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ABSTRACT

Context. Eclipsing close double white dwarf (WD) systems, by providing precise radii and masses, offer a unique opportunity to
directly constrain hydrogen-envelope (M) retention and test common-envelope (CE) evolution in low-mass stars.

Aims. We analyse J2102—4145, an eclipsing binary composed of two low-mass He-core WDs in a 2.4-hour orbit.

Methods. By comparing the observed radii and effective temperatures with updated CE and stable Roche-lobe overflow (SRLOF)
models, we confirm that both stars are He-core WDs.

Results. The primary (0.375 M) is consistent with SRLOF models that retain thick H envelopes and sustain residual burning, while
the secondary (0.314 M,,) can only be reproduced by CE models with nearly complete envelope removal. The cooling ages — ~220 Myr
for the secondary and ~260-510 Myr for the primary, depending on the residual nuclear contribution — support a formation sequence
in which the primary formed first via SRLOF, followed by a CE phase producing the compact secondary. Energy-budget reconstruc-
tion of the CE yields progenitor and orbital parameters consistent with this picture.

Conclusions. The secondary’s unusually small radius requires an extremely thin H envelope, My < 1077 Mo, well below the pre-
dictions of standard bifurcation criteria. J2102—4145 thus provides one of the strongest observational constraints on post-CE My in

low-mass WDs and a benchmark challenge to current prescriptions of envelope ejection.
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1. Introduction

White dwarfs (WDs) are the most common endpoints
of low- and intermediate-mass stars (Althausetal. 2010;
Woosley & Heger 2015). The WD mass distribution peaks near
0.6 M., but it also shows a low-mass tail (50.45 M), which
likely results from enhanced red-giant branch (RGB) mass loss
— most commonly driven by a binary interaction — before core
helium (He) ignition, producing a He core rather than carbon—
oxygen (C/O) cores (Cassisi & Salaris 2013; Althaus et al. 2013;
Istrate et al. 2016). Above ~0.32 M, some objects may be
hybrid He—C/O WDs (Zenati et al. 2019).

Forming low-mass WDs within a Hubble time requires a
binary interaction, as single-star evolution is too slow. Most
of these WDs are indeed found in binaries (Marsh et al. 1995;
Rebassa-Mansergas et al. 2011; Brown et al. 2020). Two chan-
nels dominate the formation of He-core WDs: stable Roche-lobe
overflow (SRLOF) and common-envelope (CE) evolution. Pop-
ulation studies indicate that extremely low-mass (ELM) WDs
with M <0.22 M, form predominantly via the SRLOF channel,
whereas those with M > 0.22 M, are more likely the outcome
of a CE episode (Li et al. 2019; Brown et al. 2020). Because the

* The cooling sequences are publicly available at http://
evolgroup. fcaglp.unlp.edu.ar.
** Corresponding author: althaus@fcaglp.unlp.edu.ar

mass-loss histories differ, the post-formation structures and cool-
ing behaviours of low-mass WDs are observably distinct. A key
quantity is the residual hydrogen (H) mass, My, defined here as
the total H mass above the He core. In general, SRLOF leaves
WDs with relatively large values of My, whereas CE evolution
leads to much more efficient envelope stripping and hence sig-
nificantly smaller residual My. Larger My can sustain residual
H burning and inflate the stellar radius, thereby modifying the
inferred mass and cooling age at a fixed T, (Althaus et al. 2013;
Istrate et al. 2016).

Eclipsing low-mass WD binaries provide precise, geo-
metrically constrained masses and radii and therefore enable
stringent tests of structure, evolution, and formation scenarios
(Brown et al. 2023). In particular, J2102—-4145 is a double-lined,
eclipsing binary of two low-mass WDs with accurately measured
M, R, and T.g (Kosakowski et al. 2023; Antunes Amaral et al.
2024). Here we confront these measurements with SRLOF mod-
els (Althaus et al. 2013) and with CE sequences that span a broad
range of My, including a recently published grid tailored to
post-CE remnants (Althaus et al. 2025). We find that the sec-
ondary (less massive) WD’s observed compactness at its T
is reproduced only by models with an extremely thin H enve-
lope. Accordingly, we report a robust upper limit on My. For
the primary (more massive) WD, we reassessed SRLOF models
and quantified how residual H burning affects the inferred cool-
ing age. Taken together, these results support an evolutionary
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Table 1. Observed parameters for J2102-4145 adopted in this work.

