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Abstract
Understanding ionizing ﬂuxes of stellar populations is crucial for
various astrophysical problems including the epoch of reionization.
Short-lived massive stars are generally considered as the main stellar
sources. We examine the potential role of less massive stars that lose
their envelope through interaction with a binary companion. Here,
we focus on the role of metallicity (Z). For this purpose we used
the evolutionary code MESA and created tailored atmosphere models with the radiative transfer code CMFGEN. We show that typical
progenitors, with initial masses of 12 M , produce hot and compact
stars (∼ 4 M , 60–80 kK, ∼1 R ). These stripped stars copiously produce ionizing photons, emitting 60–85% and 30–60% of their energy
as HI and HeI ionizing radiation, for Z =0.0001–0.02, respectively.
Their output is comparable to what massive stars emit during their
Wolf-Rayet phase, if we account for their longer lifetimes and the favorable slope of the initial mass function. Their relative importance
for reionization may be further favored since they emit their photons with a time delay (∼ 20 Myrs after birth in our ﬁducial model).
This allows time for the dispersal of the birth clouds, allowing the
ionizing photons to escape into the intergalactic medium. At low Z,
we ﬁnd that Roche stripping fails to fully remove the H-rich envelope, because of the reduced opacity in the subsurface layers. This
is in sharp contrast with the assumption of complete stripping that
is made in rapid population synthesis simulations, which are widely
used to simulate the binary progenitors of supernovae and gravitational waves. Finally, we discuss the urgency to increase the observed
sample of stripped stars to test these models and we discuss how our
predictions can help to design eﬃcient observational campaigns.

2.1 Introduction

2.1

Introduction

Massive stars have played many important roles since the earliest epochs of star formation.
These stars shape, heat, and stir their surroundings and play a key role in driving the evolution
of their host galaxies (e.g. Hopkins et al. 2014). Over cosmic time, subsequent generations
of massive stars chemically enriched the Universe with elements synthesized by nuclear fusion (e.g. Woosley & Heger 2007), slowly increasing the average metallicity (i.e. mass mass
fraction of elements heavier than H and He) of subsequent stellar populations.
During their short lives, massive stars copiously produce (far) ultraviolet (UV) photons.
Of particular interest are their photons with wavelengths shorter than the Lyman limit (λ <
912 Å, i.e. with energies exceeding the ionization potential of hydrogen, hν > 13.6 eV). In the
local Universe, massive stars are observed to ionize their immediate surroundings, giving rise
to luminous HII regions (Conti et al. 2012). At larger distances, they dominate the rest-frame
UV part of the integrated spectra of star-forming galaxies and give rise to various strong
emission lines (e.g. Kewley et al. 2001). Going back further in distance and time, the early
generations of massive stars were the prime sources of ionizing photons emitted by the ﬁrst
galaxies (Bromm & Yoshida 2011). These galaxies are held responsible for the large-scale
phase transition, known as the Epoch of Reionization, during which the intergalactic neutral
hydrogen gas became ionized (Haiman & Loeb 1997; Bouwens et al. 2012; McQuinn 2016).
Massive stars are frequently found in binary or multiple systems (e.g. Garmany et al.
1980; Mason et al. 2009; Sana et al. 2014). Recent studies have shown that, in the majority
of cases, massive stars have a companion that is so close that severe interaction between the
two stars at some point during their lives is inevitable (e.g. Kobulnicky & Fryer 2007; Sana
et al. 2012). Similar conclusions have been reached by various groups using diﬀerent datasets
(Chini et al. 2012; Sana et al. 2013; Kobulnicky et al. 2014; Dunstall et al. 2015; Almeida
et al. 2017).
Binary evolution can lead to many complex evolutionary paths involving one or more
phases of mass exchange between the two stars (e.g. Paczyński 1966; Kippenhahn & Weigert
1967) and possibly a merger of the two stars. This has drastic consequences for the observable
properties of both stars, their remaining lifetime and ﬁnal fate. This raises the question about
the implications for the integrated spectra of stellar populations, and their ionizing ﬂuxes in
particular.
The most widely used spectral population synthesis codes, Starburst99 (Leitherer et al.
1999, 2014), GALAXEV (Bruzual & Charlot 2003) and FSPS (Conroy et al. 2009), do not
account for the possible eﬀects of interacting binary stars and their products. In these simulations the ionizing ﬂux comes primarily from the most massive and luminous stars, which
are short-lived. At birth these stars already emit a signiﬁcant portion of their light at wavelengths shorter than the Lyman limit. The most massive and luminous single stars lose their
hydrogen-rich envelope through stellar winds and eruptions. After a few million years they
become Wolf-Rayet (WR) stars. During the WR phase, the stars have higher emission rates of
ionizing photons, but as the stars are still hot during the long-lasting main sequence, the total

17

2 Ionizing spectra of stars stripped in binaries

contribution from main sequence O- and early B-type stars dominates the emitted ionizing
photons from single stellar populations.
Pioneering eﬀorts to account for the eﬀects of binaries on the spectra of stellar populations have been undertaken by three major groups using the Brussels PNS code (Van Bever
& Vanbeveren 2003; Vanbeveren et al. 2007), the Yunnan simulations (Zhang et al. 2004;
Han et al. 2010; Chen & Han 2010; Zhang et al. 2012; Li et al. 2012; Zhang et al. 2015) and
the extensive BPASS grids (Eldridge & Stanway 2009, 2012; Stanway et al. 2016) that have
been made available to the community. These studies have shown that binary interaction can
signiﬁcantly impact the derived ages and masses of star clusters (e.g. Woﬀord et al. 2016),
may help to explain the spectral features observed in Wolf-Rayet galaxies (Brinchmann et al.
2008), aﬀect star formation rate indicators (e.g. Li et al. 2012; Eldridge 2012) and can signiﬁcantly boost the ionizing ﬂux (see for example Stanway et al. 2016; Ma et al. 2016; Han
et al. 2007). There has also been interest in X-ray binaries in the context of ionizing radiation
(Fragos et al. 2013).
One of the challenges for simulations that account for massive binaries is the scarcity of
adequate atmospheric models for binary products. Spectral synthesis codes rely on precomputed grids of (1) stellar evolutionary models, which provide information about key properties
such as evolution of the surface temperature, gravity, and composition as a function of time
and (2) corresponding atmosphere models, which provide information of the emerging stellar spectrum. For single stars, extensive grids of atmospheric models have been produced
to cover the various evolutionary phases (Kurucz 1992; Gräfener et al. 2002; Lejeune et al.
1997). In contrast, the coverage of atmosphere models for stellar objects that are exclusively
produced through binary interaction is very sparse or even absent.
The studies that account for interacting binaries so far have adopted a variety of eﬃcient
approximations to treat atmospheres of binary products. These include the usage of atmosphere models originally intended for the evolutionary phases of single stars, possibly after
rescaling them. Other approaches are extrapolation beyond the existing boundaries of the
available spectral model grids or the most straightforward approach: simple estimates based
on blackbody approximations.
In this work we focus on stars that lose most of their hydrogen-rich envelope through
interaction with a companion. This produces very hot, compact helium stars (e.g. Kippenhahn
1969; Podsiadlowski et al. 1992). These stars are exclusively produced in binary systems.
They can be considered as low-mass counterparts to hydrogen-deﬁcient WR stars, i.e. heliumburning stars with current masses  8 M , showing strong broad emission lines indicative of
their strong stellar winds. The WR stars result from the evolution of very massive single stars
that lose their envelope through strong winds or eruptive mass loss episodes. In contrast,
the progenitors of the less massive stripped stars we are interested in do not have winds that
are strong enough to remove the envelope. They can only lose their envelope as a result
of interaction with a binary companion. They are related to the low-mass subdwarf O and B
(sdO/B) stars, which have typical assumed current masses of about 0.5-1 M (for a review see
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Heber 2016). The stripped stars of focus in this study, close the sequence in mass between
massive hydrogen-deﬁcient WR stars and the low-mass subdwarfs.
Stripped stars represent a common and long-lived evolutionary phase for interacting binaries. Practically every interacting binary produces a hot stripped star directly after the ﬁrst
mass transfer phase ceases (if the two stars avoid immediate coalescence). These stars are
normally powered by central helium burning, which is an evolutionary phase that accounts
for roughly 10% of the lifetimes of stars. Their high temperatures and long lifetimes along
with the expectation that they are common, make the stripped stars of interest as potential
stellar source of ionizing radiation. Assessing their potential as ionizing sources requires reliable models of their atmospheres. At present, no suitable grids of atmosphere models are
available that cover the high eﬀective temperatures and high eﬀective gravities that are typical
for these stars.
This paper is intended as ﬁrst in a series that will systematically explore the structural
and spectral properties of stripped stars to evaluate their impact on the spectra of stellar
populations. In this ﬁrst paper we present a case study of the eﬀect of metallicity on a very
typical, initially 12 M , star that loses its envelope through interaction with a companion after
completing its main sequence evolution and before completing central helium burning. This
type of mass transfer, case B mass transfer, is the most common case of binary interaction.
The speciﬁc choice of initial mass is empirically motivated by the observed stripped star in
the binary system HD 45166. This allows us to build upon the work by Groh et al. (2008) who
extensively analyzed and modeled this system. We focus on the long-lived helium burning
phase, which is most relevant for the integrated spectrum of stellar populations.
An additional objective of this study is to improve our understanding of the expected
observable characteristics of stripped stars, which can be used to observationally identify
these stars. Stripped stars are expected to be common, but very few have been observationally
identiﬁed. The paucity of directly observed stripped stars – the apparent paradox of missing
stripped stars – can be understood as the result of various selection eﬀects that hinder their
detection (de Mink et al. 2014; Schootemeijer et al. 2018). For example, stripped stars are
expected to reside near their main sequence companion, which typically outshines them in the
optical and near UV. Furthermore, these stars typically have masses that are too low and orbits
that are too wide to cause observable Doppler variation that can be identiﬁed easily in the
spectra of their companion. We discuss spectral features that can be used to overcome these
biases. These spectral features can be used to guide targeted observing campaigns, which will
increase the number of observed counterparts in the local Universe. Observed stripped stars
will provide crucial test cases for the spectral model predictions and simultaneously provide
constraints on the outcome of the ﬁrst phase of binary mass transfer.
This paper is organized as follows. We describe the evolutionary and spectral models in
Sect. 2.2. In Sect. 2.3 we use our reference model to illustrate the physical processes that determine the structural and spectral properties of stripped stars. We continue by discussing the
impact of metallicity on the evolution, the stripping process and the structure of the stripped
star in Sect. 2.4. In Sect. 2.5 we discuss the eﬀect of metallicity on the emerging spectra
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and the spectral features. In Sect. 2.6 we discuss the broader implications. We ﬁnish with a
summary and conclusion in Sect. 2.7.

