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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, 60-80kK, ~1 R;). These stripped stars
copiously produce ionizing photons, emitting 60—85% and 30-60% of their energy as HI and Hel 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 Myr 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.
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1. Introduction

Massive stars have played many important roles since the ear-
liest 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 en-
riched the Universe with elements synthesized by nuclear fu-
sion (e.g. Woosley & Heger 2007), slowly increasing the aver-
age metallicity (i.e. 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 (4 <
912 A, ie. with energies exceeding the ionization potential
of hydrogen, hv > 13.6 eV). In the local Universe, massive
stars are observed to ionize their immediate surroundings, giv-
ing rise to luminous HII regions (Conti et al. 2012). At larger
distances, they dominate the rest-frame UV part of the inte-
grated spectra of star-forming galaxies and give rise to vari-
ous 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
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neutral hydrogen gas became ionized (Haiman & Loeb 1997;
Bouwens et al. 2012; McQuinn 2016).

Massive stars are frequently found in binary or mul-
tiple systems (e.g. Garmany et al. 1980; Mason et al. 2009;
Sana et al. 2014). Recent studies have shown that, in the ma-
jority 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. Paczynski 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 pri-
marily from the most massive and luminous stars, which are
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short-lived. At birth these stars already emit a significant por-
tion 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 pho-
tons, but as the stars are still hot during the long-lasting main se-
quence, the total 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 com-
munity. These studies have shown that binary interaction can
significantly impact the derived ages and masses of star clusters
(e.g. Woftord et al. 2016), may help to explain the spectral fea-
tures 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 exam-
ple 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 mas-
sive binaries is the scarcity of adequate atmospheric models
for binary products. Spectral synthesis codes rely on precom-
puted grids of (1) stellar evolutionary models, which provide
information about key properties such as evolution of the sur-
face temperature, gravity, and composition as a function of
time and (2) corresponding atmosphere models, which pro-
vide information of the emerging stellar spectrum. For single
stars, extensive grids of atmospheric models have been pro-
duced to cover the various evolutionary phases (Kurucz 1992;
Grifener et al. 2002; Lejeune et al. 1997). In contrast, the cov-
erage of atmosphere models for stellar objects that are exclu-
sively 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 atmo-
spheres of binary products. These include the usage of atmo-
sphere 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 col-
orred: 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. helium-
burning 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 enve-
lope as a result of interaction with a binary companion. They are
related to the low-mass subdwarf O and B (sdO/B) stars, which
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have typical assumed current masses of about 0.5-1 M (for a
review see 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 evolu-
tionary phase for interacting binaries. Practically every inter-
acting binary produces a hot stripped star directly after the
first mass transfer phase ceases (if the two stars avoid imme-
diate 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 tempera-
tures and long lifetimes along with the expectation that they are
common, make the stripped stars of interest as potential stel-
lar source of ionizing radiation. Assessing their potential as ion-
izing 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 systemat-
ically explore the structural and spectral properties of stripped
stars to evaluate their impact on the spectra of stellar popula-
tions. 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 he-
lium 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 burn-
ing phase, which is most relevant for the integrated spectrum of
stellar populations.

An additional objective of this study is to improve our under-
standing 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.
2017). 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. Ob-
served stripped stars will provide crucial test cases for the spec-
tral 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 evolu-
tionary and spectral models in Sect. 2. In Sect. 3 we use our
reference model to illustrate the physical processes that deter-
mine the structural and spectral properties of stripped stars. We
continue by discussing the impact of metallicity on the evolu-
tion, the stripping process and the structure of the stripped star
in Sect. 4. In Sect. 5 we discuss the effect of metallicity on the
emerging spectra and the spectral features. In Sect. 6 we discuss
the broader implications. We finish with a summary and conclu-
sion in Sect. 7.
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Table 1. Physical parameters of our models of stripped stars at different metallicities (M ;i = 12 Mo).

Model V4 M* MHe core loglo L T* Teﬂ' loglo Geft R* Re[r loglo M MLol,H Mlot,H,[ Teripped XH,s XHeA,s
Mol [Mo] [Lo] [KK] [KK] [ems™] [Ro] [Ro]l [Moyr'l [Mo]l [Mo] [Myr]
M_702 0.02 3.61 3.51 4.21 80.2 79.9 5.35 0.66 0.66 —-6.58 0.01 0.0 .51 0.17 0.81
M_Z0166 0.0166 3.67 3.55 4.23 79.9 79.6 5.33 0.68 0.68 —-6.6 0.01 0.0 148 0.18 0.8
M_Z0142 0.0142 3.71 3.57 424 795 79.1 5.31 07 07 -6.63 0.02 0.0 146 0.19 0.79
M_70134 0.0134 3.73 3.58 4.25 793 789 53 0.7 071 —-6.64 0.02 0.0 1.45 02 079
M_Z01 0.01 3.81 3.63 427 78.6 783 5.28 0.74 0.74 —6.68 0.03 0.0 142 021 0.78
M_Z005 0.005 4.01 3.75 433 76,6 762 5.19 0.83 0.84 -6.8 0.05  0.009 136 026 0.74
M_Z0047 0.0047 4.02 3.76 433 762 75.8 5.18 0.84 0.85 —-6.81 0.05 0.011 135 026 0.73
M_Z0021 0.0021 4.23 3.86 4.4 723 719 5.05 1.0 1.02 —-6.95 0.08 0.015 1.31 031 0.69
M_Z001 0.001 441 3.92 445 674 670 4.89 1.23 124 -7.09 0.12 0.02 1.29 036 0.64
M_Z0005 0.0005 4.6 3.97 4.5 61.2 60.7 4.69 1.57 1.6 -7.21 0.18  0.024 1.27 04 0.6
M_Z70002 0.0002 4.77 3.95 452 549 543 4.49 2.02 2.06 -8.26 025  0.028 1.27 044 0.56
M_Z70001 0.0001 4.89 3.92 4.53 50.3 49.7 4.34 243 248 -8.4 0.31 0.031 126 048 0.52

