DERIVING EMISSION MEASURES
AND MASS-LOSS RATES FROM
CHANDRA GRATING SPECTRA OF
OB STARS

1 Introduction

Following the surprising discovery by FEinstein of
strong, soft X-rays from single O stars [1], data
from subsequent missions — and most notably the
grating spectra from Chandra — have provided
strong evidence that these X-rays arise in EFmbed-
ded Wind Shocks (EWS), which are most likely
associated with intrinsic instabilities in the ra-
diative driving of their dense stellar winds [2,3].
For example, wind Doppler broadening of X-ray
emisston from EWS provides a natural explana-
tion for the observed breadth (~ 1000 km s~ 1)
of individual emission lines (e.g., [4]); and the
larger wind absorption from the back vs. front
hemisphere leads naturally to the observed blue-
ward asymmetry and shifted peaks of these lines,
which thus provide a key diagnostic of the wind
column density [5,6,7].

However, the physical processes that produce
the X-ray emitting plasma in O star winds are
still not well understood. Recently, a strong
challenge has been posed to wind-shock theory
by the observed trend of X-ray spectral hard-
ness with optical spectral subtype [8]. There is
no theoretical expectation that effective temper-
ature or spectral subtype should be correlated
with the X-ray emitting plasma temperature or
ionization state, and if it proves to be the case
that there is a correlation, it would provide a
most important observational clue about wind
instabilities, shocks, and X-ray production mech-
anisms in massive, hot stars.

But an important point — and indeed a key
theme of this proposal — is that proper consider-
ation of such X-ray emission properties also de-
mands an accurate account for the absorption
effects of the wind. Moreover, the amount of ab-
sorption, via the mass-loss rate, does correlate
with luminosity, and since absorption tends to
harden X-ray spectra, it can, in principle, pro-
vide a natural explanation for the hardness trend
with spectral subtype. Unfortunately, previous

analyses (e.g., [8, 9, 10]) have largely cast the
spectral properties and hardness of O-star X-
rays simply in terms of the source emission, and
have either ignored or considered only a cursory
treatment of absorption, most typically lumping
wind absorption together with interstellar ab-
sorption. Therefore, more than ten years after
the launch of Chandra, we still do not have reli-
able information about the hot plasma tempera-
ture distribution (differential emission measure,
or DEM) of the shock-heated winds of O stars.

As emphasized below (see §2 and Fig. 1), the
embedded nature of X-rays from the EWS model
means that the internal absorption by cooler ma-
terial within the expanding wind simply cannot
be properly accounted for by assuming some ad-
ditional external absorption like that from the
ISM. A second key difference stems from the ion-
ization of material in the wind vs. ISM, which
has important effects on the absorption opacity.

We have developed a flexible new tool,
windtabs', that incorporates both an internal
transport and an atomic opacity appropriate
for wind absorption, and so provides a general
replacement for standard ISM-like absorption
models used previously [11]. Initial application
suggests that much of the spectral-type vs. hard-
ness trend inferred in Chandra grating spectra of
O stars can actually be attributed to the stronger
wind absorption for longer-wavelength, lower en-
ergy emission (see Fig. 2).

The central goal of the research proposed here
is to systematically apply this new windtabs tool
toward disentangling absorption vs. emission ef-
fects. Specifically, we propose to apply com-
bined APEC [12] emission and windtabs absorp-
tion models to the same fourteen OB star grating
spectra for which Walborn et al. [8] identified
the X-ray hardness vs. spectral subtype trend.
By accurately accounting for wind absorption,
we will determine the extent to which any resid-
ual trend might then have to be attributed to a
correlation of plasma emission temperature with
spectral subtype (and other stellar and wind
properties). We stress that no X-ray hardness or

'We have made the code and extensive documenta-
tion available at the XSPEC custom model repository:

heasarc.gsfc.nasa.gov/docs/xanadu/xspec/models/windprof.html.
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Figure 1: Three illustrations of the inapplicability of the standard ISM tbabs tool for modeling
wind absorption. Left: the opacity in the Chandra bandpass of a typical O star’s wind, compared
to that of the neutral interstellar medium. Middle: the transmission for a source embedded in a
spherically symmetric wind vs. the exponential transmission for an intervening absorber. Note how
much more gradual the decline of transmission is for an optically thick embedded source compared
to the exponential absorption from “slab” ISM models. Right: combining the opacity and the
radiation transport model gives the wavelength-dependent transmission in the Chandra bandpass
for a typical value of the wind column density. The excess ISM treatment is quite inaccurate.
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Figure 2: The seven giants and supergiants showing the X-ray hardness trend [8] (left column). A
4-temperature APEC emission model (7; = 0.1,0.2,0.4, 0.6 keV) multiplied by the windtabs model,
with a mass column density appropriate for each star — not a fit (center column). The same APEC
emission model, but with the wind absorption accounted for via adding the wind and ISM column
densities and using just the tbabs model appropriate to the ISM (right column).



plasma temperature trend with stellar spectral
subtype or other property of the photospheres
of OB stars is expected from EWS theory [3,13].
Even finding a small residual trend in plasma
temperature would pose a strong challenge to the
wind-shock model of X-ray production, and spur
new theoretical developments. Moreover, the in-
ferred level of wind absorption provides an inde-
pendent measure of the wind mass-loss rate, and
one that is less biased by the effects of clumping
than the traditional He, radio free-free, and UV
absorption line diagnostics [see 7,14].