2.2

Modeling

2.2.1

Stellar evolution with MESA

We modeled the evolution of interacting binary stars using the 1D stellar evolution code
MESA (version 7624, Paxton et al. 2011, 2013, 2015). We focused on stars that lose their
hydrogen-rich envelope through Roche-lobe overﬂow after they complete their main sequence and swell to become red giants (also called case B mass transfer, see Kippenhahn
& Weigert 1967). This is the most common case of mass transfer. About a third of all massive stars are estimated to undergo this type of evolution (Sana et al. 2012).
We started the evolution at the onset of core hydrogen burning using the nuclear network approx21, which contains reactions relevant for hydrogen burning through the CNO
cycle and non-explosive helium burning (see Paxton et al. 2011). We followed the evolution
through all long-lived phases until central carbon depletion (deﬁned as XC, c < 0.02). These
evolutionary stages together account for 99.9% of the stellar lifetime.
We accounted for convective mixing using the mixing length approach (Böhm-Vitense
1958) adopting a mixing length parameter αMLT = 2. We allowed for overshooting above
every convective burning region up to 0.335 pressure scale heights above the convective region, following the calibration by Brott et al. (2011a). The semiconvection parameter is set
to αsem = 1 (Langer 1991). We also accounted for thermohaline mixing (Kippenhahn et al.
1980) and rotational mixing (Paxton et al. 2013), but neither of these play a signiﬁcant role
in the models of the mass losing primary star presented here.
We used the Vink et al. (2001) wind mass loss algorithm for eﬀective temperatures estimated by MESA, T eﬀ, mesa > 104 K and surface hydrogen mass fraction, XH, s > 0.4. This
prescription scales with metallicity as Ṁ ∝ Z 0.85 . In the models presented here, these conditions are met throughout the main sequence evolution and the post-main sequence evolution
before the onset of mass transfer.
After stripping, most of our stars have a surface hydrogen mass fraction XH, s < 0.4 and
then we switched to the empirically determined WR mass loss algorithm of Nugis & Lamers
(2000). This prescription scales with luminosity, surface helium abundance, and metallicity,
where the relation with metallicity is Ṁ ∝ Z 0.5 (cf. Kudritzki et al. 1987)1 . Lacking an
appropriate wind mass loss algorithm for the winds of stripped stars, we extrapolated this
algorithm and applied it to the lower luminosities of stripped stars compared to WR stars.
The observationally derived wind mass loss rate of the observed stripped star in HD 45166
(Groh et al. 2008) is in good agreement with the rate estimated by extrapolating the Nugis &
1 Hainich et al. (2015) have found a stronger metallicity dependence from observed WR stars, which would imply
weaker winds in lower metallicity environments.
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0.02
0.0166
0.0142
0.0134
0.01
0.005
0.0047
0.0021
0.001
0.0005
0.0002
0.0001

Z

3.61
3.67
3.71
3.73
3.81
4.01
4.02
4.23
4.41
4.6
4.77
4.89

M
[M ]

3.51
3.55
3.57
3.58
3.63
3.75
3.76
3.86
3.92
3.97
3.95
3.92

MHe core
[M ]
4.21
4.23
4.24
4.25
4.27
4.33
4.33
4.4
4.45
4.5
4.52
4.53

log10 L
[L ]
80.2
79.9
79.5
79.3
78.6
76.6
76.2
72.3
67.4
61.2
54.9
50.3

T
[kK]
79.9
79.6
79.1
78.9
78.3
76.2
75.8
71.9
67.0
60.7
54.3
49.7

T eﬀ
[kK]
5.35
5.33
5.31
5.3
5.28
5.19
5.18
5.05
4.89
4.69
4.49
4.34

log10 geﬀ
[cm s−2 ]
0.66
0.68
0.7
0.7
0.74
0.83
0.84
1.0
1.23
1.57
2.02
2.43

R
[R ]
0.66
0.68
0.7
0.71
0.74
0.84
0.85
1.02
1.24
1.6
2.06
2.48

Reﬀ
[R ]
-6.58
-6.6
-6.63
-6.64
-6.68
-6.8
-6.81
-6.95
-7.09
-7.21
-8.26
-8.4

log10 Ṁ
[M yr−1 ]
0.01
0.01
0.02
0.02
0.03
0.05
0.05
0.08
0.12
0.18
0.25
0.31

Mtot,H
[M ]
0.0
0.0
0.0
0.0
0.0
0.009
0.011
0.015
0.02
0.024
0.028
0.031

Mtot,H,f
[M ]

1.51
1.48
1.46
1.45
1.42
1.36
1.35
1.31
1.29
1.27
1.27
1.26

τstripped
[Myr]

0.17
0.18
0.19
0.2
0.21
0.26
0.26
0.31
0.36
0.4
0.44
0.48

XH,s

0.81
0.8
0.79
0.79
0.78
0.74
0.73
0.69
0.64
0.6
0.56
0.52

XHe,s

Notes: The parameters displayed here are the initial metallicity, Z, the mass of the stripped star, M , the mass of the helium core of the stripped star, MHe core , the
luminosity, L, the stellar temperature, T  (at an optical depth τ = 100), the eﬀective temperature, T eﬀ (at τ = 2/3), the eﬀective surface gravity, log10 geﬀ , the stellar
radius, R (τ = 100), the eﬀective radius, Reﬀ (τ = 2/3), the wind mass loss rate, Ṁ, the total hydrogen mass of the stripped star, Mtot, H , the total hydrogen mass at
the end of the evolution of the stripped star, Mtot, H, f , the time during which the star is stripped, τstripped (the remaining life time after detachment from ﬁrst Roche lobe
overﬂow phase), the surface hydrogen mass fraction, XH, s and the surface helium mass fraction, XHe, s . Unless stated otherwise we use the parameter values halfway
through core helium burning which we deﬁne as XHe,c = 0.5. The helium core is deﬁned as the most exterior mass coordinate where XH < 0.01 and XHe > 0.1. We note
that by construction T  ≈ T eﬀ, mesa , the surface temperature resulting from our MESA models. We use the values from our standard wind mass loss models and highlight
our reference model in light gray.

M_Z02
M_Z0166
M_Z0142
M_Z0134
M_Z01
M_Z005
M_Z0047
M_Z0021
M_Z001
M_Z0005
M_Z0002
M_Z0001

Model

Table 2.1: Physical parameters of our models of stripped stars at diﬀerent metallicities (M1,init = 12 M ).
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Lamers (2000) WR algorithm. This algorithm almost two orders of magnitude higher than
values one would obtain by extrapolating the recent results by Krtička et al. (2016) for hot,
subluminous stars. We found that their mass loss algorithm would give a mass loss rate that is
too low to be consistent with the observed spectral characteristics for HD 45166. We therefore
chose to adopt Nugis & Lamers (2000). Throughout this work we considered variations in
the adopted wind mass loss rate for stripped stars to understand the eﬀects of wind mass loss
rate.
We initiated our models at the zero-age main sequence without rotation. The donor star
never reaches high rotation rates throughout its evolution (cf. Yoon et al. 2010). Although we
do not discuss the evolution of the accreting star here, we still follow its evolution. During
mass transfer the accreting star spins up. We assumed the accretion mechanism described
in Petrovic et al. (2005) where, when the secondary star rapidly reaches critical rotation
during the mass transfer stops accreting signiﬁcant amount of material. Non-conservative
mass transfer follows, during which we assumed that the mass not accreted by the secondary
is lost from the system with the speciﬁc angular momentum of the orbit of the secondary.
The eﬃciency of mass transfer is uncertain (de Mink et al. 2007), but the properties of the
primary star are not signiﬁcantly aﬀected by the details of the treatment of the secondary star
and the accretion eﬃciency.
We used the parameters derived for the observed binary system HD 45166 as a motivation
for the chosen starting point of our parameter space exploration. HD 45166 consists of a 4.2 ±
0.7 M quasi-WR (qWR) star that is orbiting a companion of spectral type B7V. The spectral
type of the companion is consistent with a main sequence star of about 4.8 M (Steiner &
Oliveira 2005). The qWR star is believed to be the stripped remnant of an initially more
massive star. We found that the parameters of this system can be approximately reproduced
adopting M1,init = 12 M and M2,init = 5 M . The initial mass of the secondary is not as well
constrained as the primary. It depends on the eﬃciency of mass transfer. However, here we
are primarily interested in the eﬀect on the primary star. The precise choice of the companion
mass does not have large eﬀects on the outcome of the primary star after stripping.
In this work we investigated the eﬀect of metallicity. In a subsequent paper we will
discuss the dependence on the further system parameters. We computed a grid of binary
systems with these initial stellar masses and adopted an initial orbital period of 20 days.
We varied the metallicity between Z = 10−4 up to Z = 0.02. This corresponds to values
of the extremely low metallicity dwarf galaxy IZw18 (Izotov & Thuan 1998; Szécsi et al.
2015; Kehrig et al. 2015) up to super-solar values. The relevant metallicity for HD 45166 is
Z = 0.0166 (Groh et al. 2008; Asplund et al. 2009). In terms of [Fe/H] these models span
between −2.18 and 0.16, while in terms of A(O) the models span between 6.6 up to 8.9.
For the initial helium mass fraction we assumed Y = 0.24+2Z following Pols et al. (1998),
which approximately spans the range between an approximately primordial chemistry and a
near solar abundance. For hydrogen we assumed X = 1 − Z − Y. The abundances of the
heavier elements were assumed to scale to solar and meteoric abundance ratios as determined
by Grevesse & Sauval (1998). It is likely that the relative metal fraction is not solar for
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Figure 2.1: Density (top) and temperature (bottom) structure of the MESA (gray) and CMFGEN (colored) models of
a stripped star and its atmosphere. We show our reference model (Z = 0.0166). The diﬀerent colors of the CMFGEN
models correspond to the standard, reduced and enhanced wind mass loss rates. The inset provides a zoom-in, which
shows that the connection is not perfect. However, as shown by the horizontal arrow, the mismatch in the radial
direction is very small and translates to an error in the surface temperature that is much less than 1% (see main text),
which is more than suﬃcient for the purposes of our study.

all metallicities. However, for a ﬁxed iron mass fraction we expected the eﬀects of CNO
variations to be of small impact on the ionizing output, but could aﬀect the strength of carbon,
oxygen and nitrogen lines. The initial helium mass fraction could impact the compactness
and luminosity of the stars and could be of higher relevance. Table 2.1 provides an overview
of the main parameters of the evolutionary models presented in this work.

