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A B S T R A C T 

We present an analysis of Chandra grating spectra of k ey helium-lik e line comple x es to put constraints on the location with 

respect to the photosphere of the hottest ( T � 6 × 10 

6 K) plasma in the wind of the O supergiant ζ 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 XIII , and Mg XI line comple x es and show that an origin in the wind flow, abo v e r ≈ 1.5 R ∗, is strongly fa v oured o v er 
an origin less than 0.3 R ∗ abo v e 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 ζ Pup. Both modes of modelling include the 
effects of dielectronic recombination satellite emission line blending on the helium-like comple x es – the first time this has been 

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

Key words: techniques: spectroscopic – stars: early-type – stars: individual: ζ Puppis – stars: winds, outflows – X-rays: stars. 

1

X
t
(
d  

a
&  

C
b  

m  

p
a  

a
r  

W
h
t  

s
I
o

(
m

�

o  

t  

s  

i  

1
 

t
i  

t
r

 

s  

I
c
f
(  

H  

e
t
l  

m  

fi  

s  

©
P

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/2/1609/6563706 by N
ASA G

oddard Space Flight C
enter user on 26 January 2023
 I N T RO D U C T I O N  

-rays from single O stars are generally thought to arise in 
hese stars’ winds, where the line-deshadowing instability (LDI) 
Owocki, Castor & Rybicki 1988 ) produces shock-heated plasma 
istributed in numerous locations abo v e an onset radius that theory
nd observations both suggest is R o ≈ 1.5 R ∗ (Feldmeier, Puls 
 Pauldrach 1997 ; Kahn et al. 2001 ; Runacres & Owocki 2002 ;
ohen et al. 2014a ). There are ho we ver persistent suggestions –
ased on interpretations of key line ratios in helium-like lines of
etals – that the hottest X-ray plasma may arise much closer to the

hotosphere, where the LDI wind-shock mechanism should not be 
ble to generate plasma of the observed temperatures ( T � 10 7 K)
nd magnetic heating mechanisms are then invoked to explain the X- 
ay observations (Cassinelli et al. 2001 ; Waldron & Cassinelli 2001 ;

aldron & Cassinelli 2007 ). Additionally, recent multidimensional 
ydrodynamical simulations of the LDI show shock onset radii of less 
han 1.5 R ∗, although it is not clear that the shocks in this region are
trong enough to produce X-rays (Sundqvist, Owocki & Puls 2018 ). 
n the LDI context, the He-like diagnostics can provide constraints 
n the strong-shock onset radius. 
Recent Chandra High Energy Transmission Grating Spectrometer 

HETGS) spectra of ζ Pup (O4If) present an opportunity to make the 
ost precise measurements yet in any single non-magnetic O star 
 E-mail: dcohen1@swarthmore.edu 
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f the key diagnostic lines in the complex of transitions from n = 2
o the ground state in helium-like ions. This complex contains, from
hortest to longest wavelength, the resonance line ( 1 P 1 → 

1 S 0 ), the
ntercombination line ( 3 P 2,1 → 

1 S 0 ), and the forbidden line ( 3 S 1 →
 S 0 ) (Gabriel & Jordan 1969 ). The wavelength separation of these
hree 1 lines is roughly equal to the Doppler-broadened line widths 
n the v ∞ 

= 2250 km s −1 (Haser 1995 ) wind of ζ Pup. The lines
herefore are blended and cannot reliably be measured separately but 
ather need to be fit simultaneously with a model. 

The key diagnostic of the hot plasma location is the ratio of the
trength of the forbidden line to that of the intercombination line.
n coronal equilibrium (steady-state level populations go v erned by 
ollisional excitation from the ground state and spontaneous decay 
rom excited levels) the forbidden-to-intercombination line ratio 
 R ≡ f /i) is roughly 3 (with variation from element to element).
o we v er, photoe xcitation (or at high enough densities, collisional

xcitation) can move electrons from the metastable upper level of 
he forbidden transition to the upper level(s) of the intercombination 
ine, strengthening the latter at the expense of the former. Thus, the

easured f / i ratio is sensitive to the local ultraviolet (UV) radiation
eld at the wavelength of the key transition between the two excited
tates (Gabriel & Jordan 1969 ; Blumenthal, Drake & Tucker 1972 ;
 The intercombination ‘line’ is actually two very closely spaced lines which, 
ith the Doppler broadening due to the wind’s high velocity, functionally 

onstitute a single line feature. 
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Figure 1. The TLUSTY model we adopted ( T eff = 40 000 K and log g = 3.50) 
is shown in blue alongside two other models with slightly different parameter 
values ( T eff = 40 000 K and log g = 3.75, in red; T eff = 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 XI , with the two in the middle at the wavelengths rele v ant for Si 
XIII . The shaded region adjacent to each vertical line is the portion of the spec- 
trum o v er which we av eraged the flux to account for the wind Doppler shift. 
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orquet et al. 2001 ). With an estimate of the photospheric flux at
he rele v ant UV wavelengths, the f / i line ratio becomes a diagnostic
f the distance of the X-ray emitting plasma from the photosphere
Kahn et al. 2001 ; Porquet et al. 2001 ; Waldron & Cassinelli 2007 ). In
he case that embedded wind shocks explain a star’s X-ray emission,
he diagnostic tells us about the characteristic location of the shock-
eated plasma or, in the context of a model of the spatial distribution
f hot plasma, the onset radius of shock emission and the assumed
lling factor abo v e that (Leutenegger et al. 2006 ). 
Because of the dependence on atomic number of the rele v ant