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, Mye core> the luminosity, L, the stellar temperature, 7', (at an optical depth T = 100), the effective temperature, T (at 7 = 2/3), the effective
surface gravity, log,, ges, the stellar radius, R, (r = 100), the effective radius, R.¢ (r = 2/3), the wind mass loss rate, M, the total hydrogen
mass of the stripped star, M, 1, the total hydrogen mass at the end of the evolution of the stripped star, Mo 11, the time during which the star is
stripped, Tgyippea (the remaining life time after detachment from first Roche lobe overflow phase), the surface hydrogen mass fraction, Xy ; and the
surface helium mass fraction, Xy, . Unless stated otherwise we use the parameter values halfway through core helium burning which we define
as Xpee = 0.5. The helium core is defined as the most exterior mass coordinate where Xy < 0.01 and Xy, > 0.1. We note that by construction
T« = Ter, msa» 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.

2. Modeling
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 burn-
ing using the nuclear network approx21, which contains reac-
tions relevant for hydrogen burning through the CNO cycle and
non-explosive helium burning (see Paxton et al. 2011). We fol-
lowed the evolution through all long-lived phases until central
carbon depletion (defined as Xc . < 0.02). These evolutionary
stages together account for 99.9% of the stellar lifetime.

We accounted for convective mixing using the mixing length
approach (Bohm-Vitense 1958) adopting a mixing length param-
eter ayrr = 2. We allowed for overshooting above every con-
vective burning region up to 0.335 pressure scale heights above
the convective region, following the calibration by Brott et al.
(2011). The semiconvection parameter is set t0 @gem = 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, Tef mesa > 10* K
and surface hydrogen mass fraction, Xy ¢ > 0.4. This prescrip-
tion scales with metallicity as M o Z%%. In the models pre-
sented here, these conditions are met throughout the main se-
quence 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 Xy ¢ < 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 abun-
dance, and metallicity, where the relation with metallicity is
M o 7% (cf. Kudritzki et al. 1987)!. Lacking an appropriate
wind mass loss algorithm for the winds of stripped stars, we ex-
trapolated this algorithm and applied it to the lower luminosi-
ties of stripped stars compared to WR stars. The observation-
ally 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 & Lamers (2000) WR al-
gorithm. This algorithm almost two orders of magnitude higher
than values one would obtain by extrapolating the recent results
by Krticka 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 with-
out 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.

! 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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We used the parameters derived for the observed binary sys-
tem HD 45166 as a motivation for the chosen starting point
of our parameter space exploration. HD 45166 consists of a
4.2 + 0.7 My quasi-WR (qWR) star that is orbiting a compan-
ion of spectral type B7V. The spectral type of the compan-
ion 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 My jnit = 12 Mg and Msinic = 5 M. The initial mass
of the secondary is not as well constrained as the primary. It de-
pends 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~ up to
Z = 0.02. This corresponds to values of the extremely low metal-
licity dwarf galaxy IZw18 (Izotov & Thuan 1998; Szécsi et al.
2015; Kehrig et al. 2015) up to super-solar values. The rele-
vant metallicity for HD 45166 is Z = 0.0166 (Groh et al. 2008;
Asplund et al. 2009). In terms of [Fe/H] these models span be-
tween —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 ¥ = 0.24 +
27 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 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 1 provides an
overview of the main parameters of the evolutionary models pre-
sented in this work.

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 op-
tically 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 temper-
ature and effective surface gravity (both are defined at a radius
where the Rosseland optical depth is 7 = 2/3). Each CMFGEN
model provides the spectral energy distribution and a normal-
ized spectrum which we computed between 50 and 50 000 A.
We 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.
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The observed stripped star in HD 45166 is measured to have
the wind speed of v, = 350 + 40km s~! when using a wind
velocity beta law with 8 = 1 (Groh et al. 2008). This wind speed
is surprisingly low for a star with T.g ~ 50000 K. There is evi-
dence 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, =~ 1300km s~!) and a slow equatorial wind
with (ve = 300km s~1), which could reconcile observations and
theoretical expectations of hot-star winds. The derived clump-
ing 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 con-
stant mass loss rate, lower clumping volume filling factors would
increase the equivalent width of recombination lines such as
Hell 14686. We discuss the effects of the wind terminal veloc-
ity and clumping factors on the spectrum of stripped stars in
Appendix B.

