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ABSTRACT

Context. Mass-loss rates, M, from hot, massive stars are important for a range of astrophysical applications.

Aims. We present LIME, a fast, efficient, and easy-to-use real-time mass-loss calculator for line-driven winds from hot, massive stars
with given stellar parameters and arbitrary chemical compositions. The tool is publicly available online.

Methods. We compute the line force on-the-fly from excitation and ionization balance calculations using a large atomic data base
containing more than four million spectral lines. We then derive mass-loss rates from line-driven wind theory, including effects of a
finite stellar disk and gas sound speed.

Results. For a given set of stellar parameters and chemical composition, we obtain predictions for M and for the three line-force
parameters, Q, Qp, and @, at the wind critical point. A comparison of our predicted M with a large sample of recent, state-of-the-art,
homogeneously derived empirical mass-loss rates obtained from the XSHOOTU collaboration project demonstrates that the simple cal-
culator presented here performs on average as well as, or even better than, other available mass-loss recipes based on fits to restricted
model grids computed from more sophisticated but less flexible methods.

Conclusions. In addition to its speed and simplicity, a strength of our mass-loss calculator is that it avoids uncertainties related
to applying fit formulae to underlying model grids calculated for more restricted parameter ranges. In particular, individual chem-
ical abundances can be easily modified, and their effects on predicted mass-loss rates can be readily explored. This enables direct

applications also to stars that are significantly chemically modified at the surface.
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1. Introduction

For hot, massive stars, absorption and scattering in spectral lines
transfer significant momentum from the star’s intense radiation
field to the plasma, providing a force that can overcome gravity
and drive a strong, fast wind outflow. Line-driven wind the-
ory based on this mechanism was established in the seminal
paper by Castor et al. (1975) (hereafter CAK). Earlier attempts
(e.g., Lucy & Solomon 1970) focused on obtaining the line force
from a small number of select lines, whereas CAK used results
obtained for carbon to parametrize the cumulative line accelera-
tion stemming from numerous lines. While various extensions
and reformulations of this elegant model have substantially
improved its quantitative applicability as well as our physical
understanding (e.g., Abbott 1982; Friend & Castor 1983; Owocki
& Rybicki 1984; Pauldrach et al. 1986; Owocki et al. 1988;
Kudritzki et al. 1989; Gayley 1995; Cranmer & Owocki 1995;
Puls et al. 2000; Kudritzki & Puls 2000; Kudritzki 2002; Curé
2004; Lattimer & Cranmer 2021; Poniatowski et al. 2022; Key
et al. 2025), many key elements of line-driven wind theory were
undoubtedly already established by CAK.

Much effort has been devoted to obtaining quantitative pre-
dictions for mass-loss rates, M, suitable for direct comparisons
with observations and for applications such as stellar evolu-
tion and feedback. Typically, models in this category have used

* Corresponding author: jon.sundqvist@kuleuven.be

detailed radiative transfer techniques applied directly to large
discrete line lists; examples include models based on the co-
moving frame (CMF; Pauldrach et al. 1986; Sander et al. 2017,
Krticka & Kubat 2017; Sundqvist et al. 2019) as well as Monte
Carlo (Vink et al. 2000; Lucy 2010) radiative transfer. Since
these calculations are very time-consuming, a commonly used
approach has been to compute relatively small grids of mod-
els and then design “mass-loss recipes” by fitting grid results to
some assumed functional behavior of M with stellar parameters
(e.g., Vink et al. 2001; Sander & Vink 2020; Bjorklund et al.
2021, 2023; Krticka et al. 2024). Although these approaches
have been very useful, the resulting recipes are very inflexible
because the underlying model-grid calculations are computa-
tionally intensive. Consequently, many applications in practice
rely on (sometimes questionable) extrapolations to domains out-
side the actual model grids. Moreover, differences between
actual model-grid results and the applied fit formulas introduce
significant scatter and additional uncertainty. Another impor-
tant aspect of the effort here is that, in general, it has not yet
been possible to directly examine the effects of varying individ-
ual chemical abundances on line-driven mass-loss predictions,
although a few targeted attempts have been made (e.g., Vink
& de Koter 2005; Krticka et al. 2019). In practice, this means
that applications often rely only on simple scaling relations with
overall metallicity (e.g., Meynet et al. 2006).

