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ABSTRACT

We model helium-rich stars with solar metallicity (X = 0.7, Z = 0.02) progenitors that evolve to form AM Canum
Venaticorum systems through a helium-star formation channel, with the aim to explain the observed properties of Gaial4aae
and ZTFJ1637+49. We show that semidegenerate, H-exhausted (X < 107°), He-rich (¥ ~ 0.98) donors can be formed after
a common envelope evolution (CEE) phase if either additional sources of energy are used to eject the common envelope, or
a different formalism of CEE is implemented. We follow the evolution of such binary systems after the CEE phase using the
Cambridge stellar evolution code when they consist of a He-star and a white dwarf accretor, and report that the mass, radius,
and mass-transfer rate of the donor, the orbital period of the system, and the lack of hydrogen in the spectrum of Gaial4aae and
ZTFJ1637+49 match well with our modelled trajectories wherein, after the CEE phase Roche lobe overflow is governed not
only by the angular momentum loss (AML) owing to gravitational wave radiation (AMLgg) but also an additional AML owing
to «—2 dynamos in the donor. This additional AML is modelled with our double-dynamo (DD) model of magnetic braking in
the donor star. We explain that this additional AML is just a consequence of extending the DD model from canonical cataclysmic
variable donors to evolved donors. We show that none of our modelled trajectories match with Gaial4aae or ZTFJ16374-49 if
the systems are modelled only with AMLgg.

Key words: binaries: close—stars: magnetic field—stars: mass-loss—novae, cataclysmic variables—stars: rotation—white

dwarfs.

1 INTRODUCTION

AM Canum Venaticorum (AM CVn) stars are a class of semidetached
binaries with extremely short orbital periods, 10 S Py, min~! <
65. Although closely related to cataclysmic variables (CVs), these
systems have shorter orbital periods and usually lack H in their
spectrum (Solheim 2010). They are usually modelled by an evolved
star transferring mass to a white dwarf (WD) accretor. Owing to
their short orbital periods, these systems are strong gravitational
wave sources (Kupfer et al. 2016).

Three possible formation channels for AM CVn systems have
been proposed. These differ from each other based on the number
of common envelope evolution (CEE) phases, the primordial main-
sequence (MS) binary goes through and the nature of the donor star.
In the first formation channel known as the WD channel, the donor
is a He WD which commences Roche lobe overflow (RLOF) and
transfers mass to a more massive carbon-oxygen (C/O) WD after
going through two common envelope (CE) phases (see Deloye et al.
2007 and references therein). The second channel is known as the
He-star channel, wherein the donor commences RLOF as either a
non-degenerate or semidegenerate He-rich or He-burning star, and
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transfers mass to a WD after going through two CE phases (see
Yungelson 2008 and references therein). The final channel is known
as the Evolved CV channel in which an evolved MS star commences
stable RLOF after going through a single CE phase, and transfers
mass to a WD accretor while in the Hertzprung gap (between the
end of its MS and the beginning of its ascent of the red giant branch,
Podsiadlowski, Han & Rappaport 2003). In this work, we focus on
the He-star channel, and refer the reader to Solheim (2010) for a
thorough discussion of each formation channel.

A major challenge in modelling AM CVn systems through the
He-star channel is to obtain the system properties, such as the initial
mass of the donor and the orbital separation of the system of the
He-star plus WD binary, just after it emerges from the second CEE,
which forms the naked He-star. This is because the CE phase is still
not well understood with poor constraints on parameters such as
the time-scales, and the energies involved (see Ivanova et al. 2013
for a review of the CE evolution). Hereinafter, we shall refer to the
second CEE whenever we mention CEE. The He-star channel is also
sensitive to the evolutionary state of the donor' when dynamically
unstable RLOF commences. This can range from core He-rich (Y,
~ (0.98) to core He-exhausted (Y. ~ 0) donors, where Y. denotes

'We refer to the star undergoing (stable of unstable) RLOF as the donor.
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central He-mass fraction. As a consequence, the corresponding AM
CVn spectra may show large variances in their abundance profiles.

Another aspect that has been overlooked till now is the inclusion
of additional mechanisms by which angular momentum is lost from
these systems. Owing to their short orbital periods, usually less than
60 min, all previous work has assumed that angular momentum
loss (AML) by gravitational wave radiation (AMLgg) is the only
mechanism which drives the evolution of AM CVn systems (e.g.
Deloye et al. 2007 for the WD channel, Yungelson 2008 for the
He-star channel and Podsiadlowski et al. 2003 for the Evolved CV
channel). Although this assumption is reasonable at P, ~ 10 min,
owing to the strong dependence of AMLgg on the orbital separation
(and hence Py, we repeat that the observed AM CVn systems span
10 S Popmin~' < 65) at these periods other AML mechanisms
might be at play. This is revealed by the disagreement between
the theoretically predicted orbital period minimum (P, mini) Spike,
and observed orbital period minimum spike in the orbital period
distribution of CVs (Génsicke et al. 2009). Theoretical models, solely
evolved with AMLgg, predict Pob mini & 65 min whereas observa-
tions suggest Porb mini & 80 min. Knigge, Baraffe & Patterson (2011)
attempt to alleviate this discrepancy by multiplying AMLgr by 2.47.
Although this modification leads to better agreement between theory
and observations, the multiplicative factor, being ad hoc, is not a
reliable probe to use to explain the evolution of AM CVn systems,
which involves evolved donors. Sarkar, Ge & Tout (2022, hereinafter
SGT) have included an additional AML mechanism in order to model
AM CVn systems through the Evolved CV channel. In this model,
the AML is driven by two «—S2 dynamos operating in the donor
star. This physically motivated formulation was used by Sarkar &
Tout (2022, hereinafter ST) to explain the observed properties of
CVs. However, a detailed analysis of how such additional AML
mechanisms extend from operating in canonical CVs to operating in
AM CVn systems is yet to be made in full. Our reason for revisiting
the He-star channel is two peculiar systems, Gaial4aae, reported by
Campbell et al. (2015), with observed properties reported by Green
etal. (2018, 2019) and ZTF1637J+49, reported by van Roestel et al.
(2022). Here, we examine the He-star channel of AM CVn formation
with the DD model to explain these two systems.