2.3. Connecting atmospheres to structure models

We employed the method described in Groh et al. (2014) to con-
nect 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 Xpg. . = 0.5. As input
for the CMFGEN models at Rosseland optical depth 7 = 20,
we used the effective temperature (Tes mesa), surface gravity
(log;o gumesa), stellar radius (Rygsa) and surface abundances ex-
tracted from our MESA model following the approach exten-
sively tested by Groh et al. (2014). From the CMFGEN mod-
els we extracted the true effective temperature, Teg (T = 2/3),
and the surface temperature of the star, 7, defined as the effec-
tive temperature computed at the radius where the optical depth
7 = 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 stan-
dard values.

Figure 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. 1 highlight the difference Ar in stellar radius
calculated in MESA and CMFGEN. This discontinuity translates
into an uncertainty in the effective temperature of only ~100 K.
This is less than 1% of the surface temperature, which ranges
between 50000 and 80000 K (see Table 1). Differences of this
order are so small that their influence on the predicted emerging
spectra an ionizing flux is negligible.

3. Evolution and spectral features of stripped stars

The consequences of mass loss due to interaction with a com-
panion in a binary system have been the topic of several
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Fig. 1. Density (top) and temperature (bottom) structure of the MESA
(gray) and CMFGEN (colored) models of a stripped star and its atmo-
sphere. We show our reference model (Z = 0.0166). The different col-
ors 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 hor-
izontal 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.

classic papers (e.g. Morton 1960; Smak 1962; Paczynski 1966;
Kippenhahn 1969; Yungel’son 1973; van der Linden 1987). We
discuss the results obtained with modern higher resolution sim-
ulations using updated input physics, but several of the phys-
ical arguments concerning the evolution can already be found
in these early papers. More recent works on this topic in-
clude Yoonetal. (2010), Claeysetal. (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 pa-
rameters are listed and motivated in Sect. 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, typ-
ically before the onset of helium burning. Case B mass trans-
fer is the most common type of mass transfer. Moreover, it pro-
duces 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 explo-
ration. 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 ef-
fects of metallicity are discussed in the next section.

3.1. Binary evolution and the formation of a stripped star

In Fig. 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. Ini-
tially, the two stars evolve similarly as they move along the main
sequence (labeled A-B). The central helium abundances Xy .
(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 ex-
cess 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 left panel of Fig. 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 con-
vection and overshooting (green diagonal lines and purple cross
hatching, respectively).

The primary star has a radiative envelope at the onset of mass
transfer. As the outer, highest entropy layers are removed, the en-
velope 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 en-
ergy so luminosity can again increase.

At point E the donor star has lost more than 8 M. The sur-
face 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.

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 luminos-
ity, log,o(L/Lo) ~ 4.2, is still comparable to the luminosity it
had during its main sequence evolution. For an overview of the
properties, see Table 1. The star is very compact ~0.7 Ry, has a
very high surface gravity, log,, gest ~ 5.3, and is very hot.

With an effective temperature ~80 000 K, the radiation emit-
ted by the stripped star is expected to peak in far/extreme UV.
In Fig. 2 we indicate the fraction of photons emitted at wave-
lengths blue-ward of 1 < 912 A (Lyman continuum photons)
by a blackbody with the corresponding effective temperature,
with blue vertical contours. A blackbody with a temperature of
80000 K, similar to the effective temperature of our stripped star,
emits about 85% of its radiation in Lyman continuum photons.
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For comparison, the equivalent single star model (shown in gray
in Fig. 2) has an effective temperature of only ~3000 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 hy-
drogen and helium remains at the surface. This shell contains

All, page 6 of 22

less than 0.1 M, of hydrogen. This is sufficient to sustain 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. 3.
At the same time mass is lost from the surface by the stellar wind
at arate of M ~ 2.5 x 1077 Mg yr~! in this model. This is high
enough to remove the hydrogen layer by the time core helium
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Fig. 4. Spectral energy distribution of our reference model with standard mass loss rate in black together with the blackbody with temperature
same as Tesmesa (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.

depletion is reached. See also panel e of Fig. 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 bal-
ance at point H. During the expansion, carbon and later also oxy-
gen 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.

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 de-
scribed in Sect. 2.3. Figure 4 shows the resulting spectrum
(black line). The wavelengths corresponding to photon ener-
gies required to ionize neutral hydrogen (HI), singly ionize he-
lium (Hel), and fully ionize helium (Hell) are indicated (vertical
dotted white lines). For comparison, we overplot a blackbody
spectrum for a temperature of ~80 000 K (gray dashed line), cor-
responding to T ., mesa, Which is the computed effective temper-
ature resulting from the MESA model.

The blackbody approximation strongly overestimates the ex-
treme UV flux (shortward of 228 A) and underestimates the flux
at peak, which occurs between 228-512 A. 1t also underesti-
mates the emission at longer wavelengths, these are most clearly
visible in Fig. 4 for wavelengths longer than about 4000 A,
where reprocessed ionizing photons are emitted at longer wave-
lengths in the form of recombination lines. The excess in in-
frared and radio wavelengths compared to the blackbody is due
to free-free emission. The sharp drop at 1 = 228 A is due to
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Fig. 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.

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 ion-
izing limit (912 A), since the hydrogen is completely ionized
throughout the wind.