Component M (M) R (Ry) Terr (K)
Primary 0.375+0.003 0.0211 £0.0002 13 688f$‘§
Secondary  0.314 + 0.003 0.0203:0-9002 12 952tgg

Notes. Values from Antunes Amaral et al. (2024); uncertainties are 1o-.

pathway in which the primary formed through SRLOF and the
secondary through a subsequent CE episode.

Section 2 describes the observations and the adopted stel-
lar parameters. Sect. 3 introduces the evolutionary models:
Sect. 3.1 presents the CE sequences and bifurcation criteria,
while Sect. 3.2 describes the SRLOF tracks. Sect. 4 presents the
radius—temperature comparison for J2102—4145 and the inferred
envelope properties, including the possible effects of rotation
and tides. In this section the corresponding cooling ages are
also discussed. Sect. 5 outlines the evolutionary pathway link-
ing SRLOF to the primary and CE to the secondary. In Sect. 6
we examine the relation between the inferred My values and the
CE efficiency, and discuss the implications for envelope strip-
ping in low-mass giant progenitors. Finally, Sect. 7 summarises
our conclusions.

2. Observations and adopted parameters

J2102—-4145 is a double-lined, eclipsing binary of two low-
mass WDs. We adopted the published orbital and stellar param-
eters from the joint modelling of multiband light curves and
radial velocities presented by Antunes Amaral et al. (2024). The
orbital period is P = 0.1002087525(10)d (~2.405h) and
the orbital inclination is i = 88.693*)00¢ deg (Table 3 of
Antunes Amaral et al. 2024). Eclipses provide the inclination
and tight geometric constraints on the fractional radii, while the
RV semi-amplitudes yield dynamical masses through Kepler’s
law. The eclipse morphology (ingress and egress durations) sets
R/a, and the relative depths constrain the surface-brightness
ratio; combining these with the RV solution gives M and R for
each component with high precision. Spectroscopic fits provide
Tg values; throughout this work we use the 1o uncertainties
reported by Antunes Amaral et al. (2024) and do not re-analyse
the photometric or spectroscopic data.

Table 1 lists the masses, radii, and T, adopted here for the
primary and secondary. These observables constitute the data
vector against which we confront SRLOF and CE evolutionary
models in Sect. 4. When inferring cooling ages, we evaluate the
model age at the measured T.g of each component and propa-
gate the observational uncertainty in Tt along the correspond-
ing track at fixed M and, for CE models, fixed My. In the R—T g
comparison we use the quoted 1o error bars on both quantities.

3. Evolutionary models

In this section we outline the evolutionary inputs used to inter-
pret J2102—-4145, focusing on the single parameter that drives
the differences between channels — My, which controls radius
inflation and residual burning. Sect. 3.1 summarises the CE con-
struction and the compression-point guided stripping adopted for
the secondary; Sect. 3.2 recalls the SRLOF grids used for the pri-
mary and how we bracket the effect of residual burning.
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3.1. CE sequences: Setup, bifurcation criteria, and
thin-envelope behaviour

We adopted the CE grid tailored to post-CE remnants by
Althaus et al. (2025). A solar-metallicity RGB progenitor is
evolved until the H-free core reaches the target mass; the enve-
lope is then removed abruptly down to a prescribed Lagrangian
mass coordinate m, (i.e. the enclosed mass measured from the
stellar centre), which sets the remaining My. The stripped model
is relaxed at fixed total mass and evolved with the La Plata stellar
evolution code LPCODE (Althaus et al. 2005; Salaris et al. 2013;
Althaus et al. 2015; Miller Bertolami 2016; Althaus & Cdrsico
2022) onto the cooling track. Because mass stripping proceeds
much faster than the thermal timescale, the remnant contracts to
the hot pre-WD phase on a timescale much shorter than its ther-
mal time; for the thin-My regime of interest here, typical adjust-
ment times from ejection to the pre-WD maximum 7 g are below
about 0.01 Myr. Shortly after stripping, the outer layers are He-
enriched; as the star settles on the WD branch, gravitational
settling builds a pure-H surface above a He-rich tail, with
measurable consequences for R, logg, and cooling rates
(Althaus et al. 2025).

