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Chapter 9 

Raman scattering as a diagnostic tool in the massive 
X-ray binary 4U1700-37 

L. Kaper, G. Hammerschlag-Hensberge, and R.J. Takens 

(Nature 347, 18 October 1990, p. 652) 

Abstract 

HD153919, an extreme Of star (spectral type 0 6 . 5 1 ^ , Walborn 1973), has been identified as the 
optical counterpart of the 3.411 day eclipsing massive X-ray binary 4U1700-37 (Jones et al. 1973) by 
spectroscopic (Conti & Cowley 1975, Hammerschlag-Hensberge 1978, Fahlman & Walker 1980) and 
photometric (Van Paradijs et al. 1978) studies which revealed periodic optical variations in phase 
with the X-ray period. Here we report that the ultraviolet spectra taken with the International 
Ultraviolet Explorer satellite also vary in phase with the X-ray emission. In an interval of ~200 A 
centered on the subordinate He II line at 1640 A, emission lines 2-3 A wide appear and disappear, 
with maximum flux at binary phase 0.5 (when the neutron star is in front of the 0 supergiant) and 
minimum flux around phase 0.8. We suggest that these variable lines are due to Raman scattering 
of extreme ultraviolet photons emitted by the X-ray source by He II ions. These Raman lines can 
thus be used to reconstruct a part of the unobserved extreme ultraviolet spectrum in the Hell 
scattering zone. 
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154 9. Raman scattering in HD1S3919/4Ü1700-37 

The ultraviolet spectrum of HD153919 shows saturated P Cygni profiles (Dupree et al. 1978, 
Hammerschlag-Hensberge et al. 1990) of the resonance lines of N v at 1240 A, Si IV at 1400 A and 
Civ at 1550 A, indicative of a strong, dense stellar wind. The mass-loss rate is estimated to be 
6 X lO"6Af0/yr and the terminal velocity of the wind is ~ 2200 km s"1 (Howarth & Prinja 1989). 

The X-ray light curve of the system exhibits strong flaring activity and a very long and variable 
eclipse duration (Branduardi et al. 1978, Haberl et al. 1989). X-ray pulsations have not been 
detected (Gottwald et al. 1986), but the similarity of the X-ray spectrum of 1700-37 to those of 
other X-ray pulsars (White et al. 1983) indicates that the X-ray source is an accreting neutron star. 
Also the optical mass function (Hammerschlag-Hensberge 1978) favours a neutron star companion. 
The average (uneclipsed) X-ray luminosity of ~ 1036 erg s"1 can be explained by accretion of 
stellar-wind material from the supergiant onto the neutron star. The X-ray light curve often shows 
absorption dips around phase 0.75, accompanied by an overall increase in spectral hardness ratio 
after phase 0.7 (Mason et al. 1976), which indicates the presence of material trailing the neutron 
star in its orbit. Observations of the time-dependent behaviour of the Hei 5876 A and the Ha line 
(Conti & Cowley 1975, Fahlman h Walker 1980) support this interpretation. 

We reduced all existing high-resolution ultraviolet spectra of HD153919 obtained by the Inter
national Ultraviolet Explorer (WE) satellite, using the IUEDR software package on the Starlink 
network (Giddings 1983), which resulted in a total of 60 SWP spectra (short wavelength: 1150-
1950 A) spread over 9 years (1978-1986). The (old) small-aperture spectra were corrected for flux 
losses during observation, while wavelength calibration was performed by shifting interstellar lines 
towards their rest-wavelength (for more details, see Hammerschlag-Hensberge et al. 1990). 

Figure 1 shows the region centered around the subordinate He II A1640 A line for three averaged 
spectra around <j> = 0.15, <f> = 0.45 and 0 = 0.80. The three spectra are quite different. A number 
of 2-3 A wide (weak) emission lines are present around phase 0.45 and absent around phase 0.80. 
For comparison, the same spectra are shown in an interval around 1450 A: here no differences 
are found. A grey-scale representation of all 60 spectra around 1640 A, sorted by binary phase, 
demonstrates that the variations are a clear function of orbital phase. To represent more clearly the 
differences between the individual spectra, we subtracted the averaged <p = 0.8 spectrum from all 
spectra. The emission lines are variable in flux, with a maximum around <f> = 0.5 and a minimum 
at <f> — 0.8. There is an abrupt decrease in flux after the maximum is reached. Figure 2a shows 
the flux averaged over all observable lines as a function of orbital phase. This picture remarkably 
resembles the variation with orbital phase of the X-ray spectral hardness (Mason et al. 1976), 
which suggests that the obscuration of the emission Unes is connected with the rise in NH column 
density during late phases (Haberl et al. 1989). 