In Section 2, we explain why Gaial4aae and ZTFJ1637+-49 chal-
lenge our usual understanding of AM CVn evolution. In Section 3, we
show how the CEE can result in viable He-star plus WD candidates,
which can evolve to explain Gaial4aae and ZTFJ1637+49. In
Section 4, we use the Cambridge stellar evolution code (STARS)
to track the detailed evolution of these candidates. In Section 5,
we demonstrate the implications of extra AML mechanisms in the
analysis of AM CVn systems. We summarize and conclude our work
in Section 6.

2 MOTIVATION

Gaial4aae or ASSASN-14cn was first identified in ourburst by the
All-Sky Automated Survey for Supernovae (ASAS-SN; Shappee
et al. 2014) with follow up observation as a deeply eclipsing H-
deficient system with Py, = 49.71 min by Campbell et al. (2015).
Green et al. (2018) showed that it consists of a donor with M, =
0.0250 + 0.0013 Mg, R, = 0.0606 = 0.0003R,, and an accretor of
mass M, = 0.87 £ 0.02Mg. Upon comparing its orbital properties
with the trajectories of the three proposed formation channels, they
concluded that Gaial4aae most likely did not descend from the
WD or the He-star channel. The trajectories that matched well
with its donor properties consisted of systems evolved from H-
dominated CVs but such systems ought to show H in their spectra,
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contradictory to observations. The trajectories shown by SGT (see
their figs 14 to 16) concurred with previous studies wherein the
observed properties of Gaial4aae matched well with an AM Cvn
consisting of a partially H-exhausted donor. Green et al. (2019)
detected N and O but not C in the spectrum of Gaial4aae, and
concluded that Gaial4aae may be an unusual AM CVn descended
from the Evolved CV channel. ZTF1637J+49 was one of five de-
tected eclipsing AM CVn systems detected by the Zwicky Transient
Facility (ZTF; van Roestel et al. 2022). They observe Py, = 61.5 min
and report M, = 0.023 + 0.008 Mg, R, = 0.068 £ 0.007R, and
M, = 0.90 & 0.05 M. Similar to Gaial4aae, no H has been detected
in its spectrum. While N was detected in its spectrum there was no
detection of C or O. The results of SGT show that ZTF1637J+49 has
a higher orbital period and donor radius, and a smaller donor mass
than Gaial4aae, suggesting an even less H-deficient donor star, again
contradicting observations. We tabulate the observed parameters we
work with in Table 1.2

3 THE COMMON ENVELOPE EVOLUTION
OUTCOME

In this section, we explore the various possible donor stars that can
form from the CEE phase. Green et al. (2018), Green et al. (2019),
and van Roestel et al. (2022) show that there is no detectable H in the
spectra of Gaial4aae and ZTFJ1637449. Green et al. (2018) state
that any H mass fraction X greater than 10> should trigger detectable
Balmer emission, whereas Green et al. (2019) state that an upper limit
of 10™* for H-exhaustion cannot be ruled out either. So we define a
H-exhausted core to be the region of a star with X < 1075, Green
et al. (2019) and van Roestel et al. (2022) also find no detectable C in
the spectra of Gaial4aae and ZTFJ1637449, respectively. Because
an increased C abundance arises from convective He burning, we
deduce that the progenitor of the donor in these systems must have
undergone CEE before He ignition. With these constraints on the
abundances of H and C, we sought to find configurations, which
after CEE can give us suitable progenitor He-star donors from which
Gaial4aae and ZTFJ1637+49 can evolve.

3.1 The energy formalism

We begin with the energy formalism for the prediction of CEE, given
by

OlCE(E(er.f - Eorb.i) = FEvind, (1)

where Eqp £, Eorb,i» and Eping are the final and initial orbital energies
and the initial binding energy of the envelope and « ¢ is the efficiency
of the CE ejection (see Ivanova et al. 2013 for a thorough overview).
The orbital energies of the cores after entering the CE phase are given
by

G My.M,

Eow,i = By )
1
and
G My M,
Eomt = —27;, 3)
t

where G is Newton’s gravitational constant, My and M, the masses
of the He-core (which eventually forms the He-star) and the WD
accretor, and ¢; and gy are the initial and final orbital separations. We

2In this Table, M> is equivalent to Mpye.
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Table 1. Binary parameters and detected elements of Gaial4aae and ZTF1637J+49 from Green et al. (2018), Green et al. (2019),
and van Roestel et al. (2022), respectively. Both are based on modelling the g-band light curves. Gaial4aae has a mass-loss rate
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reported by Ramsay et al. (2018), while Gaial4aaex has a mass-loss rate reported by Campbell et al. (2015).

CNO elements

System Porp min~! Mi/Mg My/Mg Ry/R M /Mg yr~! detected
Gaial4aae 49.7 0.872 £ 0.007  0.0253 £+ 0.0007 0.0603 4+ 0.0003 33 x 1071 + N, O
43 x 10712
Gaial4aaex 49.7 0.872 £ 0.007  0.0253 £+ 0.0007 0.0603 4+ 0.0003 7-8 x 10~ 1 N, O
ZTFJ1637449 61.5 0.90 £ 0.05 0.023 £+ 0.008 0.068 £+ 0.007 - N
note that some groups instead use Eo, ; = —GMyM,/2a; (see section is because Iben & Livio (1993) assume that the radius of the CE

3.3 of Han, Podsiadlowski & Eggleton 1995, or equation (3.2) of
Ivanova, Justham & Ricker 2020). This definition has the effect of
lowering the net energy release |Eom, ¢ — Eom,i| in orbital contraction
because M, > Mye. This leads to a general overall increase in «cgs
(equations 7 and 8). We find g; by assuming that the donor star
overfills its Roche lobe of radius Ry, at an orbital separation of a;
such that R, = R,. So with the relation between Ry and a (Eggleton
1983), we have

Ry 0.6¢% +1n(1 +¢'/?)
ay = ——
0.49 PEE

where g = M,/M, and M, is the total mass of the donor star before
CEE. Later in this section, we examine the viability of the CEE to
produce configurations with a particular a; by varying it as a free
parameter.

