynamical models for the winds of single OB 
stars (e.g., Pauldrach, Puls, and Kudritzki 1986), but differs 
from that inferred from X-ray observations of 4U 1700 — 37 
(ß ^ 0.5; Haberl, White, and Kallman, 1989). We suspect that 
this difference is due to the fact that X-ray studies can sample 
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Wavelength (Â) 

Fig. 10.—Orbital variability in the N iv A1718 line, due to the Hatchett- 
McCray effect. Each spectrum is the mean of six individual spectra in the given 
phase interval. Top: spectra from the 1978 campaign; bottom: spectra from the 
1985 observing campaign. The amplitude of the variability is slightly different 
in the two data sets. 

the wind very close to the X-ray source, where the dynamics 
will differ from those of a single O star, while the UV line 
profile is formed over a large fraction of the wind volume, 
where our assumption of spherical symmetry is more nearly 
correct. 

Our best-fit model requires a ratio of the mass-loss rate to 
the X-ray luminosity of M/Lx~5x 1041 (M0yr_1)/(ergs 
s"1). While the fit does not reproduce the detailed shape of the 
observed absorption profile, as noted previously, it is accept- 

able at the level at which we are able to model X-ray- 
photoionized winds, showing that the adopted parameters are 
all generally consistent with results of the N iv observations. In 
particular, the required ratio of M/Lx is in agreement with the 
observed X-ray flux of ~l(r9 ergs cm-2 s-1, the distance 
(§V), and the mass-loss rate (M ^ 6 x 10-6 M0 yr_1; 
Howarth and Prinja 1989). The differences in detail between 
the observed and modeled profiles could be due to a variety of 
factors neglected in the models: density inhomogeneities due to 
shocks, or other departures from the simple velocity law 
adopted; the affects of wind dynamics of the gravitational field 
of the secondary or of the X-ray photoionization it produces; 
beamed X-rays; etc. Modeling these factors is beyond the 
scope of the present paper. 

V. LOW-DISPERSION SPECTRA 

Shortly before our 1978 July observations were made, 
Matilsky and Jessen (1978) claimed the discovery of a 97 
minute periodicity in the X-ray flux from 4U 1700 — 37 (see 
also Matilsky, La Sala, and Jessen 1978); Kruszewski (1978) 
reported a similar period in optical data, with the largest 
amplitude occurring at phase 0.5. This prompted the procure- 
ment of a large number of low-resolution spectra around phase 
0.5 during our 10 day campaign of coordinated observations. 
Unfortunately, the X-ray periodicity was subsequently shown 
to be spurious by Hammerschlag-Hensberge, Henrichs, and 
Shaham (1979), and new optical observations discussed by 
them, and by van Paradijs and van der Woerd (1982), failed to 
show any related periodicity. 

The low-resolution (AÀ ^ 6 Â) data cover the wavelength 
range 1150-3200 Â. The bulk of the exposures were taken with 
the short-wavelength prime (SWP) camera (2 < 1950 Â), with a 
single spectrum taken with the long-wavelength redundant 
(LWR) camera (Table 1). All spectra were taken with the large 
(10" x 20") entrance aperture to ensure accurate spectropho- 
tometry; the time-dependent degradation in camera sensiti- 
vities does not significantly affect these data. In some cases, 
two exposures separated by ~9" were made in the large aper- 
ture to improve time resolution by reducing overheads in 

o 

Fig. 11.—The intensity of the N iv /1718 line at 1713.25 Â as a function of orbital phase (see text for details). Consecutive images are joined by lines. There is a 
systematic decrease in the absorption line strength for phases 0.4 -► 0.6 ; additional stochastic variability may be present. 
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Velocity (km/s) 
Fig. 12.—Observed and modeled N iv 11718 profiles. The upper curves 

(right-hand ordinate) show results at phase zero, when the observed profile is 
practically undisturbed by the X-ray source. Lower curves (left-hand ordinate) 
show results for phase 0.5; the reduction in absorption at ~0.4i;+ ^ —1000 
km s"1 is well matched by the theoretical calculation. 

reading out the cameras; we combined the results of such 
exposures into a single spectrum. Preliminary extraction of the 
spectra was carried out at the ESA and NASA ground sta- 
tions; we corrected all SWP images processed with the incor- 
rect Intensity Transfer Function by using the algorithm 
described by Cassatella et al. (1980) and flux-calibrated the 
spectra using the calibration of Bohlin et al. (1980). 