To obtain information on the region of formation of these broad emission lines, we measured 
their central wavelengths as a function of binary phase. In figure 2b the velocity shift of the emission 
lines is plotted as a function of orbital phase. The data were fit (least-squares) with a sinusoidal 
function of the form: Av = a + /?sin(2ir^ — 7) was applied to the data, where Au is the mean 
velocity difference. The best fit (with 2«r errors) obtained was 

Av = (26 ± 8) sin(27r[0 - (0.87 ± 0.04)])Jfcm/5 (1) 

The parameter a is "uninteresting" in the sense of Avni (1976) The binary nature of the system 
is indicated by the Doppler shift of the emission lines. The velocity amplitude differs per line; the 
value of /? is an average over all Unes. The velocity variation is not in phase with either the 0 star 
or the neutron star. To decide precisely where the emission Unes are formed, a detailed model of 
the system is needed to derive conclusions from the phase difference and velocity information. 

Analysis leads to the following results: (1) the emission Unes are broad: 2-3 A wide; (2) they are 
concentrated in a region of ~ 200 A centered around Hell A1640 A. Other parts of the 1150-1950 
A region covered by the SWP camera do not show the above mentioned variations (Fig. 3); (3) 
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Figu re 1: The upper part of the figure shows three averaged spectra (around <j> = 0.15, <j> — 0.45 and 
tj> = 0.80) for two spectral regions centered around 1450 A (top) and the subordinate Hell line at 1640 A 
(bottom). Under each display the difference spectrum of the 4> = 0.45 and <p = 0.80 spectra is shown. The 
lower part of the figure shows a grey-scale image of all 60 archival IUE spectra in the same wavelength region, 
arranged according to orbital phase. Here, the averaged spectrum around 0 = 0.8 was subtracted from all 
spectra. The grey scale represents the flux difference: white corresponds to maximum flux difference 

the lines vary in flux; they reach a m a x i m u m a t phase 0.5 (when the neut ron star is in front of 
the 0 s tar ) , and decrease abrupt ly to a m i n i m u m near phase 0.8; (4) the central wavelength of the 
emission lines is Doppler shifted according to binary phase. 

We suggest R a m a n scattering (see e.g. Nussbaumer et al. 1989) as a mechanism for the for

ma t ion of the observed variable emission lines. This process is like fluorescent scat tering, with the 

difference tha t the intermediate s ta te (excited a tom) in R a m a n scattering, does not correspond to 

an eigenstate of the a tom. It can be described as lying in the far wing of a nearby energy level with 

suitable quan tum numbers , so the Lorentz profile of this energy level appears in the cross-section; 

this makes the cross-section for R a m a n scattering quite small. To compensate for this the input 

must be a strong emission line (assumed frequency I/,-). This line should be ra ther close to a strong 

line (frequency u0) of a very abundant ion. In practice, the la t te r line should arise from the ground 

s ta te of this ion. After absorpt ion of a photon a t frequency vo, the ion must have an alternative 

way back, s tar t ing wi th emission of a pho ton of frequency v^; when i/] = u0 the process is called 
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F i g u r e 2: a) Flux, averaged over all observable emission lines, shown as a function of orbital phase. There 

is an abrupt decrease in flux towards late phases; b) Velocity shift of the emission lines with respect to their 

mean central wavelength plotted against orbital phase. There is a small, but significant, phase shift with 

respect to the velocity curve of the O star 
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Figure 3: A smoothed difference spectrum (of the averaged <j> = 0.5 and 0 = 0.8 spectra) from 1400 to 
1900 A showing the region of emission lines centered around Hell 1640 A. The Loientz shape of the upper 
energy level of He II 256 A can be deduced from this figure 

resonant scattering (in the far wing). A Raman-scattered photon vj has frequency: 