After a dynamical CE, some H remains bound to the core
rather than being fully expelled (Lombardi et al. 2006; Ivanova
2011); this final My is crucial for the subsequent evolution
of the He WD. A major modelling uncertainty is the location
of the bifurcation point (BP), the mass coordinate that sep-
arates the retained core from the ejected envelope. In prac-
tice, the BP lies within the H-rich layers, between the H-free
core and the base of the convective envelope. Several phys-
ically motivated criteria have been proposed to identify this
boundary, including features in the entropy profile, breaks in the
binding-energy distribution, and diagnostics tied to the structure
of the H-burning shell (Han et al. 1994; Tauris & Dewi 2001;
Ivanova et al. 2013; Kruckow et al. 2016; Vigna-Goémez et al.
2022; Chen et al. 2024). In this work, we focused on three com-
monly adopted BP diagnostics that are directly relevant for our
CE models: the layer where the H abundance drops to Xy = 0.1,
the location of peak nuclear energy generation in the H-burning
shell, and the maximum compression point mcp, defined by the
local maximum of P/p inside the H-burning shell prior to CE
(Ivanova 2011). Remnants stripped to or below m,, relax by con-
tracting; if the remnant is left above m,, it tends to re-expand
on a local thermal timescale and shed additional mass until sta-
bilizing near mcp. Thus, m¢, provides a physically meaningful
core—envelope boundary for CE outcomes and naturally leads to
comparatively thin residual H contents.

For reference, Fig. 1 shows the internal structure of a pre-
CE RGB progenitor with 1.5 M, at the epoch when the H-free
core reaches 0.3202 M. We plot the H abundance profile Xy (m,)
and the cumulative H mass interior to the Lagrangian mass coor-
dinate m,, My(< m,), which increases outwards through the
envelope. Vertical dashed lines mark the three BP diagnostics
discussed above (Xg = 0.1, peak nuclear energy generation,
and maximum compression). The dashed green line indicates
My = 1.0 x 1077 M, the H content required to reproduce the
observed radius of the secondary at its measured T.g (Sect. 4).
Although the figure corresponds to a 1.5 M, progenitor, it serves
as an illustrative snapshot of how the remaining H content maps
to the stripping depth within the H-rich layers. This qualitative
correspondence applies directly to the CE sequences employed
in this work.

From the published set we employed the CE tracks at M =
0.3208 M, with My = 6.6 X 10° M, and at M = 0.363 M
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Fig. 1. Internal structure of a 1.5 M, pre-CE RGB star at the epoch
when the H-free core is 0.3202 M, (plotted versus the Lagrangian mass
coordinate m,). Shown are the H abundance by mass, Xy(m,), and the
cumulative H mass interior to m,, My(<m,), which increases outwards.
Vertical dashed lines mark the BP criteria (Xy = 0.1, peak nuclear
energy generation, and maximum compression). The dashed green line
marks My = 1.0 X 1077 My, the H content inferred for the secondary of
J2102-4145 from the observed (R, Ter). The plot shows only the inner-
most envelope layers of the RGB progenitor, which set the residual H
content.

with My = 5 x 107 M, and we computed two additional thin-
envelope sequences at the same M = 0.3208 M, with My = 107°
and 107" Mg, to probe the regime relevant to the secondary of
J2102—4145. These are the CE tracks used in the R—T g and T e—
age comparisons (Sect. 4).