ransition rates and of the rele v ant UV wavelengths for photoexcita-
ion, each helium-like ion has a dif ferent sensiti vity to distances of
nterest, with higher-Z ions more ef fecti vely probing the base of the
ind, and lower-Z ions the outer parts of the wind. For ζ Pup, which
as an ef fecti ve temperature of 40 000 K (Ho warth & v an Leeuwen
019 ), the most sensitive line comple x es for studying the base of the
ind are those of S XV , Si XIII , and Mg XI , near 5.0, 6.7, and 9.2 Å,

espectively. These ions, especially S XV , reside in the hottest plasma
roducing observable X-rays in ζ Pup. The temperatures of peak line
missivity are 1.3 to 1.6 × 10 7 K, 10 7 K, and 6 × 10 6 K for S XV , Si
III , and Mg XI , respectively (Bryans et al. 2006 ; Bryans, Landi &
avin 2009 ; Foster et al. 2012 ). In the cycle 1 Chandra observation
f ζ Pup, obtained in 2000, the S XV line complex is the one that
ndicates a formation radius closest to the photosphere: R f/i < 1.2 R ∗
Cassinelli et al. 2001 ), R f/ i = 1 . 1 + 0 . 4 

−0 . 1 R ∗ (Leutenegger et al. 2006 ),
 f/i < 1.22 R ∗ (Waldron & Cassinelli 2007 ). 2 

The cycle 19 Chandra observations, obtained in 2018-19, have
 much longer aggregate exposure time than the single observation
aken in cycle 1. The better signal-to-noise of the more recent data
llows us to place tighter constraints on the X-ray plasma location
han those obtained from the older, shorter exposure time data. They
lso enable us to look for changes in the X-ray formation location in
NRAS 513, 1609–1622 (2022) 

 When denoting a single radius of X-ray formation based on measured 
orbidden-to-intercombination line flux ratios, we use the notation R f/i . 

t  

b  

f  

l

he 18 yr between the observations. The hot plasma emission measure
Huenemoerder et al. 2020 ) and emission line fluxes (Cohen et al.
020 ) have increased since the earlier observations, and the line
rofile shapes have also changed in a way consistent with a mass-
oss rate increase (Cohen et al. 2020 ), so other changes to the wind
-ray properties may also be evident. 
The subject of this study, ζ Pup (HD 66811, O4 I (n)fp; Sota et al.

014 ), is the brightest early O star in the sky and has long been a
rototype for studying the atmospheres and winds of O stars. A recent
etailed analysis of the Hipparcos data by Howarth & van Leeuwen
 2019 ) confirms the parallax of 3.01 ± 0.10 mas and the resulting
istance 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 contro v ersial
ecause it is approximately half the distance inferred from detailed
pectroscopic modelling (e.g. P auldrach, Vanbev eren & Hoffmann
012 ), implying that ζ Pup is smaller, less luminous, and less
assive than previously assumed. Howarth & van Leeuwen ( 2019 )

uggest that the properties can be understood if the star is a merger
roduct. In this paper, we adopt the stellar parameters those authors
etermined using the distance of 332 pc: T eff = 40 000 K, log g =
.58, log ( L ∗/ L �) = 5.65, R ∗ = 13.5 R �, and M ∗ = 25 M �. These are
irectly rele v ant to the work discussed in this paper only in terms of
heir impact on the UV photospheric flux from the stellar atmosphere
odel choice discussed in the next section. 
Low-amplitude periodic and quasi-periodic variability in the

ptical (summarized in Howarth & van Leeuwen 2019 ) and UV
Massa et al. 1995 ) is seen in ζ Pup. Notably, there is, at least
n recent years, a persistent 1.78-d periodicity in BRITE satellite
ptical photometry (Ramiaramanantsoa et al. 2018 ) that is also seen
n these same cycle 19 Chandra data (Nichols et al. 2021 ). The 1.78 d
eriodicity in the Chandra data has a peak-to-peak amplitude of 6
er cent, and there is also a random component to the variability with
 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
he models and the fitting procedure. In Section 4 we report the
esults and in Section 5 we discuss the implications for models of X-
ay production in O stars. Modelling of dielectronic recombination
atellite lines that are blended with the He-like lines is discussed in
n appendix. 

 T H E  DATA  

ore than 813 ks of pointed Chandra observations of ζ Pup,
omprising 21 separate observations, were made during cycle 19
2018-19, PI: W aldron). W e downloaded all the data from the
rchive, along with the single, 68 ks cycle 1 observation from 2000,
nd reprocessed them using CALDB v. 4.8.5. We extracted the first
rder spectra from each on-axis pointing using standard CIAO tools,
nd produced corresponding response matrix and grating auxiliary
esponse (ef fecti ve area) files. These data are discussed else where
Cohen et al. 2020 ; Huenemoerder et al. 2020 ), and specifically,
hey show only modest variability from pointing to pointing, with
o w-amplitude v ariability, described in the pre vious section, and
o long-term trends evident (Nichols et al. 2021 ). Furthermore, the
-ray line flux and emission measure changes between cycle 1 and

ycle 19 are significantly bigger than the variation within cycle 19.
e therefore analyse all the cycle 19 data simultaneously and given

he long total exposure time, these data have roughly three times
etter signal-to-noise than the cycle 1 observation that was the basis
or the previous helium-like f / i analyses of this star. An observing
og is available in table 1 of Cohen et al. ( 2020 ). 
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Table 1. Best-fitting hegauss parameters for S XV , Si XIII , and Mg XI . 