2.2.2

Stellar atmospheres with CMFGEN

We used the radiative transfer code CMFGEN (Hillier & Miller 1998) to model the spectra
of stripped stars tailoring them to the MESA stellar evolution models. The CMFGEN code
takes into account gas out of local thermodynamic equilibrium (non-LTE). The CMFGEN
code is a necessary tool for modeling optically thick stellar atmospheres, which is something
not taken into account by for example Kurucz models (Kurucz 1992). The presence of an
extended atmosphere and an optically thick wind changes the optical depth scale, aﬀecting
the eﬀective temperature and eﬀective surface gravity (both are deﬁned at a radius where the
Rosseland optical depth is τ = 2/3). Each CMFGEN model provides the spectral energy
distribution and a normalized spectrum which we computed between 50 and 50 000 Å. We
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included the elements H, He, C, N, O, Si and Fe. Additional elements are not expected to
show dominating spectral features as their abundances are low. Our choice of the atomic
model is a compromise between computational speed and accuracy.
The observed stripped star in HD 45166 is measured to have the wind speed of v∞ = 350 ±
40 km s−1 when using a wind velocity beta law with β = 1 (Groh et al. 2008). This wind speed
is surprisingly low for a star with T eﬀ  50 000 K. There is evidence of a latitudinal-dependent
wind in HD 45166 (Groh et al. 2008). The spectral lines are consistent with the presence
of a fast polar wind (v∞  1 300 km s−1 ) and a slow equatorial wind with (v∞  300 km
s−1 ), which could reconcile observations and theoretical expectations of hot-star winds. The
derived clumping volume ﬁlling factor is 0.5 (Groh et al. 2008). We used these measurements
of wind parameters in the qWR in HD 45166 for our spectral models of stripped stars.
Adopting higher terminal wind speeds would decrease the derived optical depth of the
wind and also yield broader and weaker lines if the mass loss rate is kept constant. For a
constant mass loss rate, lower clumping volume ﬁlling factors would increase the equivalent
width of recombination lines such as HeII λ4686. We discuss the eﬀects of the wind terminal
velocity and clumping factors on the spectrum of stripped stars in Appendix A.2.

2.2.3 Connecting atmospheres to structure models
We employed the method described in Groh et al. (2014) to connect the MESA stellar structure with CMFGEN. Here we brieﬂy describe the approach and refer to the paper above
for further details. For alternative approaches, see Schaerer et al. (1995), Topping & Shull
(2015), and Martins & Palacios (2017).
We took a structure model from the evolutionary sequence computed with MESA, when
the stripped star is halfway through core helium burning, which we deﬁned as the moment
when the central helium mass fraction drops to XHe, c = 0.5. As input for the CMFGEN models at Rosseland optical depth τ = 20, we used the eﬀective temperature (T eﬀ, mesa ), surface
gravity (log10 gmesa ), stellar radius (Rmesa ) and surface abundances extracted from our MESA
model following the approach extensively tested by Groh et al. (2014). From the CMFGEN
models we extracted the true eﬀective temperature, T eﬀ (τ = 2/3), and the surface temperature
of the star, T  , deﬁned as the eﬀective temperature computed at the radius where the optical
depth τ = 100. Our standard wind mass loss models have the wind mass loss rate from the
Nugis & Lamers (2000) WR algorithm, with the exception of the Z  0.0002 models which
are slightly cooler and have the wind mass loss rate of Vink et al. (2001). Given the uncertainties in the mass loss rate, we also computed CMFGEN models with three times higher
(labeled “enhanced”) and three times lower (“reduced”) mass loss rates than our standard
values.
Figure 2.1 shows the connection between the MESA model and corresponding three CMFGEN models for our reference model (Z = 0.0166). The connection is not perfect, but more
than suﬃcient for a reliable prediction of the emerging spectra. The insets in Fig. 2.1 highlight the diﬀerence Δr in stellar radius calculated in MESA and CMFGEN. This discontinuity
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translates into an uncertainty in the eﬀective temperature of only ∼ 100 K. This is less than
1% of the surface temperature, which ranges between 50 000 and 80 000 K (see Table 2.1).
Diﬀerences of this order are so small that their inﬂuence on the predicted emerging spectra
an ionizing ﬂux is negligible.

2.3

Evolution and spectral features of stripped stars

The consequences of mass loss due to interaction with a companion in a binary system have
been the topic of several classic papers (e.g. Morton 1960; Smak 1962; Paczyński 1966;
Kippenhahn 1969; Yungel’Son 1973; van der Linden 1987). We discuss the results obtained
with modern higher resolution simulations using updated input physics, but several of the
physical arguments concerning the evolution can already be found in these early papers. More
recent works on this topic includes Yoon et al. (2010), Claeys et al. (2011), Eldridge et al.
(2013), Tauris et al. (2015), McClelland & Eldridge (2016), and Yoon et al. (2017).
We used a 12 M model as an example of the primary in a typical massive binary system.
The complete set of adopted parameters are listed and motivated in Sect. 2.2.1. We assumed
an initial separation such that the system evolves through case B mass transfer. This concerns
systems in which the primary star ﬁlls its Roche lobe shortly after leaving the main sequence,
typically before the onset of helium burning. Case B mass transfer is the most common type
of mass transfer. Moreover, it produces long-lived post-interaction products, which have not
yet completed their helium burning phase. This makes the reference model discussed here
useful as a starting point for our exploration. We adopted a metallicity that is comparable
to that found in nearby young star clusters and OB associations in the Milky Way. More
precisely, we adopted the metallicity measured for the HD 45166, which is Z = 0.0166 (Groh
et al. 2008). The eﬀects of metallicity are discussed in the next section.

2.3.1

Binary evolution and the formation of a stripped star

In Fig. 2.2 we show the evolutionary track computed with MESA of a 12 M single star in
gray, together with the evolutionary track for the primary star in our binary reference model.
Initially, the two stars evolve similarly as they move along the main sequence (labeled A-B).
The central helium abundances XHe, c (plotted in color) steadily rise as the both stars fuse
hydrogen into helium in their convective cores.
After about 18.7 Myr both stars have exhausted their central fuel. Nuclear burning of
hydrogen continues in a shell around the helium core and both stars expand. The single star
expands freely to become a red supergiant, reaching a ﬁnal radius in excess of 1000 R .
In contrast, the primary star in our binary model ﬁlls its Roche lobe at point C and starts
to rapidly lose mass. This can be seen in the top panel of Fig. 2.3, where we plot how the
mass changes as a function of time. We also show the mass coordinates of the regions in
which nuclear burning takes place (blue shading) and the interior regions that are mixed by
convection and overshooting (green diagonal lines and purple cross hatching, respectively).
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The primary star has a radiative envelope at the onset of mass transfer. As the outer,
highest entropy layers are removed, the envelope initially responds on a dynamical timescale
by shrinking. On a longer, thermal timescale, the star is still trying to expand and cross the
Hertzsprung gap leading to continued stable mass transfer. The Roche lobe limits the size of
the star.
During the mass transfer phase the luminosity drops by more than an order of magnitude.
This is because the deeper layers of the star need to expand as they adjust to the quickly
decreasing total mass. The energy needed for this causes a brief, large drop in the luminosity.
This continues until the maximum mass loss rate is reached (D). Once the mass loss rate starts
to decrease again, the readjustments in the thermal structure require less energy so luminosity
can again increase.
At point E the donor star has lost more than 8 M . The surface layers that are now
exposed are helium-rich layers that were once part of the convective core. The star detaches
and mass transfer stops. The now stripped core of the primary contracts and heats up until
thermal equilibrium is restored at point F. The central regions have now reached temperatures
that are high enough to ignite helium burning, which burns in the convective core to carbon
and oxygen.

2.3.2

Characteristics and evolution of the stripped star

Our main phase of interest is the helium burning phase of the stripped star (F). This is the
longest lasting evolutionary phase after the main sequence, accounting for almost 10 % of
the total lifetime in our model. Given the high fraction of young stars in close binaries that
undergo similar evolution, one would expect on average a few percent of all stars to reside in
this phase at any given time.
Despite having lost over two-thirds of its mass, from 12 M initially down to 3.6 M after
stripping, the bolometric luminosity, log10 (L/ L ) ∼ 4.2, is still comparable to the luminosity
it had during its main sequence evolution. For an overview of the properties, see Table 2.1.
The star is very compact ∼ 0.7 R , has a very high surface gravity, log10 geﬀ ∼ 5.3, and is
very hot.
With an eﬀective temperature ∼80 000 K, the radiation emitted by the stripped star is
expected to peak in far/extreme UV. In Fig. 2.2 we indicate the fraction of photons emitted
at wavelengths blue-ward of λ  912 Å (Lyman continuum photons) by a blackbody with
the corresponding eﬀective temperature, with blue vertical contours. A blackbody with a
temperature of 80 000 K, similar to the eﬀective temperature of our stripped star, emits about
85 % of its radiation in Lyman continuum photons. For comparison, the equivalent single
star model (shown in gray in Fig. 2.2) has an eﬀective temperature of only ∼3 000 K during
its helium burning phase. A single star of this mass does not emit a signiﬁcant number of
ionizing photons throughout its entire life.
Initially, we ﬁnd that a thin shell containing a mixture of hydrogen and helium remains
at the surface. This shell contains less than 0.1 M of hydrogen. This is suﬃcient to sustain
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Figure 2.2: Hertzsprung-Russell diagram showing the evolution of a star that loses its hydrogen-rich envelope
through Roche-lobe overﬂow in a binary (our reference model, metallicity Z = 0.0166). The color of the track
shows the central helium mass fraction, highlighting the long-lasting phases of hydrogen and helium core burning
with color change. The thicker, black background line indicates the Roche-lobe overﬂow. Letters denote diﬀerent
evolutionary stages described in the text. At point F the central helium mass fraction of the stripped star decreases
and passes XHe, c = 0.5 – the point when we model the spectrum (see Sect. 2.3.3 and Figs. 2.4 and 2.6). The gray
track is that of a corresponding 12 M single star. The blue background shading shows the fraction of emitted ﬂux
that is hydrogen ionizing, assuming blackbody radiation. The gray straight lines indicate lines of constant radius.

a weak hydrogen burning. The burning shell quickly moves outward in mass coordinate as it
converts H into He as can be seen in Fig. 2.3. At the same time mass is lost from the surface
by the stellar wind at a rate of Ṁ ∼ 2.5 × 10−7 M yr−1 in this model. This is high enough
to remove the hydrogen layer by the time core helium depletion is reached. See also panel e
of Fig. 2.9, which shows the evolution of the surface abundance of hydrogen and helium as a
function of time.
When central helium burning ceases, the entire star contracts and heats up to point G,
where the helium shell ignites. The C/O core continues to contract with the helium burning
shell on top. The envelope responds by expanding until the star reaches balance at point
H. During the expansion, carbon and later also oxygen ignite in the core. We stopped the
computations at central carbon depletion. The following phases of the evolution are so fast
that the luminosity and eﬀective temperature do not have time to change signiﬁcantly any
more. With a helium layer of about 1.3 M and almost pure helium on the surface, the star is
expected to end its life as a H-deﬁcient (type Ib) supernova.
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Figure 2.3: Top panel: Kippenhahn diagram showing the interior structure of the 12 M primary star of the reference
model over time. We show nuclear burning regions shaded in blue, convection in hatched green and overshooting in
crosshatched purple. The solid black line shows the surface of the star, which decreases quickly when the envelope
stripping occurs. The letters denote the same evolutionary phase as labeled in Fig. 2.2. Bottom panel: Corresponding
Kippenhahn diagram for the lower metallicity (Z = 0.0002) model. There is a larger amount of leftover hydrogenrich envelope after Roche-lobe overﬂow.
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Figure 2.4: Spectral energy distribution of our reference model with standard mass loss rate in black together with
the blackbody with temperature same as T eﬀ,mesa (dashed gray line). In pink and blue we show the reduced and
enhanced mass loss rate models. We highlight the high rate of ionizing ﬂux emitted from this star in purple shading.