In order to find Ey;,q, we follow the method of Tout et al. (1997) in
which the binding energy of the (subgiant or giant) donor is estimated
to be

for 0 < g < oo, “4)

GMZ,envMZ
2Ry

where My oy = M, — My, is the mass of the envelope of the donor,
and A is a dimensionless parameter governing the structure of the
donor. For all our calculations we fix A = 0.5, although previous
works have shown that A varies with the evolutionary state of the
donor and its mass (see Xu & Li 2010 and the references therein). This
has implications on the efficiency of CE ejection (see Section 3.3).
However Iben & Livio (1993) instead use the total binding energy of
the CE, which surrounds My, and M, with a diameter of about 2q;.
With this formalism their expression of Eping becomes

GMZ,env(Ml + MZ)
Zai ’

With equations (1 to 6), we can estimate «cg for the two
expressions of Eyn,g above. When we assume no mass loss from

M, before the commencement of CEE, acg as a function of time and
final separation is given by

2(My — My ()M,
Ry (1)

(%)

Eyina = —

(6)

Eving = —

ace (1 ar) = Muc(OM,  Muc(H)M, @
2ay 2a;(t)
for Eying used by Tout et al. (1997) and equation (5), whereas
(M, — MHE(tz)()Ml + M)
a;(t
wen (140 = "3 M, MM, ®

ag 2a;(t)
for Eping used by Iben & Livio (1993) and equation (6). We point out
that owing to a different definition of binding energy, the formalism
of Iben & Livio (1993) and equation (8) leads to an artificially smaller
acg than the definition of Tout et al. (1997) and equation (7). This

is about @;, which is much bigger than the radius of the (sub)giant
during RLOF. Han et al. (1995, section 6.10) argue that although the
radius of the CE may be around a;, most of the mass is concentrated
around the donor’s envelope. This has a general effect of lowering
Eying in their formalism (see Section 3.3 for a comparison of the two
expressions of acg).

3.2 The method

The viable range of acg is extremely uncertain. When acg < 1 only
the orbital energy of the cores is used to eject the envelope. However
this does not lead to the full ejection of the CE in many simulations
(Ivanova et al. 2013). This has led to the introduction of additional
sources of energy which may contribute to the CE ejection, such
as recombination energy in the ionization zones (Han et al. 1995),
nuclear burning on the surface of the WD accretor (Iben & Livio
1993), dust-driven winds (Glanz & Perets 2018) etc. In addition, the
relative importance of these mechanisms as additional energy sources
is still not well known. For instance, Igoshev, Perets & Michaely
(2020) state that recombination can act sufficiently effectively in
low-mass stars (M, < 3 M) but not in more massive stars. Nuclear
burning on the WD accretor can provide a significant additional
energy source Ep,, which can be used to eject the CE. However,
tapping this energy critically depends on the time #cg for which the
CE lasts such that E,,. o fcg. Constraints on #cg are still poor, with
100yr < tcg < 10 yr (Igosheyv et al. 2020). We do not present any
detailed analyses of these additional sources of energy, but what is
expected is that they, in conjunction with AEyw, = |Egb, t — Eom, il
reduce the energy burden on orbital energy to eject the CE. It is
also possible that CEE proceeds in a different way than the classical
energy formalism, as prescribed by Hirai & Mandel (2022, see also
Section 3.3) which, in the classical framework corresponds to using
larger values of acg. So we mimic their effect by increasing the
maximum allowed «cg beyond unity.

We model the CEE outcome for four progenitor stars, M,/Mg €
{1.5,2,2.5, 3} that undergo CE evolution with a WD primary of
mass M; =0.9 MOS, and emerge from the CE with a H-exhausted
core of mass My, such that 0.1 < My./Mg < 0.3. The mass ratio ¢
for these systems is greater than the critical mass ratio for dynamical
time-scale mass transfer for most evolutionary stages of the donor
star (see figures 6 and 7 of Ge et al. 2020). For the system with
M, = 1.5Mg, our detailed models show that the binary undergos
delayed dynamically unstable mass transfer when RLOF commences
in the subgiant phase of the donor. The evolution of My for the
different progenitors is shown in Figs 1, 2, 3, and 4. We also plot the
evolution of the central degeneracy parameter 1. with time, because

3This choice of the WD primary was motivated by the observed accretor
masses of Gaial4aae and ZTFJ1637+-49 (Table 1).
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Figure 1. The properties of the He core in a 1.5 M secondary star. Left:
The black markers denote the evolution of My with time. The green dashed
line shows the time evolution of the central degeneracy parameter V.. Right:
The HR diagram of these candidates, showing the evolutionary stage of the
star when My, forms. The blue horizontal dotted lines on the left show
Mye ME,I € {0.1,0.15, 0.2, 0.25, 0.3} while the stars in magenta on the right
show the evolutionary stage of the star when it forms a H-exhausted core of
mass 0.15, 0.2, and 0.25 M.
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Figure 3. Similar to Fig. 1, but for a 2.5 Mg secondary star.
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Figure 2. Similar to Fig. 1, but for a 2 M secondary star.