Analysis of these data confirmed the absence of any signifi- 
cant 97 minute periodicity. However, the spectra are still of use 
in order to investigate the interstellar reddening. To do this we 
used images SWP 1971 and LWR 1816 (taken at the same 
binary phase). The low-dispersion spectrum is unremarkable, 
and shows a strong 2200 Â extinction feature. Rather than 
attempt a direct comparison of the observed spectrum with 
model atmosphere fluxes in order to determine the reddening, 
we took advantage of the fact that the flux distributions of hot 
stars are essentially linear in a fog/A versus À plot in the wave- 
length range ~ 1900-3000 Â. [For example, a Kurucz 1979 
35,000 K, log (g) = 3.5 model gives a linear correlation coeffi- 
cient of r = 0.9995.] We binned the data into 50 Â bands, 
omitting those with strong spectral features, then fitted straight 
lines to the binned data for various amounts of dereddening, 
using Seaton’s (1979) formula. The largest correlation coeffi- 
cient corresponds to our best estimate of EB_V : 0.53 ± 0.03. 
This value is in excellent agreement with the estimate of 
EB_V = 0.52 estimated by Hammerschlag-Hensberge and Wu 
(1976) from ANS ultraviolet photometry. Using the relation- 
ship between distance and Av given by Neckel and Klare 
(1980) for this region of sky results in a distance estimate of 
0.8 ± 0.2 kpc, roughly half previously suggested values based 
on reddening values obtained from optical data. 

VI. THE INTERSTELLAR SPECTRUM 

As expected for a star with moderately heavy reddening, HD 
153919 displays a rich interstellar spectrum of lines of H i 

TABLE 2 
Equivalent Widths for Selected 

Interstellar Lines 

Spectrum Line Wx(mA) 

Ci 

Civ 

Nv .. 
Mg i . 
Mg ii 

A1 HI 

Sin . 

Si ii* 

Si in 
Si iv 

Fe ii 

1194.0 
1276.5 
1280.1 
1328.8 
1560.3 
1548.2 
1550.8 
1242.8 
2852.1 
1239.9 
1240.4 
2795.5 
2802.7 
1854.7 
1862.8 
1304.4 
1526.7 
1808.0 
1194.5 
1264.7 
1206.5 
1393.8 
1402.8 
1608.5 
2343.5 
2373.7 
2382.0 
2585.9 
2599.4 

63 ±9 
53 ±10 
54 + 5 

154+15 
191+20 
194 + 9 
107 + 4 

<20 
524 + 52 
84+13 
65 + 13 

729 + 74 
745 + 77 
280 + 20 
200+10 
243 + 5 
328+11 
281 + 5 
107 + 11 
64 + 4 

255 + 18 
141 + 34 
103 + 11 
279+10 
471+46 
374 + 30 
545 + 37 
462+13 
562 + 22 

Note.—Quoted errors are 90% con- 
fidence intervals, after Howarth and 
Phillips 1986. The N v upper limit is a 
3 <r value. 

species. In addition, the CO fourth positive series is present, 
together with relatively strong lines due to high ions (IP > 13.6 
eV). Table 2 lists equivalent widths for selected lines, measured 
from the grand average spectrum formed from all data. The 
neutral hydrogen column, estimated from Lya 21216 by divid- 
ing the observed profile by theoretical fully damped profiles 
until a “flat” continuum is restored, is Af(H°) = 21.4 + 0.1 dex 
cm-2. 

No unblended lines show evidence for velocity structure or 
asymmetries at the resolution afforded by IUE. We have there- 
fore analyzed the interstellar spectrum assuming a simple 
single-cloud model with a Maxwellian velocity distribution for 
the absorbers (see Howarth and Phillips 1986 for details; all 
atomic data were taken from this source). A single-cloud model 
will provide lower limits to true column densities if (as is cer- 
tainly true) the sightline is in reality more complex (Nachmann 
and Hobbs 1973); however, for reasonable distributions of 
bulk cloud velocities and internal velocity structure, the single- 
cloud model is unlikely to give grossly erroneous results 
(Jenkins 1986). 