2.3.3 Resulting spectrum of a stripped star
We computed a tailor-made atmosphere model with CMFGEN for the stripped star computed
with MESA at the moment when it is halfway through helium burning, using the procedure
described in Sect. 2.2.3. Figure 2.4 shows the resulting spectrum (black line). The wavelengths corresponding to photon energies required to ionize neutral hydrogen (HI), singly
ionize helium (HeI), and fully ionize helium (HeII) are indicated (vertical dotted white lines).
For comparison, we overplot a blackbody spectrum for a temperature of ∼80 000 K (gray
dashed line), corresponding to T eﬀ, mesa , which is the computed eﬀective temperature resulting from the MESA model.
The blackbody approximation strongly overestimates the extreme UV ﬂux (shortward
of 228 Å) and underestimates the ﬂux at peak, which occurs between 228-512 Å. It also
underestimates the emission at longer wavelengths, these are most clearly visible in Fig. 2.4
for wavelengths longer than about 4000 Å, where reprocessed ionizing photons are emitted
at longer wavelengths in the form of recombination lines. The excess in infrared and radio
wavelengths compared to the blackbody is due to free-free emission. The sharp drop at λ =
228 Å is due to the recombination of He2+ to He+ in the outer parts of the wind, allowing for
He+ to absorb a signiﬁcant fraction of high-energy photons. We do not observe a similar drop
at the hydrogen ionizing limit (912 Å), since the hydrogen is completely ionized throughout
the wind.
In Fig. 2.5, we show the ionization structure of hydrogen and helium as a function of
the distance from the stellar surface. For helium we ﬁnd a helium recombination front at a
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Figure 2.5: Ionization structure of hydrogen (left) and helium (right) in the three atmosphere models of our reference
model. From top to bottom we show the reduced, standard and enhanced mass loss rate models.

distance of about 80 stellar radii (panel e). For our standard model, we ﬁnd that hydrogen is
fully ionized out to a distance of about 100 R , which is the computational domain considered (panel b). At larger distances the density drops further and therefore we do not expect
hydrogen to recombine. This assures that no major changes to the spectrum are caused by the
wind outﬂow at larger distances than considered in our model.
Varying the adopted mass loss rate in the CMFGEN models has a large eﬀect on the
extreme UV ﬂux as can be seen in Fig. 2.4. Increasing the mass loss rate enhances the
density in the wind, eﬀectively making it more optically thick in the continuum. This moves
the photosphere outward and reduces the eﬀective temperature. In the case of our model
with enhanced mass loss, we ﬁnd that the photosphere is located at 0.99 R , while the stellar
surface is located at 0.68 R . The resulting eﬀective temperature, T eﬀ ∼70 000 K, is almost
10 000 K lower than the temperature at the stellar surface. This eﬀect is commonly observed
for the the higher mass counterparts to stripped stars, WR stars, which typically have dense,
optically thick winds. For the models that adopt our standard and reduced mass loss rates we
ﬁnd no signiﬁcant diﬀerence between the eﬀective and the surface temperature, indicating
that in these cases the wind is optically thin in the continuum. Many spectral lines are however
optically thick, as we discuss in Sect. 2.3.4.
Considering the relation between wind mass loss rate and radiation pressure through the
Eddington factor (Γe ), we expect a realistic wind mass loss rate in the considered parameter
range to be closer to that used in the "reduced" mass loss model (Bestenlehner et al. 2014).
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Figure 2.6: CMFGEN spectra for our reference model. We show the standard, enhanced and reduced mass loss rate
models in black, pink and blue respectively. The gray shaded regions are shown as zoom-ins in the bottom panels.

However, these estimates were derived from more massive stars and therefore also included
an extrapolation to the lower mass regime of the presented stripped stars.

2.3.4

Characteristic spectral features

To show the spectral features more clearly, we plot the normalized spectra in Fig. 2.6 for our
standard, enhanced and reduced mass loss rates. Our CMFGEN models show emission lines
with parabolic shapes, which is typical for lines that are created in the wind and are optically
thick.
The strongest line in the optical spectra is the HeII λ4686 with an equivalent width of
95.6 Å and with ﬂux at the peak corresponding to more than 10 times that of the neighboring
continuum in the standard wind mass loss model (see enlargement in panel e of Fig. 2.6).
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Other strong lines in the optical band are the blend of HeII λ6560 and Hα (panel f) and
a mix of NIV lines in the range 7100-7140 Å (panel g). We also ﬁnd weaker emission in
CIV λ5801 and CIV λ5812. In the enhanced mass loss model HeI λ5875 shows up owing
to the higher abundance of He+ in the wind compared to the lower mass loss models. The
strongest line of the UV spectrum is HeII λ1640, but also the Lyα and HeII λ1215 blend,
NIV λ1487 and NIV λ1719 are strong in emission. In the infrared we ﬁnd the strongest lines
to be HeII λ18636, λ30908 and λ47622.
Varying the mass loss rate aﬀects the strength of the emission lines. Lower mass loss rates
consistently show weaker lines. If stripped stars had mass loss rates that were even lower than
those presented here, our models indicate that they would show little or negligible emission,
and mostly an absorption-line spectrum.
Stripped stars share common characteristics with central stars in planetary nebulae (CSPNe)
(DePew et al. 2011; Weidmann & Gamen 2011). However, they typically have very high surface gravity, implying broader lines compared to stripped stars. We also expect them to
generally be of lower mass and post central helium burning objects.

2.4

Effect of metallicity (I): The formation and structure of
stripped stars

Numerous studies have discussed the eﬀect of metallicity on the structure and evolution of
single stars (e.g. Bodenheimer et al. 1965; Copeland et al. 1970; Bertelli et al. 1986; Maeder
1990; Schaller et al. 1992; Cassisi & Castellani 1993; Girardi et al. 2000; Maeder & Meynet
2001; Campbell & Lattanzio 2008; Brott et al. 2011a; Pietrinferni et al. 2013; Szécsi et al.
2015). Summarizing these works, we can distinguish three main eﬀects of metallicity on (1)
the opacity, most notably in the subsurface layers, (2) the nuclear burning rate, especially of
hydrogen fusion through the CNO cycle; and (3) the mass loss rates for radiatively driven
winds. Here, we describe how the diﬀerent eﬀects of metallicity interplay in case of the mass
losing star in a binary system. We consider metallicities between Z = 0.0001 and Z = 0.02.
In the sections below, we discuss the consequences for the pre-interaction phase, the removal
of the envelope, the resulting characteristics of the helium star, and its emerging spectrum.

2.4.1

The pre-interaction phase

During the pre-interaction phase both stars eﬀectively evolve as single stars. Throughout the
main-sequence evolution, we ﬁnd that metal-poor stars are hotter, more compact and a little
more luminous, as can be seen in Fig. 2.7. This is consistent with what has been found for
single stars as described in the studies mentioned above.
This is, in part, due to the eﬀect of metallicity on the nuclear reaction rates for hydrogen
burning through the CNO cycle, as already pointed out in the earliest papers on the subject
(cf. Bodenheimer et al. 1965). At lower metallicity, the catalysts for the CNO cycle are more
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Figure 2.7: Evolutionary tracks of donor stars with metallicity ranging from Z = 0.0001 up to Z = 0.02 (similar to
Fig. 2.2) as they evolve from the zero-age main sequence until they experience mass loss by Roche-lobe overﬂow
(black outlined). Their subsequent evolution as stripped stars is highlighted in the inset panel. The low metallicity
models are more compact and hotter before interaction. However, after mass transfer they are cooler and more
luminous than the high metallicity stripped stars. A discussion of the evolution is provided in Sects. 2.4.1, 2.4.2 and
2.4.3.

scarce and hydrogen burning is less eﬃcient. The star compensates by contracting, which
increases the central temperature. This, in turn, raises the nuclear reactions rates to levels that
are required for the star to be in thermal equilibrium. The result is a hotter, more luminous
star.
These days, stellar evolutionary calculations adopt more realistic opacity tables (e.g.,
OPAL, Iglesias & Rogers 1996), which have a more sophisticated treatment of the many
bound-bound and bound-free transitions due to metals. These are most important in the
cooler subsurface layers of the star, where heavy elements are only partially ionized. The
most prominent example is the so-called iron peak, which plays a role in the subsurface
layers at log10 T ∼ 5.2 (Cantiello et al. 2009). The lower opacity in our metal-poor models
contributes to the fact that they are hotter and more compact.
In the deep interior, electron scattering is the dominant source of opacity, which does not
depend on the metallicity, at least not directly, as κes = 0.2 (1 + XH ) cm2 g−1 . However, when
initializing our models we chose to scale the initial mass fraction of hydrogen and helium
with metallicity. The hydrogen abundances decrease as the metallicity rises in agreement
with the overall trend expected for the chemical enrichment of galaxies over cosmic time.
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This way we introduced a mild indirect dependency of κes on the metallicity. Our metal-poor
models initially have a ∼ 8 % higher value for XH than our metal-rich models.
The eﬀect on the opacity in the interiors is small, but of importance since the electron
scattering plays a role in determining the extent of the convective core, which in turn determines how much fuel the central burning regions can access. Figure 2.3 shows the extent of
the convective core in mass coordinate. Our metal-poor model indeed has a more massive
convective core at the start of its evolution because of a combination of the eﬀects discussed
above.
We can further see the eﬀect of the metallicity dependence of mass loss by radiatively
driven stellar winds. Our metal-rich model loses a few percent of its mass over the course of
the main sequence evolution (labeled A-B in Fig. 2.3). Our low metallicity model does not
show any signiﬁcant mass loss by stellar wind.
Both the extent of the convective core and stellar wind mass loss have consequences for
the ﬁnal mass of the helium core when the star leaves the main sequence MHe core, TAMS . We
ﬁnd a small diﬀerence in mass of about 6 %, with the metal poor star having the more massive
core (MHe core, TAMS = 3.14 and 2.95 M , respectively) in addition to subtle diﬀerences in the
chemical proﬁle above the helium core. The slightly larger core mass and larger total mass for
our metal-poor models explain why our metal-poor stars are substantially brighter when they
leave the main sequence as can be observed when comparing the location of the characteristic
hook feature that marks the end of the main sequence (see Fig. 2.7).
In Fig. 2.8 (panel a) we compare the main sequence lifetimes of the various metallicity
models. Reducing the metallicity from 0.02 down to ∼0.0021 increases the lifetime by about
8%, owing to the amount of nuclear fuel that the star can access. When we reduce the
metallicity further to 0.0001, this eﬀect is saturated. The various eﬀects that lead to a higher
luminosity start to dominate. The stars eﬀectively burn faster through their available fuel. We
ﬁnd that the main sequence lifetime slightly decreases again.
When the star leaves the main sequence it continues to burn hydrogen in a shell around
the core. The shell brieﬂy drives a convection zone, which inﬂuences the details of the shape
of chemical proﬁle above the core, but we ﬁnd that it has no inﬂuence on the stripping process
for the models presented here. For our most metal-rich model, we ﬁnd that a region of about
1 M above the core is partially burned, when the star leaves the main sequence. For our most
metal-poor model we ﬁnd that the region extends to about 1.5 M above the core.