it critically governs the trajectory of the binary (My., M) after it
emerges from CEE (Section 4). Our motivation for choosing this set
of progenitors is an interplay between /. of the eventual He-star and
the feasibility of CE. On the one hand, the more massive the star,
the lower the . of the emerging He-star. Less massive stars lead to
highly degenerate donors, which behave as He WDs rather than He-
stars which, in our analysis, need to be semidegenerate (Section 4).
On the other hand, the more massive the star the less feasible it is
for the (M,, M,) system to emerge from CE with a small (0.1 <
Mye/Mg < 0.3) He-rich donor. This is because more massive stars
form a He-rich core on their subgiant branch, where their radius R; is
smaller than on the RGB. A smaller R, increases E},;,q and makes it

MNRAS 519, 2567-2577 (2023)
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Figure 4. Similar to Fig. 1, but for a 3 Mg secondary star.

more energetically burdensome for the system to eject the CE. This is
evident in equations (5) and (6). As discussed before, we use ay as an
independent variable such that after the CE ejection, the (My,, M)
pair emerges with a final orbital period Py ¢ min~! € [10, 100]. We
can then find af using Kepler’s third law

©))

We evolve the star with mass M, using STARS and track Ry, My,
and Ry, with time. Here Ry, is defined as the radius of the H-
exhausted core. For each M,, My.(t), Ry.(t), and R,(f) we calculate
acg, and acg, using equations (7), (8), and (4), and check whether
acg, falls into one of three ranges 0 < acg, < 1,1 < acg, < 3, and
3 < acg, <6, and acg, falls into one of three ranges 0 < ocg, < 1,
1 < acg, < 3,and3 < acg, < 4 (see Section 3.3 for the justification
of the upper limits on ocg, ,,)- Because the binary must emerge
detached from the CEE, we also ensure that Ry y. > Ry., where
Ry ue is the Roche lobe radius of the binary with stars of mass
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Figure 5. Contour plots showing viable pairs (Pomb,r, Mpe) after CEE with a 0.9 Mg WD accretor. The region in red denotes 0 < acg, < I, the region in

green denotes 1 < acg, < 3 and the region in cyan denotes 3 < acg, < 6. The dark blue region denotes candidates for which acg, > 6 and so are not feasible
candidates in our analysis. Here acg, is for Eping as used by Tout et al. (1997) and equation (5). The initial conditions of the models of the AM CVn progenitors

from Fig. 7 are shown as magenta symbols.

1.5M, 2 M,

Model 3
Model 6
Model 7

25 50 75 25 50 75 100

Porp¢ /min Py /min

Figure 6. Contour plots showing viable pairs ( Porb,t, Myc) after CEE with a
0.9Mg WD accretor. The region in red denotes 0 < acg, < I, the region in
green denotes 1 < acg, < 3 and the region in cyan denotes 3 < acg, < 4.
The dark blue region denotes candidates for which acg, > 4, and so are not
feasible candidates in our analysis. Here acg, is for Eping as used by Iben &
Livio (1993) and equation (6). The initial conditions of the models of the AM
CVn progenitors from Fig. 7 are shown as magenta symbols.

My, and M. This condition does not always ensure that the binary
emerges detached because we have seen that semidegenerate He stars
expand when their envelope is removed and thus their radius after
CEE may be greater than Ry.. However it is a fairly good estimate
for a lower cut-off for the final orbital period of many systems.* If a
model satisfies these conditions, we say that the system can emerge
from the CEE with a tuple (Mpe, Pom £, M;). Otherwise the system
merges.

3.3 Viable candidates after CEE

Our results of viable post-CEE candidates for the different progen-
itors are shown in Figs 5 and 6, for which the mass of the WD
accretor is kept fixed at 0.9 Mg. In each plot, the region in red
denotes 0 < acg,,,, < 1 and the region in green 1 < ocg,,, < 3.
The region in cyan in Fig. 5 denotes 3 < acg, < 6, whereas in Fig. 6
it denotes 3 < acg, < 4. The dark blue region in the figures denote
candidates for which acg, > 6 and acg, > 4, implying that these
candidates are unfeasible energetically, and that these systems merge.
It can be seen that, in general, the larger the maximum allowed
ocg, the more systems emerge from CEE successfully. This can be
explained because a larger allowed ocg mimics a larger reservoir
of additional energy sources, which can be used to overcome the
envelope’s binding energy. It can also be seen that, in general, more
systems emerge from CEE successfully with acg, than with acg, .
This can be attributed to the fact that equation (6) yields a lower

“In any case, any model that is wrongly assumed to be viable at this point
fails to evolve with STARS.
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binding energy of the envelope than equation (5) by a factor

_ g 0.6¢*3 +1In(1+¢'?)
ack, T 0491 +gq q*3 ’

which, for M, Mgl €{1.5,2,2.5,3} and M, =0.9Mg is about
{5.90, 6.14, 6.27, 6.34}. The red region in both figures corresponds
to a maximum allowed acg = 1, which is equivalent to only the
orbital energy of the core unbinding the envelope. As can be seen,
fewer systems emerge successfully if only this energy reservoir is
used, with even fewer for more massive stars. The green and cyan
regions have progressively larger maxima allowed for «cgs. The
choice of these «cgs is rather arbitrary, because there is uncertainty
in the efficiency with which additional energy sources contribute to
the ejection of the CE. In general, acg, /acg, & 6 for our progenitors
SO acg, = 6 mimics a maximum ocg, = 1, leading to almost the
same tuples successfully emerging for these two cases. We note
importantly that equation (5) uses a fixed value of » = 0.5 throughout
the evolution of the donor star. This is not true, as pointed out by Han,
Podsiadlowski & Eggleton (1994), Dewi & Tauris (2000) etc. Xu &
Li (2010) show the evolution of A with stellar radius (see their fig.
1), where it can be seen that for most of the donor progenitors with
masses and radii of our interest, A = 1. Factoring in this will reduce
acg, which, in our formalism, is equivalent to setting the maximum
acg, > 1. For the analysis in this work, we choose acg, = 6 as the
largest allowed CE efficiency parameter for the formalism of Tout
et al. (1997).