3.2. SRLOF sequences

For the primary we useed SRLOF He-core WD sequences
from Althaus et al. (2013). In contrast to our CE remnants with
very thin envelopes, SRLOF histories leave thicker H layers
that sustain residual H burning during much of the cooling
phase. This tends to inflate the radius at a given T.s and to
lengthen the cooling timescales at intermediate temperatures.
In the mass range relevant here, the SRLOF track that best
matches the primary has an envelope of order My ~ few X
10~* My, i.e. orders of magnitude larger than in the thin—My
CE regime considered for the secondary. In this work we there-
fore considered a representative SRLOF track near the primary’s
mass (we use M =~ 0.363 M, as our reference) and brack-
eted the impact of residual burning with two configurations:
a case with Ly,./L =~ 0.25 (as in Althausetal. 2013) and a
case with enhanced residual burning, L,,/L = 0.70, to illus-
trate how the inferred cooling age depends on the nuclear con-
tribution. These SRLOF models are then used in Sect. 4 to
interpret the primary. Over the M—T.s range of interest, the
structural parameters and cooling ages predicted by these
SRLOF sequences are consistent — within typical modelling
differences — with independent calculations (e.g. Istrate et al.
2016). This agreement provides a useful cross-check on our
radius—temperature comparison and on the cooling-age esti-
mates for the primary.
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Fig. 2. Stellar radius (Ry) versus T.q for He-core WD sequences with
different My. Shown are CE models at M = 0.3208 My (My = 6.6 X
1075, 107, and 1077 M) and at M = 0.363 My, (My = 5 X 107% M)
(Althaus et al. 2025), together with SRLOF tracks from Althaus et al.
(2013) (blue dashed). The J2102-4145 components are shown with 1o
errors in R and T.q, including the observed mass ranges of the pri-
mary (M) and secondary (M;) (Antunes Amaral et al. 2024). The curve
annotations in the plot indicate the stellar mass and H envelope mass,
in the format M:My (both in M,,), for each evolutionary sequence. The
primary matches an SRLOF model with My; ~ 3 x 107 M, while the
secondary requires My < 1077 M, (see text).

4. Radius-temperature comparison and cooling
ages

In Fig. 2 we show CE tracks at M = 0.3208 M, with My =
6.6 x 107° M, (Althaus et al. 2025) and the two additional
thin-envelope CE sequences computed here at the same mass
with My = 107 and 1077 M,. We also include the pub-
lished CE sequence at M = 0.363M, with My = 5 X
10® My, (Althaus et al. 2025). For comparison, we plot SRLOF
models from Althaus et al. (2013) that retain My ~ (3-5) X
107 M, and sustain residual H burning (shown as blue dashed
lines). The locations of the primary and secondary (Table 1;
Antunes Amaral et al. 2024) are overplotted with their 1o inter-
vals in R and Teg.

The comparison reveals a clear structural dichotomy. Despite
being less massive, the secondary (M,) has a slightly smaller
radius than the primary (M;), contrary to the mass—radius
relation expected for similar compositions. Since both stars
have comparable Tt (within ~800 K), this inversion cannot be
ascribed to thermal differences and instead points to distinct
envelope structures and evolutionary histories.

The secondary cannot be reproduced by the SRLOF track
at its measured mass. In particular, the 0.3208 M, SRLOF
sequence predicts radii systematically larger than R, at the
observed T.q. Matching R, along this track would require mov-
ing to much cooler Tes, inconsistent with the data. We there-
fore focus on CE models. At the secondary’s T, CE models
predict a monotonic decrease of R with decreasing My. The
M = 0.3208 M, sequences with My = 6.6 X 107% and 107° M,
overpredict the measured R, (the latter only marginally within
the 10~ band), whereas the 10”7 M, track matches the observed
radius. This is a conservative value: at fixed g a slightly lower
mass implies a larger radius, so using the available 0.3208 M
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Fig. 3. Evolution of T.g since the end of mass loss for selected He-
core WD models. The red curve shows the CE track (M = 0.3208 M,
My = 1077 M) used for the secondary. Solid blue is the post-SRLOF
model for the primary from Althaus et al. (2013) with residual burn-
ing Ly,/L =~ 0.25, and dashed blue is a variant computed here with
increased residual burning (Ly,./L =~ 0.70) to illustrate its impact on the
cooling. Coloured bars indicate the cooling ages inferred at the mea-
sured T of each component, with their widths obtained by propagat-
ing the observational uncertainty in 7. along the corresponding track
(at fixed M and My).

tracks instead of a track closer to the dynamical mass mildly
underestimates the model radius and would require an even thin-
ner envelope to match Ry. If M = 0.317 Mo, the My = 1077 M,
track would pass through the upper bound of R, (i.e., within
+10), so our adopted My < 1077 M remains a conservative,
observationally anchored limit.