Building on line-driven wind theory, we present a fast and
reliable method for directly computing line-driven mass-loss
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rates from stars with given stellar parameters and arbitrary
abundance patterns. We tested this method by comparison with
state-of-the-art observational results from the large XSHOOT
ULLYSES project (Vink et al. 2023), showing that our method
performs better than several more elaborate but less flexible
mass-loss recipes that are currently available. Motivated by these
results, we provide a new, user-friendly online mass-loss cal-
culator LIME, which accepts arbitrary stellar parameters and
chemical compositions (within our recommended limits, see
Sect. 4). On-the-fly calculations typically take only a few sec-
onds, and users can also submit larger batch jobs. Our method
is therefore well suited for direct applications to observed stars
with specific parameters, as well as for broader applications such
as stellar evolution and feedback.

2. Method and applicability

To compute mass-loss rates we applied CAK theory as for-
mulated by Gayley (1995), modified for a high-opacity cut-off
in line strength (Owocki et al. 1988), including the finite-disk
angle effect (Pauldrach et al. 1986) according to Kudritzki et al.
(1989), and a finite sound speed correction following Owocki &
ud-Doula (2004). The analytic mass-loss rate as derived from the
modified CAK critical point analysis is therefore

) L o Q_Fe 1/a—1 Q 1 1/a
M=——- = 1
cZl-al\l-T, Qo \1+a

as given, for example, by Gayley (1995) (their Eq. (43)), apply-
ing a finite-disk correction factor from Kudritzki et al. (1989, Eq.
(32)) and a sound-speed correction as outlined in Appendix A
of Owocki & ud-Doula (2004). Here, L is the stellar luminos-
ity, c the speed of light, I'. = g./g = Lk./(4ncGM) the classical
Eddington ratio for electron scattering opacity k. and stellar mass
M, a is the isothermal gas sound speed, and v the escape speed
from the stellar surface, reduced by the contribution from I'.. The
line-force parameters are 0, 0y, and «a. For a given set of stel-
lar parameters, the present problem is thus reduced to finding
appropriate values for these and for . at the wind critical point.
The line acceleration, g}‘)‘ is computed from the sum
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for a line list consisting of N lines, each indexed by i, so
that M(¢) defines the line-force multiplier with respect to the
electron-scattering acceleration, g.. Here g; = kz;/(vopke) is the
normalized line strength for the frequency-integrated line extinc-
tion coefficient k; [cm~'Hz] and line-center frequency vg, w,,;
is the frequency-dependent flux weighting with fluxes approxi-
mated as Planckian distributions Poniatowski et al. (2022) (see
also Puls et al. 2000), and g;t = 7; is the line optical depth 7;
Sobolev (1960). Importantly, since ¢ = k.cp/ |dv/dr| is indepen-
dent of the line index i, it can be treated as an independent
variable of the problem (Castor et al. 1975). For further dis-
cussions and full derivations of these quantities, we refer to
Poniatowski et al. (2022), in particular Sects. 2.1-2.2. As in
Poniatowski et al. (2022), we computed this sum for a range of ¢
by solving the excitation and ionization balance for a given mass
density, p, and temperature, 7', using the Munich atomic line
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Fig. 1. Line-force multiplier, M(¢), as a function of the Sobolev optical-
depth-like parameter, ¢. The blue diamonds and orange circles show the
line-force multiplier calculated for the characteristic density, tempera-
ture, and metallicity listed in the labels. Black lines indicate the best
fits with the corresponding line-force parameters. Relative metal abun-
dances are scaled to the solar metallicity of Asplund et al. (2009).

database (Pauldrach et al. 2001; Puls et al. 2000, 2005)" and fol-
lowing the Saha—Boltzmann procedure outlined in Poniatowski
et al. (2022) (see also Lattimer & Cranmer 2021). We then fit the
result to

0 d+09m'-1
Mﬁt(ﬂ» T» t) - (1 — G,’) Q()t . (3)

