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ABSTRACT

We present an analysis of Chandra grating spectra of key helium-like line complexes to put constraints on the location with
respect to the photosphere of the hottest (7 > 6 x 10° K) plasma in the wind of the O supergiant ¢ Pup and to explore changes
in the 18 yr between two sets of observations of this star. We fit two models — one empirical and one wind-shock-based — to the
S xv, Si x11, and Mg XI line complexes and show that an origin in the wind flow, above r ~ 1.5 R,, is strongly favoured over
an origin less than 0.3 R, above the photosphere (r < 1.3 R,), especially in the more recent, very long-exposure data set. There
is a modest increase in the line and continuum fluxes, line widths, wind absorption signatures, and of the hot plasma’s distance
from the photosphere in the 18 yr since the first Chandra grating observation of ¢ Pup. Both modes of modelling include the
effects of dielectronic recombination satellite emission line blending on the helium-like complexes — the first time this has been

accounted for in the analysis of He-like line ratios in O stars.
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1 INTRODUCTION

X-rays from single O stars are generally thought to arise in
these stars’ winds, where the line-deshadowing instability (LDI)
(Owocki, Castor & Rybicki 1988) produces shock-heated plasma
distributed in numerous locations above an onset radius that theory
and observations both suggest is R, ~ 1.5 R, (Feldmeier, Puls
& Pauldrach 1997; Kahn et al. 2001; Runacres & Owocki 2002;
Cohen et al. 2014a). There are however persistent suggestions —
based on interpretations of key line ratios in helium-like lines of
metals — that the hottest X-ray plasma may arise much closer to the
photosphere, where the LDI wind-shock mechanism should not be
able to generate plasma of the observed temperatures (T > 107 K)
and magnetic heating mechanisms are then invoked to explain the X-
ray observations (Cassinelli et al. 2001; Waldron & Cassinelli 2001;
Waldron & Cassinelli 2007). Additionally, recent multidimensional
hydrodynamical simulations of the LDI show shock onset radii of less
than 1.5 R,, although it is not clear that the shocks in this region are
strong enough to produce X-rays (Sundqvist, Owocki & Puls 2018).
In the LDI context, the He-like diagnostics can provide constraints
on the strong-shock onset radius.

Recent Chandra High Energy Transmission Grating Spectrometer
(HETGS) spectra of ¢ Pup (O4If) present an opportunity to make the
most precise measurements yet in any single non-magnetic O star
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of the key diagnostic lines in the complex of transitions from n = 2
to the ground state in helium-like ions. This complex contains, from
shortest to longest wavelength, the resonance line (‘P; — 'Sy), the
intercombination line (*P,,; — !Sy), and the forbidden line (*S; —
'Sy) (Gabriel & Jordan 1969). The wavelength separation of these
three! lines is roughly equal to the Doppler-broadened line widths
in the vy, = 2250 km s~! (Haser 1995) wind of ¢ Pup. The lines
therefore are blended and cannot reliably be measured separately but
rather need to be fit simultaneously with a model.

The key diagnostic of the hot plasma location is the ratio of the
strength of the forbidden line to that of the intercombination line.
In coronal equilibrium (steady-state level populations governed by
collisional excitation from the ground state and spontaneous decay
from excited levels) the forbidden-to-intercombination line ratio
(R = f/i) is roughly 3 (with variation from element to element).
However, photoexcitation (or at high enough densities, collisional
excitation) can move electrons from the metastable upper level of
the forbidden transition to the upper level(s) of the intercombination
line, strengthening the latter at the expense of the former. Thus, the
measured f/i ratio is sensitive to the local ultraviolet (UV) radiation
field at the wavelength of the key transition between the two excited
states (Gabriel & Jordan 1969; Blumenthal, Drake & Tucker 1972;

"The intercombination ‘line’ is actually two very closely spaced lines which,
with the Doppler broadening due to the wind’s high velocity, functionally
constitute a single line feature.
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Figure 1. The TLUSTY model we adopted (7.s = 40 000 K and log g = 3.50)
is shown in blue alongside two other models with slightly different parameter
values (Teff =40 000 K and log g = 3.75, inred; Terr = 42, 500 K and log g =
3.75, in plum). The vertical dotted lines indicate the driving wavelengths for
the UV transitions in the three ions — the two shortest for S XV to the two
longest for Mg X1, with the two in the middle at the wavelengths relevant for Si
Xii1. The shaded region adjacent to each vertical line is the portion of the spec-
trum over which we averaged the flux to account for the wind Doppler shift.

Porquet et al. 2001). With an estimate of the photospheric flux at
the relevant UV wavelengths, the f/i line ratio becomes a diagnostic
of the distance of the X-ray emitting plasma from the photosphere
(Kahnetal.2001; Porquet et al. 2001; Waldron & Cassinelli 2007). In
the case that embedded wind shocks explain a star’s X-ray emission,
the diagnostic tells us about the characteristic location of the shock-
heated plasma or, in the context of a model of the spatial distribution
of hot plasma, the onset radius of shock emission and the assumed
filling factor above that (Leutenegger et al. 2000).

Because of the dependence on atomic number of the relevant
transition rates and of the relevant UV wavelengths for photoexcita-
tion, each helium-like ion has a different sensitivity to distances of
interest, with higher-Z ions more effectively probing the base of the
wind, and lower-Z ions the outer parts of the wind. For ¢ Pup, which
has an effective temperature of 40 000 K (Howarth & van Leeuwen
2019), the most sensitive line complexes for studying the base of the
wind are those of S Xv, Si X111, and Mg XI, near 5.0, 6.7, and 9.2 A,
respectively. These ions, especially S XV, reside in the hottest plasma
producing observable X-rays in ¢ Pup. The temperatures of peak line
emissivity are 1.3 to 1.6 x 107 K, 107 K, and 6 x 10° K for S xv, Si
X1, and Mg X1, respectively (Bryans et al. 2006; Bryans, Landi &
Savin 2009; Foster et al. 2012). In the cycle 1 Chandra observation
of ¢ Pup, obtained in 2000, the S XV line complex is the one that
indicates a formation radius closest to the photosphere: Rg; < 1.2 R,
(Cassinelli et al. 2001), Ry; = 1.170 R, (Leutenegger et al. 2006),
Ryi < 1.22 R, (Waldron & Cassinelli 2007).2