The extremely low My implied by the secondary raises the
question of whether standard BP prescriptions in CE evolution
can produce such remnants. For the progenitor structure shown
in Fig. 1 (a 1.5 My RGB star at M.oe = 0.3202 M), the My
values associated with m, and with the Xy = 0.1 proxy are both
far above what is required by R,. In fact, My =~ 1.0 x 1077 M,
is roughly three orders of magnitude lower than the value at mc;
and about sixty times smaller than the Xy = 0.1 estimate (see
Fig. 1). This contrast indicates that envelope removal in J2102—
4145 was substantially more efficient than predicted by standard
BP criteria.

The primary is well reproduced by SRLOF models that retain
comparatively thick H envelopes (My ~ 10~ M), which inflate
the radius and sustain residual H burning. In contrast, the sec-
ondary — already shown to require an extremely thin envelope
of My ~ 1 x 1077 My — can only be explained by nearly
complete envelope removal during CE. The juxtaposition of
these two cases strongly points to distinct evolutionary chan-
nels. Antunes Amaral et al. (2024) also find the primary con-
sistent with substantial H retention using independent SRLOF
grids (Istrate et al. 2016), but propose that the secondary formed
first via SRLOF and the primary later through CE. Our structural
analysis supports the reverse order: the primary likely formed via
SRLOF, retaining a relatively massive H layer, and the secondary
through a subsequent CE episode that stripped almost all of its
envelope. We return to this formation sequence in Sect. 5.

Element diffusion is an unavoidable process during WD
cooling, as gravitational settling reshapes the outer layers and
generally increases the stellar radius at a given Teg. To assess its
impact, we computed additional sequences in which the effects
of element diffusion were artificially suppressed. In this case,
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matching the observed radius of the secondary requires a thicker
H envelope, My ~ 6 x 107% M,—still a very thin layer compared
with SRLOF remnants. This value is close to that predicted by
the Xy = 0.1 bifurcation criterion and, while smaller than the
estimate obtained from the compression point by a factor of a
few—tens, it is not orders of magnitude different.

Suppressing diffusion, however, requires invoking an addi-
tional mechanism capable of competing with the settling
timescale. A plausible candidate is rotationally induced mix-
ing. One way to estimate the associated transport is through the
Eddington—Sweet circulation velocity, given by
Q’RL
where Q is the stellar angular velocity. If the secondary is syn-
chronised with the orbit, Q corresponds to the orbital frequency
(P = 0.07d), which provides an upper limit on the rotation rate
and thus on vgs. For luminous post-CE models, this yields order-
of-magnitude flow speeds in the H-rich envelope that can exceed
the diffusion velocities by about one to two orders of magni-
tude. Because vgs o« L, the efficiency of this process decreases
as the star cools, and in practice composition gradients and tur-
bulence may further reduce the effective mixing. Nevertheless,
the comparison suggests that rotationally driven transport could,
in some regimes, compete with gravitational settling and modify
the envelope structure.

The purpose of invoking rotation here is mainly to highlight
a mechanism that could inhibit diffusion and thereby relax the
constraint on the required My. Rotation may also influence the
stellar structure more directly — for instance, centrifugal support
would tend to increase the stellar radius, which in turn would
require thinner envelopes to match R;. Thus, envelope and core
rotation could act in opposite directions regarding the inferred
My, but in all cases the required H layers remain extremely thin.
A detailed assessment of these effects lies beyond the scope of
this work, yet they underline the sensitivity of our inferences to
rotational physics.

By contrast, tidal heating—another possible perturbation—
remains negligible for orbital periods >1h (e.g., Fuller & Lai
2013), and is unlikely to affect the present system given its 2.4 h
nearly circular orbit (Antunes Amaral et al. 2024).