This functional form follows from the line-distribution function
of Gayley (1995) (see Sect. 2.3 in Poniatowski et al. 2022). For
a given (p, T') pair, the fit provides values of Qy and @, while 0
can be computed directly from the sum in Eq. (2); representative
examples are shown in Fig. 1. The quantity Q = Y; w,,q; sets
the saturation for the force multiplier in the limit that all lines
are optically thin. The parameter Qy is related to the position
where the optically thick lines begin to appear, and « determines
the slope of M(f) in the region where these effects are visi-
ble?. The physical meaning of these parameters is discussed in
Gayley (1995); Puls et al. (2000); Poniatowski et al. (2022)°. We
evaluate the line-force parameters at the wind critical point and
inserted into the mass-loss rate formula above. Ionization and
recombination keep the wind approximately at the photospheric
temperature (Puls et al. 2000) so we set T = T for our calcu-
lations (see also Lattimer & Cranmer 2021). The critical point
density, p., is initially unknown. For a critical point velocity, v,,
and radius, 7., we compute p. = M /(4rv.r>). We apply the finite-
disk effect (Pauldrach et al. 1986), which places the wind critical
point very close to the stellar surface, R,, so that r. = R, is gen-
erally a good approximation. For the critical velocity v, we apply

' This database consists of >4 million lines covering all elements from
hydrogen to zinc (except Li, Be, B, and Sc, which are too rare to affect
the accumulative line-opacity) and ionization stages up to VIIL It is the
same database as included in the model-atmosphere code FASTWIND
(see Puls et al. 2005, their Sect. 3).

2 In their study, CAK considered only this power-law component.

3 Because we obtain a new excitation and ionisation balance for each
pair of (p, T), there is no need to introduce additional parameters, such
as Abbott 1982’s ¢-parameter (see Poniatowski et al. 2022) when fitting
M(t) using Eq. (3).
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Fig. 2. Quantities M (top left), O (top right), & (middle left), and Q,
(middle right) as a function of iteration number until convergence (after
3 iterations). The bottom panels show relative differences in M (left)
and critical point density p (right) between successive iterations.

the modified CAK “cooking recipe” of Kudritzki et al. (1989)
(see their Egs. (55, 55a)).

For each set of stellar parameters and chemical composi-
tion, we first guess values for the line-force parameters, applying
Eq. (1) and computing an initial estimate of p.. Using this esti-
mate, we solve for the sum in Eq. (2) for a range of ¢, fit Eq. (3)
to the results and obtain updated values for the line-force param-
eters. We then use the updated parameters to compute a new
mass-loss rate and repeated the procedure until p. (and hence
M) converged. This procedure yields a simple, robust, fast, and
efficient scheme that typically achieves good precision after very
few iteration steps (often only about four; see Fig. 2). The results
are predictions for M and values of Q, Qy, and « at the wind
critical point for each set of stellar input parameters. A typical
example of the iteration is shown in Fig. 2. An interactive version
of the procedure is available at LIME®*.

Occasionally, different parts of the M(f) curve for a given
(0, T) pair have different slopes. This typically occurs at rel-
atively low temperatures, as shown in Fig. 1 (orange circles).
Fig. 3 demonstrates that this behavior relates to the contributions
of different driving ions to the total line force. In the example
shown, the iron line contribution (green curve) displays a shal-
lower slope than the carbon, nitrogen, and oxygen (CNO) lines
and a significantly lower saturation limit, Q. While iron con-
tributes significantly to the total line force at higher ¢ values,
CNO dominates M(#) at lower t, which is then also reflected in
the slope of the cumulative curve. This slope difference between
light (CNO) and heavy (iron) elements was also found by Puls
et al. (2000). To ensure that we covered the “correct” part of the
M(t) curve, we estimated #.,i = K.pcC/|dv/dr| using the analyti-
cally predicted velocity gradient for the critical point in the CAK
radial stream limit. When fitting for Qy and a, we then ensured
that the fitting range included both 7.; and the saturation limit.
The latter is particularly important because saturation occurs at

4 https://lime.ster.kuleuven.be
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Fig. 3. Line-force multiplier, M(¢), as a function of ¢ for stars with Te
and critical point density (log pei [gcm™]) of 42000 [K] and —12.79
(left) and 18 000 [K] and —14.52 (right). The line-force parameters O,
0o, and « at the critical point are 1043, 620, 0.73 (left) and 866, 834,
0.87 (right). Blue circles represent M(¢) calculated from the entire line
list, with the black line indicating the fit. Green and pink lines show
M(t) calculated using only Fe lines and CNO lines, respectively. The
vertical dashed orange line marks 7.,; (see text).

different ¢ values in different parts of the parameter space (for
example, depending on metallicity, Z).