The cycle 19 Chandra observations, obtained in 2018-19, have
a much longer aggregate exposure time than the single observation
taken in cycle 1. The better signal-to-noise of the more recent data
allows us to place tighter constraints on the X-ray plasma location
than those obtained from the older, shorter exposure time data. They
also enable us to look for changes in the X-ray formation location in

2When denoting a single radius of X-ray formation based on measured
forbidden-to-intercombination line flux ratios, we use the notation Rgj.
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the 18 yr between the observations. The hot plasma emission measure
(Huenemoerder et al. 2020) and emission line fluxes (Cohen et al.
2020) have increased since the earlier observations, and the line
profile shapes have also changed in a way consistent with a mass-
loss rate increase (Cohen et al. 2020), so other changes to the wind
X-ray properties may also be evident.

The subject of this study, ¢ Pup (HD 66811, O4 I (n)fp; Sota et al.
2014), is the brightest early O star in the sky and has long been a
prototype for studying the atmospheres and winds of O stars. A recent
detailed analysis of the Hipparcos data by Howarth & van Leeuwen
(2019) confirms the parallax of 3.01 £ 0.10 mas and the resulting
distance of 332 % 11 pc. Unfortunately, at a visual magnitude of 2,
¢ Pup is too bright for inclusion in the GAIA EDR3/DR3 catalogue
(Gaia Collaboration 2021). This distance result is controversial
because it is approximately half the distance inferred from detailed
spectroscopic modelling (e.g. Pauldrach, Vanbeveren & Hoffmann
2012), implying that ¢ Pup is smaller, less luminous, and less
massive than previously assumed. Howarth & van Leeuwen (2019)
suggest that the properties can be understood if the star is a merger
product. In this paper, we adopt the stellar parameters those authors
determined using the distance of 332 pc: Ter = 40000 K, logg =
3.58,log (L./Ly) =5.65, R, = 13.5 R, and M, = 25 M. These are
directly relevant to the work discussed in this paper only in terms of
their impact on the UV photospheric flux from the stellar atmosphere
model choice discussed in the next section.

Low-amplitude periodic and quasi-periodic variability in the
optical (summarized in Howarth & van Leeuwen 2019) and UV
(Massa et al. 1995) is seen in ¢ Pup. Notably, there is, at least
in recent years, a persistent 1.78-d periodicity in BRITE satellite
optical photometry (Ramiaramanantsoa et al. 2018) that is also seen
in these same cycle 19 Chandra data (Nichols et al. 2021). The 1.78 d
periodicity in the Chandra data has a peak-to-peak amplitude of 6
per cent, and there is also a random component to the variability with
a root-mean-square variation of 4.5 per cent (Nichols et al. 2021).

In Section 2 we describe the data and in Section 3 we describe
the models and the fitting procedure. In Section 4 we report the
results and in Section 5 we discuss the implications for models of X-
ray production in O stars. Modelling of dielectronic recombination
satellite lines that are blended with the He-like lines is discussed in
an appendix.

2 THE DATA

More than 813 ks of pointed Chandra observations of ¢ Pup,
comprising 21 separate observations, were made during cycle 19
(2018-19, PI: Waldron). We downloaded all the data from the
archive, along with the single, 68 ks cycle 1 observation from 2000,
and reprocessed them using CALDB v. 4.8.5. We extracted the first
order spectra from each on-axis pointing using standard CIAO tools,
and produced corresponding response matrix and grating auxiliary
response (effective area) files. These data are discussed elsewhere
(Cohen et al. 2020; Huenemoerder et al. 2020), and specifically,
they show only modest variability from pointing to pointing, with
low-amplitude variability, described in the previous section, and
no long-term trends evident (Nichols et al. 2021). Furthermore, the
X-ray line flux and emission measure changes between cycle 1 and
cycle 19 are significantly bigger than the variation within cycle 19.
We therefore analyse all the cycle 19 data simultaneously and given
the long total exposure time, these data have roughly three times
better signal-to-noise than the cycle 1 observation that was the basis
for the previous helium-like f/i analyses of this star. An observing
log is available in table 1 of Cohen et al. (2020).
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Table 1. Best-fitting hegauss parameters for S Xv, Si XI1I, and Mg XI.

¢ Pup Chandra He-like complexes

Cycle 1 S xv Si X1 Mg X1
R 0% 08443 01645
g 1107539 0.98%50¢ 0.82X053
oy (kms™h) 5461139 682143 663735
8y (kms™!) —315T199 —27219% —510743%

hegauss norm (photons cm =2 s~ 1)
pow norm (photons keV~! cm=2 s~! at 1 keV)

1.827030 x 1073
7.337000 % 1074

9.117938 x 1073
L12¥000 x 1073

1507004 x 1074
1.847008 x 1073

Cycle 19 S xv Si X1 Mg X1
+0.54 +0.05 +0.03
R 1397033 0.99%505 0.30Z5;
+0.13 +0.04 0.05
g 0.74%571 1.02%5 04 0.88%004
oy (kms™) 78613 83713 79017
8, (kms™h —14773 —338717 495124

hegauss norm (photons cm =2 s~ 1)

pow norm (photons keV~! ecm™2 s~! at 1 keV)

2151007 % 1073
8.97108 x 10~

1107501 x 1074
1.38+0:92 1073

1737505 x 1074
2174093 x 1073
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3 MODELLING THE LINE COMPLEXES

The f7i line ratio diagnostic depends on the relative rates of photoex-
citation and spontaneous emission out of the metastable excited state
of the forbidden line and so is a function of atomic parameters and the
local UV mean intensity. The wavelengths for the UV photoexcitation
are shortwards of the Lyman edge for S Xv and Si X1l and so the
photospheric fluxes are not directly observed and instead have to be
estimated from models.