Cycle 1 S XV Si XIII Mg XI 

R 0 . 42 + 0 . 42 
−0 . 27 0 . 84 + 0 . 15 

−0 . 12 0 . 16 + 0 . 04 
−0 . 04 

G 1 . 10 + 0 . 79 
−0 . 50 0 . 98 + 0 . 12 

−0 . 08 0 . 82 + 0 . 92 
−0 . 85 

σv (km s −1 ) 546 + 139 
−123 682 + 43 

−39 663 + 36 
−32 

δv (km s −1 ) −315 + 140 
−192 −272 + 45 

−46 −510 + 48 
−49 

hegauss norm (photons cm 

−2 s −1 ) 1 . 82 + 0 . 20 
−0 . 20 × 10 −5 9 . 11 + 0 . 28 

−0 . 27 × 10 −5 1 . 50 + 0 . 04 
−0 . 05 × 10 −4 

pow norm (photons keV 

−1 cm 

−2 s −1 at 1 keV) 7 . 33 + 0 . 70 
−0 . 66 × 10 −4 1 . 12 + 0 . 06 

−0 . 06 × 10 −3 1 . 84 + 0 . 08 
−0 . 08 × 10 −3 

Cycle 19 S XV Si XIII Mg XI 

R 1 . 39 + 0 . 54 
−0 . 33 0 . 99 + 0 . 05 

−0 . 05 0 . 30 + 0 . 03 
−0 . 02 

G 0 . 74 + 0 . 13 
−0 . 12 1 . 02 + 0 . 04 

−0 . 04 0 . 88 + 0 . 05 
−0 . 04 

σv (km s −1 ) 786 + 57 
−54 837 + 14 

−14 790 + 17 
−16 

δv (km s −1 ) −147 + 50 
−55 −338 + 17 

−14 −495 + 24 
−24 

hegauss norm (photons cm 

−2 s −1 ) 2 . 15 + 0 . 07 
−0 . 06 × 10 −5 1 . 10 + 0 . 01 

−0 . 01 × 10 −4 1 . 73 + 0 . 02 
−0 . 02 × 10 −4 

pow norm (photons keV 

−1 cm 

−2 s −1 at 1 keV) 8 . 97 + 0 . 23 
−0 . 22 × 10 −4 1 . 38 + 0 . 02 

−0 . 02 × 10 −3 2 . 17 + 0 . 03 
−0 . 03 × 10 −3 

3

T  

c
o  

l
a  

p
e

t  

e  

F

R

w  

w
p

φ

i  

l
e  

o  

U  

i  

f  

A
s

W

w  

r  

a
t

 

p
a
O

l  

t  

s
s
l  

(  

t  

u
2  

l

w  

a  

s  

w
c  

t  

m
T  

w  

(  

a  

c
b

l
b
l  

p
s  

H
h  

a
p  

o  

n
s
T  

3 See https:// heasarc.gsfc.nasa.gov/ xanadu/xspec/models/ windprof.html . 
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 M O D E L L I N G  T H E  LINE  COMPLEXES  

he f / i line ratio diagnostic depends on the relative rates of photoex-
itation and spontaneous emission out of the metastable excited state 
f the forbidden line and so is a function of atomic parameters and the
ocal UV mean intensity. The wavelengths for the UV photoexcitation 
re shortwards of the Lyman edge for S XV and Si XIII and so the
hotospheric fluxes are not directly observed and instead have to be 
stimated from models. 

The formalism for the line ratio’s dependence on atomic parame- 
ers and on the UV local mean intensity is described in Leutenegger
t al. ( 2006 ) and the rele v ant atomic parameters are collected there.
rom that paper, we have the following equations: 

 ( r) = R 0 
1 

1 + 2 P W ( r) 
, (1) 

here R 0 is the f / i ratio in the absence of UV excitation. P = φ∗/ φc ,
here φc scales with the spontaneous emission rate and φ∗ is the 
hotoexcitation rate 2 3 S 1 → 2 3 P J at the photosphere: 

∗ = 8 π
πe 2 

m e c 
f 

H ν

hν
, (2) 

n which H ν is the surface Eddington flux at the excitation wave-
ength, h ν is the UV photon’s energy, πe 2 

m e c 
is the classical bound 

lectron cross-section, and f is the sum of the oscillator strengths
f the transitions 2 3 S 1 → 2 3 P J . Values for f and φc as well as the
V wavelengths of the rele v ant transitions, are taken from table 1

n Leutenegger et al. ( 2006 ). Values of R 0 = 1 . 71, 2.38, and 2.91,
or S XV , Si XIII , and Mg XI , respectively, are computed using the
strophysical Plasma Emission Code ( APEC; Foster et al. 2012 ) –
ee Appendix A for details. Lastly, W ( r ) is the geometrical dilution: 

 ( r) = 

1 

2 
(1 − (1 − ( R ∗/r) 2 ) 1 / 2 ) , (3) 

here R ∗ is the star’s radius and r is the radial coordinate of the X-
ay emitting plasma. This treatment does not account for the possible
bsorption or scattering of photospheric UV radiation as it propagates 
o the X-ray emitting plasma in the wind. 

The f / i value for a particular element near the photosphere of a
articular star is therefore uniquely determined by the surface flux 
nd the distance of the X-ray emitting plasma from the photosphere. 
ne traditional approach for determining the X-ray emitting plasma 
ocation is to measure the f / i line flux ratio and then to model
he measured value to constrain the location, R f/i . Another, more
ophisticated but more model-dependent, approach is to assume a 
patial distribution of the X-ray emitting plasma and compute the 
ine fluxes at each location in order to synthesize a spectral feature
Leutenegger et al. 2006 ). The parameters of the model, including
hose that describe the spatial distribution, can then be fit directly. We
se both approaches here, implemented in XSPEC (Dorman & Arnaud 
001 ) as hegauss and he wind , respectiv ely. 3 We describe each model
ater in this section. 