2.4.2

Onset of Roche-lobe overflow and the removal of the envelope

The stars we consider here ﬁll their Roche lobe shortly after leaving the main sequence during
the hydrogen shell burning phase. Throughout their pre-interaction evolution, the metal-poor
models have been more compact. They need to expand further in order to ﬁll their Roche
lobe. Eﬀectively, they ﬁll their Roche lobe at a slightly more advanced evolutionary stage.
The size of the Roche lobe is approximately the same at the moment the primary ﬁlls its
Roche lobe for the ﬁrst time, about 27 R in all our simulations. There is a small diﬀerence
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because of the metallicity-dependent stellar wind mass loss rates. Mass loss from our metalrich systems in the form of fast stellar winds leads to widening of the orbit and thus increasing
the Roche lobe. This eﬀect is partially compensated by the reduction of the mass ratio, q =
M2 /M1 , which reduces the relative size of the Roche lobe of the donor. The net result is that
the metal-rich models are slightly larger (2 %) at the time they ﬁll their Roche lobe. However,
we do not expect this to play a role of signiﬁcance. When conducting test experiments varying
the binary separation and mass ratio we ﬁnd variations in outcome that are negligible.
The process of mass stripping by the companion (marked with a black outline in Fig. 2.7)
proceeds in a similar way in all models; see Sect. 2.3.1. Initially, the stars respond by contracting rapidly on a dynamical timescale and they subsequently expand on the slower thermal
timescale of the outer layers. However, the dynamical phase is not modeled explicitly, but enforced by the assumption of hydrostatic equilibrium. The mass transfer rate peaks at slightly
higher values in the metal-poor models. Eventually, when most of the envelope is removed
and helium enriched layers are exposed to the surface, there is a certain point at which the
star is no longer able to expand in response to any further mass removal. At this point the
stars detach as the donor starts to contract.
For our metal-rich models, we ﬁnd that a larger amount of mass removal is needed to
reach this point. Our metal-poor donor stars are still about 4.9 M when they detach, more
than a solar mass more than our metal-rich models which are only about 3.8 M at this moment. For our metal-rich models the helium surface mass fraction at the moment the two stars
detach is about 0.75; this compares to about 0.55 in our metal-poor models.
We expect that the reduced opacity in the outer layers of the metal-poor models is an
important factor. In the subsurface layers where the iron peak plays a role, we ﬁnd that
the opacity is about three times higher in our metal-rich models. In addition, also the subtle
diﬀerences in the interior chemical proﬁle that are inherited from the pre-interaction evolution
play a role. A further eﬀect that may contribute is the diﬀerence in central temperature.
The metal-poor models have more massive and more compact cores, and thus higher central
temperatures, which allows for the ignition of central helium burning before the star detaches
from its Roche lobe. Our most metal-rich model is still primarily powered by H shell burning
when it detaches.
After the stars detach we ﬁnd that all models contract, fully ignite helium in their center
if they had not already done so, and settle to their thermal equilibrium structure as a central
helium burning star.

2.4.3

The resulting stripped star: The long-lived helium burning phase
and further evolution

In the previous section we described that the stripping process is ineﬃcient at lower metallicity: it fails to remove entire envelope. Our metal-poor models consist of a helium core
surrounded by a remaining layer of envelope material of more than 1 M (bottom panel of
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Figure 2.9: We show the eﬀective temperature (panels a and b), luminosity from hydrogen and helium burning
(panels c and d), surface mass fraction of hydrogen and helium (panels e and f) and total mass of hydrogen (panels
g and h) for our Z = 0.0166 (left column) and Z = 0.0002 (right column) models from slightly before Roche-lobe
overﬂow and for the rest of the evolution. In the panels with eﬀective temperature plus signs indicate the times at
which the central helium mass fraction has reached 0.9, 0.5 and 0.05. In the luminosity panels we show the total
stellar luminosity with a black, dotted line.

Fig. 2.3). This layer consists of a mixture of hydrogen and helium, containing a total amount
0.38 M of pure hydrogen right after detachment from the Roche lobe. For our metal-rich
model the remaining shell contains less than 0.05 M of hydrogen, which initially allows for
weak burning in a shell around the core (top panel of Fig. 2.3). When investigating even
lower metallicities (Z ≤ 0.00002), we ﬁnd that the star never becomes hotter than its zero-age
main sequence because of the large amount of leftover hydrogen after mass transfer.
This has consequences for the luminosity and eﬀective temperature. The metal-poor
stripped stars are about 30 000 K cooler, 0.3 dex brighter, and almost four times bigger
than their metal-rich counterparts; see Fig. 2.8 and Table 2.1. This is somewhat counterintuitive, since it is the opposite of what is found for single and pre-interaction stars. Before
interaction, we ﬁnd metal-poor stars to be more compact and hotter. After stripping we ﬁnd
metal-rich stars to be more compact and hotter.
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The diﬀerence in mass, luminosity and composition aﬀects the remaining lifetime. Panel
b in Fig. 2.8 shows that the remaining lifetime increases with metallicity by about 20% (see
panel b). This is because of the lower mass of the stripped stars at higher metallicity. The fact
that our metal-poor stars still provide part of their luminosity through H burning in a shell
does not prolong their life.
The further panels in Fig. 2.8 provide an overview of various properties of stripped stars,
when they are halfway their helium burning phase (deﬁned as the moment when XHe,c =
0.5). The shaded bands spans the variation in properties during the hot phase of their helium
burning lifetime (which we deﬁne as 0.9 > XHe,c > 0.05).
In Fig. 2.9 we compare the evolution as a function of time during the helium burning
phase of our low metallicity model (Z = 0.0002) and our metal-rich reference model. In
the top row we compare the evolution of the eﬀective temperature as a function of time.
Plus symbols indicate the central helium mass fractions XHe,c = 0.9, 0.5 and 0.05 during
core helium burning. For our metal-rich model, we see the ﬁrst quick initial rise of the
eﬀective temperature, when the star is still contracting within its Roche lobe. Afterward, the
eﬀective temperature steadily rises by about 0.1 dex over the course of the helium burning
phase. At the end of the helium burning phase, the temperature rises brieﬂy until helium
shell burning ignites and the star expands; this is visible in the diagram as a drop in the
eﬀective temperature. In contrast, our metal-poor model remains substantially cooler for the
ﬁrst part of the helium burning phase. The temperature slowly rises and settles at about
log10 (T eﬀ,mesa /K) = 4.7 only after a third of the helium burning phases.
In the second row in Fig. 2.9 we show the luminosity produced by hydrogen and helium
burning separately over time for our metal-poor and metal-rich model. Shortly after the end
of Roche-lobe overﬂow, we see the helium burning luminosity quickly rises but hydrogen
burning still provides most of the energy and exceeds the helium burning luminosity about
0.5 dex. As the star evolves along the helium burning main sequence, we see that the contribution of hydrogen burning quickly drops in the metal-rich model, as expected from our
earlier discussion of the very thin shell that remains and the eﬀect of the stellar winds. In contrast, the thick H-rich shell present in the metal-poor case remains actively burning hydrogen
throughout the full helium burning phase. It does however weaken and after about 20% of the
helium burning lifetime, helium burning takes over as the dominant source of energy. This is
roughly around the same time at which the eﬀective temperature of the star stabilizes, as can
be seen in the panel above.
In the third row of Fig. 2.9 we compare the evolution of the H and He surface mass
fraction as a function of time. At the far left of the diagram, we see the quick reversal of
H and He due to Roche-lobe stripping. In both cases He is the dominant element at the
surface. In the case of the metal-rich star we see the eﬀect of stellar winds slowly removing
the outer layer containing H. After about two-thirds of the helium burning phase, the winds
have removed the last remaining H and the surface abundance of H quickly drops to zero. We
ﬁnd this behavior in all our models with metallicity Z  0.01.
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In contrast, for the metal-poor model we see that the surface abundance of H and He
are constant throughout the helium burning phase, since the wind mass loss is negligible.
At the end of the evolution, during helium shell burning we ﬁnd that the star ﬁlls its Roche
lobe again. This removes part of the H-rich layer, but not all of this layer. At metallicities
Z  0.0047, the stripped stars have enough hydrogen-rich envelope left at this stage to ﬁll
the Roche lobe a second time. Because the remaining evolution is very rapid, these stars are
likely to end their lives during mass transfer.
In the last row of Fig. 2.9 we show the total mass of hydrogen present in the star. In the
metal-rich case, the star is deeply stripped during Roche-lobe overﬂow. During the helium
core burning phase the star loses more mass through stellar winds. As a result, the total
hydrogen mass is MH,tot ∼ 0.05 M right after the end of Roche-lobe overﬂow, but completely
disappears before explosion owing to mass loss by winds. The metal-rich stripped star is
expected to give rise to a type Ib supernova.
In the metal-poor case, the Roche-lobe overﬂow phase leaves MH,tot ∼ 0.35 M . Mass
loss by winds is negligible in this case, but shell burning signiﬁcantly decreases the amount
of hydrogen by converting it into helium. At the end of the helium burning phase ∼ 0.2 is
left. During helium shell burning the stripped star swells up and ﬁlls its Roche lobe a second
time. The second phase of mass transfer decreases the total hydrogen mass to ∼ 0.03 M at
the end of our calculations. When the metal-poor stripped star ends its life, it still thus shows
signatures of hydrogen in the very early spectra of the supernova.

2.5

Effect of metallicity (II): The emerging spectra of stripped
stars

In the previous section, we showed that stripped stars at higher metallicity have hotter surfaces, are less luminous, have stronger stellar winds, and contain less hydrogen at their surface. Here, we discuss how the combined eﬀects of metallicity inﬂuence the spectral energy
distribution and the characteristic spectral features. For this we use our CMFGEN atmosphere
simulations created for the stripped stars discussed in the previous section, taken when they
are halfway through their central helium burning phase (XHe,c = 0.5).

