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There are two major theories of the production of X-rays in hot stars: Coronal emission due to heating and confinement by a magnetic field, and shocks in a radiation-driven wind. A determination of the location and distribution of the X-ray emitting plasma relative to the star could support one of these theories over the other.  Helium-like ions have been shown to be an indicator of density by comparison of the forbidden line to the intercombination line.  Recently, it has been shown that this line ratio is sensitive also to the ultraviolet radiation field, and thus to the distance of the X-ray emitting plasma from the surface of the star.  The upper level of the forbidden line is spontaneously depopulated comparatively rarely, and therefore electrons in this level have a good chance of being collisionally or radiatively excited to the upper level of the intercombination line, especially at high plasma densities and/or strong UV intensities. Using the Chandra high-resolution spectrum of  Sco, we will apply this diagnostic to several helium-like ions to constrain the location of the X-ray emitting plasma on this hot star.

Introduction

The processes by which hot stars emit X-rays are not yet fully understood.  While cooler stars like the Sun generate X-rays through magnetic confinement and heating of the corona, it is generally thought that the X-rays from hot stars are created in radiatively driven stellar wind shocks.  Using a high-resolution spectrum of the B-type star  Scorpii from the X-ray telescope Chandra, we have studied the strength of the ultraviolet field at the location of the X-ray-emitting plasma by examining the forbidden and intercombination lines of helium-like ions in the plasma.  A stronger UV field, close to the surface of the star, destroys the forbidden line in favor of the intercombination line, so the diagnostic can indicate whether the generation of X-rays is occuring close to the star or far away.
The Data


There have been great advances in the field of astronomical X-ray observation in the last few years.  The X-ray spectrum of  Sco that we obtained from the Chandra satellite telescope has resolution improved by orders of magnitude from earlier telescopes like ROSAT (see Figures 1 and 2).  With this degree of resolution, closely spaced groups of lines can be clearly distinguished, and so I have been able to study line complexes of helium-like ions, including oxygen, neon, magnesium and silicon (see Figure 3).

The F/I ratio


The helium-like ions that I have studied generate three primary lines: the forbidden (F), intercombination (I), and resonance (R) lines (in increasing order of energy).  (See Figure 4 for a diagram.)  The upper level of the forbidden line is relatively long-lived, so an electron in this level is unlikely to de-excite quickly to the ground state.  This provides the opportunity for an incoming photon of the correct ultraviolet energy to excite it to the upper level of the intercombination line, where it will quickly decay to the ground state, producing an I photon rather than an F photon.  Note: in the presence of high electron densities, collisional excitation can play the same role.  However, we can tell from the observed mass-loss rate of  Sco that the stellar wind density is unlikely to exceed 1012 cm-3 at any radius, so we take the effects of the UV field to be dominant.


The result of this process is that the observed ratio of the strengths of the F line to the I line of some helium-like ion is a diagnostic of the strength of the ultraviolet field at the location of the X-ray-emitting plasma.  (The energy interval between the forbidden and intercombination upper levels happens to be in the ultraviolet range.  The F and I photons being created are in the X-ray energy range.)  The strength of the ultraviolet field is a direct indication, by the inverse square law, of how far from the surface of the star the X-rays are being produced, which helps in differentiating between coronal and wind shock models.


My work has primarily been to identify the F/I strength ratio for various ions.  The software package CIAO, designed to be used in analyzing data from Chandra, was used for the data analysis.  This analysis consisted of fitting Gaussian line profiles to individual lines in our spectrum in order to determine line fluxes.

Results
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Modeling the effects of an ultraviolet field on helium-like ions of each of the elements we have studied, we determined a probable radius of emission for each.  This modeling employed the WINDRT non-LTE excitation/ionization radiative transfer code written by Joseph MacFarlane (MacFarlane et al 1994).


Our conclusion is that much of the X-ray emission is occurring at about 1.5 to 3 R*.  This is too far for normal coronal activity, especially for oxygen VII, but in the case of silicon XIII, the emission is not as far from the surface as we would expect for a normal radiatively driven stellar wind.  Also, from Carolin Cardamone’s research (these proceedings) on the broadening of the lines in  Sco, we see that the lines are only slightly broadened, with a velocity no greater than 200-300 km s-1.  This is much less than the wind’s terminal velocity of at least 1500 km s-1, which indicates that the emission is unlikely to be due to the normal wind shock process.  Neither the coronal nor the standard wind shock model adequately explains these combined findings.


There are several ways in which this can be interpreted.   Sco is an unusually young star (Kilian 1994), and could retain a primordial magnetic field from the time of its formation.  One model that is being developed involves an interaction between the magnetic field and an outflowing stellar wind.  The large-scale magnetic field would channel wind material toward the magnetic equator, where it would collide, shock, and heat up to generate X-rays (Babel and Montmerle 1997).  A disk of material would develop around the star, with new plasma continuously streaming onto it.  This model explains both the moderate distances found in my research and the slow velocities found by Cardamone.  Another model that could explain these results is the blob infall model (Howk et al 2000), in which dense condensations form in the wind and fall relatively slowly back toward the photosphere.  Bow shocks form where the falling material interacts with the outflowing stellar wind.
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Figure 1: Chandra (2000) spectrum of  Sco.
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Figure 2: ROSAT  (1993) spectrum of  Sco.
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Figure 3: the magnesium XI helium-like triplet (with its location in the spectrum shown in the insert), fitted with Gaussian models.
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Figure 4: the atomic processes that generate a forbidden line photon, or that excite the electron to the upper level of the intercombination line to generate an intercombination line photon.
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		Ion		Range of radii (R*)

		oxygen VII		~5 - 10

		neon IX		2.2 - 3

		magnesium XI		1.8 - 2.5

		silicon XIII		1.1 - 1.5