Before fitting either of these models, we fit the continuum emission 
ith a power-law model with index n = 2 (which corresponds to
 flat spectrum in wavelength) over the spectral regions on either
ide of the comple x es. In the cases of S XV and Mg XI we omitted
avelength ranges with potentially contaminating weak lines. These 

ontinuum fits are shown in Appendix A of Cohen et al. ( 2020 ). Then
he comple x es themselv es were fit with the rele v ant line complex
odel on top of this previously determined power-law continuum. 
he fitting was done by C statistic minimization (Cash 1979 ), and
e determined 68 per cent confidence limits using the 	 C formalism

Nousek & Shue 1989 ). We fit the two spectral orders ( −1 and + 1)
nd data from the two grating arrays (MEG and HEG), and in the
ase of the cycle 19 data, the separate observations, simultaneously 
ut without co-adding any of them. 

In addition to the weak continuum emission under the He-like 
ines, there are numerous, mostly weak, satellite lines generated 
y dielectronic recombination (DR) of He-like ions into the Li- 
ike charge state, followed by cascades to the ground state in the
resence of a spectator electron, producing lines with wavelengths 
imilar to but generally a little bit longwards of the corresponding
e-like transitions. Traditionally in the type of analysis we present 
ere, the satellite lines have been ignored, perhaps assumed to be
pproximately accounted for by the continuum modelling. The com- 
rehensive paper by Porquet et al. ( 2001 ) does include a treatment
f satellite line blending for Mg XI and Si XIII , assuming intrinsically
arrow lines and instrumental broadening for several different grating 
pectrometers and several different temperatures and dilution factors. 
he application of the Porquet et al. ( 2001 ) models to wind Doppler-
MNRAS 513, 1609–1622 (2022) 
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Figure 2. The MEG (left-hand panel) and HEG (right-hand panel) cycle 1 measurements of the S XV , Si XIII , and Mg XI line comple x es 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 comple x es 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 o v erall model flux. The shaded 
gre y re gion 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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Figure 3. Same as Fig. 2 , but showing the hegauss fits to the cycle 19 data. Note that the 21 observations comprising these data were fit simultaneously but as 
separate data sets. They are co-added here for the purpose of clarity in display. 
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roadened lines in O star spectra is somewhat uncertain, however, 
ue both to the large Doppler broadening seen in O star X-ray spectra
nd to the particular temperature distribution in the X-ray emitting 
lasma of these stars. 
Atomic models of DR satellites are comple x, giv en the con-

ributions from many different excited states, and early in the 
handra and XMM era they were not readily available for data fitting.
urrently, the commonly used APEC / ATOMDB spectral modelling 
ode and data base does include many DR satellite lines (Foster et al.
012 ; Foster & Heuer 2020 ). In this paper we account for the satellite
ontributions in both the hegauss and hewind modellling by including 
he 29 (for S XV ) to 39 (for Mg XI ) strongest satellite lines in the
ata fitting in XSPEC . We provide details of the satellite contribution
nd modelling and its effect on the derived He-like quantities in
MNRAS 513, 1609–1622 (2022) 
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Table 2. Formation radii based on the hegauss fitting of the 
cycle 1 data. 

S XV Min Best Max 

0.67 ∗H ν 1.00 1.00 1.11 
H ν 1.00 1.00 1.27 
1.5 ∗H ν 1.00 1.03 1.49 

Si XIII 

0.67 ∗H ν 1.60 1.77 2.02 
H ν 1.92 2.13 2.44 
1.5 ∗H ν 2.31 2.58 2.96 

Mg XI 

0.67 ∗H ν 1.42 1.61 1.81 
H ν 1.69 1.93 2.18 
1.5 ∗H ν 2.03 2.34 2.64 

Note. The single formation radii, R f/i , 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 comple x es, ‘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 comple x, deriv ed using the adopted TLUSTY UV flux es, 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 

0.67 ∗H ν 1.32 2.04 unc. 
H ν 1.56 2.46 unc. 
1.5 ∗H ν 1.88 2.99 unc. 

Si XIII 

0.67 ∗H ν 1.92 2.00 2.08 
H ν 2.31 2.41 2.52 
1.5 ∗H ν 2.81 2.93 3.06 

Mg XI 

0.67 ∗H ν 2.12 2.21 2.29 
H ν 2.56 2.67 2.78 
1.5 ∗H ν 3.12 3.25 3.38 

Note. See notes for Table 2 . The upper confidence limits 
on R f/i are unconstrained for S XV . 

A  

o  

p
 

o  

d  

R  

(  

δ  

c  

c  

t  

h
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Figure 4. The formation radii, R f/i , 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 1.5 H ν and 0.67 H ν . 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 o , 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 R f/i in cycle 19 and the dashed 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/2/1609/6563706 by N
ASA G

oddard Space Flight C
enter user on 26 January 2023
ppendix A . All the results presented in the paper include the effects
f this satellite contamination on the derived He-like line complex
roperties. 
The hegauss model assumes that each He-like complex is the sum

f three Gaussian line profiles with identical widths and shifts but
ifferent line fluxes. The free parameters are the f / i line flux ratio
 , the line flux ratio G = ( f + i) /r , and an o v erall normalization

flux) parameter, as well as a single line width, σ v , and line shift,
v , parameter. This parametrization a v oids ha ving to deal with
ovariance terms for fluxes from individual blended lines in the
omplex, and allows direct probing of the confidence interval for R ,
he parameter of interest. After the R values are derived from this
egauss 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
NRAS 513, 1609–1622 (2022) 

blue line represents the upper confidence limit in cycle 1. 

art/stac899_f4.eps
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Table 4. Best-fitting hewind parameters for S XV , Si XIII , and Mg XI . 