The formalism for the line ratio’s dependence on atomic parame-
ters and on the UV local mean intensity is described in Leutenegger
et al. (2006) and the relevant atomic parameters are collected there.
From that paper, we have the following equations:

R(r) =R, (1)

T +2PW@r)
where Ry is the f/i ratio in the absence of UV excitation. P = ¢, /¢,
where ¢, scales with the spontaneous emission rate and ¢, is the
photoexcitation rate 23S, — 23P; at the photosphere:

we* H,
S, (2)
mec” hv

¢*=87T

in which H, is the surface Eddington flux at the excitation wave-
length, hv is the UV photon’s energy, r’;—:i is the classical bound
electron cross-section, and f is the sum of the oscillator strengths
of the transitions 23S, — 23P,. Values for f and ¢, as well as the
UV wavelengths of the relevant transitions, are taken from table 1
in Leutenegger et al. (2006). Values of Ry = 1.71, 2.38, and 2.91,
for S xv, Si X111, and Mg X1, respectively, are computed using the
Astrophysical Plasma Emission Code (APEC; Foster et al. 2012) —

see Appendix A for details. Lastly, W(r) is the geometrical dilution:

1
W) =1 -(1- R/, (3)

where R, is the star’s radius and r is the radial coordinate of the X-
ray emitting plasma. This treatment does not account for the possible
absorption or scattering of photospheric UV radiation as it propagates
to the X-ray emitting plasma in the wind.

The f7i value for a particular element near the photosphere of a
particular star is therefore uniquely determined by the surface flux
and the distance of the X-ray emitting plasma from the photosphere.
One traditional approach for determining the X-ray emitting plasma

location is to measure the f/i line flux ratio and then to model
the measured value to constrain the location, Rg;. Another, more
sophisticated but more model-dependent, approach is to assume a
spatial distribution of the X-ray emitting plasma and compute the
line fluxes at each location in order to synthesize a spectral feature
(Leutenegger et al. 2006). The parameters of the model, including
those that describe the spatial distribution, can then be fit directly. We
use both approaches here, implemented in XSPEC (Dorman & Arnaud
2001) as hegauss and hewind, respectively.> We describe each model
later in this section.

Before fitting either of these models, we fit the continuum emission
with a power-law model with index n = 2 (which corresponds to
a flat spectrum in wavelength) over the spectral regions on either
side of the complexes. In the cases of S XV and Mg XI we omitted
wavelength ranges with potentially contaminating weak lines. These
continuum fits are shown in Appendix A of Cohen et al. (2020). Then
the complexes themselves were fit with the relevant line complex
model on top of this previously determined power-law continuum.
The fitting was done by C statistic minimization (Cash 1979), and
we determined 68 per cent confidence limits using the A C formalism
(Nousek & Shue 1989). We fit the two spectral orders (—1 and +1)
and data from the two grating arrays (MEG and HEG), and in the
case of the cycle 19 data, the separate observations, simultaneously
but without co-adding any of them.

In addition to the weak continuum emission under the He-like
lines, there are numerous, mostly weak, satellite lines generated
by dielectronic recombination (DR) of He-like ions into the Li-
like charge state, followed by cascades to the ground state in the
presence of a spectator electron, producing lines with wavelengths
similar to but generally a little bit longwards of the corresponding
He-like transitions. Traditionally in the type of analysis we present
here, the satellite lines have been ignored, perhaps assumed to be
approximately accounted for by the continuum modelling. The com-
prehensive paper by Porquet et al. (2001) does include a treatment
of satellite line blending for Mg X1 and Si X111, assuming intrinsically
narrow lines and instrumental broadening for several different grating
spectrometers and several different temperatures and dilution factors.
The application of the Porquet et al. (2001) models to wind Doppler-

3See https://heasarc.gsfc.nasa.gov/xanadu/xspec/models/windprof.html.
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Figure 2. The MEG (left-hand panel) and HEG (right-hand panel) cycle 1 measurements of the S XV, Si X1, and Mg XI line complexes are shown as points

with Poisson error bars, along with the best-fitting hegauss models (solid red histogram). The three constituent Gaussian profiles for each best-fitting model are
shown via the dashed, darker red histograms and the continuum models fit to regions on either side of the line complexes are shown as the dashed red lines.

The continuum-subtracted line complex fluxes are indicated by the grey shaded regions. The rest wavelengths of the three lines in each complex are indicated

by vertical dashed lines. Modest blue shifts can be seen, especially in the Mg XI complex, due to wind absorption. We note that the contributions from the

modelled DR satellite lines can be seen, in the aggregate, via the gap between the individual three Gaussian components and the overall model flux. The shaded
grey region thus includes both the He-like and the satellite line fluxes (but not the continuum). The contributions from individual satellite lines are shown and

discussed in Appendix A.
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Currently, the commonly used APEC/ATOMDB spectral modelling

code and data base does include many DR satellite lines (Foster et al.
contributions in both the hegauss and hewind modellling by including

the 29 (for S xVv) to 39 (for Mg XI) strongest satellite lines in the
data fitting in XSPEC. We provide details of the satellite contribution

2012; Foster & Heuer 2020). In this paper we account for the satellite
and modelling and its effect on the derived He-like quantities in

states, and early in the

Atomic models of DR satellites are complex, given the con-

and to the particular temperature distribution in the X-ray emitting
tributions from many different excited

plasma of these stars.
Chandra and XMM era they were not readily available for data fitting.

broadened lines in O star spectra is somewhat uncertain, however,
due both to the large Doppler broadening seen in O star X-ray spectra
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Table 2. Formation radii based on the hegauss fitting of the
cycle 1 data.