A reasonable lower limit for line-driven winds is [.(1 + Q) 2
1, since below this the radiation force is never able to over-
come gravity’. As such, we imposed I',(1 + Q) = 1 as a lower
limit for our models, but note that a somewhat stricter limit of
the present theory could be M(t.;) < Q. If this criterion is not
met, the line-force multiplier does not depend on the velocity
gradient, rendering the CAK-like critical point analysis leading
to Eq. (1) questionable. Although not relevant for the observa-
tional comparisons presented in Sect. 3, these lower limits can
be important for cases with low I'. and in the low-metallicity
regime (see also Kudritzki 2002), owing to the principal depen-
dence O ~ Z. Finally, we note that we did not consider possible
decoupling of metal ions from the bulk hydrogen and helium
plasma, which may complicate the situation for very low-density
winds (see Owocki & Puls 2002 for suitable estimates of where
this effect might become relevant).

The present version of LIME evaluates the line force param-
eters only at the estimated wind critical point, which determines
the mass-loss rate within the formalism. As such, the effects of
relative differences in line-driving efficiency between the inner
and outer wind regions are neglected (see also Sect. 4). However,
we can still use the line-force parameters calculated by LIME to
obtain also an approximate value for the terminal wind speed
Voo For this, we adopted the fitting-formulas of Kudritzki & Puls
(2000, Egs. (15) and (17), assuming 6 = 0). As noted above,
because our method does not take into account differences in
line-driving efficiency between the wind critical point and the
outer wind, terminal wind speed estimates are generally expected
to be less precise than our corresponding M calculations (see,
e.g., Puls et al. 2000; Bjorklund et al. 2021 for discussions of
how outer-wind effects may influence v.,). When comparing our
theoretical v, estimates with values from the empirical studies
described below, we find reasonably good agreement for early
supergiants, whereas theoretical values for dwarfs are sometimes
higher than empirically inferred v,— a general result that has

3 Gas pressure gradients are typically small in regimes where line-
driving is important.
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Fig. 4. Logarithm of the ratio between mass-loss rates derived using
our method and rates obtained empirically from observational data as
described in the text. The colors and markers correspond to the different
samples marked on the labels. The dashed line illustrates the position
where rates would be equal.

been noted several times before in the line-driven wind literature
(e.g.,Kudritzki & Puls 2000; Bjorklund et al. 2021).

3. Comparison with observations and other
theoretical mass-loss rates

Fig. 4 compares our predicted mass-loss rates with those derived
from observations of 86 OB stars in the Galaxy, the large Mag-
ellanic cloud (LMC), and small Magellanic cloud (SMC). These
empirical rates were derived homogeneously by fitting optical
and ultraviolet observations of a multitude of strategic spectral
lines to synthetic spectra computed with the model atmosphere
and wind code FASTWIND (Puls et al. 2005; Sundqvist & Puls
2018). This modeling accounts for wind clumping with arbitrary
optical thickness, a non-void interclump medium, and porosity
effects in velocity space. Observational data were taken from
the ULYSSES and XSHOOTU projects (Vink et al. 2023) for the
LMC and SMC, and from Hawcroft et al. (2021) for the Galaxy.
For each star, we used a genetic algorithm approach to find the
global best fit to the data (Hawcroft et al. 2021; Brands et al.
2022). These state-of-the-art empirical results are described in
detail by Hawcroft et al. (2021); Verhamme et al. (2024); Backs
et al. (2024); Brands et al. (2025), and Verhamme et al. (in prep.).