In Fig. 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 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
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Fig. 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.

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. 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 tem-
perature. 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 Rs. The resulting effective tempera-
ture, T ~ 70000 K, is almost 10 000 K lower than the temper-
ature at the stellar surface. This effect is commonly observed for
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 sig-
nificant difference between the effective and the surface temper-
ature, indicating that in these cases the wind is optically thin in
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the continuum. Many spectral lines are however optically thick,
as we discuss in Sect. 3.4.

Considering the relation between wind mass loss rate and
radiation pressure through the Eddington factor (I'.), we ex-
pect a realistic wind mass loss rate in the considered parame-
ter range to be closer to that used in the “reduced” mass loss
model (Bestenlehner et al. 2014). 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.

3.4. Characteristic spectral features
To show the spectral features more clearly, we plot the normal-

ized spectra in Fig. 6 for our standard, enhanced and reduced
mass loss rates. Our CMFGEN models show emission lines with
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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 Hell 14686
with an equivalent width of 95.6 A and with flux at the peak cor-
responding to more than 10 times that of the neighboring contin-
uum in the standard wind mass loss model (see enlargement in
panel e of Fig. 6).

Other strong lines in the optical band are the blend of
Hell 16560 and Ha (panel f) and a mix of NIV lines in the
range 7100-7140 A (panel g). We also find weaker emission in
CIV 245801 and CIV A5812. In the enhanced mass loss model
Hel 25875 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 Hell 41640, but also the
Lya and Hell 11215 blend, NIV 11487 and NIV 11719 are
strong in emission. In the infrared we find the strongest lines
to be Hell 118636, 130908 and 147622.

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 cen-
tral 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.

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. 2011; Pietrinferni et al. 2013; Szécsietal. 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 fu-
sion through the CNO cycle; and (3) the mass loss rates for radia-
tively driven winds. Here, we describe how the different effects
of metallicity interplay in case of the mass losing star in a bi-
nary 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 result-
ing characteristics of the helium star, and its emerging spectrum.

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. 7. This is consistent with what
has been found for single stars as described in the studies men-
tioned above.

This is, in part, due to the effect of metallicity on the nu-
clear reaction rates for hydrogen burning through the CNO cy-
cle, 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 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 equi-
librium. 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 log,, T ~ 5.2 (Cantiello et al. 2009). The lower opac-
ity 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 kes = 0.2 (1 + X) cm? g‘l. However, when
initializing our models we chose to scale the initial mass fraction
of hydrogen and helium with metallicity. The hydrogen abun-
dances decrease as the metallicity rises in agreement with the
overall trend expected for the chemical enrichment of galaxies
over cosmic time. This way we introduced a mild indirect depen-
dency of ks on the metallicity. Our metal-poor models initially
have a ~8% higher value for Xy than our metal-rich models.

The effect on the opacity in the interiors is small, but of im-
portance since the electron scattering plays a role in determin-
ing the extent of the convective core, which in turn determines
how much fuel the central burning regions can access. Figure 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. 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 Mpye core, TAMS- We find
a small difference in mass of about 6%, with the metal poor
star having the more massive core (Mpge 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. 7).

In Fig. 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 domi-
nate. 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 in-
fluence 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
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Fig. 7. Evolutionary tracks of donor stars with metallicity ranging from Z = 0.0001 up to Z = 0.02 (similar to Fig. 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. 4.1-4.3.

main sequence. For our most metal-poor model we find that the
region extends to about 1.5 M, above the core.

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

The stars we consider here fill their Roche lobe shortly after leav-
ing the main sequence during the hydrogen shell burning phase.
Throughout their pre-interaction evolution, the metal-poor mod-
els have been more compact. They need to expand further in or-
der 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 because
of the metallicity-dependent stellar wind mass loss rates. Mass
loss from our metal-rich 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, ¢ = M,/M;, 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. 7) proceeds in a similar way in all
models; see Sect. 3.1. Initially, the stars respond by contracting
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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. Even-
tually, when most of the envelope is removed and helium en-
riched 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 so-
lar 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 lay-
ers 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 tem-
perature. The metal-poor models have more massive and more
compact cores, and thus higher central temperatures, which al-
lows 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.
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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.

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, (right
panel of Fig. 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 hydro-
gen, which initially allows for weak burning in a shell around the
core (left panel of Fig. 3). When investigating even lower metal-
licities (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 tem-
perature. The metal-poor stripped stars are about 30000 K
cooler, 0.3 dex brighter, and almost four times bigger than their
metal-rich counterparts; see Fig. 8 and Table 1. This is some-
what 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.

The difference in mass, luminosity and composition affects
the remaining lifetime. Panel b in Fig. 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. 8 provide an overview of vari-
ous properties of stripped stars, when they are halfway their he-
lium burning phase (defined as the moment when Xy = 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 > Xy > 0.05).

In Fig. 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 Xpe = 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 temper-
ature. In contrast, our metal-poor model remains substantially
cooler for the first part of the helium burning phase. The temper-
ature slowly rises and settles at about log;,(Tefrmesa/K) = 4.7
only after a third of the helium burning phases.