S xv Min Best Max
0.67xH, 1.00 1.00 1.11
H, 1.00 1.00 1.27
1.5%H,, 1.00 1.03 1.49
Si X1t

0.67xH, 1.60 1.77 2.02
H, 1.92 2.13 2.44
1.5x%H, 2.31 2.58 2.96
Mg X1

0.67xH, 1.42 1.61 1.81
H, 1.69 1.93 2.18
1.5xH, 2.03 2.34 2.64

Note. The single formation radii, Ry, in units of the stellar
radius are derived from equation (1) and the values of R = f/i
from the hegauss fitting (shown graphically in Fig. 4). For each
of the three line complexes, ‘Min’ and ‘Max’ indicate the 68
per cent confidence limits of the derived formation radii. The
results for the assumed higher and lower UV fluxes are listed
for each ion in the same format as the results for the adopted
UV fluxes. The best-fitting value of the formation radius for
each complex, derived using the adopted TLUSTY UV fluxes, is
indicated in bold to facilitate comparison.

Table 3. Formation radii based on the hegauss fitting of
the cycle 19 data.

S xv Min Best Max
0.67xH,, 1.32 2.04 unc.
H, 1.56 2.46 unc.
1.5xH, 1.88 2.99 unc.
Si X1

0.67xH, 1.92 2.00 2.08
H, 2.31 2.41 2.52
1.5%H,, 2.81 2.93 3.06
Mg X1

0.67xH, 2.12 2.21 2.29
H, 2.56 2.67 2.78
1.5%H, 3.12 3.25 3.38

Note. See notes for Table 2. The upper confidence limits
on Rygy; are unconstrained for S Xv.

Appendix A. All the results presented in the paper include the effects
of this satellite contamination on the derived He-like line complex
properties.

The hegauss model assumes that each He-like complex is the sum
of three Gaussian line profiles with identical widths and shifts but
different line fluxes. The free parameters are the f/i line flux ratio
R, the line flux ratio G = (f +i)/r, and an overall normalization
(flux) parameter, as well as a single line width, o, and line shift,
8y, parameter. This parametrization avoids having to deal with
covariance terms for fluxes from individual blended lines in the
complex, and allows direct probing of the confidence interval for R,
the parameter of interest. After the R values are derived from this
hegauss fitting, we model their radial dependence outside of XSPEC.

The hewind model is the sum of three windprof components
(Owocki & Cohen 2001; Leutenegger et al. 2006) that model the
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S XV

f/i line intensity ratio

S1 XIII

3 4

0.8 1 —— model

— cycle 1
061 cycle 19
0.4
02§ ======= A

""" T MgXI
0.0 i ‘ 1 1 1 1 1 I I

1 2 3 4

Radius (R+)

Figure 4. The formation radii, Rg;, inferred from the hegauss fitting are
shown for each ion and both data sets (cycle 1 in blue and cycle 19 in red).
The black curve in each plot represents the f/i ratio’s computed dependence
on the location of the X-ray emitting plasma (equation 1) and the grey
band surrounding it represents the results for the assumed uncertainty in
the photospheric flux of 1.5H, and 0.67H,. The hegauss measurements
are indicated by the coloured solid horizontal lines, and the perpendiculars
dropped to the x-axis show the inferred formation radii. The dotted blue and
red lines indicate the 68 per cent statistical error on the line ratios and, along
the x-axis, on the formation radii. For S XV the upper confidence limit for the
cycle 19 data is not shown because it exceeds the no-photoexcitation limit,
R, and so it and the corresponding maximum radial location is unconstrained
by the data, while the lower limit for the cycle 1 data is not shown because it
is consistent with the surface of the star. Thus the red dashed line in the top
panel represents the lower confidence limit on Ry in cycle 19 and the dashed
blue line represents the upper confidence limit in cycle 1.
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Table 4. Best-fitting hewind parameters for S XV, Si X111, and Mg XI.

Cycle 1 S xv Si X1 Mg X1
0.52 0.17 0.20
Ty O-Ufo,n 0.49:),14 0.92J_r0.18
Ro (R,) 1437018 1.4470:06 1.4970:07
g 0.56°01] 0.89°0.9 0597017

hewind norm (photons cm™2 s~!) 1.847921 5 1073 9.147927 % 1073 1527005 5 1074
pow norm (photons keV ! cm~2s !at1keV) 7.33f8: g x 1074 1.12f8;3g x 1073 1.84f8:8§ x 1073
Cycle 19 S xv Si X111 Mg X1

2 0267013 084705 096050

Ro (R.) 1.497007 1577903 1717504

g 077510 0937553 06653

hewind norm (photons cm~2s7h)

pow norm (photons keV~! cm=2 s~ at 1 keV)

2.15T007 x 1073
8.971023 x 1074

1067901 x 1074
1387002 % 1073

1747902 1074
2177008 x 1073

Doppler broadening according to an assumed wind beta-velocity
law and partially optically thick transport through the wind, which
naturally results in a blueshifted and skewed line profile shape.
At each radius, the relative contributions of the forbidden and
intercombination lines are computed using the surface UV flux
and atomic parameter values (see equations 1 and 2). The free
parameters of this model are t, — a characteristic optical depth —
and the onset radius of X-ray emission, Ry, as well as the overall
line complex flux. The G line ratio parameter described above for
hegauss, which is mildly sensitive to the plasma temperature (e.g.
Porquet et al. 2001), is also a free parameter of this model. We stress
that in this hewind model, the forbidden-to-intercombination line
flux ratio is not fit directly, but rather is computed at each radius and
the information the model provides about the radial dependence is
contained in the onset radius fit parameter, R,. Above R,, the X-ray
emission is assumed to scale with the wind density squared, and the
relative intensities of the forbidden and intercombination lines are
controlled by the UV mean intensity at each radius (Leutenegger et al.
2006).

We used TLUSTY model atmospheres (Lanz & Hubeny 2003) to
obtain a value for the UV flux at the driving wavelengths for the
transitions relevant to the f/i ratio. To get a sense for the uncertainty
on these flux values, we compared TLUSTY and POWR atmosphere
models (Hainich et al. 2019), which agreed well. We adopted the
TLUSTY model with parameters closest to ¢ Pup’s — T = 40 000 K,
log g = 3.50. We show this model, along with the two models nearest
it in the TLUSTY grid, in Fig. 1. Obvious limitations of this model
for our use here include the fact that it has a low-rotational velocity
and is spherically symmetric, while ¢ Pup has a projected rotational
velocity of v,usini = 210 km s~! and is likely at least modestly
non-spherical (for a comprehensive assessment, see Howarth & van
Leeuwen 2019), and also that these models assume Solar abundance
while ¢ Pup has significant CNO processing evident in its spectrum
(Bouret et al. 2012; Martins et al. 2015).