Figure 3 illustrates the T4 evolution of the reference models.
For the secondary, we adopt the CE track with M = 0.3208 M,
and My = 1077 My, which reaches the observed parameters
after ~220 Myr of cooling. For the primary, we relied on the
representative SRLOF sequences introduced in Sect. 3.2. The
case with Ly,./L =~ 0.25 (solid blue line; Althaus et al. 2013)
reproduces the observed Teg at an age of ~260 Myr. A variant
sequence with enhanced burning, L,,./L =~ 0.70 (dashed blue
line), illustrates the sensitivity of the result: at the same T.g, the
inferred cooling age can increase to ~510 Myr. This should not
be regarded as a firm upper limit, but rather as an indication of
how strongly the age estimate depends on the contribution of
residual nuclear burning. The ~240 Myr age inferred from an
independent 0.344 M, sequence by Istrate et al. (2016), with a
nuclear contribution of ~30%, further supports the consistency
of our adopted SRLOF models.

The cooling time of the primary thus depends critically on
the extent of residual burning, which in turn is set by the final
envelope mass. As shown by Althaus et al. (2001), this depends
on the number of CNO flashes experienced before entering the
cooling track, a quantity that increases when element diffusion is
included. The efficiency of diffusion in the outer H tail-where it
dominates—may itself be modified by degeneracy, turbulence, or
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rotation-induced mixing, highlighting that the predicted residual
nuclear burning, and hence the cooling age, remain sensitive to
these physical uncertainties.

Because post-CE models cool faster than SRLOF sequences,
and given the observed T.g values, the system configuration
strongly favours the primary having formed first via SRLOF,
followed by a CE episode that produced the compact secondary.
This contrasts with the scenario of Antunes Amaral et al. (2024),
where the more massive WD forms last via CE.

5. Formation history and evolutionary pathway of
J2102-4145

The measurable age difference between the two WDs in J2102—-
4145 provides strong constraints on its evolution. Our models
indicate that the primary — an SRLOF-formed 0.375 M, He-core
WD - reaches its current T after ~260 Myr for a case with
Lyye/L = 0.25, and after ~510 Myr in an illustrative model with
enhanced residual burning (L,../L =~ 0.70); even larger nuclear
contributions would lengthen the cooling time further. The sec-
ondary — formed through a CE event — matches its properties in
~220Myr. Thus, the delay between the SRLOF episode and the
CE event is of order a few 108 yr; within our bracketing models
it lies in the range ~40-290 Myr.

A further constraint comes from the primary’s radius.
Although its mass does not exclude a C/O core (Zenati et al.
2019), such models predict a much smaller radius due to stronger
Coulomb interactions in the degenerate plasma, even with the
largest My allowed after SRLOF. The observed radius is instead
reproduced by a He-core model with residual burning, confirm-
ing that core He ignition was avoided. The secondary, with
0.314 M, lies below the He ignition threshold, making a C/O
core implausible.

Avoiding core He ignition requires a primary pro-
genitor mass below ~1.8M; (e.g., Hanetal. 2002;
Arancibia-Rojas et al. 2024). A higher mass (23.5-4 M)
could work if the envelope were lost on the main sequence, but
mass transfer is then slow and unlikely to remove the envelope
before the orbit widens, detaching the donor. This would
demand an initial period $1-2d, typical only of hierarchical
triples (Tokovinin et al. 2006).

The stability of the first mass-transfer episode depends on the
donor’s structure and mass ratio. Beyond the Hertzsprung gap,
partially convective envelopes tend to expand during mass loss,
favouring CE, but stable transfer is possible if ¢ < 1.5-2.2 (e.g.,
Pavlovskii & Ivanova 2015). Earlier transfer, during the main
sequence or subgiant phase, allows larger g (Ge et al. 2024). Our
scenario thus requires moderately constrained parameters but no
extreme fine tuning.

A plausible pathway begins with SRLOF from the more mas-
sive progenitor, forming the primary with a relatively large My.
Mass transfer may increase the secondary’s mass, shortening its
main-sequence lifetime and allowing it to reach the RGB and
undergo CE within ~280 Myr. For example, a 1.8 M, star leaves
the main sequence after ~1600 Myr, while a 1.6 M, star does
so after ~2250 Myr — too late for the required timing unless
mass accretion accelerates its evolution. The retained fraction
is uncertain: some studies support non-conservative transfer
(e.g., Han et al. 2002, 2003; van Rensbergen et al. 2008, 2011;
Erdem & Oztiirk 2014; Marino et al. 2019), others predict negli-
gible accretion due to spin-up (e.g., Vos et al. 2020), while up to
50% retention is also possible (Lechien et al. 2025).

