High-Resolution Spectroscopic Diagnostics of the Hot Plasma in the Stellar Wind of

Canis Majoris (B2 II)

David H. Cohen, StanleyP. Owocki, Joseph P. Cassinelli, & Joseph J. MacFarlane

1. Introduction

Soft X-rayemission is the most direct observational diagnostic of the time-dependent, chaotic structure in the

shocked winds of hot stars. OB stars are characterized b yfast line-driven winds, and our understanding of the

mean, time-averaged properties of these outflo ws is quite advanced. Indeed, the underlying time- independent

(CAK 1 ) theor yhas no wbeen extended to line-driven o utflo ws fro m AGNs, novae, and disks. Ho wever, it is well

kno wn that line-driving is subject to an inherent instability 2,3 , which leads to highly time-dependent structure,

shocks, and the production of X-rays. High resolution X-ray spectroscop yis vital for determining in what part of

the wind the X-rays are produced, for quantifying the shock strength distrib utions and the time-var iability of the X-

rayproduction mechanism, and ultimatelyfor understanding basic physics o f the instabilityitself. Due to its

combinatio n of good spectral resolutio n and high throughput, XMM provides a unique opportunity for answering

several outstanding questions about shocks in hot star winds. T he understanding o f the line-for ce instability gained

by X MM spectroscop yof hot stars can then be applied to the more exotic objects in which line-driven outflo ws

occur.

Bydiagnosing the density, temperature, and spatial distrib ution of the shocked plasma, XMM can answer the

fundamental questio n: Are wind shocks for med fro mself-excited instabilities or are clump -clump collisio ns caused

byperturbations at the base of the o utflo wresponsible? Numerical modeling of the line-driving instabilityhas

indicated that the winds of hot stars should be do minated byreverse shocks, in which lo wdensity, rapidly

accelerated material impacts denser, slo wer mo ving clump s 4,5 . T his basic mechanism, in which the instabilityis

self-excited (i.e. without any initial seed perturbation), cannot, in general, reproduce the high levels of X-ray

emission observed in O stars, as o nlya ver ysmall fraction o f the stellar wind is predicted to be shock-heated at any

given instant. T his deficiency is not as great for early-B stars, which have lo wer X-ray luminosities. Ho wever, it

has recentlybeen sho wn that with lo w-level stochastic perturbations at the base of the wind, the dense clumps

initiallyfor med b ythe instability may interact strongly with each other further out in the wind flo w, leading to

shocked regio ns with much higher densities than can be produced byself-excited instabilities 6 . In Fig. 1 we sho w a

representative result fro mour numerical simulations o f instability-generated structure in the wind of e CMa.

Another outstanding question that XMM can address is the surprising lack of X-raytime-variabilityseen in

hot stars. T his current broadband X-rayco nstraints ( fro me.g. ROSAT ) imply that there may be numerous shock

interaction regions, each of which subtend only a small solid angle 7 . Here again, time-resolved high-resolution X-

rayspectroscopyis crucial for deter mining˙via measurements of time-variability of individual spectral features˙

the number of different physical sites of X-rayproduction in these winds.

Finally, there are several lines of evidence

7,8,9,10 that, in at least so me hot stars, the line-force instability

mechanismis augmented b yother mechanisms, perhaps related to magnetic fields or non-ther mal emission fro m

inver se- co mpton scattering of photosp heric UV radiation on shock-accelerated relativistic electrons in the wind.

Quantitative spectroscopic diagnostics˙of temperature distributions, densities, and physical locations relative to the

stellar surface˙can provide infor mation about the nature of these additional mechanisms that may enhance the

abilityof the line-force instability to produce X-rayemitting plasma. For example, ASCA observations of e CMa 11

sho w a hard tail that may be indicative of the presence o f some plasma with temperatures greater than 10 millio n

K ¾ hotter than predicted fro msimulatio ns of the line-force instability. RGS data in second order and EPIC data will

be able to put much tighter constraints on the nature of this harder emissio n and the properties of the plasma fro m

which it emanates.

2. Canis M ajoris

T here are several reasons the B bright giant e CMa makes an ideal laboratoryfor the stud yo f the line-force

instability, wind shocks, and their associated X-rayemissio n. First, the filling factor of hot gas in the wind is such

that the self-excited instabilitycannot immediately be ruled out as the primar yX-rayproduction mechanism 12 ,

although clump -clump collisions cannot be ruled out either. Second, the wind density is low enough that X-rays

produced relativelyclose to the stellar photosphere can be observed, yet a modest amo unt of wind attenuation of X-

rays does exist. T his wind attenuation is an important diagnostic, as we will further discuss belo w. And third,

because it lies in an evacuated inter stellar tunnel, e CMa is the only early-typ e star for which EUV spectroscopic

data is available belo w504 Å. T hese Extreme Ultraviolet Explorer ( EUVE ) data (which we show in Fig. 2), have at

least five emission lines of iron (fro mFe IX to Fe XVI) at resolution, R

˝

O /