In order to obtain a single flux value, H,, for each ion to use in
the X-ray modelling, we averaged the model atmosphere flux over
a wavelength region corresponding to the blueshifted wind Doppler
broadening (shown graphically in Fig. 1). We note that this averages
over quite a few photospheric absorption lines in each spectral region.
We combine these average fluxes for the two transitions of a given ion
—S xv:0.00188, 0.00206; Si x111: 0.00224, 0.00234; Mg X1: 0.00225,
0.00261 (ergs cm~2 s~! Hz™!) — into a single average flux value for
each ion (with % weighted by the relevant transition probabilities)
and use that in equation (2). We note that for the hegauss fitting, these

UV fluxes are used in the subsequent modelling stage, where the f7i
line flux ratio derived from hegauss is modelled using equation (1)
through (3). For the hewind fitting, P in equation (1) is specified as
a parameter of the model in XSPEC. The values we use are P = 2.67,
15.7, and 118.7 for S Xv, Si X111, and Mg XI, respectively.

4 RESULTS

The results of the hegauss modelling for both cycle 1 and cycle 19 are
presented in Table 1 and the best fits to the data are shown in Fig. 2
and Fig. 3, respectively. We model the radial dependence of the f/i
ratios measured from the hegauss fits and list the results in Tables 2
and 3, with the results shown graphically in Fig. 4. To conservatively
include systematic model atmosphere uncertainties in the UV fluxes,
we show results for higher and lower UV flux cases (scaled by 1.5
and 0.67, respectively) in addition to the fluxes adopted from the
favoured, T = 40000 K, log g = 3.50, TLUSTY model. These are
included in the two tables and also included in Fig. 4, as a grey
band around the solid line showing R(r) derived from the adopted
atmosphere model.

The fits to the data in all six cases (three line complexes in two
different sets of observations) are formally good. With the much
larger combined exposure time of the cycle 19 observations, the
uncertainties on the model parameters are smaller for those more
recently taken data. The f/i ratios, line fluxes, and velocity widths have
increased modestly, but significantly, between cycle 1 and cycle 19.

The results of the hewind modelling for both cycle 1 and cycle 19
are presented in Table 4. The fits are shown graphically in Fig. 5, for
cycle 1 data, and Fig. 6 for cycle 19 data. In most cases, this model
provides statistically better fits to the already adequate Gaussian line-
shape fits of hegauss. Note that whereas that model fits the f7i ratio
directly, the free parameters of hewind are a characteristic optical
depth, 7., and a shock onset radius, R,. The probability distributions
of the key parameter — R, —are shown in Fig. 7. These are based on the
run of AC with R,, according to P oc e~2¢2, and in the figure (as well
as in Table 4) the tighter constraints provided by the cycle 19 data, as
well as the modest, but significant, changes between the two cycles,
are evident. We stress here that in the hewind model R, is the onset
radius of X-ray emission with emission also generated throughout
the wind above R,. We also reiterate that all the modelling presented
here accounts for the contamination of the He-like complexes by
satellite line emission via our inclusion of dozens of satellite lines in
the spectral fitting, as described in Appendix A.

MNRAS 513, 1609-1622 (2022)

€20z Arenuer gz uo sesn Jejua) 1yl 99edS p1eppoD YSYN Ad 902£959/6091/Z/€ L S/0I0IME/SEIU/WOO dNO"dlWapede//:sdny Wolj papeojumoq



Downloaded from https://academic.oup.com/mnras/article/513/2/1609/6563706 by NASA Goddard Space Flight Center user on 26 January 2023

D. H. Cohen et al.

1616

w
23
S <
z .2
= - 23
= = ]\o 2
X . g 2
9 - < g2
wv 2
§ 2
R 5
[T =]
- £ S
= 52
v [ - S— —_ o =
~ — e — ~
o< —— o] < = 2
~ = —
= P el | S = = x 8
5 N B VT B o2
=] =] 5 =3z
" = 2 ) g &
) ) ! 0 <
= v > Z <3
w3 S Wa )
I NS =
Z == = ¥
— .2
T2
=
o -
= m = - MH6 @ w
> oo ) 2 0oL = \° 2
> [S3] .MVVJ “ m .IWAJ — e - =
©n TS5 [Z 3=~} —3$— S o
—ea ]
‘L @
[=E}
Ve (=] vy (=} Vel (=3
o o — = =) © ) < I = I S o~ vy I S gs
< < < < — < < < < < — — < 2 = < s 2
= = = = = = = S =3 =3 = = = = =} =} 5 2
2}
AT<T$ SJUNOD PAZIJeUWLIOU g
g5
[V} o — .Iw
ITI At ® L =
Ve NS o 5
Q
=
— . T 8
— el | S g
e 2 =3
L@ el .m W
e i ot R S o
— e “ < <
on .=
L= o= < 2
I g S < £ oI
“““““““““““““““ PP — 0 0 = 2
= 5 5 () =
v — — —_— Q
S o [5) ) o S
— = > > 8§ =
— RIS RS, s =
wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww Ne) ==
= NS = = T 2
S o
—— a5
2 <
——p ,
<
W48 _ =12 : ol
— —e—{ = = 2 — — — — =
> 0w e Sow e AR o 25
< B3 ] ~ 87 T SIS NS o E
©n =3 n =3 e M =5 e QO °
- * o [Sa =
=7
[sa) [ — =3 e =3 s} = Ya) =3 = s = Ya) =3 23
< < < < N N —= - < < N - = < < =
S S S S S S S S S S S S S S S =
S) SJUNOJ pazijeuwiou S) SJUNOJ pazijeuwiou S) SJUNOJ pazijewriou g
(LY, Ss pozi[ (LY, s pozi| (LY, s pozi| oz
g =
=D
= A

The rest wavelengths of the three lines in each complex are indicated by vertical dashed lines while the minimum and maximum wind Doppler shifted
wavelengths, determined by the wind terminal velocity of 2250 km s~!, are indicated by the vertical dotted lines — one on each side of each dashed

by the dashed red line and the continuum-subtracted line complex (including modelled DR satellite lines) fluxes are indicated by the grey shaded regions.
line.