Cycle 1 S XV Si XIII Mg XI 

τ ∗ 0 . 11 + 0 . 52 
−0 . 11 0 . 49 + 0 . 17 

−0 . 14 0 . 92 + 0 . 20 
−0 . 18 

R 0 ( R ∗) 1 . 43 + 0 . 18 
−0 . 15 1 . 44 + 0 . 06 

−0 . 05 1 . 49 + 0 . 07 
−0 . 06 

G 0 . 56 + 0 . 37 
−0 . 24 0 . 89 + 0 . 10 

−0 . 09 0 . 59 + 0 . 07 
−0 . 05 

hewind norm (photons cm 

−2 s −1 ) 1 . 84 + 0 . 21 
−0 . 20 × 10 −5 9 . 14 + 0 . 27 

−0 . 28 × 10 −5 1 . 52 + 0 . 05 
−0 . 04 × 10 −4 

pow norm (photons keV 

−1 cm 

−2 s −1 at 1 keV) 7 . 33 + 0 . 70 
−0 . 66 × 10 −4 1 . 12 + 0 . 06 

−0 . 06 × 10 −3 1 . 84 + 0 . 08 
−0 . 08 × 10 −3 

Cycle 19 S XV Si XIII Mg XI 

τ ∗ 0 . 26 + 0 . 14 
−0 . 12 0 . 84 + 0 . 08 

−0 . 07 0 . 96 + 0 . 09 
−0 . 09 

R 0 ( R ∗) 1 . 49 + 0 . 07 
−0 . 07 1 . 57 + 0 . 03 

−0 . 03 1 . 71 + 0 . 04 
−0 . 03 

G 0 . 77 + 0 . 11 
−0 . 10 0 . 93 + 0 . 03 

−0 . 03 0 . 66 + 0 . 03 
−0 . 03 

hewind norm (photons cm 

−2 s −1 ) 2 . 15 + 0 . 07 
−0 . 07 × 10 −5 1 . 06 + 0 . 01 

−0 . 01 × 10 −4 1 . 74 + 0 . 02 
−0 . 02 × 10 −4 

pow norm (photons keV 

−1 cm 

−2 s −1 at 1 keV) 8 . 97 + 0 . 23 
−0 . 22 × 10 −4 1 . 38 + 0 . 02 

−0 . 02 × 10 −3 2 . 17 + 0 . 03 
−0 . 03 × 10 −3 
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oppler broadening according to an assumed wind beta-velocity 
aw and partially optically thick transport through the wind, which 
aturally results in a blueshifted and skewed line profile shape. 
t each radius, the relative contributions of the forbidden and 

ntercombination lines are computed using the surface UV flux 
nd atomic parameter values (see equations 1 and 2 ). The free
arameters of this model are τ ∗ – a characteristic optical depth –
nd the onset radius of X-ray emission, R 0 , as well as the o v erall
ine complex flux. The G line ratio parameter described abo v e for
egauss , which is mildly sensitive to the plasma temperature (e.g. 
orquet et al. 2001 ), is also a free parameter of this model. We stress

hat in this hewind model, the forbidden-to-intercombination line 
ux ratio is not fit directly, but rather is computed at each radius and

he information the model provides about the radial dependence is 
ontained in the onset radius fit parameter, R o . Abo v e R o , the X-ray
mission is assumed to scale with the wind density squared, and the
elative intensities of the forbidden and intercombination lines are 
ontrolled by the UV mean intensity at each radius (Leutenegger et al. 
006 ). 
We used TLUSTY model atmospheres (Lanz & Hubeny 2003 ) to 

btain a value for the UV flux at the driving wavelengths for the
ransitions rele v ant to the f / i ratio. To get a sense for the uncertainty
n these flux values, we compared TLUSTY and P o WR atmosphere
odels (Hainich et al. 2019 ), which agreed well. We adopted the

LUSTY model with parameters closest to ζ Pup’s – T eff = 40 000 K,
og g = 3.50. We show this model, along with the two models nearest
t in the TLUSTY grid, in Fig. 1 . Obvious limitations of this model
or our use here include the fact that it has a low-rotational velocity
nd is spherically symmetric, while ζ Pup has a projected rotational 
elocity of v rot sin i = 210 km s −1 and is likely at least modestly
on-spherical (for a comprehensive assessment, see Howarth & van 
eeuwen 2019 ), and also that these models assume Solar abundance 
hile ζ 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 ν , for each ion to use in

he X-ray modelling, we averaged the model atmosphere flux o v er
 wavelength region corresponding to the blueshifted wind Doppler 
roadening (shown graphically in Fig. 1 ). We note that this averages
 v er quite a few photospheric absorption lines in each spectral region. 
e combine these average fluxes for the two transitions of a given ion
S XV : 0.00188, 0.00206; Si XIII : 0.00224, 0.00234; Mg XI : 0.00225,
.00261 (ergs cm 

−2 s −1 Hz −1 ) – into a single average flux value for
ach ion (with H ν

hν
weighted by the rele v ant transition probabilities) 

nd use that in equation ( 2 ). We note that for the hegauss fitting, these
V fluxes are used in the subsequent modelling stage, where the f / i
ine flux ratio derived from hegauss is modelled using equation ( 1 )
hrough ( 3 ). For the hewind fitting, P in equation ( 1 ) is specified as
 parameter of the model in XSPEC . The values we use are P = 2.67,
5.7, and 118.7 for S XV , Si XIII , and Mg XI , respectively. 

 RESULTS  

he results of the hegauss modelling for both cycle 1 and cycle 19 are
resented in Table 1 and the best fits to the data are shown in Fig. 2
nd Fig. 3 , respectively. We model the radial dependence of the f / i
atios measured from the hegauss fits and list the results in Tables 2
nd 3 , with the results shown graphically in Fig. 4 . To conservatively
nclude systematic model atmosphere uncertainties in the UV fluxes, 
e show results for higher and lower UV flux cases (scaled by 1.5

nd 0.67, respectively) in addition to the fluxes adopted from the
a v oured, T eff = 40 000 K, log g = 3.50, TLUSTY model. These are
ncluded in the two tables and also included in Fig. 4 , as a grey
and around the solid line showing R ( r) derived from the adopted
tmosphere model. 