In the second row in Fig. 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
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Fig. 8. Properties of the evolutionary models of stripped stars (see
Table 1) shown as function of metallicity. The markers and connecting
lines highlight when the central helium abundance is Xge . = 0.5, these
values are given in Table 1. The shaded areas indicate how each model
evolves from core helium mass fraction of 0.9 to 0.05 during core he-
lium burning. We highlight the model with metallicity Z = 0.0166 with
a black plus sign (described in Sect. 3).

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
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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.

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 he-
lium 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. 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.

In contrast, for the metal-poor model we see that the surface
abundance of H and He are constant throughout the helium burn-
ing 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
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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. 9 we show the total mass of hydro-
gen 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 My ~ 0.05 Mg 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
My ot ~ 0.35 M. Mass loss by winds is negligible in this case,
but shell burning significantly decreases the amount of hydro-
gen by converting it into helium. At the end of the helium burn-
ing phase ~0.2 is left. During helium shell burning the stripped
star swells up and fills its Roche lobe a second time. The sec-
ond 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 hydro-
gen in the very early spectra of the supernova.

5. Effect of metallicity (ll): 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 fea-
tures. 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 burn-
ing phase (Xge = 0.5).

5.1. Spectral energy distribution and flux of ionizing photons

In Fig. 10 we show the spectra in conventional units (1F, at
1 kpc in ergs™' cm™2 versus A in A, where A is the wavelength
and F, 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 Hel and Hell (indicated with verti-
cal 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 a reduction of the effective temperature that charac-
terizes 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, Ry, and the photosphere, R,
coincide; cf. Table 1. The metal-poor models are brighter and
show the distinctive trough at 912 A at the threshold for hydro-
gen ionization. This feature is weaker in the metal-rich models.
They still have traces of hydrogen at their surface abundances
(Xus ~ 0.2, but this is completely ionized).

Our spectral models show that stripped stars are very effi-
cient 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 Hel ionizing
photons, and 5 x 107°% as Hell ionizing photons. In Fig. 11 we
show the metallicity dependence of the total number of ioniz-
ing photons emitted per second, Qy, O, and Q, at wavelengths
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Fig. 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 He?* to He* blocks the
emission of photons with wavelengths shorter than 1 = 228 A 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 A. The stripped stars are also more luminous and somewhat
cooler. All model spectra are created during core helium burning when central helium abundance is Xpe . = 0.5.
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Fig. 11. Flux of HI (Qy, red circles), Hel (Q;, orange squares) and Hell (Q,, 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. 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
Qo and Q, are plotted on linear scale as the variation is small with metallicity. The value Q; is strongly wind mass loss dependent and therefore
varies significantly with metallicity.

models are not completely stripped by Roche-lobe overflow; a

shorter than the ionization potential for HI, Hel and Hell, re-
hydrogen-rich layer is left at the surface. This results in stripped

spectively; see also Table 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).

5.1.1. Hl ionizing photons

The flux of HI ionizing photons (left panel of Fig. 11) is about
10*® s~! and rises by about a factor two with decreasing metallic-
ity. This can be understood as the result of two effects that coun-
teract each other. As we have shown in Sect. 4.2, the metal-poor

stars that are more massive, luminous and slightly cooler (see
Fig. 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 Qp when varying the
assumed mass loss rate. Our results are thus robust against un-
certainties 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 Qp only by
about 10%. This is potentially interesting, since the blackbody
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approximation provides a computationally cheap alternative for
the detailed atmosphere simulations that we conducted. The rea-
son for the small difference between the detailed simulations
and the blackbody estimate is that hydrogen is almost com-
pletely ionized throughout the wind (see Fig. 5). Without neu-
tral hydrogen present, the hydrogen ionizing photons cannot be
used for hydrogen ionization in the wind and propagate into the
surroundings.

5.1.2. Hel ionizing photons

We find very similar trends for the flux of Hel ionizing photons
(central panel of Fig. 11), which is only a factor of two below
the HI ionizing flux. The Hel ionizing flux peaks at a metallicity
Z = 0.001 and also closely follows the estimate from a simple
blackbody. This is because neutral helium is also almost com-
pletely depleted in the wind. The detailed spectral simulations
give a 20% higher flux than the simple blackbody estimate. The
predictions for the Hel ionizing flux are also robust against un-
certainties in the mass loss rates.

5.1.3. Hell ionizing photons

The flux of Hell ionizing photons (right panel of Fig. 11) is
strongly reduced and is 4-8 orders of magnitude below the esti-
mates for the HI and Hel ionizing photon flux (the scale is differ-
ent 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 Hell 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 Hell ionizing flux is not appro-
priate. It overestimates the flux by about two orders of magni-
tude 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 He?* to recombine to
He*. This leads to high-energy photons that are used for ioniz-
ing the wind instead of emerging to the surroundings. We con-
clude that the Hell ionizing photons are too uncertain at present
to provide meaningful quantitative predictions.

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
Fig. 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, ¢ and e in Fig. 12). The
strong lines we pointed out for our reference model in Sect. 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
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sequence changing from absorption lines into P Cygni profiles.
The Lya and Hell 11215 blend in panel a of Fig. 12 is an exam-
ple. In other cases we find absorption lines changing into emis-
sion profiles with increasing mass loss rate; see for example the
Hell 24686.