MNRAS 513, 1609-1622 (2022)


art/stac899_f5.eps

0.025 ! ! i
SXV : ! :
_ MEG l ! :
n cycle 19 ! ! ;
}t 0.020 [ ] 3 3
‘ : : :
20015 [l i H § :
(SRR
3 ity L
g 0010 il LW}
E R
S 0.005 Sl
= 3 ] t I
Hﬁﬁ : TJ;:N
tif | ] ; T
0-000 5.00 505 5.10 5.15
Wavelength (A)
Si XIII
A0~15 MEG ﬁ 3 !
n cycle 19 L i i
ot t fi : :
T doh 1
= R e T !
£0.10 f fi 3 3
3 it
3 e
N i TR
S 0.05 ; TR
g ¢ b
]
ﬁ I
,5;%2 i“fgii
0.00 6.60 665 670 675 6.80
Wavelength (A)
Mg XI
MEG
~0.08 cycle 19

<
=
>N

. “1¢-1
normalized counts (s A
o
(e}
=

o
o
e}

0.00

o2
Wavelength (A)

¢ Pup Chandra He-like complexes 1617
0.020] SXV
HEG i
0 cycle 19
i 0.015
é 0.010 ﬂh
go.oos ! LI PIW
# }}iﬁ{ | MT%M {
0000 §5.‘00 s.fo 5.15
Wavelength (A)
si X
006/  1EG : : !
o B
= M
b
= A
il AN Mﬁi*#
0.00 6.60 665 610 675 6.80
Wavelength (A)
0.05{ MgXI
— HEG i i i
S
Zom ﬁ {H P}%JH;
£ IH | | %{ﬁ@mm b _xﬂ‘
€ .01 i sty
= }ﬁ{{f I EHI Hﬁ%g
R R
0.00 9.1 92 93
Wavelength (A)

Figure 6. Same as Fig. 5, but showing the hewind fits to the cycle 19 data.

MNRAS 513, 1609-1622 (2022)

€20z Arenuer gz uo sesn Jejua) 1yl 99edS p1eppoD YSYN Ad 902£959/6091/Z/€ L S/0I0IME/SEIU/WOO dNO"dlWapede//:sdny Wolj papeojumoq


art/stac899_f6.eps

1618 D. H. Cohen et al.

cycle 1

PR,

4% 12 14 6 18 2.0
Ry/R.
cycle 19 i'-:
20
15 sixm ||
(=} 1 1
. L
~ il
10 P Mg XI
5
4% 2 416 18 2.0

Ry/R.

Figure 7. The probability distributions (per stellar radius) — S XV (solid), Si
X1l (dashed), and Mg X1 (dotted) — derived for the onset radius parameter, R,
of the hewind modelling (cycle 1 top and cycle 19 bottom). We emphasize
that these probabilities are for the onset radius and that the emission in this
model is assumed to extend throughout the wind above R, with a weighting
proportional to the square of the local wind density.

5 DISCUSSION

The newer and higher signal-to-noise cycle 19 Chandra spectra of
¢ Pup show unambiguously that the hottest plasma contributing to
this O star’s X-ray emission is well above the photosphere and in the
outflowing wind. Notably, the S XV characteristic formation radius is
found at Ry; = 2.46 R, (with 68 per cent statistical lower confidence
limit of 1.56 R,), whereas the formation radius is consistent with a lo-
cation arbitrarily close to the photosphere in the cycle 1 data (with 68
per cent statistical upper confidence limit of 1.27 R,,).* In the context
of the hewind model, the onset radius for S XV in the cycle 19 data
is R, = 1.49 + 0.07 R, with an assumed density-squared weighted
distribution above that; a result that is fully consistent with the expec-
tations of LDI-generated embedded wind shocks® and with no need

4While the cycle 1 hegauss results for S xv are formally consistent with
a formation location very close to the photosphere they contradict the
expectations of the wind-shock scenario with only slightly more than 1 sigma
significance. Furthermore, the lines in this complex are Doppler broadened
to an extent consistent with the high velocity of the wind, just as the other
lines in the spectrum are.

51t should be noted that some more recent numerical simulations show wind
structure forming at radii below the canonical r ~ 1.5 R,, although it is
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to posit the existence of any hot plasma very close to the photosphere.
Indeed, in the context of the hewind model, even the cycle 1 results for
S XV are consistent with the EWS scenario. Fig. 7 shows that an onset
radius, R,, above r &~ 1.3 R, is strongly favoured, with a relatively
broad probability distribution extending well above » = 1.5 R,.

Results from modelling the other two line complexes in both
data sets are similar to the cycle 19 results for S Xv. Overall the
characteristic radii of formation for Si X1l and Mg XI in both cycles
range from Rgi/R, = 1.9 to R;/R, = 2.7 based on the hegauss best-
fitting results. The onset radii, R,, derived from the hewind modelling,
range from R,/R. = 1.49 to 1.71 in the cycle 19 data and slightly
less (Ro/R, = 1.43 to 1.49) in the cycle 1 data.

We do not find evidence for the trend in the characteristic line-
formation radius with atomic number (with the exception of S XV in
cycle 1) that is often found in Gaussian fitting and analysis of these
complexes in OB stars (Waldron & Cassinelli 2007). This seems to
be largely due to accounting for satellite line contamination in the
fitting we present here. The trend we do find in the onset radius of the
hewind model — an anticorrelation between R, and atomic number
—is small but statistically significant (at least in the cycle 19 data —
see Fig. 7). In individual post-shock cooling zones one would indeed
expect the hottest plasma and the emission from the higher ionization
stages to be closer to the shock front and the star’s surface than the
somewhat cooler gas and its lower ionization stages. This, rather than
any large-scale trend in shock strength with local wind velocity or
distance from the star’s surface, likely explains the very modest R,
trend we find, although we note that the recently developed variable
boundary conditions EWS model (Gunderson et al. 2022) may also
be relevant here.