The fits to the data in all six cases (three line comple x es in two
ifferent sets of observations) are formally good. With the much 
arger combined exposure time of the cycle 19 observations, the 
ncertainties on the model parameters are smaller for those more 
ecently taken data. The f / i ratios, line flux es, and v elocity widths have
ncreased modestly, but significantly, between cycle 1 and cycle 19. 

The results of the hewind modelling for both cycle 1 and cycle 19
re presented in Table 4 . The fits are shown graphically in Fig. 5 , for
ycle 1 data, and Fig. 6 for cycle 19 data. In most cases, this model
rovides statistically better fits to the already adequate Gaussian line- 
hape fits of hegauss . Note that whereas that model fits the f / i ratio
irectly, the free parameters of hewind are a characteristic optical 
epth, τ ∗, and a shock onset radius, R o . The probability distributions
f the key parameter – R o – are shown in Fig. 7 . These are based on the
un of 	 C with R o , according to P ∝ e −	 C /2 , and in the figure (as well
s in Table 4 ) the tighter constraints provided by the cycle 19 data, as
ell as the modest, but significant, changes between the two cycles,

re evident. We stress here that in the hewind model R o is the onset
adius of X-ray emission with emission also generated throughout 
he wind abo v e R o . We also reiterate that all the modelling presented
ere accounts for the contamination of the He-like comple x es by
atellite line emission via our inclusion of dozens of satellite lines in
he spectral fitting, as described in Appendix A . 
MNRAS 513, 1609–1622 (2022) 
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Figure 5. The MEG (left-hand panel) and HEG (right-hand panel) cycle 1 measurements of the S XV , Si XIII , and Mg XI line comple x es are shown as 
points with Poisson error bars, along with the best-fitting hewind models, including also the satellite contributions (red histogram). The continuum is indicated 
by the dashed red line and the continuum-subtracted line complex (including modelled DR satellite lines) fluxes are indicated by the grey shaded regions. 
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 −1 , are indicated by the vertical dotted lines – one on each side of each dashed 
line. 
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Figure 6. Same as Fig. 5 , but showing the hewind fits to the cycle 19 data. 
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M

Figure 7. The probability distributions (per stellar radius) – S XV (solid), Si 
XIII (dashed), and Mg XI (dotted) – derived for the onset radius parameter, R o , 
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 o with a weighting 
proportional to the square of the local wind density. 
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 DISCUSSION  

he newer and higher signal-to-noise cycle 19 Chandra spectra of
Pup show unambiguously that the hottest plasma contributing to

his O star’s X-ray emission is well abo v e the photosphere and in the
utflowing wind. Notably, the S XV characteristic formation radius is
ound at R f/i = 2.46 R ∗ (with 68 per cent statistical lower confidence
imit of 1.56 R ∗), whereas the formation radius is consistent with a lo-
ation arbitrarily close to the photosphere in the cycle 1 data (with 68
er cent statistical upper confidence limit of 1.27 R ∗). 4 In the context
f the hewind model, the onset radius for S XV in the cycle 19 data
s R o = 1.49 ± 0.07 R ∗, with an assumed density-squared weighted
istribution abo v e that; a result that is fully consistent with the e xpec-
ations of LDI-generated embedded wind shocks 5 and with no need
NRAS 513, 1609–1622 (2022) 

 While the cycle 1 hegauss results for S XV are formally consistent with 
 formation location very close to the photosphere they contradict the 
xpectations of the wind-shock scenario with only slightly more than 1 sigma 
ignificance. Furthermore, the lines in this complex are Doppler broadened 
o an extent consistent with the high velocity of the wind, just as the other 
ines in the spectrum are. 
 It should be noted that some more recent numerical simulations show wind 
tructure forming at radii below the canonical r ≈ 1.5 R ∗, although it is 

l  

t  

l  

p  

a  

c  

n
(

023
o posit the existence of any hot plasma very close to the photosphere.
ndeed, in the context of the hewind model, even the cycle 1 results for
 XV are consistent with the EWS scenario. Fig. 7 shows that an onset
adius, R o , abo v e r ≈ 1.3 R ∗ is strongly fa v oured, with a relatively
road probability distribution extending well above r = 1.5 R ∗. 
Results from modelling the other two line comple x es in both

ata sets are similar to the cycle 19 results for S XV . Overall the
haracteristic radii of formation for Si XIII and Mg XI in both cycles
ange from R f/i / R ∗ = 1.9 to R f/i / R ∗ = 2.7 based on the hegauss best-
tting results. The onset radii, R o , derived from the hewind modelling,
ange from R o / R ∗ = 1.49 to 1.71 in the cycle 19 data and slightly
ess ( R o / R ∗ = 1.43 to 1.49) in the cycle 1 data. 

We do not find evidence for the trend in the characteristic line-
ormation radius with atomic number (with the exception of S XV in
ycle 1) that is often found in Gaussian fitting and analysis of these
omple x es in OB stars (Waldron & Cassinelli 2007 ). This seems to
e largely due to accounting for satellite line contamination in the
tting we present here. The trend we do find in the onset radius of the
ewind model – an anticorrelation between R o and atomic number
is small but statistically significant (at least in the cycle 19 data –

ee Fig. 7 ). In individual post-shock cooling zones one would indeed
xpect the hottest plasma and the emission from the higher ionization
tages to be closer to the shock front and the star’s surface than the
omewhat cooler gas and its lower ionization stages. This, rather than
ny large-scale trend in shock strength with local wind velocity or
istance from the star’s surf ace, lik ely explains the very modest R o 

rend we find, although we note that the recently developed variable
oundary conditions EWS model (Gunderson et al. 2022 ) may also
e rele v ant here. 
The particular line comple x es we analyse in this paper are formed