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 pre-
sented here, we foresee several implications. We discuss them
briefly in this section and speculate on the basis of the very sim-
ple estimates that we can make at present.

6.1. Budget of ionizing photons and implications for cosmic
reionization

Quantifying the budget of ionizing photons produced by stel-
lar populations is of wide interest for a variety of applications.
These range from cosmological simulations that assess the reion-
ization of the intergalactic medium (IGM), spectral synthesis
simulations used to understand the properties of the strong emis-
sion lines of galaxies at intermediate to high redshift and HII
regions nearby.

Massive Wolf-Rayet (WR) stars are the stars in stellar popu-
lations that emit ionizing photons with the highest rate. We ex-
plored the properties of stripped stars that are only produced in
binaries. We showed that these stripped stars exhibit high effec-
tive temperatures for all metallicities we considered. They emit
the majority of their flux as HI and Hel 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 bi-
naries. 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 Mwg_ init = 60 M, sin-
gle star. This star spends about Arwg ~ 0.4 Myr in the WR phase,
during which it emits Qywr ~ 2.8 x 10* HI ionizing photons
per second. We assumed all stars with this initial mass become
WR stars at some point during their lives (fwr, som, = 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 fyip = 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

_ Sstip o Qo, suip o Atgrip y (Mstrip, init)_2'35
Swreom,  Qowr  Atwr  \ Mwr, init

_033 1.19 x 1048 ¢~ 1.2Myrx(12M®)_2'35z18
1.0 2.8 x 109951 0.4 Myr 60 M o

ey

With this very simple estimate, we find that the stripped stars
produce almost twice the amount of ionizing photons in com-
parison 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 to-
tal budget of ionizing photons.
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Fig. 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
Hell 24686 line which also goes into absorption when Z < 0.0002.
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Table 2. Ionizing flux emitted from our models of stripped stars.

Z Lui/Lot  Lyer/ Lot Lyent/ Lot log,, Qo_st (red-enh) log,, Q;_st (red-enh) log,, O,_st (red-enh)
[s7'] [s7'] [s7']
0.02 0.853 0.602 1.8x 108  48.1 (48.1-48.1) 47.8 (47.8-47.8)  40.1 (44.7-39.3)
0.0166 0.854 0.604 46x10°% 48.1 (48.1-48.1) 47.8 (47.8-47.8)  40.5 (44.8-39.3)
0.0142 0.854 0.605 1.2x107 48.1 (48.1-48.1) 47.8 47.8-47.8) 409 (44.8-39.3)
0.0134 0.853 0.604 1.5x1077 48.1 (48.1-48.1) 47.8 (47.8-47.8) 41.1 (44.9-39.3)
0.01 0.853 0.605 5.1x107  48.1 (48.1-48.1) 479 (47.9-479) 41.6 (44.9-39.3)
0.005 0.847 0.599 28x107% 482 (48.2-48.2) 479 (47.9-479) 424  (44.9-39.4)
0.0047 0.846 0.597 3.0x10°% 482 (48.2-48.2) 479 47.9-479) 424  (44.9-39.4)
0.0021 0.828 0.573 28x10™% 482 (48.2-48.2) 48.0  (48.0-48.0) 444  (44.8-40.3)
0.001 0.798 0.535 43%x10™% 483 (48.3-48.3)  48.0 (48.0-48.0) 447 (44.5-41.4)
0.0005 0.746 0.471 29x107* 483 (48.3-48.3) 480 (48.0-48.0) 445 (44.2-41.7)
0.0002 0.681 0.395 2.1x107° 483 (48.3-48.3) 480 (48.0-48.0) 434 (43.1-43.9)
0.0001 0.613 0.329 1.2x107° 483 (48.3-48.3) 479 (47.9-479) 432 (43.0-43.7)

Notes. Cols. 2—4 show the fraction of the emitted luminosity that is HI, Hel, and Hell 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. Our reference models are marked with gray background.

Table 3. Kurucz models used in Fig. 13 to illustrate spectra of compan-
ion stars taken from Howarth (2011).

Kurucz model ~ SpT M L Teqr logn g
[Mo]  [Lo] (K] [ems™]
t33000g40 O9v 20 60039 33000 4
t25000g40 B1V 11 10665 25000 4
t12000g40 B8V 3 153 12000 4

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 Gotberg
et al. (in prep.). However, a boost of only a factor of a few would,
in principle, be enough to complete cosmic reionization by red-
shift 6-7 (see Madau & Dickinson 2014, for a review).

The most promising aspect of stripped stars, as potential con-
tributors 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 ion-
izing photons comes with delay times ranging from a few to at
least 100 Myr or more (Gotberg et al., in prep., see also pre-
dictions 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 as-
sessing the impact of this requires reliable estimates of the es-
cape 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 es-
cape 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,
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apart from producing stripped stars as we discussed here. Sub-
stantial contributions are expected from mass gainers and stel-
lar 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. 2014, 2015). 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 frac-
tion of these evolve through an X-ray binary phase. A possi-
ble importance of their contribution to heating and reioniza-
tion of the intergalactic medium (IGM) at high redshift has
also been considered by various authors (e.g. Mirabel et al.
2011; Fragosetal. 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.