Fig. 4 shows overall good agreement between our predicted
rates and those empirically inferred from observations. The
error bars indicate 1o statistical uncertainties in the empiri-
cal M. Although the comparison exhibits significant scatter,
there appears to be no significant systematics present. Compar-
ing our predictions with alternative mass-loss rate recipes from
Vink et al. (2001); Bjorklund et al. (2023) and Krticka et al.
(2024), shown in Fig. 5 reveals that the simple method pre-
sented here performs equally well or better. For example, the
systematics seen in the comparisons with Vink et al. (2001),
which predicts significantly higher rates at lower temperatures,
and with Bjorklund et al. (2023), which systematically yields
lower rates, were not present in our results. The prescrip-
tion of Krticka et al. (2024) also shows no clear systematics,
but we note that this recipe is based on a complex fitting
function formula applied to an underlying model grid. This
makes its application outside the limited parameter domain
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(log)yL/Les = 5.28-5.88 and Z/Z, = 0.2-1.0) difficult and
not recommended (see discussions in Krticka et al. 2024
and Verhamme et al. 2024). Sample means and stan-
dard deviations of all four comparisons yield the ratios
10810 Mprescription/ Mempirical = —0.12 £ 0.41,0.47 £ 0.64, —0.53 +
0.56, and —0.30 + 0.34 for the present method and those of Vink
et al. (2001), Bjorklund et al. (2023), and Krticka et al. (2024),
respectively; these sample means and standard deviations are
also plotted in the lower panel of Fig. 5. It remains unclear
whether the remaining small offset and scatter in the compar-
isons between our method and the empirical data are dominated
by uncertainties in the line-driven wind theory presented here or
in the methods used to infer M from observational data (see also
the discussions in Bjorklund et al. 2021; Verhamme et al. 2024).

We also provide the line-force parameters (a, Q, and Q) for
the stars in our comparison sample (see Fig. 6). As expected, the
Q values are on average higher for LMC stars than for SMC stars
because of the higher metallicity of the LMC; however, signif-
icant star-to-star scatter is present. We also note an interesting
feature of large a values at lower temperatures. The explana-
tion for this is the same as that discussed in Fig. 3: whereas the
slope of the M(#) curve is shallower in the iron-dominated high-¢
regions, t. for our sample stars typically falls within the steeper
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Fig. 6. Line-force parameters Q (left), O/Q, (middle), and « (right) at the wind critical point for the stellar sample described in Sect. 3. Colors and

markers correspond to the different stellar types indicated in the labels.

region influenced by lighter CNO ions, resulting in higher char-
acteristic « values. This trend contrasts previous discussions in
the line-driven wind literature regarding which ions primarily set
M. Specifically, while such discussions (e.g., Puls et al. 2000)
primarily focused on the role of CNO in outer wind driving at
Galactic metallicities, we find that the steeper slopes of these
lighter ions are often already reflected in the accumulative line
force at M(t..;).

4. Discussion and conclusion

The observational comparisons presented above demonstrate
that our simple mass-loss calculator performs equally well or
better than alternative recipes based on more elaborate line-
driven wind models. This may partly arise because those recipes
are fit formulas, typically assuming a power-law scaling of M
with stellar parameters, based on underlying grid calculations
for a restricted number of models. This introduces scatter and
uncertainties when applied to actual stars (see Sect. 3). In con-
trast, our method computes all quantities on-the-fly for any given
set of input stellar parameters, thereby avoiding such intrinsic
uncertainties. Moreover, with our approach, we can directly tune
individual abundances, whereas Vink et al. (2001); Bjorklund
et al. (2023); Krticka et al. (2024) provide only general scal-
ings with overall metallicity Z. As an example of this advantage,
although the general scaling O ~ Z holds (Gayley 1995), stars
with significant surface chemical modifications do not always
follow this. Secondary effects from corresponding changes in
Qo and a can also affect the final M scalings with metallicity
differently, depending on the stellar parameter range (see also
Puls et al. 2000). We anticipate this to be especially relevant for
future applications to chemically modified stars in the early Uni-
verse (e.g., Meynet et al. 2006) and to stars stripped by binary
interactions (e.g., Gotberg et al. 2023).

Overall, LIME yields better agreement with empirical stud-
ies than the theoretical rates we previously computed from the
same atomic database. These rates were calculated using more
sophisticated CMF radiative-transfer methods coupled with a
full solution to the stationary equation of motion (Sundqvist
et al. 2019, with corresponding grid calculations by Bjorklund
et al. 2021, 2023). In these CMF-based models, a local reduction
in radiative acceleration around the gas sonic point, generally