n the hottest plasma in the wind of ζ Pup. Ho we ver, these line
omple x es do hav e some contribution from the less-hot plasma ( T =
ew 10 6 K) that the LDI primarily produces and which is measured
n O stars (see fig. 3 in Cohen et al. 2021 , 2014b ). The G = ( f + i) /r 
ine ratios we find in the fitting are consistent with the expectations of
he atomic physics (Porquet et al. 2001 ; Foster et al. 2012 ) given the
nown shock-heated plasma temperature distribution in ζ Pup. All
he results presented in this paper are consistent with the embedded
ind shock scenario for O star wind X-ray production, including

he onset radius of X-ray emission being well out in the wind flow.
lthough we do not address the short-term X-ray variability, linked

o optical variability, seen in the cycle 19 Chandra data (1.78 d
eriodicity; Nichols et al. 2021 ), it is quite concei v able that it too
s consistent with the EWS scenario, as photospheric variability can
rive shock activity in the wind (Feldmeier et al. 1997 ). 
The cycle 19 data provide improved signal-to-noise compared to

he cycle 1 data and tighter constraints on model parameters (see e.g.
he narrower probability distributions in the lower panel of Fig. 7 and
he tighter confidence limits on R f/i for Si XIII and Mg XI in Fig. 4 ),
nd they also indicate that there have been some changes to the hot
lasma properties in the wind of ζ Pup in the 18-yr interval between
he two sets of observations. As detailed by Cohen et al. ( 2020 ), the
ine shapes have changed and the line fluxes have increased between
he two epochs in a way consistent with an increase in the wind mass-
oss rate between the two observing campaigns. In the analysis we
resent here, these changes are manifest in the o v erall line-comple x
nd continuum fluxes, which increased by 10 to 15 per cent between
ycle 1 and cycle 19, by an increase in the degree of wind absorption
ot clear that the structure would be predicted to generate X-ray emission 
Sundqvist et al. 2018 ). 
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 τ ∗ in the hewind modelling), and also by an increase in the line
idths ( σ in the hegauss modelling). These increased line widths 
ight be due to changes in the kinematics of the shocked wind

lasma and/or they might be due to changes in the location, with the
ewer data being consistent with X-ray production somewhat farther 
ut in the wind flow (a modest result in the hewind modelling – see
ig. 7 – and a more significant result for S XV and Mg XI in the
egauss modelling – see Fig. 4 ). 
For both the interpretation of the hegauss fitting results and for

he hewind fitting itself, the adopted photospheric UV flux values 
re important. If we conserv ati vely assume a UV flux uncertainty,
o account for systematics in the atmosphere modelling as well as
n the stellar parameters, of ±50 per cent, we find uncertainties in
he formation radius in the hegauss modelling of roughly 20 to 30
er cent (in terms of relative distance from the photosphere – see 
ables 2 and 3 ). The UV radiation driving the S XV and Si XIII line
atios is shortwards of the hydrogen Lyman edge and therefore both 
uite sensitive to the temperature gradient in the model atmosphere 
nd also unobservable in ζ Pup or any other O star, hence there will
ik ely al w ays be a f air amount of uncertainty in the modelling of
hese line comple x es. 

Despite the uncertainty in the UV fluxes and resultant photoexci- 
ation rates, the primary results presented here are secure: the X-ray 
mitting plasma is located well out in the wind flow ( > 1.4 R ∗),
ith no hot plasma close to the photosphere required to explain 

he observed features; and there was a brightening of the X-rays,
ncreased line widths, and an increase in the radial location of the
-ray emitting plasma between the data taken in 2000 and those 

aken in 2018-19. Finally, the inclusion of DR satellite lines in 
he He-complex modelling is tractable – especially if a hot plasma 
emperature distribution is assumed – and leads to lower He-like line 
uxes and modest alteration to the other fitted model parameters and 
ignificant changes to the behaviour of R ≡ f /i at its two asymptotic
imits. We stress again that all the He-like modelling results presented 
ere are corrected for the effects of the satellite lines by the inclusion
f the latter in the spectral model fitting, as detailed in Section 3 and
n the appendix. 

The next steps in modelling He-like comple x es in OB stars should
nclude refinement of the DR satellite atomic model – using the 
lexible Atomic Code (Gu 2008 ) for updated line strengths and 

ncluding higher n transitions. Another impro v ement to the modelling 
ould treat the photospheric UV transport through the wind in detail. 
his could make a noticeable difference in the interpretation of the 
g XI diagnostic, as the photoe xcitation wav elength is coincident 
ith a strong O VI wind line and redistribution associated with the

esultant scattering of the UV radiation could decrease the UV mean 
ntensity at the location of the X-ray emitting plasma. Evaluating this
ill require detailed modelling with a complex non-LTE wind code, 

nd it could reduce or even eliminate the observed trend of R o with
tomic number and plasma temperature. 
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s discussed in Section 3 , there are numerous dielectronic recom-
ination (DR) satellite lines near, and potentially blended with, the
e-like lines in X-ray spectra. These DR lines are generally weak,
ut there are many of them and given the wind Doppler broadening
f emission lines in the Chandra spectra of ζ Pup, the satellite
ines in the aggregate contribute significantly to each He-like line.
o account for this effect we compute detailed spectral models using
PEC (Foster et al. 2012 ), assuming a continuous plasma temperature
istribution (differential emission measure, DEM) taken to be a
ower-law function with an index of n = −2.3 (Cohen et al. 2021 ).
ote that the DR satellites form more readily at lower temperatures

han do the He-like lines and thus this relatively steep DEM slope
een in O stars makes the satellite contamination a more significant
actor than in many other types of sources, such as low-mass stars
ith coronal activity. 
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igure A1. APEC models of the He-like comple x es (S XV , Si XIII , Mg XI , top 
o bottom) and associated DR satellite lines shown at high resolution. The flux 
evels are arbitrary but self-consistent among the three ions and are specific 
o our assumed DEM model. The resonance line, two intercombination 
omponents, and forbidden line are labelled in each panel. 