We now touch upon a different approach to determine the post-
CE system properties, described in detail in Hirai & Mandel (2022)
for red supergiants. They argue that red supergiants have a sizeable
radiative zone between the convective envelope and the He core, and
after the commencement of CE, the spiral-in through the convective
layer can be treated as a dynamical time-scale process. However,
once the radiative layers are reached, the mass transfer occurs on
a thermal time-scale, and the assumption of energy conservation
breaks down as nuclear burning on the thermal time-scale becomes
comparable to the binding energy. For such systems, the CEE should
be modelled with what they call a two-step formalism. However, low-
mass giants have a negligible radiative layer, and the whole CEE can
be simply modelled as a dynamical time-scale phenomenon. Thus,
they show that the classical energy formalism for CEE is inadequate
for modelling the CE phase in red supergiants. We now explain how
their result is relevant in our work. We showed in Section 3.2 that in
order to emerge as a semidegenerate He-star with 0.1 < My./Mg <
0.3, the progenitor donor must commence unstable RLOF between its
Hertzprung-gap (subgiant) phase and the red giant phase, with more
contribution from subgiant donors for larger M,. These subgiants
have an internal structure quite similar to red supergiants with a He
core, a sizeable radiative layer and a convective envelope. Therefore,
the treatment of CEE for these systems should be made under the
two-step formalism. Working out the post-CE separations for our
progenitor systems under this formalism is beyond the scope of
this work, and we simply generalize the result of Hirai & Mandel
(2022), which states that the two-step formalism yields larger post-
CE orbital separations than the classical formalism. In the classical
energy formalism, this is equivalent to setting acg = 10 (see their
section 3). Hirai (2017) deduce an even larger a.cg = 20 for the Type
Ib supernova iPTF13bvn. In order to assess the difference between
the two different formalisms of the treatment of CEE, we set an ad hoc
maximum ocg, = 24, which yields acg, ~ 4 for the binding energy
description of Iben & Livio ( 1993) according to equation (10). So
with much larger allowed value of acg, Fig. 6 describes the viable
post-CE candidates under the two-step treatment of CEE, while Fig. 5

aCEl 4

(10)
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describes the viable post-CE candidates under the classical treatment
of CEE with additional sources of energy. We can see that more
models of AM CVn progenitors of our interest (from Fig. 7) are
viable under the two-step formalism compared to the solely classical
energy formalism. We urge for a more rigorous study of the evolution
of these pre-CE systems under the two-step formalism.

4 DETAILED MODELS

In this section, we use STARS to make detailed models of AM
CVn systems formed through the He-star channel, after emerging
from the CE. Hereinafter, owing to uncertainties in modelling the
CE outcome in detail, we do not comment on the relative likelihood
of any particular system emerging successfully from a CE. From
here on we label the He-star, the mass-losing secondary donor, by
He and denote its mass and radius by My, and Ry.. We assume
that upon commencement of RLOF, the system undergoes fully non-
conservative mass transfer from the donor to the WD accretor such
that all the mass accreted by the primary is expelled in the form of
nova outbursts, which carry away the specific angular momentum
of the WD accretor. This is a reasonable assumption because the
mass-transfer rate during the entire evolution is much lower than
10~° Mg, yr~!, which is approximately the stable burning regime for
He-dominated matter (Nomoto 1982).

We evolve our systems with AMLgg (see Paczynski & Sienkiewicz
1981 and the references therein) given by

M + My,
S5a*c¢d
where a is the orbital separation of the binary and c is the speed of
light. This has been the primary mechanism for AML used by many
groups (e.g. Yungelson 2008 on the He-star Channel) for short orbital
periods. However, we evolve our trajectories with an additional
source of AML, described in detail by ST, wherein the interplay
between two o—2 dynamos in a low-mass star gives rise to stellar
winds from the donor and leads to AML (Mestel & Spruit 1987). We
call this the Double Dynamo (DD) mechanism of angular momentum
loss (AMLpp). An «—2 dynamo is a mechanism with which a
differentially rotating body can sustain long-term magnetic fields.
The first dynamo operates in the outer convective region of the donor,
wherein shear in the envelope converts poloidal field to toroidal field
(the © term in the «—2 dynamo model), and convection converts
toroidal field to poloidal field (the « term in the «—2 dynamo model).
This has been discussed in detail by Tout & Pringle (1992). The
other dynamo operates in the boundary layer between the corotating
convective envelope, and the slowly rotating radiative core. Here the
a—2 dynamo is driven by the strong differential rotation between
the core and the envelope (Zangrilli, Tout & Bianchini 1997). The
mathematical formulation of AMLpp is given by equations (3) to (25)
of ST, and we urge the reader to refer to it for a detailed explanation
of the relevant terms.’ For clarity the primary expression for AMLpp

is

Jop ; M1+MHe<RA>2

— | — | > (12)
J M 1 M, He a

J
% = 302G M, My, , (11)

where M, is the donor’s mass-loss rate in its wind and the Alfvén
radius of the donor

B2R2 1/4
Ra = Ry 222 | 13
A He(MWUW ( )

SWe point out that M, in ST is the mass of the donor star. Here it is Mye.