related to a source function dip (see Owocki & Puls 1999),
effectively limits the mass flux that can be driven. This is in
contrast to models using Sobolev (1960) line transfer and results
in overall lower predicted mass-loss rates, particularly for dwarf
stars. Furthermore, inclusion of ad hoc so-called “microturbu-
lence” in the broadening of line profiles significantly impacts
the predicted line force in such non-Sobolev models (see Lucy
2010; Bjorklund et al. 2021; Gonzélez-Tora et al. 2025). Recent
time-dependent multidimensional simulations of O stars reveal
strong turbulence in the sonic regions (Debnath et al. 2024).
However, our results suggest that including this turbulence using
the current standard “microturbulence” framework in stationary
CMF-based models may not be justified, at least not when com-
puting the line acceleration. In Appendix A, we further compare
force multipliers computed with the Saha Boltzmann method
used here to those obtained with the approximate NLTE method
of Puls et al. (2000). For a few select temperatures at a proto-
typical critical point density, we derived line-force parameters
using both methods and find generally small differences. The
main reason is that the mass-loss rate is determined very close
to the stellar surface. At these radii, the densities are still rela-
tively high and the effects of NLTE modest®. In the outer wind,
NLTE effects are typically much larger due to the very diluted
stellar radiation field. This underlies why LIME provides better
results for M than for v, (see the end of Sect. 2). Specifically,
our method uses insights from line-driven wind theory to avoid
explicit numerical solutions of the equation of motion, thereby
obtaining mass-loss rates in a simplified way. It therefore com-
putes the line force at a single (critical) point in the wind. This
method can then provide on-the-fly quantitative predictions for
mass-loss rates, since computing the sum in Eq. (2) is the only
time-expensive step in the algorithm. In reality, however, density
and temperature vary throughout the wind, so that the excitation
and ionization balance, and thus the line-force parameters Q, Qy,
and a, also vary (see Poniatowski et al. 2022; Moens et al. 2022a;
Debnath et al. 2024 for examples of these variations within
this formalism). This also applies to NLTE corrections, which
generally increase with wind radius. These effects influence
the analytic estimates of the wind-critical position and velocity

6 This applies to the evaluation of cumulative line acceleration, but
may not hold for detailed diagnostics of specific spectral lines (see
Appendix A and Puls et al. 2005).
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applied here (see also Kudritzki et al. 1989; Puls et al. 2000).
However, the comparisons in Sect. 3 and Appendix A suggest
that they do not, in general, significantly affect the calculations
of global M from line-driven winds.

Due to limitations in our atomic database, we currently
do not recommend applying the recipe outside the range
18 kKK S T < 60 kK. We are currently working on an extension
to lower and higher temperatures and will report on this in the
near future (Debnath et al., in prep.). Such extensions are impor-
tant, for example, for evolved hot stars whose surface layers have
been stripped by binary interactions (Gétberg et al. 2023).

In addition to these temperature restrictions, a few further
limitations of our method are worth noting. (i) Although the
calculator can technically be applied up to the limit I, — 1,
the theory is based on line-driving from the stellar surface,
which means subsurface physical effects may complicate appli-
cations for stars residing very close to the classical Eddington
limit, at least at (near) Galactic metallicities and above (see also
Bestenlehner 2020). Recent multidimensional simulations of
evolved stars with Z = Z, show that above a certain I'; thresh-
old, opacities from ionization of iron-group elements around
T ~ 150 kK (Rogers & Iglesias 1992) provide enough radiation
force to launch a strong wind outflow from beneath the stellar
surface, leading to enhanced mass-loss rates if the wind is also
sustained to higher radii (Moens et al. 2022b). Similar results
have also been found for recent 1D, stationary models (Sander
et al. 2020). However, this effect is strongly metallicity depen-
dent, so that hot stars with significantly lower abundances of
iron-group elements can reside much closer to the Eddington
limit with undergoing subsurface wind launch. (ii) We neglect
the effects of rotation; for fast-rotating stars, corrections may
be required (see Sect. 2.2.1 of Puls et al. 2008). (iii) We also
neglect the influence of strong magnetic fields, which, at least
for a small subset of massive stars, can induce magnetospheres
that prevent large portions of the initiated wind from escaping
the star (see Ud-Doula et al. 2008, their Eq. (23), for a suitable
scaling relation).
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Appendix A: NLTE effects

