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Wolf-Rayet stars are important sources for the enrichment of the ISM with nuclear processed
elements, UV photons and momentum. They are descendants of high-mass stars for which short
lifetimes and transition times can hamper the spectral classification of the stars in their different
evolutionary phases. The expanded stellar atmospheres of Wolf-Rayet stars can show spectra
which seem inconsistent with the anticipated underlying evolution phase, for example in late
hydrogen-burning WN stars and Of/WN transition stars. We present a sequence of synthetic
spectra of the Potsdam Wolf-Rayet models based on the latest Geneva stellar evolution models.
This will visualize the changes in stellar spectra over a full stellar lifetime. Direct comparison
with observed stellar spectra, as well as the evolution of diagnostic line ratios will improve the
connection of spectral classification and evolution phase.

1 Motivation

The spectral classification of high-mass stars can be
hampered by many factors, for example, the ob-
served wavelength range with limited numbers of
characteristic lines, diluted lines due to a high flux
contribution from a binary companion, a short lived
stellar evolution phase with the lack of templates for
comparison, and so on.

Also, radiative-driven stellar winds like in Wolf-
Rayet (WR) stars mask direct observations of the
photosphere. For proper spectral classification and
to determine stellar and wind parameters we rely on
observed characteristic (wind) lines and the compar-
ison to adequate models of expanding stellar atmo-
spheres. The evaluation of observations and derived
stellar parameters in the context of stellar evolution
is still a challenge, for example to estimate the age
and initial mass range of a star by comparison with
stellar evolution tracks.

Stellar evolution models provide such tracks with
well defined observable stellar parameters like tem-
perature, magnitude, and surface abundance in con-
nection with the underlying physical processes like
rotational mixing or central burning processes. Groh
et al. (2014) used the Geneva evolution tracks to
compute CMFGEN models for a 60M� star (Hillier
& Miller 1998) and analyze the synthetic spectra in
terms of spectral subtype assignment and stellar evo-
lution.

In this work, we explore the use of stellar evo-
lution models to create normalized synthetic spec-
tra and flux-calibrated spectral energy distributions
(SEDs) with model atmospheres further to support
the spectral classification and thus understanding
of various stellar evolution phases. We construct
a grid of Potsdam Wolf-Rayet (PoWR) model at-
mospheres (e.g. , Gräfener et al. 2002; Hamann &
Gräfener 2004) for stellar evolution tracks of differ-
ent initial stellar masses. This will enable us to study
in detail the line profile variation, spectral transition
phases, and evolution of quantities such as wind mo-
mentum, ionizing flux, etc. In addition, the available
synthetic spectra can serve as templates for spectral

classification throughout the high-mass regime in the
Hertzsprung-Russell diagram.

2 Model grid

2.1 Potsdam Wolf-Rayet model
atmospheres

We used the PoWR models to calculate normalized
synthetic (emission) line spectra and spectral energy
distributions.

The models assume spherically symmetric, sta-
tionary mass-loss with a prescribed velocity field; a
β-law is adopted for the supersonic part of the stel-
lar atmosphere, with the terminal velocity v∞ as a
free parameter and β = 1 in this work. The veloc-
ity field in the subsonic region is defined so that a
hydrostatic density stratification is approached.

The inner boundary of the model atmosphere, the
“stellar radius” R∗, corresponds to a Rosseland op-
tical depth of 20. And the “stellar temperature” T∗
is linked to the luminosity L and the stellar radius
R∗ via the Stefan-Boltzmann law.

The PoWR models account for wind inhomo-
geneities (“clumping”) in a first-order approxima-
tion, assuming that optically thin clumps fill a vol-
ume fraction fV and the inter-clump space is void.
We specify a clumping factor D = f−1

V = 4 in this
work. The Doppler velocity vdop, which reflects ran-
dom motions on small scales (“microturbulence”), is
approximated as one tenth of the terminal velocity
and thus might vary from model to model along the
evolution track (see below).

2.2 Model input

Calculated PoWR models are based on the stellar
evolution tracks provided by the Geneva group (Ek-
ström et al. 2012) for solar metallicities, with and
without the effects of rotation. As model input, the
evolution tracks provide per time step the param-
eters temperature, luminosity, mass-loss rate and
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chemical surface abundances as listed in Table 1. For
stars on the main sequence up to turn-off we used
the effective temperature Teff rather then the one
not corrected for thickness of the stellar wind T∗.

Tab. 1: PoWR model input parameters from (1) Ek-
ström et al. (2012), (2) Kudritzki & Puls (2000),
(3) Hamann et al. (2006), (4) Sander et al. (2012).

Parameter Reference

Teff , T∗, log (L/L�) (1)

Ṁ , X, Y , XCNO,surf (1)

v∞ ∼=
f · vesc O stars (2)
1000 km/s WN with hydrogen (3)
1600 km/s WN without hydrogen (3)
2000 km/s WC/WO (4)

The terminal velocity v∞ during the main-
sequence up to turn-off time is derived via the es-
cape velocity following Kudritzki & Puls (2000) with
a factor f depending on the effective temperature of
the star. For the later evolution phases we list the
fixed values and references in Table 1.
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Fig. 1: Sampling of time steps for calculating PoWR
models along the evolution model for a star with 25M�
initial mass without effects of rotation.