€20z Aieniga4 €0 U0 Jasn yayjolqiqenusz-AS3A Aq 25881 69/.9GZ/2/6 L G/aI01HE/SEIUW/WOD dNO"ILISPEDE//:SANY WOI) POPEOJUMOQ



New insights into the He star AM CVn formation

2573

s - ~ =% o ZTFJ1637+49
: = ZTFJ0003+1F——— '
ZTF10220421 ~ % ‘§4aae |
__ 1.6 ~ ZTRIBT05 =2 !
g ZTEI0A0700 e Tm= T i
g omor0 KD === V803 Cen i
S 14 ~  YZLMi *_R—*‘l'——*
Q° ~ . CR'Boo
= ~ % N
=
o124 S HP Lib AM CVn
1.0 RS
o84 e —— Model 1: M, = 1. P, = 40 min
—-2.0 —-1.8 —-1.6 —14 —-1.2 —1.0 —0.8 Model 2: My = 2. P, = 50 min
— == Model3: My = 1. P, = 60 min
-1.1 T Model4 : My = 2. 5, P = 60 min
: Model 5 : My = 3.0M P, = 45 min
e +_ Y TFJ1637+49 i Model 6 : My = 1. - P, = 20 min
—1.21 =S === 2|2 Z i __—"l ----- Model 7: My = 1. Tie = 0.200M¢, P, = 10 min
. ~ ZTFJ0003+14 Y
3 -~ = +
& ~1.34 =~ ZJRI0220+21 |zTF 225205
B -
S D N Nz i
E ZTFJ0407-00 =  _
£ 141 _—
—1.51 T~
—2.0 -1.8 —-1.6 —1.4 —-1.2 -1.0 —-0.8

log1o(Mmue/Ms)

Figure 7. The evolutionary tracks of our He-stars in the (log Mye, log Porp) and (log Mye, log Rye) planes with a 0.9 Mo WD primary. The dashed section in
each trajectory is a power-law fit of the form Py, o< (Mpe/MHe, Porb,mlm)(Sl or Ryge o (MHe/Mhue, Rmim)‘SZ. The trajectories evolve from right to left. The circles
and crosses in magenta are AM CVn systems described by van Roestel et al. (2022), Green et al. (2018), Copperwheat et al. (2010). The crosses, Gaial4aae and
ZTFJ1637449 are the main focus of this work. The stars in black are AM CVn systems with a He-star formation channel reported by Solheim (2010).

where vy, is the escape velocity of the donor, and B, is the poloidal
component of the magnetic field of the donor. In our DD model, M,,
and Bj, are given by

MW = .w,conv + MWA,bl (14)
and
Bp = Bp,conv + Bp,bla (15)

where the subscripts ‘conv’ and ‘bl’ denote the contributions by
the convective and the boundary layer dynamos, respectively. ST
use three free parameters (¢, 8, y) = (4.6, 0.08, 3.2) to model the
complete evolution of CVs from the beginning of RLOF to beyond
the period minimum (see Warner 2003 for a detailed review of CVs).
These free parameters govern the enhancement of the convective
dynamo for CVs below the period gap, the efficiency of the boundary
layer dynamo, and the efficiency of orbital AML, respectively. The
values of § and y were chosen so that the period gap is well
reproduced in canonical CV tracks, and o was chosen to reproduce
the correct period minimum spike in CV distribution. We choose the
same parameters here. We show in Section 5 that none of our selected
trajectories evolving with only AMLgg match with either Gaial4aae
or ZTFJ1637+49. We also argue why an extra AML mechanism
ought to be at play in these systems.

4.1 Analysis of observed parameters

Using AMLpp + AMLgr, we compare our detailed trajectories to
the mass, radius, and mass-transfer rate of the donor and the orbital
period of all eclipsing AM CVn systems reported by van Roestel
et al. (2022, and the references therein), including Gaial4aae and
ZTFJ1637+49, which are the main focus of this work. We also
consider well-known AM CVn systems with a proposed formation

-804 |
'AM CVn
T, 789 . V803 Cen
= HP Lib - CR Boo g/
© '
= 9.0 , L
~ | ] \\
ﬁ .\ \\
= -9.51 KL Draw. >~ \—
E R
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10g10 (Porb/min>

Figure 8. The same models and observed systems as in Fig. 7 but in the
(log Porb, log Mye) plane. Each trajectory is modelled after the system attains
its period minimum and evolves from left to right. The black point labelled
‘Gaial4aae’ corresponds to a mass-transfer rate of logjo(Mpe /Mg yrfl) =
—10.48 + 0.06 (Ramsay et al. 2018), and black stars labelled ‘Gaial4aaex’
correspond to a mass-transfer rate of My, = 7-8 x 107! Mg yr~! (Camp-
bell et al. 2015).

through the He-star channel reported by Solheim (2010). The initial
orbital periods and masses P;, M5, and My, are chosen to demonstrate
the effect of ¥, and M, on our results. The central degeneracy ¥
governs the evolution of My, Rye, Mye, and Py, while M, governs
the abundances of the donor which, in turn, govern the abundances
of the accretion disc. This is shown in Figs 7 and 8, where the
models are named in an increasing order of their central degeneracy
at Posb, mini- While, with STARS, we are unable to model the complete
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evolution of the donor, below about 0.03 MQ,(’ we observe that in the
(Mye, Pow) and (Mye, Rye) planes, the trajectories follow a power-
law relation after their minima in P, and Ry.. So we can extrapolate
the trajectories for smaller My, with simple power-law relations of

the form
My &
Porb(MHe) = Porb(MHe.Porh.mi"i) (76) (16)
MHcvporh,mini
and
My, >
e
Rue(Mue) = Rue(Mne, Rye pin) (7) ; (17
MHevRHe.mmi

where Mye pyy i @0d Mue Ry, i aT€ the masses of the He-star when
the model attains minima in Py, and Ry, respectively. We obtain
8, and 8, separately for each model by fitting the last 100 models
with this power law. We see that our trajectories match well with
the observed properties of both ZTFJ1637+49 (Model 1 and 2) and
Gaial4aae (Model 3 and 4). However, we do not get conclusive
agreement of our models with observations of Gaial4aae in the
(Mye, Por) plane. This is because we do not observe a clear linear
trend between Py, and My in the log-log plane, and so cannot
deduce a power-law relation between them and extrapolate the model
trajectories to longer periods. The absence of this trend is because of
the increasing dominance of AML owing to the convective dynamo
as the donor star becomes increasingly convective (Section 5). We
also point out that different mass-transfer rates have been inferred
by different groups as shown in Fig. 8. ‘Gaial4aae’ corresponds to
an estimate by Ramsay et al. (2018), while the estimate by Campbell
et al. (2015) is shown as ‘Gaial4aaex’. We see that our models agree
better with the latter, and urge that more precise measurements of its
mass-transfer rate be made.