6.2. Observability of stripped stars and strategies to find
these stars

Despite the expectation that a large fraction of massive stars in-
teract in a binary system during their lifetime and produce a
long-lived stripped star, only very few systems have been de-
tected so far (see Groh et al. 2008; Schootemeijer et al. 2017).
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. 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 compan-
ion spectra come from the ATLAS9 models (Castelli & Kurucz
2004; Howarth 2011); see Table 3 for an overview of the adopted
parameters. The companion models roughly correspond to evo-
lutionary tracks of a 20, 11, and 3 M star halfway central hy-
drogen burning (defined as Xy = 0.5). Their properties are still
close to their zero-age main sequence properties, as we expect
for relatively unevolved or rejuvenated companions.
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Fig. 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 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.

One possible strategy is to detect stripped stars through the
UV excess that would be detected in otherwise apparently nor-
mal, main sequence stars. However, as Fig. 13 shows, the emis-
sion of stripped stars peaks in the extreme UV, which is not ac-
cessible from the ground or space with present day observing
facilities?. The UV regime between 912-3200 A is accessible to
present-day facilities or can be mined in the FUSE, GALEX and
IUE archives. Considering the UV excess alone, Fig. 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 orbit-
ing lower mass stars with later spectral types. For example, our
stripped star heavily dominates in UV flux over the B8V com-
panion shown in Fig. 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. 13.

Another promising strategy is to search for the emission lines
of stripped stars. Our models suggest that for certain combina-
tions of stripped stars plus main sequence companions, these
emission lines may be visible above the continuum of the com-
panion. The most promising optical line is the Hell 14686 line.
Further lines of interest are the Hell 11640 line in the UV and
a sequence of strong lines in the near IR, although the over-
all drop of intensity may make these more challenging to use.

2 The only mission that systematically explored the extreme UV is
the all-sky Extreme Ultra Violet Explorer (EUVE; operational in 1992—
2001).

The strength and shape of the emission lines depend on the un-
certain 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 companions
dictated by the actual values of the mass-loss rates and wind ter-
minal 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 com-
panion star are typically small and its lines are likely broad-
ened 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 host-
ing a stripped star that shows eclipses should be rare because
of the small radii of stripped stars (~1 Ry). Moreover, the or-
bit 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 Ex-
periment (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 po-
tentially be observed indirectly through emission lines in nearby
gas that requires ionization by high-energy photons. The charac-
teristic 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
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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. Fur-
ther simulations of the expected consequences are warranted.

6.3. Failure to remove the H-rich envelope at low Z (I) —
implications for the ratio of SN type Ibc, Ilb and Il

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. 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 progeni-
tor channel leading to type Ibc supernova, i.e. core collapse su-
pernova 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 strip-
ping removes effectively the entire H-rich envelope, for the or-
bital periods that we considered here. The small amount that re-
mains 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).

However, we find very different results for low metallicity.
For our metal-poor models we find that the first Roche-lobe over-
flow 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 1. Our most metal-poor model evolves through a second
mass transfer phase and has My o = 0.03 M, left at the moment
of explosion. This amount of hydrogen is small, but could be de-
tected 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 frac-
tion 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 mas-
sive galaxies, introducing a bias toward metal-rich stellar pop-
ulations (Liu et al. 2016). The most careful and comprehen-
sive 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 mass-metallicity 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 dif-
fers from the findings by earlier investigations, which showed a
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increase of the type IIb rate in dwarf galaxies (Arcavi et al. 2010;
Kelly & Kirshner 2012; Yoon et al. 2017).

6.4. Failure to remove the H-rich envelope at low Z (ll) —
implications for rapid population synthesis simulations
including gravitational wave predictions

Our results also have possibly important implications for the va-
riety 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 evo-
lutionary simulations for pure helium stars that were computed
by Pols et al. (1998). Our simulations show that this approxima-
tion is fairly accurate for high metallicity, but it breaks down at
low metallicity.

These algorithms form the basis of a large number of sim-
ulations that are used for a variety of predictions. This include
results obtained with the StarTrack code (e.g. Belczynski et al.
2010; Dominik etal. 2012; de Mink & Belczynski 2015;
Belczynski et al. 2016), binary_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. Fur-
ther 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. 2002; Tauris et al. 2015). It could in princi-
ple affect the supernova type Ia rates through the single degen-
erate formation channel (Whelan & Iben 1973; Nomoto 1982).
If such systems enter a common envelope stage they may pro-
duce very tight binary systems that are of interest as gravita-
tional 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.

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 se-
quence but before the completion of helium burning that avoids
coalescence. We summarize our main results and their implica-
tions.

1. In agreement with earlier work, we find that Roche-lobe
stripping exposes the helium core of the donor star and pro-
duces very hot and compact stars (80000K 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, subd-
warf 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
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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.

. Stripped stars are very efficient sources of ionizing photons.
Despite losing about two-thirds of their mass, the bolomet-
ric luminosities of stripped stars are comparable to their pre-
interaction main sequence progenitors. However, most of the
light is emitted in the extreme UV at wavelengths that are in-
accessible by ground- and space-based telescopes. Our ref-
erence model emits 85% of its luminosity at wavelengths
blueward of the Lyman limit for H ionization and 60% blue-
ward 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 ini-
tial mass does not emit any significant number of ionizing
photons during its helium burning phase. The number of ion-
izing photons is mildly dependent on metallicity. The HI and
Hel ionizing photons vary by less than a factor of two among
our models.