Vj = Vi + i/, - i/0 (2) 

Because the wing of the upper level of i>o ls intermediate state, the cross-section for Raman scat
tering varies as (u, — VQ)~2, and only lines with frequency v, close to v$ are good candidates. Then, 
according to equation (2), Uf is close to V\. A resonance line, like Lyman a, cannot provide the 
frequency vo, because there is no v\ / VQ. Emission lines close to Lyman 3, however, can be Raman 
scattered to the spectral region around Balmer a. The large line width is characteristic for this 
scattering: according to equation (2) we have Avf = Ai/,; expressed in the usual way this gives 

vf 

"i Ai/, 

Vj Vi (3) 

This width is enhanced by a factor Vi/vf (in our case a factor of six, see below) compared to the 
width of the line of frequency «/,-. Both the large width, and the lack of any identification, point 
to Raman scattering as underlying mechanism for the emission lines. The abundant ion involved 
(corresponding to v0 and v^) is easily identified as singly ionized helium, which is very abundant 
in the stellar wind of an Oö-SIaf1" star. In the SWP high-resolution spectra the emission fines 
are concentrated in an interval between 1525 and 1750 A. This is symmetric around A 1640, the 
"Balmer a" line of Hen. So the EUV "input" fines should be found close to 256 A, the Hen 
"Lyman /3" line. 

The wavelengths of the Raman-scattered emission fines can be used to compute the wavelengths 
of the corresponding EUV fines (see Table 1). It is, however, not trivial to identify the emission 
fines in the EUV region. Except for the Sun, a stellar EUV spectrum below 300 A is never observed 
in high resolution. In solar flare spectra (Behring et al. 1976, Dere 1978), many emission fines 
from highly ionized species, like Si X, Fe XXII, S X, are found in this region. But these spectra 
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1 Ram an 

1522 
1529 
1558 
1565 
1572 
1581 
1587 
1593 
1598 
1606 
1612 
1618 
1622 
1627 
1636 
1643 
1648 
1653 
1660 

A E U V 

253.24 
253.43 
254.21 
254.40 
254.58 
254.83 
254.97 
255.13 
255.26 
255.46 
255.62 
255.76 
255.87 
256.00 
256.21 
256.38 
256.50 
256.62 
256.79 

•"Raman 

1668 
1678 
1683 
1694 
1707 
1713 
1721 
1727 
1743 
1749 
1757 
1762 
1788 
1806 
1815 
1824 
1831 
1850 

^EUV 

256.98 
257.21 
257.33 
257.59 
257.90 
258.02 
258.20 
258.35 
258.70 
258.83 
259.00 
259.11 
259.66 
260.04 
260.23 
260.41 
260.55 
260.93 

Table 1: A list of observed Raman lines and the corresponding wavelengths (in A) of the input 
EUV emission lines 

are not of high enough resolution to resolve all lines (also the physical conditions may be quite 
different from those around a neutron star). The most recently calculated (but incomplete) X-ray 
spectra (MacFarlane & Cassinelli 1989) of optically-thin plasmas contain in this wavelength region 
much less than the ~ 35 EUV lines listed in Table 1. Neither theoretical (Mewe et al. 1985, 
Raymond & Smith 1977) nor laboratory (Kelly 1987) EUV contain enough information to make 
unique identifications. 

The flux variation of these Raman lines is probably connected with the obscuration of the 
neutron star by dense filaments in the disrupted stellar wind (Blondin et al. 1990). The diagnostic 
properties of Raman scattering may profit from high resolution UV observations with Hubble Space 
Telescope in near future. We expect that observations with the Hubble telescope of other massive 
X-ray binaries with O-star companions, such as Cen X-3, Cyg X-l, and LMC X-4 (which are too 
faint for IUE!)., can help to solve the identification problem. In particular, the lower metalicity in 
the Large Magellanic Cloud may result in emission line fluxes of different strength. Further, we 
expect progress in theoretical spectra in the next few years (J.C. Raymond, private communication) 
which may make Raman scattering a powerful diagnostic tool to study parts of the unknown EUV 
spectrum. 
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