4.2 Analysis of abundances

‘We also model the evolution of the mass-fractions of C, N, O, and
He of the donor with mass. We look at the mass-fraction ratios
described by Nelemans et al. (2010, see their figs 11 and 12), shown
in Fig. 9. Our AM CVn systems have more extreme mass-fraction
ratios than theirs. We find Xn/Xpe 2 0.12, 120 S Xn/Xc S 200, 12
S XN/ Xo $24,5 % 107 < Xo/Xne S 10_3, and 5 S Xo/Xc < 14,
while they report Xn/Xye < 0.1, Xn/Xc < 100, Xn/Xo < 10, 1073
< Xo/Xye < 40, and 0.05 < Xo/Xc < 5. Our results match better
with their hybrid WD donor results. All the abundance trends in our
plots and the difference in the results can be attributed to the fact that
our progenitor stars do not undergo any He burning, and so are not
enhanced in C. The donor abundances are governed just by CNO-
processing and the ratios depend on the temperature at which CNO-
equilibrium is reached in the donor. In turn, this depends on the mass
of the progenitor. More massive stars reach CNO-equilibrium with
enhanced C and N and reduced O. Our low-mass He-stars emerge
from the CE phase with their abundances frozen-in at the onset of
the CEE. We also note that the AM CVn systems from the catalogue
of van Roestel et al. (2022), and most of the systems from Table 1 of
Nelemans et al. (2010) have reported detection of N but no detection
of C. Our results are also consistent with the non-detection of O in

©This is because in STARS, mass loss from degenerate layers of a star is
unstable. As a result some trajectories involving highly degenerate donors
such as the green model in Fig. 7 cannot be evolved below 0.03 M. We shall
overcome this limitation in the future but do not believe that it detracts from
our conclusions here.
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a number of systems, because more massive progenitors suppress
O relative to C and N. Now van Roestel et al. (2022) detect N but
no O in ZTFJ1637449. In our analysis, this can be explained better
when M, = 2 Mg, This favours our Model 2 over Model 1. However,
Green et al. (2019) detect the presence of both N and O in Gaial4aae.
In our analysis, this can be explained better by M, = 1.5 Mg. This
favours Model 3 over Model 4.

5 EFFECTS OF ADDITIONAL ANGULAR
MOMENTUM LOSS MECHANISMS

In the previous section, we described how we employ our additional
AMLpp, along with AMLgg, used by ST to evolve CVs. We now
justify its validity. AMLpp was formulated as a physically motivated
formalism to explain two prominent features of the orbital period
distribution of CVs. The first is a dearth of mass-transferring systems
in the region 2hr < Py, < 3 hr, known as the period gap. This was
explained by ST using an interplay of two o—2 dynamos, namely
the boundary layer dynamo and the convective dynamo, which cause
AML by magnetic braking from the donor star. The formulation
of ST follows that of Rappaport, Verbunt & Joss (1983), wherein
magnetic braking ceases to operate when the donor becomes fully
convective, causing it to go out of thermal equilibrium and shrink
inside its Roche lobe at P, ~ 3 hr. This leads to the cessation of
mass-transfer, which only begins again when AMLgr has shrunk the
orbit and RLOF recommences at Py, & 2 hr, leading to a period gap
in this P, range. ST model this because the boundary layer dynamo
naturally ceases when the donor loses its boundary layer and becomes
fully convective. The second feature is a peak in the number of CVs at
Powy, A~ 80 min, known as the period minimum (Pyyb, mini) Spike, which
arises from an interplay between the donor’s thermal time-scale,
mass-loss time-scale, and degeneracy (Paczynski & Sienkiewicz
1981, Rappaport et al. 1983). However, Pop mini ~ 65 min was
theoretically derived with AMLggr, while observations indicated
Porb mini &~ 80 min. This discrepancy was addressed by ST with an
extra AML below the period gap owing to the convective dynamo.
Using a free parameter as an enhancement factor in the convective

dynamo below the period gap, ST were able to obtain good agreement
with observations (see their figs 10 and 13).

The most important way in which the donors of the He-star channel
differ from those of CVs is that they are H-exhausted, or in our case
He-dominated, in contrast to those in CVs which begin mass transfer
as MS stars with solar H abundance. The effect of evolved donors on
the period gap has been studied before. Pylyser & Savonije (1988)
showed that systems with more H-exhausted (evolved) donors show
asmaller period gap. This can be explained by the fact that, on the one
hand, the more evolved the donor the smaller it needs to be in order
to become fully convective, and on the other hand, the smaller the
donor the weaker the system’s AML by magnetic braking AMLyg.
At some stage, the time-scale of AMLyp becomes comparable to
that of AMLgg for these systems, and the system is only moderately
out of thermal equilibrium when AMLyp ceases, leading to a smaller
period gap. This also explains why highly evolved systems do not
yield a period gap at all. These systems never go out of thermal
equilibrium, and the transition from AMLyjp to AMLgr dominated
evolution is smooth (see also Podsiadlowski, Rappaport & Pfahl
2002). We argue that the physics governing AMLyg for canonical
CVs should, for the most part, still be at play for evolved systems,
including those with He-star donors. The way in which this extra
AML affects our model trajectories is profound, as shown in Fig. 10,
where the thick dash—dotted lines evolved with AMLgr are the
counterparts to the solid lines evolved with AMLgr + AMLpp. We
see that no tracks modelled with AMLggr evolve to match either
ZTFJ1637+49 or Gaial4aae. For Models 1, 3, and 5, we see that
neither the orbital period nor the radius of the donor increase enough
during the expansion phase of the system. In the ( Py, My.) plane,
the mass-transfer rate does not increase enough to match that of
Gaial4aae. However for Models 6 and 7, we see that there is not
much difference in these parameters. To investigate this, we plot the
time-scale of AMLgr (gr) given by tgr = J/Jgg, and the time-
scale of AMLpp (tpp) givenby tpp = J/ Jpp. In order to understand
how the two dynamos in the DD model contribute to the evolution
of the system, we also plot the time-scale of AML solely due to the
boundary layer dynamo, AMLy, () given by = J/ Ji1, and the
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Figure 11. Selected evolutionary tracks (the title of each subplot denotes the evolutionary track) from Figs 7 showing the temporal evolution of various AML
time-scales after the system emerges from CEE at ¢ = fy. The vertical light blue dash—dotted line denotes the time when RLOF commences, and the vertical
black solid line denotes the time when the system attains its minimum in Pyp. Model 3 corresponds to My = 1.5 Mg, Mpye = 0.1 Mg, P; = 60 min, Model 5
corresponds to M> = 3.0Mg, M. = 0.2Mg, P; = 45 min, Model 6 corresponds to M> = 1.5Mg, My = 0.15Mg, P; = 20 min, and Model 7 corresponds