The Mg ii lines are particularly useful for constraining 
model parameters. The 21240 lines are relatively weak, and 
their equivalent widths are primarily sensitive to column 
density, N, while the 22800 lines are saturated ; their equivalent 
widths are sensitive to the velocity dispersion parameter, b, but 
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TABLE 3 
Model Parameters for 
Interstellar Species 

b N 
Ion (kms-1) (dex cm-2) 

C+   >8 14.7-14.4 
(10) (14.7 + 0.1) 

Mg°   (10) (14.9 + 0.3) 
Mg+   10±1 16.7 + 0.1 
Si+   10-15 16.9-15.7 

(10) (16.9 + 0.3) 
Fe+   9-17 16.6-14.6 

(10) (16.3 + 0.3) 

C3+   20-150 13.9-13.7 
(22) (13.8 + 0.1) 

N4+   ... <13.3 
Al2+   (22) (13.5 + 0.1) 
Si + *   <10 >12.9 

(5) (13.4 + 0.3) 
Si2+   >20 13.6-13.1 

(30) (13.4 + 0.1) 
Si3+   2-100 15.9-13.3 

(22) (13.45 + 0.1) 
S2+   20: <15.6: 

Note.—Ranges of b and N quoted are those 
which reproduce the observed equivalent 
widths acceptably well. Parenthesized values 
use b constrained from profile fits and/or from 
the requirement that H i region species have 
the same b value. 

are insensitive to N. A single-cloud model which matches the 
equivalent widths of all four lines within the quoted errors 
requires h = 10 ± 1 km s_1 (and N = 16.7 ±0.1 dex cm-2). 
Curve-of-growth analyses of other H i region species are con- 
sistent with this value (Table 2). Model line profiles require 
h ^ 10 km s-1 for all species [using h(inst) = 18 km s-1; 
Howarth and Phillips 1986]. Derived column densities are 
given in Table 3 (where the quoted errors allow for both the 
uncertainties on the measured equivalent widths and for a 
range of ± 1 km s-1 in b). Gas phase depletions of H i region 
species are unexceptional. 

Of more interest are the highly ionized species present in the 
spectrum. Doublet ratios constrain b only weakly (Table 3), 
but profile-fitting provides tighter limits, requiring b = 22±3 
km s -1 for C iv, Si iv, and A1 m. [It is noteworthy that b(H+) is 

definitely larger than h(H°), although presumably the highly 
ionized species are distributed over a smaller spatial domain.] 
Not all H ii region species share the same b, however (nor, by 
inference, the same space distribution): the Si m 21206 profile 
requires a larger value (~30 km s-1, although the column 
density is not sensitive to the precise figure), while Si n*, an H n 
region species which shows unusually strong lines in the spec- 
trum of HD 153919, requires b < 10 km s-1 (b = 5 km s-1 

gives good fits in this case). 
Column densities for H n region species are summarized in 

Table 3. (We include S2+, which shows a strong line at 1190.2 
Â, blended with Si n 21190.4; the column density is uncertain 
largely because of problems with oscillator strengths for the 
Si ii lines.) A substantial ionized hydrogen column (in excess of 
~20 dex cm-2) is indicated by these data. The Si2+, Si3+, and 
C3 + columns are in reasonable agreement with those expected 
on the basis of simple homogeneous models of H n regions 
(Black et al 1980), suggesting that the highly ionized species 
can be maintained by stellar radiation alone, and that the 
X-ray source (which is considerably less luminous than the 
primary) plays only a minor role. 

To check this for other species we modified the ionization 
balance code described by Howarth (1984) to calculate nebular 
models. The principal modifications were to the density struc- 
ture (constant density assumed), the stellar radiation field 
(Kurucz models used rather than black body fluxes), and the 
diffuse radiation field (which was set to zero). The neglect of the 
diffuse field in the photoionization integral and the exclusion of 
charge transfer in the ionization balance means that the results 
are only approximate, but more elaborate modeling did not 
seem worthwhile given the uncertainties in the stellar EUV 
radiation field and the nebular density structure. The calcu- 
lations confirm that all the observed columns can comfortably 
be reproduced by a star with Teff ~ 37,400 K, R* ^ 24 R0 
(Howarth and Prinja 1989). The only substantial disagreement 
between the models and observations is for silicon, where both 
our models and those of Black et al. (1980) predict log N ~ 15 
for Si2+ and Si3+, some 1.5 dex greater than observed. A likely 
cause of this discrepancy is depletion of silicon onto grains in 
the H ii region, as in H i regions. 

We are grateful to Graziella Branduardi for recovering the 
Copernicus X-ray observations of 4U 1700 — 37, and Frank 
Haberl for providing a preprint and details of EX OS AT obser- 
vations. I. D. H. thanks the JILA Fellows for the award of a 
Visiting Fellowship and T. P. Snow for access to CASA facili- 
ties. 
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