2.5.1

Spectral energy distribution and flux of ionizing photons

In Fig. 2.10 we show the spectra in conventional units (λFλ at 1 kpc in erg s−1 cm−2 versus
λ in Å, where λ is the wavelength and Fλ the ﬂux emitted at that wavelength) for stripped
stars with metallicities between Z = 0.0001 and 0.02. The ﬂux of all spectra peak in the
extreme UV at wavelengths between the thresholds for ionization of HeI and HeII (indicated
with vertical dashed lines). The metal-rich models peak at slightly shorter wavelengths. This
is due to their higher surface temperatures. The metal-rich models also have stronger and
denser winds. In principle, this can move the photosphere outward to larger radii, resulting in
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Figure 2.10: Spectral energy distributions for stripped stars resulting from a 12 M donor star for a range of diﬀerent
metallicities. These are modeled with CMFGEN assuming our standard wind mass loss rates. We indicate the
ionization limits of hydrogen and helium with dotted lines. At high metallicity, the mass loss rates are higher, leading
to a denser wind surrounding the star. Recombination in the wind of He2+ to He+ blocks the emission of photons
with wavelengths shorter than λ = 228 Å for models with Z  0.0047. The spectra of the metal-rich models show
many characteristic emission lines. At lower metallicity, the winds are transparent and most lines are in absorption.
The metal-poor stripped stars still have hydrogen at their surface. This is responsible for the characteristic drop at
912 Å. The stripped stars are also more luminous and somewhat cooler. All model spectra are created during core
helium burning when central helium abundance is XHe, c = 0.5.
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Figure 2.11: Flux of HI (Q0 , red circles), HeI (Q1 , orange squares) and HeII (Q2 , yellow diamonds) ionizing photons
from our models of stripped stars with various metallicity. The ﬂux estimates using the eﬀective temperature of the
evolutionary models for blackbody radiation are shown with open symbols and dashed lines. The more accurate
estimates from the modeled spectra are shown with ﬁlled symbols and solid lines. The wind mass loss rate aﬀects
the appearance of the spectral energy distribution (see Fig. 2.10) and thus the emission rate of ionizing photons as
well. We show the ﬂux estimates between the mass loss rate that is three times higher ("enhanced") and three times
lower ("reduced") with shaded regions. Both Q0 and Q1 are plotted on linear scale as the variation is small with
metallicity. The value Q2 is strongly wind mass loss dependent and therefore varies signiﬁcantly with metallicity.
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a reduction of the eﬀective temperature that characterizes the emerging spectrum. However,
for our standard mass loss rates we ﬁnd that the winds are transparent in all cases. The radius
of the stellar surface, R , and the photosphere, Reﬀ , coincide; cf. Table 2.1. The metal-poor
models are brighter and show the distinctive trough at 912 Å at the threshold for hydrogen
ionization. This feature is weaker in the metal-rich models. They still have traces of hydrogen
at their surface abundances (XH,s ∼ 0.2, but this is completely ionized).
Our spectral models show that stripped stars are very eﬃcient emitters of ionizing photons
at all metallicities. In our high metallicity reference model we ﬁnd that the stripped star emits
85% of their energy as HI ionizing photons, 60% as HeI ionizing photons, and 5 × 10−6 % as
HeII ionizing photons. In Fig. 2.11 we show the metallicity dependence of the total number
of ionizing photons emitted per second, Q0 , Q1 , and Q2 at wavelengths shorter than the
ionization potential for HI, HeI and HeII, respectively; see also Table 2.2. We show the results
for the three variations adopted for the stellar wind mass loss rates: standard, three times
enhanced, and three times reduced. For reference, we also show an estimate for a blackbody
spectrum with the same temperature as the stellar surface, i.e. the eﬀective temperature given
by the MESA models (open symbols).
HI ionizing photons
The ﬂux of HI ionizing photons (left panel of Fig. 2.11) is about 1048 s−1 and rises by about
a factor two with decreasing metallicity. This can be understood as the result of two eﬀects
that counteract each other. As we have shown in Sect. 2.4.2, the metal-poor models are not
completely stripped by Roche-lobe overﬂow; a hydrogen-rich layer is left at the surface. This
results in stripped stars that are more massive, luminous and slightly cooler (see Fig. 2.8). The
higher luminosity favors the production of ionizing photons, while the lower temperatures
disfavor it. The net eﬀect is a mild increase of ionizing photons with decreasing metallicity
with a peak at Z = 0.0002.
We only ﬁnd a variation of  2% in Q0 when varying the assumed mass loss rate. Our
results are thus robust against uncertainties in the mass loss rate.
A simple blackbody estimate for hydrogen ionizing ﬂux (open symbols) based on the surface temperature given by MESA is remarkably accurate. It overestimates Q0 only by about
10%. This is potentially interesting, since the blackbody approximation provides a computationally cheap alternative for the detailed atmosphere simulations that we conducted. The
reason for the small diﬀerence between the detailed simulations and the blackbody estimate is
that hydrogen is almost completely ionized throughout the wind (see Fig. 2.5). Without neutral hydrogen present, the hydrogen ionizing photons cannot be used for hydrogen ionization
in the wind and propagate into the surroundings.
HeI ionizing photons
We ﬁnd very similar trends for the ﬂux of HeI ionizing photons (central panel of Fig. 2.11),
which is only a factor of two below the HI ionizing ﬂux. The HeI ionizing ﬂux peaks at a
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metallicity Z = 0.001 and also closely follows the estimate from a simple blackbody. This is
because neutral helium is also almost completely depleted in the wind. The detailed spectral
simulations give a 20% higher ﬂux than the simple blackbody estimate. The predictions for
the HeI ionizing ﬂux are also robust against uncertainties in the mass loss rates.

HeII ionizing photons
The ﬂux of HeII ionizing photons (right panel of Fig. 2.11) is strongly reduced and is 4-8
orders of magnitude below the estimates for the HI and HeI ionizing photon ﬂux (the scale
is diﬀerent on the vertical axis in the three diﬀerent panels). The results are extremely sensitive to the assumed mass loss rate (shaded band), giving variations of almost 6 orders of
magnitude at high metallicity. This is because the helium recombination front is very sensitive to the assumed mass loss rate and therefore we cannot accurately estimate the emission
rate of HeII ionizing photons. We ﬁnd that the sensitivity our multiplicative variations in the
mass loss rate are only reduced for very low metallicity (Z ≤ 0.0002) where the stellar winds
become insigniﬁcant, but still leads to variations of an order of magnitude.
A blackbody estimate for HeII ionizing ﬂux is not appropriate. It overestimates the ﬂux
by about two orders of magnitude at least. The reason is that helium is not completely ionized
throughout the wind and in the outer parts the density is high enough and temperature low
enough for He2+ to recombine to He+ . This leads to high-energy photons that are used for
ionizing the wind instead of emerging to the surroundings. We conclude that the HeII ionizing
photons are too uncertain at present to provide meaningful quantitative predictions.

2.5.2

Spectral features

The spectra of metal-rich stripped stars show a rich forest of emission lines spanning not only
the extreme UV where the emission peaks, but also the near UV, optical and near infrared
which are accessible by ground-based facilities.
At lower metallicity the stripped stars have lower mass loss rate and lower surface temperatures, which has implications for the spectral signatures. The emission lines decrease in
strength with decreasing metallicity. This can be seen most clearly in the Fig. 2.12, which
shows the normalized spectra with inset panels that zoom in on the most prominent lines.
Most of these lines are recombination lines (see e.g. panels a, c and e in Fig. 2.12). The
strong lines we pointed out for our reference model in Sect. 2.3.3 remain the most important
lines, but with lower metallicity they decrease in strength and at Z  0.0002 they turn into
absorption lines. We also see changes in the shape of the line. We ﬁnd a sequence changing from absorption lines into P Cygni proﬁles. The Lyα and HeII λ1215 blend in panel a
of Fig. 2.12 is an example. In other cases we ﬁnd absorption lines changing into emission
proﬁles with increasing mass loss rate; see for example the HeII λ4686.
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LHI /Ltot

0.853
0.854
0.854
0.853
0.853
0.847
0.846
0.828
0.798
0.746
0.681
0.613

Z

0.02
0.0166
0.0142
0.0134
0.01
0.005
0.0047
0.0021
0.001
0.0005
0.0002
0.0001

0.602
0.604
0.605
0.604
0.605
0.599
0.597
0.573
0.535
0.471
0.395
0.329

LHeI /Ltot
48.1
48.1
48.1
48.1
48.1
48.2
48.2
48.2
48.3
48.3
48.3
48.3

1.8 × 10−8
4.6 × 10−8
1.2 × 10−7
1.5 × 10−7
5.1 × 10−7
2.8 × 10−6
3.0 × 10−6
2.8 × 10−4
4.3 × 10−4
2.9 × 10−4
2.1 × 10−5
1.2 × 10−5
(48.1-48.1)
(48.1-48.1)
(48.1-48.1)
(48.1-48.1)
(48.1-48.1)
(48.2-48.2)
(48.2-48.2)
(48.2-48.2)
(48.3-48.3)
(48.3-48.3)
(48.3-48.3)
(48.3-48.3)

log10 Q0 _st (red-enh)
s−1

LHeII /Ltot
47.8
47.8
47.8
47.8
47.9
47.9
47.9
48.0
48.0
48.0
48.0
47.9

(47.8-47.8)
(47.8-47.8)
(47.8-47.8)
(47.8-47.8)
(47.9-47.9)
(47.9-47.9)
(47.9-47.9)
(48.0-48.0)
(48.0-48.0)
(48.0-48.0)
(48.0-48.0)
(47.9-47.9)

log10 Q1 _st (red-enh)
s−1

40.1
40.5
40.9
41.1
41.6
42.4
42.4
44.4
44.7
44.5
43.4
43.2

(44.7-39.3)
(44.8-39.3)
(44.8-39.3)
(44.9-39.3)
(44.9-39.3)
(44.9-39.4)
(44.9-39.4)
(44.8-40.3)
(44.5-41.4)
(44.2-41.7)
(43.1-43.9)
(43.0-43.7)

log10 Q2 _st (red-enh)
s−1

Table 2.2: Ionizing ﬂux emitted from our models of stripped stars. The columns 2, 3, and 4 show the fraction of the emitted luminosity that is HI, HeI, and HeII ionizing,
respectively. The last three columns show the number of ionizing photons emitted per second from each model. In parenthesis we show the values for the reduced and
enhanced mass loss rate models of the given metallicity.
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Figure 2.12: Spectra of the atmosphere models with diﬀerent metallicities and the standard mass loss rates. At lower
metallicities the line strengths decrease until they even go into absorption. In the bottom panel we zoom in on a few
regions with strong lines. One of the strongest lines is the HeII λ4686 line which also goes into absorption when
Z  0.0002.
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2.6

Discussion and implications

A full assessment of the implications will require larger model grids spanning diﬀerent initial
masses, periods, mass ratios and a more extensive exploration of the uncertainties. However,
based on the insight resulting from the exploratory calculations presented here, we foresee
several implications. We discuss them brieﬂy in this section and speculate on the basis of the
very simple estimates that we can make at present.