. 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 esti-
mate we argue that they produce a comparable amount of
ionizing photons. Stripped stars are favored by several ef-
fects. (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 ion-
ize the intergalactic medium. A full assessment will require
larger model grids.

. Our models predict that high metallicity stripped stars have
strong emission lines, a prediction that is robust against vari-
ations of a factor of three in the adopted wind mass loss
rate. The strongest optical spectral feature of stripped stars
is the Hell 14686 emission line. The Hell 11640 and Ha
show similar strengths. Other characteristic features are the
CIV 11548 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 compan-
ion stars.

. Our finding that Roche-lobe stripping fails to remove the
complete H-rich envelope of metal-poor stars has implica-
tions for the further sequence of interaction phases that a bi-
nary 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 simula-
tions for gravitational wave sources. These predict a domi-
nating contribution 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 com-
bined 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 ex-
pected to be visible in the spectra of these supernova when
they explode. This is consistent with the observationally de-
rived 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 parame-
ter 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 pro-
cesses 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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Appendix A: Connection between the atmosphere
and structure models for varying metallicity

In Sect. 2.3 we describe how we construct CMFGEN atmo-
sphere models for the stellar structure models computed with
MESA. Here, we provide additional plots analogous to Fig. 1
to show the connection for the temperature and density struc-
ture. The top, middle, and bottom panels of Fig. A.1, show our
Z =0.0047, Z = 0.0021, and Z = 0.0002 models, respectively.
Within each panel, we show the connection for the standard mass
loss rate together with a mass loss rate that is three times en-
hanced and three times reduced. The differences in the estimated
stellar radii from the MESA and CMFGEN models translate into
temperature differences. The largest difference is ~200 K for the
Z = 0.0002 model, which is negligible compared to the surface
temperature (~50 000 K). This is accurate enough to reliably pre-
dict the spectral properties.

Appendix B: Impact of parameter variations
B.1. Wind speed and clumping variations

For the atmosphere models presented in this work we adopted a
terminal wind velocity v, = 357 kms~' motivated by the mea-
surements for the stripped star in the HD 45166 system. This
value is small in comparison with the typical values measured for
the higher mass counterparts, WR stars, which commonly have
Ve = 1300kms~! (see Groh et al. 2008, for a discussion). We
investigated the impact of changes in this assumption by com-
puting an atmosphere model equivalent to our standard model,
but instead assuming v, = 1300 K and an increased effect of
wind clumping by setting the wind clumping volume filling fac-
tor to 0.1.

The spectral energy distribution is not affected by the
changes in these assumptions. However, the spectral features
broaden and stand out less strongly above the continuum, as can
be seen in Fig. B.1. This would make it harder to identify the
features of stripped stars when they are accompanied by an opti-
cally bright main sequence companion. However, the prominent
Hell 14686 feature shown in panel e is still about seven times
stronger than the continuum, despite spanning over about 30 A.

The example shown considers a more WR-like set of pa-
rameters compared to the standard model. It is also interesting
to consider spectral models with low wind speed and increased
clumping or high wind speed and less clumping. In the case of
low wind speed and increased clumping we expect the spectral
features to be stronger compared to the standard model as the in-
creased wind clumping makes the atmosphere seem more opti-
cally thick. The lines would however remain narrow. For a model
with instead high wind speed but less clumping we expect broad
features, but potentially more P Cygni profiles compared to the
model with high wind speed and more clumping presented in this
subsection. This because less clumping makes the wind seem op-
tically thinner.

B.2. Other uncertain parameters

Here we list several other uncertain parameters, which have not
been investigated in detail in this work. We explain how these
could potentially impact the appearance of the spectra.

— Composition not scaled according to solar. The relative metal
mass ratios may vary with metallicity, in particular over
cosmic time. A larger amount of CNO for a specific iron
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Fig. A.1. Connection between the MESA and CMFGEN models similar
to Fig. 1, but here for metallicities Z = 0.0047 (top panel), Z = 0.0021
(middle panel) and Z = 0.0002 (bottom panel).

abundance would increase the spectral features of CNO, but
not affect the emitted ionizing flux significantly.
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Fig. B.1. Illustration of the effect of the adopted terminal wind speed and clumping factor on the UV and optical spectrum. We show our reference
model in black (v, = 357 kms™! and a volume filling factor of 0.5, based on Groh et al. 2008) and compare to a model, for which we adopt values
that are typical for WR stars shown in green (v, = 1300km s~! and volume filling factor 0.1).

— Initial helium mass fraction. The initial helium mass frac- - Including other Fe-group elements in spectral modeling. To
tion might vary between environments of the same metallic- include more elements from the Fe-group could increase the
ity. Such a change would affect the compactness of the stars line blanketing in the extreme UV and in such a way reduce
throughout the evolution and also affect the size of the he- the flux of ionizing photons.

lium core after the main sequence. This has direct implica-
tions for the luminosity and thus ionizing flux of the stripped
stars.
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