The particular line complexes we analyse in this paper are formed
in the hottest plasma in the wind of ¢ Pup. However, these line
complexes do have some contribution from the less-hot plasma (7' =
few 10° K) that the LDI primarily produces and which is measured
on O stars (see fig. 3in Cohen et al. 2021,2014b). The G = (f +i)/r
line ratios we find in the fitting are consistent with the expectations of
the atomic physics (Porquet et al. 2001; Foster et al. 2012) given the
known shock-heated plasma temperature distribution in ¢ Pup. All
the results presented in this paper are consistent with the embedded
wind shock scenario for O star wind X-ray production, including
the onset radius of X-ray emission being well out in the wind flow.
Although we do not address the short-term X-ray variability, linked
to optical variability, seen in the cycle 19 Chandra data (1.78 d
periodicity; Nichols et al. 2021), it is quite conceivable that it too
is consistent with the EWS scenario, as photospheric variability can
drive shock activity in the wind (Feldmeier et al. 1997).

The cycle 19 data provide improved signal-to-noise compared to
the cycle 1 data and tighter constraints on model parameters (see e.g.
the narrower probability distributions in the lower panel of Fig. 7 and
the tighter confidence limits on Ry; for Si X1 and Mg XI in Fig. 4),
and they also indicate that there have been some changes to the hot
plasma properties in the wind of ¢ Pup in the 18-yr interval between
the two sets of observations. As detailed by Cohen et al. (2020), the
line shapes have changed and the line fluxes have increased between
the two epochs in a way consistent with an increase in the wind mass-
loss rate between the two observing campaigns. In the analysis we
present here, these changes are manifest in the overall line-complex
and continuum fluxes, which increased by 10 to 15 per cent between
cycle 1 and cycle 19, by an increase in the degree of wind absorption

not clear that the structure would be predicted to generate X-ray emission
(Sundqvist et al. 2018).
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(74 in the hewind modelling), and also by an increase in the line
widths (o in the hegauss modelling). These increased line widths
might be due to changes in the kinematics of the shocked wind
plasma and/or they might be due to changes in the location, with the
newer data being consistent with X-ray production somewhat farther
out in the wind flow (a modest result in the hewind modelling — see
Fig. 7 — and a more significant result for S Xv and Mg XI in the
hegauss modelling — see Fig. 4).

For both the interpretation of the hegauss fitting results and for
the hewind fitting itself, the adopted photospheric UV flux values
are important. If we conservatively assume a UV flux uncertainty,
to account for systematics in the atmosphere modelling as well as
in the stellar parameters, of +50 per cent, we find uncertainties in
the formation radius in the hegauss modelling of roughly 20 to 30
per cent (in terms of relative distance from the photosphere — see
Tables 2 and 3). The UV radiation driving the S XV and Si Xi1iI line
ratios is shortwards of the hydrogen Lyman edge and therefore both
quite sensitive to the temperature gradient in the model atmosphere
and also unobservable in ¢ Pup or any other O star, hence there will
likely always be a fair amount of uncertainty in the modelling of
these line complexes.

Despite the uncertainty in the UV fluxes and resultant photoexci-
tation rates, the primary results presented here are secure: the X-ray
emitting plasma is located well out in the wind flow (>1.4 R,),
with no hot plasma close to the photosphere required to explain
the observed features; and there was a brightening of the X-rays,
increased line widths, and an increase in the radial location of the
X-ray emitting plasma between the data taken in 2000 and those
taken in 2018-19. Finally, the inclusion of DR satellite lines in
the He-complex modelling is tractable — especially if a hot plasma
temperature distribution is assumed — and leads to lower He-like line
fluxes and modest alteration to the other fitted model parameters and
significant changes to the behaviour of R = f/i atits two asymptotic
limits. We stress again that all the He-like modelling results presented
here are corrected for the effects of the satellite lines by the inclusion
of the latter in the spectral model fitting, as detailed in Section 3 and
in the appendix.

The next steps in modelling He-like complexes in OB stars should
include refinement of the DR satellite atomic model — using the
Flexible Atomic Code (Gu 2008) for updated line strengths and
including higher n transitions. Another improvement to the modelling
would treat the photospheric UV transport through the wind in detail.
This could make a noticeable difference in the interpretation of the
Mg X1 diagnostic, as the photoexcitation wavelength is coincident
with a strong O VI wind line and redistribution associated with the
resultant scattering of the UV radiation could decrease the UV mean
intensity at the location of the X-ray emitting plasma. Evaluating this
will require detailed modelling with a complex non-LTE wind code,
and it could reduce or even eliminate the observed trend of R, with
atomic number and plasma temperature.
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APPENDIX A: DIELECTRONIC SATELLITE
LINE MODELLING

As discussed in Section 3, there are numerous dielectronic recom-
bination (DR) satellite lines near, and potentially blended with, the
He-like lines in X-ray spectra. These DR lines are generally weak,
but there are many of them and given the wind Doppler broadening
of emission lines in the Chandra spectra of ¢ Pup, the satellite
lines in the aggregate contribute significantly to each He-like line.
To account for this effect we compute detailed spectral models using
APEC (Foster et al. 2012), assuming a continuous plasma temperature
distribution (differential emission measure, DEM) taken to be a
power-law function with an index of n = —2.3 (Cohen et al. 2021).
Note that the DR satellites form more readily at lower temperatures
than do the He-like lines and thus this relatively steep DEM slope
seen in O stars makes the satellite contamination a more significant
factor than in many other types of sources, such as low-mass stars
with coronal activity.
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Figure A1. APEC models of the He-like complexes (S XV, Si X111, Mg XI, top
to bottom) and associated DR satellite lines shown at high resolution. The flux
levels are arbitrary but self-consistent among the three ions and are specific
to our assumed DEM model. The resonance line, two intercombination
components, and forbidden line are labelled in each panel.
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Figure A2. He-like complexes including DR satellite lines (blue), and the
contribution just from the He-like lines (orange), are shown with Gaussian
broadening (o = 750 km s~!). The wavelengths of the satellite lines included
in the modelling — both that shown here and the spectral model fitting of the
data themselves — are indicated by vertical dashed purple lines and those of
the four He-like components by vertical black lines.