2.6.1 Budget of ionizing photons and implications for cosmic reionization
Quantifying the budget of ionizing photons produced by stellar populations is of wide interest for a variety of applications. These range from cosmological simulations that assess the
reionization of the intergalactic medium (IGM), spectral synthesis simulations used to understand the properties of the strong emission lines of galaxies at intermediate to high redshift
and HII regions nearby.
Massive Wolf-Rayet (WR) stars are the stars in stellar populations that emit ionizing
photons with the highest rate. We explored the properties of stripped stars that are only
produced in binaries. We showed that these stripped stars exhibit high eﬀective temperatures
for all metallicities we considered. They emit the majority of their ﬂux as HI and HeI ionizing
photons.
To provide a ﬁrst ballpark estimate of the relative emission rate of stripped stars, we
compare our models with a typical WR star. Stripped stars are the lower mass counterpart
of WR stars as they are also the stripped helium core of a massive star. Wolf-Rayet stars
are more luminous compared to stars stripped in binaries. However, WR stars have shorter
lifetimes and they are not favored by the stellar initial mass function. For the typical values
for a WR star, we used the WC model by Groh et al. (2014, stage 48), which corresponds
to an initial mass MWR, init = 60 M single star. This star spends about ΔtWR ∼ 0.4 Myr in
the WR phase, during which it emits Q0,WR ∼ 2.8 × 1049 HI ionizing photons per second.
We assumed all stars with this initial mass become WR stars at some point during their lives
( fWR, 60 M = 1).
For stripped stars we take our reference model with standard mass loss rate, which has
an initial mass of 12 M . We assumed that a fraction fstrip = 0.33 of stars with this initial
mass becomes stripped (Sana et al. 2012). Using a Salpeter (1955) initial mass function, the
relative contribution can then be estimated as


Q0, strip Δtstrip
Mstrip, init −2.35
η=
×
×
×
fWR, 60 M
Q0,WR
ΔtWR
MWR, init

−2.35
12 M
0.33 1.19 × 1048 s−1 1.2 Myr
×
×
=
×
≈ 1.8
1.0
0.4 Myr
60 M
2.8 × 1049 s−1
fstrip

(2.1)
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With this very simple estimate, we ﬁnd that the stripped stars produce almost twice the
amount of ionizing photons in comparison to the WR stars. More extensive modeling is
needed to assess the full contribution for a realistic population, but it seems likely that stripped
stars make a signiﬁcant contribution to the total budget of ionizing photons.
An accurate estimate would require extensive spectral model grids of stripped stars spanning over mass. This is beyond the scope of the paper, but a full grid will be presented in
Götberg et al. (2018, i.e., Chapter 3). However, a boost of only a factor of a few would, in
principle, be enough to complete cosmic reionization by redshift 6–7 (see Madau & Dickinson 2014, for a review).
The most promising aspect of stripped stars, as potential contributors of the photons
needed for reionization, is that they emit them with a time delay. The progenitor star ﬁrst
has to complete its main-sequence evolution, which takes about 20 Myr for the model presented here. Allowing for diﬀerent progenitors with diﬀerent masses and lifetimes we expect
that the boost of ionizing photons comes with delay times ranging from a few to at least 100
Myr or more (Götberg et al. in prep., i.e., Chapter 5, see also predictions by Stanway et al.
2016). Observations of nearby star clusters of this age suggest that this is suﬃcient time to
remove most of the remaining gas (e.g. Glatt et al. 2010; Bastian et al. 2014). Numerical
simulations also indicate that large local and temporal variations of the escape fractions are
possible as feedback of massive stars removes gas and clears lines (e.g. Paardekooper et al.
2011; Ma et al. 2015; Trebitsch et al. 2017).
This suggests that the slightly delayed photons produced by stripped stars have a much
larger chance to escape and become available to ionize the intergalactic medium. Quantitatively assessing the impact of this requires reliable estimates of the escape fraction, which
are not available at present. A boost of an order of magnitude in the escape fraction of ionizing photons for stripped stars does not appear to be unreasonable in light of the ﬁndings
in the high resolution simulations presented by Trebitsch et al. (2017), who report temporal
variations in the escape fraction that reach up to six orders of magnitude.
Finally, we note brieﬂy that binary stars have other ways to change the spectral energy
distributions of stellar populations, apart from producing stripped stars as we discussed here.
Substantial contributions are expected from mass gainers and stellar mergers, which eﬀectively repopulate the upper end of the initial mass function as blue stragglers (e.g. de Mink
et al. 2014; Schneider et al. 2015, 2014). The BPASS simulations suggest that these also
make an important contribution (e.g. Stanway et al. 2016).
Furthermore, a subset of binaries remain bound after the ﬁrst star ends its life as a neutron
star or black hole. A fraction of these evolve through an X-ray binary phase. A possible importance of their contribution to heating and reionization of the intergalactic medium (IGM)
at high redshift has also been considered by various authors (e.g. Mirabel et al. 2011; Fragos
et al. 2013; Madau & Fragos 2017). However, Madau & Fragos (2017) have concluded that
the contribution of X-ray binaries to the ionization of the bulk IGM is negligible.
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Figure 2.13: Our standard mass loss reference model of a stripped star in shaded blue area together with three Kurucz
models corresponding to main sequence companion stars of spectral types O9V, B1V, and B8V (approximate masses
20, 11, and 3 M , parameters given in Table 2.3). The available wavelength bands from the ground, from space, and
in the extreme UV are shaded in white and gray backgrounds. Above the plot we show the wavelength ranges
probed by various telescopes; colors show active telescopes and gray shows deactivated telescopes. In the extreme
UV where the bulk of the emission from the stripped star is dominant, no telescope is currently available. In the
optical there are many available instruments, but in this region even low-mass companions could clearly dominate
the emission of the binary star. With lower mass companions some of the strong emission lines of the stripped star
could pierce through the spectrum of the companion, but with higher mass companions it would be very diﬃcult to
see a stripped companion from optical spectral analysis.

Table 2.3: Kurucz models used in Fig. 2.13 to illustrate spectra of companion stars taken from Howarth (2011).

Kurucz model

SpT

M
[M ]

L
[L ]

T eﬀ
[K]

log10 g
[cm/s−2 ]

t33000g40
t25000g40
t12000g40

O9V
B1V
B8V

20
11
3

60039
10665
153

33000
25000
12000

4
4
4
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2.6.2

Observability of stripped stars and strategies to find these stars

Despite the expectation that a large fraction of massive stars interact in a binary system during
their lifetime and produce a long-lived stripped star, only very few systems have been detected
so far (see Groh et al. 2008; Schootemeijer et al. 2018). This apparent paradox may simply
be the result of biases and selection eﬀects (e.g de Mink et al. 2014), but this has not been
quantiﬁed. Our simulations provide insight into these biases and can guide eﬃcient observing
campaigns that aim to increase the observed sample of stripped stars.
The main challenge is that hot, stripped stars do not appear in isolation. They still reside in
orbit around their companion star, which typically dominates the optical and UV ﬂux heavily.
This is illustrated in Fig. 2.13, where we show the SED of our reference model (blue shading)
together with the spectra of three possible main sequence companion stars, roughly spanning
the range of companions that may be expected after interaction. The companion spectra
come from the ATLAS9 models (Castelli & Kurucz 2004; Howarth 2011); see Table 2.3
for an overview of the adopted parameters. The companion models roughly correspond to
evolutionary tracks of a 20, 11, and 3 M star halfway central hydrogen burning (deﬁned as
XH,c = 0.5). Their properties are still close to their zero-age main sequence properties, as we
expect for relatively unevolved or rejuvenated companions.
One possible strategy is to detect stripped stars through the UV excess that would be
detected in otherwise apparently normal, main sequence stars. However, as Fig. 2.13 shows,
the emission of stripped stars peaks in the extreme UV, which is not accessible from the
ground or space with present day observing facilities 2 . The UV regime between 912 −
3200 Å is accessible to present-day facilities or can be mined in the FUSE, GALEX and
IUE archives. Considering the UV excess alone, Figure 2.13 shows that it is challenging to
detect the stripped star considered here if the companion is a O9V or B1V star. However, the
UV excess can be used to search eﬃciently for hot star companions orbiting lower mass stars
with later spectral types. For example, our stripped star heavily dominates in UV ﬂux over the
B8V companion shown in Fig. 2.13. For comparison, the companion of the observed system
HD 45166, which is the only clear case of an identiﬁed stripped star in this mass regime, is
indeed a later type (B7V) star with a mass of about 5 M (Steiner & Oliveira 2005); this is
consistent with the trend shown in Fig. 2.13.
Another promising strategy is to search for the emission lines of stripped stars. Our models suggest that for certain combinations of stripped stars plus main sequence companions,
these emission lines may be visible above the continuum of the companion. The most promising optical line is the HeII λ4686 line. Further lines of interest are the HeII λ1640 line in the
UV and a sequence of strong lines in the near IR, although the overall drop of intensity may
make these more challenging to use. The strength and shape of the emission lines depend on
the uncertain mass loss rates and terminal wind speeds. A search for these emission features
recovers only a subset of the population of stripped stars, with the mass ranges and orbital
2 The only mission that systematically explored the extreme UV is the all-sky Extreme Ultra Violet Explorer
(EUVE; operational in 1992–2001)
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companions dictated by the actual values of the mass-loss rates and wind terminal speeds of
stripped stars.
Further strategies include searches for radial velocity (RV) variations and eclipses. These
RV searches are challenging since the expected variations for the brighter and more massive
companion star are typically small and its lines are likely broadened by rotation (de Mink
et al. 2014). The RV variations in the possible emission lines of the companion would be
larger, but they would need to be detected ﬁrst. Binary systems hosting a stripped star that
shows eclipses should be rare because of the small radii of stripped stars (∼ 1 R ). Moreover, the orbit is expected to have widened as a result of previous mass transfer. However,
they should appear in suﬃciently large optical transient surveys, such as the Optical Gravitational Lensing Experiment (OGLE, Wyrzykowski et al. 2004; Pawlak et al. 2016). Multicolor
eclipse data should allow identiﬁcation of eclipses caused by a hot companion.
Finally, the strong EUV radiation of stripped stars could potentially be observed indirectly through emission lines in nearby gas that requires ionization by high-energy photons.
The characteristic emission lines provide a diagnostic of the hardness of the ionizing source,
which should in principle allow to diﬀerentiate between the presence of a stripped star or
other ionizing sources such as a (accreting) neutron star or black hole. Similarly, the stripped
stars may have potentially observable eﬀects through irradiation of their companion. For example, they may induce diﬀerences between the day and night side of companion or they may
partially ionize the disk of their companion, if present. Further simulations of the expected
consequences are warranted.