Figure A2. He-like comple x es including DR satellite lines (blue), and the 
contribution just from the He-like lines (orange), are shown with Gaussian 
broadening ( σ = 750 km s −1 ). 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. 
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We show the APEC spectral models in Fig. A1 , which confirm
hat in the aggregate, the satellite contribution 6 is a non-negligible
raction of the forbidden and intercombination lines for each ion.

e show the model spectra with Gaussian line broadening assuming
 width of σ = 750 km s −1 , which is the typical line broadening
een in the Chandra spectra of ζ Pup, in Fig. A2 . We found that the
atellite contributions to the line complex can be accounted for with
9, 30, and 39 satellites for S XV , Si XIII , and Mg XI , respectively.
o incorporate these satellite lines into the model fitting reported on

n this paper we added individual Gaussians (for the hegauss model)
r individual wind-profile models (for the hewind model) for each of
he satellites. We tied the satellite line profile parameters (width and
hift in the case of the Gaussians and τ ∗ and R o for the wind profile
odels) to the corresponding parameters in hegauss or hewind and

caled the flux of each satellite line to that of the total flux of the
e-like components. Note that this does not add any free parameters

o either model. We find impro v ement to the fit statistic when we
 Some of the weak, contaminating lines seen in the APEC models are not DR 

atellites but rather are due to other elements, including some high ionization 
ron lines and a few Ne X lines in the Mg XI complex and Mg XII near the Si 
III forbidden line. 

art/stac899_fA1.eps
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Table A1. Fit statistics with and without the inclusion of satellite lines in the data fitting. 

ion and observation N C sats hegauss C no sats hegauss C sats hewind C no sats hewind 

S XV cycle 1 208 180 .94 183 .82 183 .70 184 .57 
Si XIII cycle 1 280 325 .72 320 .84 313 .68 319 .29 
Mg XI 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 XI 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 
parameters of the He-like model but without any satellite lines included in the modelling. 

i  

i

t  

d
m  

b  

r
l  

2
e  

m  

e  

e
b  

w
 

c
(
U
0

R  

i  

u  

c
u  

t  

t  

a
a  

2  

F  

fi
 

s  

n  

C  

t  

m  

i  

w  

t

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/2/1609/6563706 by N
ASA G

oddard Space Flight C
enter user on 26 January 2023
nclude the satellites in most cases (these fit statistic values are listed
n Table A1 ). 

We can also consider the effects of satellite contamination of 
he He-like features by modifying the theoretical R = f /i radial
ependence (equation 1 ) by considering the ratio f + f sat 

i+ i sat 
. The APEC 

odel allows us to compute the sum f + i , which is not affected
y the photoe xcitation-driv en alteration of the f / i ratio, and also the
atios f sat 

f + i 
and i sat 

f + i 
, where f sat and i sat represent the aggregate satellite 

ine flux contributions to the f and i lines, respectively (Porquet et al.
001 ). This requires a determination of each satellite’s contribution to 
ach of the r , i , and f lines. We do this using the Gaussian-broadened
odel ( σ = 750 km s −1 ) to apportion a fraction of each satellite to

ach He-like component according to how much o v erlap there is in
ach profile. Quite a few of the satellites contribute significantly to 
oth the f and the i lines (or the i and the r lines) due to the large
ind Doppler-broadening value. 
In Fig. A3 we show the satellite-altered line ratio for each ion

ompared to the standard model as a function of radial location 
and thus degree of UV photoexcitation). In each case the high- 
V limit does not approach zero but rather approaches f sat 

f + i+ i sat 
> 

 and the low-UV limit approaches a value somewhat lower than 
 o . These results are summarized in Table A2 . This latter trend
s due to the fact that the low-UV limit of the f / i is greater than
nity while the satellite contribution to each of the two He-like
omponents is similar. In principle, these altered models could be 
sed to interpret measured f / i ratios (from Gaussian profile fitting)
hat ignore the presence of satellites while fitting the data. Of course,
he particular altered model curves we show here are specific to ζ Pup,
ccording to its DEM and wind velocity, although these properties 
re relatively consistent among O star EWS sources (Cohen et al.
021 ). In this paper, we use the standard models (black curves in
igs A3 and 4 ) and account for the satellite lines directly in the data
tting. 
One interesting effect of the inclusion of the satellites in the

pectral modelling is that oft-seen (inverse) trend of R f/i with atomic
umber in the context of Gaussian profile fitting (e.g. Waldron &
assinelli 2007 ) is no longer present (though see the discussion of

he mild R o (inverse) trend with atomic number in Section 5 ). This
akes sense in the context of lower atomic number elements being

n the low-forbidden line (low R ) limit where satellite contamination
ill have a greater impact on the relative flux near the forbidden line

han 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). 

Table A2. Satellite contamination factors and altered R ≡ f /i in the 
asymptotic limits. 

ion f sat 
f + i 

i sat 
f + i R o , sat , R o min R sat 

S XV 0.463 0.352 1.52, 1.71 0.34 
Si XIII 0.358 0.276 1.86, 2.38 0.28 
Mg XI 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 −1 widths. The next column lists the no-UV-photoexcitation 
limit (and so the maximum possible R , R o , sat ≡ ( f + f sat 

i+ i sat 
) o ), with the values 

ignoring satellites ( R o ≡ ( f 
i 

) o ) listed also for comparison. The final column 
lists the minimum possible value of R in the presence of satellites, min 
R sat ≡ f sat 

f + i+ i sat 
. This latter value is zero in the absence of satellite line 

contamination. 
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