We here evaluate potential NLTE effects on the line force mul-
tipliers computed by LIME. For this purpose we use the method
applied in the line-driven wind statistics paper by Puls et al.
(2000) for computing the ionisation balance and occupation
numbers. This is an approximate NLTE method that modifies
the Saha-Boltzmann relations by accounting explicitly for dif-
ferent radiation and gas temperatures, Troq and Tg,, as well as
for a modified spherical dilution factor W of the illuminating
radiation field (as defined in, e.g., Eq. (10) of Lucy & Abbott
1993). In comparison to the standard dilution factor, note that
this modified W contains an optical depth correction such that,
by definition, W = 1 at the stellar surface in order to obtain a
smooth transition to LTE conditions. This approximate method
(or variants of it) has been quite extensively and successfully
applied before in a range of line-driven wind studies (for example
by Abbott 1982; Abbott & Lucy 1985; Lucy & Abbott 1993; Puls
et al. 2000; Petrenz & Puls 2000), and has also been calibrated
against full NLTE calculations in Puls et al. (2005). We here fol-
low Puls et al. (2000) in using a frequency-independent radiation
temperature and a Planckian radiation field, enabling straightfor-
ward and direct comparisons to results in the main paper. As
discussed in Puls et al. (2000) (their Sect. 4.2.8), previous tests
using more realistic photospheric fluxes generally show small
effects, with the possible exception of cooler B-stars (see also
Petrenz & Puls 2000). As we currently cut application of LIME
at T.¢ = 18 kK we adhere to Planckian fluxes in this paper, defer-
ring further studies of the influence from different irradiation
fluxes to future work (which in any case would involve com-
putations of newer and much larger grids of underlying model
atmospheres in order to allow for general applications).

Fig. A.1 shows force multipliers M(¢) and fitted line-force
parameters O, Qp, and a computed with the new method. For a
typical critical point density, results for four different gas tem-
peratures are shown. Tgys = Trag and W = 1 here correspond
to the LTE approximation used in LIME, and we have verified
that results are indeed identical. We test this against the ratio
Toas/Traa = 0.8, also used by Puls et al. (2000), and for W = 1
as well as a very diluted radiation field W = 1/3 as in table 2 of
Puls et al. 2000. From the figure we see that effects upon derived
line force parameters are insignificant for all combinations with
W =1 and remain generally small also for W = 1/3 (e.g.,
changes in @ < 0.1 throughout), albeit with some moderately
large changes in Qp present. Most importantly though, corre-
sponding effects upon predicted mass-loss rates remain modest.
Note also that application of the low W = 1/3 means that the
critical point would be shifted away from the stellar surface,
which is not what our method here assumes and generally goes
against the trend for line-driven wind models including the finite
stellar disk (and even more so for models based on co-moving
frame radiative transfer, see below).

The relatively small NLTE effects found here are quite inter-
esting in view of the general consensus that such effects are
always very important in hot star atmospheres. But as dis-
cussed also in the main paper, this is particularly true further
out in the wind where the radiation field is very diluted. On
the other hand, near the star where the mass-loss rate is set,
gas and radiation temperatures remain relatively similar and the
radiation field is only modestly diluted. It is still true that a
frequency-dependent radiation temperature and NLTE calcula-
tions are critical for certain population numbers (e.g., the Hell
ground state, see Puls et al. 2005) and the formation of spe-
cific spectral lines, but the results presented here suggest that

for the cumulative line acceleration such effects may perhaps
play a somewhat smaller role than previously thought, at least
near the stellar surface. Since the critical point is even closer
to the surface (at the gas sonic point) in non-Sobolev stationary
wind models based on co-moving frame line radiative transfer
(Sander et al. 2017; Sundqyvist et al. 2019), this may at least partly
explain why the simple semi-analytic LTE method presented in
this paper actually gives results that, in a general sense, agree
rather well with these seemingly much more sophisticated simu-
lations. Indeed, this was actually suggested already by the small
set of full hydrodynamical LTE O-star line-driven wind simu-
lations by Poniatowski et al. (2022), who found overall good
agreement with the mass-loss rates predicted by complete NLTE
models (their Fig. 7).
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Fig. A.1. Force multipliers M(r) computed for the densities and temperatures shown at top of each plot. Each plot shows four different M(r)

curves and corresponding fits of O, Qy, and @, computed for the different combinations of dilution factor W, radiation temperature Tr,q, and gas
temperature Ty, displayed in the colour bar to the right. The temperatures T at the top of each figure refer to Tr,q.
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