2.6.3

Failure to remove the H-rich envelope at low Z (I) – implications
for the ratio of SN type Ibc, IIb and II

One of our key ﬁndings is that the Roche-lobe stripping process is ineﬃcient at low metallicity. A thick layer of hydrogen-rich material is left at the surface of the stripped star when
it contracts within its Roche lobe and mass transfer seizes. As discussed in Sect. 2.4.2, we
believe this is mainly the result of the lower opacity in the layers below the surface in these
models.
This has potentially important implications for the ﬁnal surface composition of supernova
progenitors (cf. Yoon et al. 2017). Roche-lobe stripping is considered as the main progenitor
channel leading to type Ibc supernova, i.e. core collapse supernova that do not show signatures of H in their spectra (e.g. Kobulnicky & Fryer 2007; Yoon et al. 2010; Smith et al. 2011;
Claeys et al. 2011; Eldridge et al. 2013; Van Dyk et al. 2016; Eldridge & Maund 2016). At
high metallicity Roche-lobe stripping removes eﬀectively the entire H-rich envelope, for the
orbital periods that we considered here. The small amount that remains is subsequently removed by the stellar wind before the stars explode. We thus expect higher metallicity stripped
stars to end their lives as a Ibc supernovae, which is consistent with earlier works (cf. Yoon
et al. 2010; Eldridge et al. 2013).
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However, we ﬁnd very diﬀerent results for low metallicity. For our metal-poor models we
ﬁnd that the ﬁrst Roche-lobe overﬂow event fails to remove the last ∼ 1 M of the envelope,
which contains a mixture of hydrogen and helium. The total mass of pure hydrogen is ∼
0.3 M at this stage. How much hydrogen is left at the ﬁnal explosion, depends on whether or
not the system evolves through a second mass transfer event during the helium shell burning
phase. This depends on the initial orbital period and on the mass of the stripped star. We
adopted a relatively short orbital period in our simulations and we ﬁnd that most, but not all,
of the hydrogen is removed during a second mass transfer. The ﬁnal remaining hydrogen
masses in our models are given in Table 2.1. Our most metal-poor model evolves through a
second mass transfer phase and has MH,tot = 0.03 M left at the moment of explosion. This
amount of hydrogen is small, but could be detected in early-time spectra (Dessart et al. 2011;
Hachinger et al. 2012), thus suggesting that the supernova could be classiﬁed as type IIb, if
detected early enough. We refer to Yoon et al. (2017) for a discussion of the eﬀect of mass
and period.
The general prediction from our models is thus that the fraction of type Ibc decreases for
lower metallicity, while the fraction of type IIb rises, a conclusion that is also drawn by Yoon
et al. (2017).
Determining these fractions observationally has proven to be challenging, since most
surveys are biased to more massive galaxies, introducing a bias toward metal-rich stellar
populations (Liu et al. 2016). The most careful and comprehensive present-day analysis
appears to be the work by Graur et al. (2017a,b). In the most recent observational results a
reduction of type Ibc rate is found for less massive galaxies. Given the general galaxy massmetallicity relation this may indicate that type Ibc are less prevalent at lower metallicity
(Modjaz et al. 2011; Arcavi 2012), consistent with what our models predict. The type IIb rate
appears to be unaﬀected. This conclusion diﬀers from the ﬁndings by earlier investigations,
which showed a increase of the type IIb rate in dwarf galaxies (Arcavi et al. 2010; Kelly &
Kirshner 2012; Yoon et al. 2017).

2.6.4

Failure to remove the H-rich envelope at low Z (II) – Implications for rapid population synthesis simulations including gravitational wave predictions

Our results also have possibly important implications for the variety of rapid population synthesis simulations that rely on the fast but approximate algorithms by Hurley et al. (2000,
2002). In these simulations stripped stars are approximated using evolutionary simulations
for pure helium stars that were computed by Pols et al. (1998). Our simulations show that this
approximation is fairly accurate for high metallicity, but it breaks down at low metallicity.
These algorithms form the basis of a large number of simulations that are used for a variety of predictions. This include results obtained with the StarTrack code (e.g. Belczynski
et al. 2010; Dominik et al. 2012; de Mink & Belczynski 2015; Belczynski et al. 2016), bi-
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nary_c (Izzard et al. 2004, 2006, 2009; de Mink et al. 2013; Claeys et al. 2014; Schneider
et al. 2015), and COMPAS (Stevenson et al. 2017).
The remaining hydrogen-rich envelope layer can potentially aﬀect the further evolution
of metal-poor binary systems. Further simulations will be needed to investigate this in more
detail, but we can expect that a larger fraction of systems experience a second mass transfer
stage when the stripped stars swells up during helium shell burning. The second phase of
mass transfer occurs in our models when Z ≤ 0.0047, but this will depend on the adopted
mass and orbital period. This may potentially be of interest in channels where the companion
is an accreting white dwarf (Dewi et al. 2002a; Tauris et al. 2015). It could in principle aﬀect
the supernova type Ia rates through the single degenerate formation channel (Whelan & Iben
1973; Nomoto 1982). If such systems enter a common envelope stage they may produce
very tight binary systems that are of interest as gravitational wave sources. For gravitational
wave sources in particular, current simulations predict the majority of sources to arise from
metal-poor stellar populations, where we expect the eﬀects to be largest.

2.7 Summary and conclusions
We investigated the eﬀect of metallicity on stars that lose their hydrogen-rich envelope through
interaction with a companion. For this purpose we used the detailed stellar evolutionary code
MESA and the atmosphere code CMFGEN. Our ﬁndings apply to a typical massive binary
(where the primary star has an initial mass of 12 M ) that ﬁlls its Roche lobe after leaving
the main sequence but before the completion of helium burning that avoids coalescence. We
summarize our main results and their implications.
1. In agreement with earlier work, we ﬁnd that Roche-lobe stripping exposes the helium
core of the donor star and produces very hot and compact stars (80 000 K and ∼ 1 R
in our solar metallicity reference model). These stars ﬁll the gap in mass between their
higher mass counterparts, known as Wolf-Rayet stars, and their lower mass counterparts, subdwarf O and B stars. The stripped stars considered here are not expected
as a result of single star evolution: they are uniquely produced as a result of binary
interaction.
2. For single stars it is a well-known fact that lowering the metallicity results in hotter
and more compact stars, at least in the early evolutionary phases. Surprisingly, we ﬁnd
the opposite for stripped stars. At lower metallicity, mass donors shrink within their
Roche lobe before the removal of the hydrogen-rich envelope is complete. We believe
that this is due to the reduction of the opacity in the subsurface regions. The result is
that metal-poor stripped stars are larger, more massive, more luminous, slightly cooler,
and shorter lived than their metal-rich counter parts.
3. Stripped stars are very eﬃcient sources of ionizing photons. Despite losing about twothirds of their mass, the bolometric luminosities of stripped stars are comparable to
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their pre-interaction main sequence progenitors. However, most of the light is emitted
in the extreme UV at wavelengths that are inaccessible by ground- and space-based
telescopes. Our reference model emits 85% of its luminosity at wavelengths blueward
of the Lyman limit for H ionization and 60% blueward of the threshold to singly ionize
helium. The ﬂux at shorter wavelength is very sensitive to uncertainties in the mass loss
rate. A corresponding single star of the same initial mass does not emit any signiﬁcant
number of ionizing photons during its helium burning phase. The number of ionizing
photons is mildly dependent on metallicity. The HI and HeI ionizing photons vary by
less than a factor of two among our models.
4. Stripped stars are not as luminous as massive Wolf-Rayet stars, which are emitting
ionizing photons at the fastest rates in stellar populations. However, using a simple estimate we argue that they produce a comparable amount of ionizing photons. Stripped
stars are favored by several eﬀects. (a) They are the product of lower mass stars, which
are favored by the initial mass function. (b) Their lower mass loss rates, give them
relatively transparent atmospheres with a photosphere that lies close to their very hot
stellar surfaces. This allows them to produce very hard radiation. (c) They evolve more
slowly than their higher mass counterparts and spend a longer time in the phase during
which they produce ionizing photons (about 1 Myr for the models considered here).
(d) The ionizing photons are emitted with a long time delay after starburst, in contrast
to those emitted by the short-lived massive Wolf-Rayet stars. This is interesting since
it allows time for feedback from massive stars to remove most of the surrounding gas
of the birth clouds that could trap the ionizing photons. We may thus expect a larger
fraction of ionizing photons to escape and become available to ionize the intergalactic
medium. A full assessment will require larger model grids.
5. Our models predict that high metallicity stripped stars have strong emission lines, a
prediction that is robust against variations of a factor of three in the adopted wind mass
loss rate. The strongest optical spectral feature of stripped stars is the HeII λ4686
emission line. The HeII λ1640 and Hα show similar strengths. Other characteristic
features are the CIV λ1548 and 1551 doublet and numerous emission lines of NIV and
NV. These lines provide a promising way to identify stripped stars in the vicinity of
their optically bright companion stars.
6. Our ﬁnding that Roche-lobe stripping fails to remove the complete H-rich envelope
of metal-poor stars has implications for the further sequence of interaction phases that
a binary system may undergo. Our results are in stark contrast with the approximate
treatment of stripped stars in widely used rapid binary population synthesis algorithms,
where stripped stars are treated as pure helium stars. This is a fair approximation at
high metallicity, but it breaks down at lower metallicity. This is a concern, especially
for simulations for gravitational wave sources. These predict a dominating contribution
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from low metallicity, where we ﬁnd the largest discrepancy. Follow-up studies of the
implications are warranted.
7. Our results also have implications for the diversity supernova subtypes and in particular whether hydrogen is expected to be present in the ﬁnal spectra. At high metallicity
the combined eﬀects of Roche-lobe stripping and winds remove the remaining hydrogen, as already pointed out in earlier work. At low metallicity, this is not true. After
completing central helium burning, our lower metallicity models expand and ﬁll their
Roche lobe a second time. Traces of hydrogen are expected to be visible in the spectra of these supernova when they explode. This is consistent with the observationally
derived decrease of type Ibc supernova in lower mass galaxies.
We conclude that advancing our understanding of stripped stars is of wide interest because
of the many implications they have for astrophysics, ranging from questions about ionizing
photons to formation scenarios for gravitational sources. It is humbling to realize that it has
now been more than half a century since the ﬁrst numerical simulations of this type were
performed. At this moment we have the luxury of an improved understanding of the microphysics and increased computational resources. For this study we explicitly chose to limit
the extent of the parameter space, not because of the limitations in computational power,
but because of the richness of processes that required discussion and deeper understanding.
However, to move forward from here, prioritization of eﬀorts on the computational and observational side are needed. This will allow us to explore the physical processes and how they
behave in the large parameter space and to increase the observed sample that can be used to
verify and test the models.
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