2.3 Sampling the evolution track

The Geneva evolution tracks comprise 400 time steps
for a given initial mass. Computation-wise, it is in-
feasible to compute 400 PoWR models for each evo-
lution track. Thus, input parameters are taken from

selected time steps sampling the most significant
phases in stellar evolution. This sampling follows
the normalization scheme given by Ekström et al.
(2012) and covers the main sequence towards turn-
off, helium burning phases including a loop in the
HR diagram, and carbon burning phases as shown in
Fig. 1. Sub-grid sampling to cover transition phases
in stellar evolution such as turn-off to possible lumi-
nous blue variable (LBV) phase can be calculated in
a future project.

Fig. 2: Time sequence of PoWR spectra for an initial
60M� star without effects of rotation.

3 Results

The grid of calculated PoWR models covers the evo-
lution tracks of 25, 40, and 60M� initial mass so
far, each with vrot = 0.4 vcrit and without the ef-
fects of rotation. Extension of this grid to other
initial masses is considered for future work. In the
following we focus on the track for 60M� without
rotation.

The output of the PoWR models summarizes the
stellar parameters, including the input parameters,
absolute magnitudes in different filter systems, and
emergent astrophysical flux at each time step. More
importantly the PoWR models provide synthetic
(emission) line spectra and spectral energy distribu-
tions. The wavelength range of those covers the UV
and Optical (1200–7800 Å), Helium I (9500–12000 Å)
in detail, and near-infrared JHK (1–2.5µm) regime
for this work. The sequence of optical spectra across
time following the evolution track is shown in Fig. 2.

Depending on the specific interest, the available
grid allows for different aspects to be analyzed both
individually per time step and in total in the frame-
work of stellar evolution:

130



Evolution of WR spectra

H burning He burning
C burn.

XH  > 0.4 XH  > 0.0 XH  = 0.0

za
m

s

m
in

-z
am

s

tu
rn

of
f

pr
e-

H
e

be
gi

n-
H

e
H

e-
bu

rn
1

H
e-

lo
op

H
e-

bu
rn

2
H

e-
ex

h
C

-b
ur

n
C

-e
nd

0.0 Myr 3.6 Myr 4.0 Myr

-80

-60

-40

-20

0

 W
λ

  H
e

II
 5

41
1 

[Ao
]

 He II

1

2

3

4

5

6

5400 5600

 λ [A
o

]

 n
or

m
. f

lu
x 

+ 
c 

[a
. u

.]

Fig. 3: Evolution of Wλ of a He II line. The background
(left panel) represent the ongoing central burning process
and hydrogen surface abundances of the according evo-
lution track. Normalized emission line spectrum (right
panel) flux plus constant shift over time.

(i) direct comparison to observed spectra for line
identification and spectral classification,

(ii) correlation of properties of diagnostic lines in
different wavelength regimes,

(iii) SED fitting to obtain reddening and dis-
tance/luminosity estimates,

(iv) spectral line profile fitting to derive stellar and
wind parameters,

(v) evolution of line properties, like equivalent
width, FWHM, and line ratios, and

(vi) energy and momentum output over stellar life-
time.

As an example, we present the evolution of the
equivalent width Wλ of the He II line at λ5411 Å
in Fig. 3. It can be clearly seen that during main-
sequence evolution, associated with the hydrogen
burning phase, the line is hardly present in the spec-
trum but becomes a prominent emission line for
the Wolf-Rayet phases. The pattern and color cod-
ing of the background helps to distinguish between
hydrogen-depleted or hydrogen-free atmospheres for
these later phases. Also the underlying central burn-
ing process of the evolution model might help to clas-
sify transition phases, for example, between O stars
leaving the main sequence and very late WN stars.

In Fig. 4, we present the evolution of absolute
Johnson magnitudes over time (top panel) as well
as the number of ionizing photons for hydrogen and
helium (bottom panel). The biggest changes in the
number of ionizing photons are found towards the
end of the main-sequence life with a decrease of the
order of a magnitude. Over the remaining stellar

lifetime the numbers remain at an about constant
level.
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Fig. 4: Evolution of absolute magnitudes (top panel)
and ionizing photons for H (Q0, crosses) and He I (Q1,
circles), respectively (bottom panel). See Fig. 3 for ex-
planation of the background pattern.

In the ongoing analysis, we will relate spectral
subtypes to the evolution phases. This will allow
also a better understanding of findings like line-
profile or emergent-flux changes in the context of
stellar evolution to be established.

The grid of models will be available upon request.
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Anthony (Tony) Moffat: Can you convert your
predicted spectral variations into variations in spec-
tral subtype? This would be very useful for ob-
servers. Do you see evidence for the peeling-off sce-
nario?

Adriane Liermann: This is work in progress, and
we plan to do the spectral classification and assign

subtypes for the evolution phases. On the second
part of your comment I’d like to pass on to José for
an answer.

José Groh: We do see an evolution of spectral types
during the WN phase as the hydrogen envelope is
peeled off. However, during the WC phase we see a
quite constant spectral type.
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