These goals — determining the intrinsic X-
ray emission properties and measuring mass-loss
rates — directly address central aspects of the
physics of OB star winds, testing fundamental
theories of wind shocks and radiative driving.
Thus, the proposed project would enable the
most complete exploitation so far of the rich in-
formation content of the high-resolution spectra
of O stars produced by Chandra over the last
decade.

2 The windtabs Wind Attenua-
tion Model

Our XSPEC model windtabs is a realistic model
for the transmission of a distributed X-ray emit-
ter embedded in a moderately ionized OB star
wind. There are two main physical differences
from neutral ISM absorption models: the ion-
ization — which affects the atomic opacity — and
the geometry. These are illustrated in Fig. 1.
The first panel shows the opacity of the neu-
tral ISM in comparison with a fiducial O star
wind model. The opacity at long wavelengths
is reduced because of the ionization of hydro-
gen and helium, and the K-shell photoelectric
absorption edges are shifted because other ele-
ments are a few times ionized. The second panel
shows the emission-weighted transmission of the
wind as a function of fiducial optical depth, com-
pared with the absorption from an intervening
slab (as in ISM absorption models). At high op-
tical depth, the wind model still has significant
transmission, due to the geometrical distribution
of the emitting plasma throughout the absorb-

ing wind. The last panel shows the effects of
the first two panels combined. The wavelength
dependence of the net transmission is much less
severe than for a neutral ISM slab model, which
has important consequences for DEM modeling.
The sole free parameter of the windtabs model
is the characteristic wind mass column density,
Y = KM /4TVo Ry, from which the star’s mass-
loss rate can be easily computed.

3 Proof of Concept

The left-hand column of Fig. 2 shows the X-
ray hardness trend in Chandra grating spectra
of O giants and supergiants. It is this trend of
hardness vs. spectral subtype that we propose
to analyze by fitting multi-temperature APEC
emission models in conjunction with our real-
istic and accurate windtabs absorption model.
The middle column of Fig. 2 shows the same
4-temperature APEC emission model for each
of the seven stars, but using a different wind
mass column density, ¥, (based on the mass-
loss rate of each star). These are not fits, but
just a single representative emission and absorp-
tion model without any free parameters. But the
fact that they already account for much of the
hardness trend illustrates the potential of for-
mal fitting of the data for robustly determining
the relative importance of absorption vs. intrin-
sic plasma emission in establishing this trend.
The third column of Fig. 2 shows the same emis-
sion model but with the wind absorption treated
via the standard tbabs absorption tool that as-
sumes neutral ISM opacities and exponential at-
tenuation. This demonstrates why wind attenua-
tion has not previously been identified as a prime
cause of the observed hardness trend: the ex-
ponential absorption from commonly used ISM
models is too severe when the the wind is opti-
cally thick, leading, for example, to a complete
suppression of long-wavelength emission in the
earliest type stars, which is something not seen
in the data.

We have recently employed windtabs in con-
junction with APEC to fit the ACIS spectrum
of the O supergiant HD 93129A [14]. From this
model fitting, we are able to characterize the in-
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Figure 3: The ACIS CCD spectrum of the O2If*
star, HD 93129A, along with the best-fit isother-
mal APEC model with windtabs (and also in-
terstellar absorption, modeled with tbabs). The
inset shows the same model with the wind ab-
sorption zeroed out, emphasizing both the sig-
nificance of the absorption effect and its strong
wavelength dependence.

trinsic emission temperature of the wind shocks,
which turns out to be much lower than previous
estimates, which had neglected wind absorption
or modeled it crudely as excess ISM absorption.
We were also able to measure the mass-loss rate
of this star’s wind, based on the best-fit X, pa-
rameter from the windtabs fitting. The data and
fit are shown in Fig. 3. We are proposing to
extend this type of analysis to much higher reso-
lution grating spectra of O stars, from which we
will be able to extract significantly more emis-
sion temperature information than we were able
to determine from the ACIS fit.

4 Proposed Analysis Program

To characterize the trend of intrinsic emis-
sion temperatures and determine the level of
wind absorption, we propose here to systemat-
ically fit APEC emission models in conjunction
with windtabs absorption models to each of the
archival grating spectra of the 14 OB stars (seven
main sequence stars, as well as the seven giants
and supergiants shown in Fig. 2) in which the
hardness trend has been identified by Walborn
et al. [8].

The free parameters of this fitting process will
be the temperature distribution of the APEC
model(s) and the wind mass column density,
Y, = M/47TR*UOO, of the windtabs model. We
will also include ISM attenuation, but using the
fixed interstellar column densities found in the
literature for each star. We will use abundances
specific to each star whenever possible, and also
custom compute wind ionization balances (these
are ingredients of the opacity model). We also
will test different values of the wind parameters
£ and R,, where appropriate.

While tractable, this fitting process poses sev-
eral challenges, including determining the best
way to identify the smallest set of required emis-
sion temperature components/parameters (4-T,
say, vs. continuous DEM), finding the optimal
weighting for the fit statistic (lines contain more
information than the continuum), and dealing
with line shapes/widths and altered f/i ratios.

Budget Narrative: PI Cohen will perform
much of the data analysis, aided by co-I
Leutenegger, especially with respect to the mod-
eling the altered f/i ratios. Each will request
three months of support. Cohen will also super-
vise two Swarthmore undergraduates who will
work full time for one summer each. This project
will make an ideal senior honors theses for at
least one of these students. The salary support,
student support, and modest travel and com-
puter equipment will total $75K.
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