to M> = 1.5Mg, Myge = 0.2Mg, P; = 10 min.

time-scale of AML solely due to the convective dynamo, AML gy
(Teony) given by Teony = J/Jeony. We note that the combined effect
of the two dynamos is not simply additive, as can be seen from
equations (12) to (15). Our results are shown in Fig. 11, with subplots
titled by the model numbers in Fig. 10. We see that Models 3 and
5 have tgr ~ tpp for the entire evolution, with Tpp < Tgr at later
times. This explains why the systems evolved with AMLgr + AMlIpp
have longer orbital periods and donor radii for the same donor mass.
So at later times, owing to AMLpp, the time-scale of mass-loss does
not increase significantly. This keeps the Kelvin—Helmholtz time-
scale (tkn), larger than the mass-loss time-scale () or, in other
words, the system continues to respond adiabatically to mass loss.
This is in contrast to the results of Deloye et al. (2007) and Yungelson
(2008) in which, after the period minimum, the adiabatic expansion
phase of the system ceases once txy < Tme. This has been hinted
at by van Roestel et al. (2022) who argue that for some reason the
orbital periods of AM CVn systems probably do not shrink when
they are long.

We also see that tpp is dominated by ., for most of the
evolution, with 7.,y becoming increasingly dominant as the donors
tend towards full convection. This behaviour is an extension of that in
canonical CVs where, at the upper end of the period gap ( Py, = 3 hr),
Tp is dominant and once RLOF recommences below the period gap
(Porb & 2 hr) Tgr drives the evolution with increasing contribution by
T conv- However for Models 6 and 7, we see that Tgr < Tpp for most of
the evolution. This can be explained by the fact that T gr o a*, whereas
7pp X a* and so Tgr dominates at Py, ~ 10 min. The evolution of
these systems can be well modelled with just AMLgg. For Model
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6, we see that ty, & 7oy With Ty S Ty for Model 7. This is
explained by equations (18) to (25) of ST in which 7y, ,0113/ 4, where
pg 1s the density at the boundary between the core and the envelope.
The density pp increases in more degenerate configurations causing
the boundary layer dynamo to dominate 7pp.

6 CONCLUSION

We have revisited the He-star channel of AM CVn formation to
explain Gaial4aae and ZTF1637J+49, peculiar AM CVn systems,
which seemingly challenged the current understanding of their
formation. We argue that semidegenerate He-rich donors with masses
between 0.1 and 0.3 Mg plus WD binaries, which are able to explain
these systems can emerge from a CE phase if either sources of
energy other than the orbital energy are used to eject the CE, or a
different formalism of CEE is implemented. We model this by simply
setting a maximum allowed CE efficiency parameter larger than
unity. Using a set of He-star plus WD binaries, which emerge from
this CE phase as our initial models, we track the detailed evolution
of orbital parameters, and surface abundances with the Cambridge
stellar evolution code (STARS) when the evolution is driven not only
by the loss of angular momentum in gravitational waves but also
by magnetic braking owing to an «—2 dynamo mechanism. Such
a model leads to the period gap, and the period minimum spike
in the orbital period distribution of cataclysmic variables. Using
the same physically motivated AML formalism as ST in addition
to gravitational radiation, we show that our modelled trajectories
match well with the observed properties and abundance profiles of
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Gaial4aae and ZTF1637J4+49. We also highlight the importance of
including the additional AML mechanism in our analysis by showing
that our selected trajectories fail to reproduce the observed properties
of Gaial4aae and ZTF1637J+49 when the evolution is driven solely
by AML in gravitational radiation.

There are a few areas of improvement to be made to our analysis.
Most important is modelling the CEE phase which forms the He-
star plus WD binary. Our analysis in Section 3 is kept quite
straightforward, because this phase is poorly understood. Detailed
simulations of the event and knowledge of the interplay between the
additional energy sources that may be used by the system to eject
the CE will help to improve the situation, especially when there is
growing evidence of systems with seemingly unphysical CE ejection
efficiency parameters (e.g. El-Badry et al. 2022). This in turn will
either strengthen or weaken the claim that our semidegenerate He-
rich donors emerge from the common evolution phase in a close orbit
with a WD. Same improvement should be made to the additional
AML mechanism arising as a consequence of the DD model. This
mechanism was implemented with the help of three free parameters
by ST, and fitted in order to explain the properties of cataclysmic
variables. Although the formalism of the DD model is physical, the
free parameters themselves are ad hoc and may need to be modified
if we extend our analysis to evolved donors. This, with more accurate
measurements, can address the differences between the mass-transfer
rates in our models and observations. Finally, there is a need for a
detailed population synthesis study of all the AM CVn evolution
channels, with new results on the relative likelihood of AM CVn
formation (e.g. Shen 2015). This will provide clearer insights into
the relative importance of the three proposed AM CVn formation
channels.
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