We show the APEC spectral models in Fig. Al, which confirm
that in the aggregate, the satellite contribution® is a non-negligible
fraction of the forbidden and intercombination lines for each ion.
We show the model spectra with Gaussian line broadening assuming
a width of 0 = 750 km s~!, which is the typical line broadening
seen in the Chandra spectra of ¢ Pup, in Fig. A2. We found that the
satellite contributions to the line complex can be accounted for with
29, 30, and 39 satellites for S Xv, Si X111, and Mg XI, respectively.
To incorporate these satellite lines into the model fitting reported on
in this paper we added individual Gaussians (for the hegauss model)
or individual wind-profile models (for the hewind model) for each of
the satellites. We tied the satellite line profile parameters (width and
shift in the case of the Gaussians and 7. and R, for the wind profile
models) to the corresponding parameters in hegauss or hewind and
scaled the flux of each satellite line to that of the total flux of the
He-like components. Note that this does not add any free parameters
to either model. We find improvement to the fit statistic when we

0Some of the weak, contaminating lines seen in the APEC models are not DR
satellites but rather are due to other elements, including some high ionization
iron lines and a few Ne X lines in the Mg XI complex and Mg XII near the Si
xu1 forbidden line.
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Table Al. Fit statistics with and without the inclusion of satellite lines in the data fitting.

ion and observation N Cgas hegauss Cho sats hegauss Cgats hewind Cho sats hewind
S XV cycle 1 208 180.94 183.82 183.70 184.57
Si X1 cycle 1 280 325.72 320.84 313.68 319.29
Mg X1 cycle 1 346 402.84 416.05 397.57 392.74
S XV cycle 19 3468 3247.66 3249.89 3245.82 3251.32
Si xiii cycle 19 5880 6473.01 6404.81 6427.04 6444.28
Mg X1 cycle 19 7644 8520.44 8540.31 8512.41 8516.06

Note. The second column lists the number of data points included in a given fit. The third and fourth columns list the best-fitting
hegauss model’s C statistic with and without the inclusion of satellites. The last two columns list the best-fitting hewind model’s C
statistic with and without the inclusion of satellites. For both models, the ‘no satellites’ case involves re-fitting all the free model

1621

parameters of the He-like model but without any satellite lines included in the modelling.

include the satellites in most cases (these fit statistic values are listed
in Table Al).

We can also consider the effects of satellite contamination of
the He-like features by modifying the theoretical R = f /i radial
dependence (equation 1) by considering the ratio ’:I—I{‘:‘ The APEC
model allows us to compute the sum f + 7, which is not affected
by the photoexcitation-driven alteration of the f/i ratio, and also the
ratios .-ffi‘i and ;1[1 , Where fi,, and i, represent the aggregate satellite
line flux contributions to the f and i lines, respectively (Porquet et al.
2001). This requires a determination of each satellite’s contribution to
each of the r, i, and flines. We do this using the Gaussian-broadened
model (¢ = 750 km s~') to apportion a fraction of each satellite to
each He-like component according to how much overlap there is in
each profile. Quite a few of the satellites contribute significantly to
both the f and the i lines (or the i and the r lines) due to the large
wind Doppler-broadening value.

In Fig. A3 we show the satellite-altered line ratio for each ion
compared to the standard model as a function of radial location
(and thus degree of UV photoexcitation). In each case the high-
UV limit does not approach zero but rather approaches ——L

[Fitisa
0 and the low-UV limit approaches a value somewhat lower than

R,. These results are summarized in Table A2. This latter trend
is due to the fact that the low-UV limit of the f/i is greater than
unity while the satellite contribution to each of the two He-like
components is similar. In principle, these altered models could be
used to interpret measured f/i ratios (from Gaussian profile fitting)
that ignore the presence of satellites while fitting the data. Of course,
the particular altered model curves we show here are specific to ¢ Pup,
according to its DEM and wind velocity, although these properties
are relatively consistent among O star EWS sources (Cohen et al.
2021). In this paper, we use the standard models (black curves in
Figs A3 and 4) and account for the satellite lines directly in the data
fitting.

One interesting effect of the inclusion of the satellites in the
spectral modelling is that oft-seen (inverse) trend of Ry; with atomic
number in the context of Gaussian profile fitting (e.g. Waldron &
Cassinelli 2007) is no longer present (though see the discussion of
the mild R, (inverse) trend with atomic number in Section 5). This
makes sense in the context of lower atomic number elements being
in the low-forbidden line (low R) limit where satellite contamination
will have a greater impact on the relative flux near the forbidden line
than it does for the higher atomic number elements.

MNRAS 513, 1609-1622 (2022)
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Figure A3. Adjusted theoretical models accounting for satellites (green) are
compared to the models shown in Fig. 4 (black).
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Table A2. Satellite contamination factors and altered R = f/i in the
asymptotic limits.

ion L L Ro.sat» Ro min Ry
S XV 0.463 0352 1.52,1.71 0.34
Si X 0358 0276 1.86, 2.38 0.28
Mg X1 0.286 0.221 2.16,2.91 0.23

Note. The second and third columns contain the satellite line flux as a
fraction of the total f+ i flux in our APEC DEM model, assuming line profiles
with 750 km s~! widths. The next column lists the no-UV-photoexcitation
limit (and so the maximum possible R, R sat = ({Il{ fj‘ )o), With the values
ignoring satellites (R, = (Ii)o) listed also for comparison. The final column
lists the minimum possible value of R in the presence of satellites, min

Reat = 7 Jﬁi‘i - This latter value is zero in the absence of satellite line
sa
contamination.

This paper has been typeset from a TEX/IZTEX file prepared by the author.
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