An alternative explanation for the observed age difference
is that the system began as a near-equal-mass binary, consis-

MS MS
Time

RGB

MS He WD L_280
(Myr)
\,f’ " Common Envelop:a‘ \‘\\/
,. °0 h
Hewp ©®@ HewD
(0.314 Msun) (0.375 Msun)

Fig. 4. Schematic diagram illustrating the proposed formation sequence
of J2102-4145, including the two mass-transfer episodes. Stellar sepa-
rations are not to scale.

tent with the twin peak in the mass-ratio distribution of main-
sequence binaries, particularly in short-period systems (e.g.,
Halbwachs et al. 2003). With nearly equal masses, the first
episode of SRLOF is expected to widen the orbit. If the orbit
widens, the secondary would encounter a larger Roche lobe at
the second interaction and would therefore need to reach a larger
stellar radius to initiate mass transfer. For RGB donors, a larger
radius typically implies a larger He-core mass, so this path would
predict a more massive resulting WD for the secondary — con-
trary to the observations.

The orbital response to mass transfer depends on how
mass and angular momentum are lost from the system
(Vos & Vuckovi¢ 2017). Mass loss from the vicinity of the donor
or accretor generally leads to orbital widening, whereas losses
through a circumbinary structure can extract angular momentum
and cause orbital shrinkage. While such effects are discussed in
the literature, they are not required to account for the properties
of J2102-4145.

The different masses of the two WDs are naturally explained
by the distinct timescales of the two interaction phases. Stable
Roche-lobe overflow proceeds over tens of Myr, allowing the
donor to continue its RGB evolution while the orbit evolves
gradually and the He core grows. By contrast, the CE phase
experienced by the secondary is dynamical and strips the enve-
lope on a short timescale, with little additional core growth.
As a result, the secondary can reach Roche-lobe overflow at its
present orbital separation with a smaller He-core mass and end
as the less massive WD, without invoking any special orbital
evolution prior to the CE.

Applying the reconstruction method of
Zorotovic & Schreiber (2022) to the CE event, we found
that the progenitor of the less massive WD likely had a mass
of ~1.1-1.9 M and an orbital period of ~20-60days when
filling its Roche lobe. These values match the observed masses
and cooling ages, supporting the proposed scenario. Figure 4
illustrates the pathway, including both mass-transfer phases.
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Table 2. CE summary for J2102-4145, assuming a residual H mass M'}il‘ = 1077 M,, that reproduces the observed radius of the secondary WD.

Mzams  Meore  Rphot @i P; ar AE o Ebing QCE Eextra(@x)

[Mo]  [Ms]l [Ro] [Ro]l [dayl [Ro]l [107erg] [10%erg] [10% erg]

1.0 0.315 28.0 60.1 37.0 0.854 2.494 1.44 0.577 {ax=1: —; ax=0.5: 0.192}

1.5 0.315 25.1 50.1 26.6 0.854 2.402 241 1.003  {ax=1: 0.007; a,=0.5: 1.21}
1.8 0315 22.1 427 20.6 0.854 2.315 3.494 1.510 {ay=1: 1.18; a,=0.5: 2.34}

Notes. a,0w = 0.80190 R, (common to all three cases). P; is the orbital period at CE onset, derived from q; through Kepler’s third law using
M, wp = 0.375 My. Ecxira(@,) denotes the additional energy required to reach the target @, while keeping Mg‘ = 1077 M,. The orbital-energy
change is computed from g; to a¢, and the binding energy from my,, to the stellar surface.

In closing, we stress that the cooling ages imply that the CE
episode must have occurred within <200-300 Myr after the end of
the first RLOF phase. This requirement can be met if the secondary
progenitor is already close to the terminal-age main sequence
when the primary detaches from RLOF, and/or if it is modestly
rejuvenated by accretion. To illustrate the relevant evolutionary
timescales, we note that in our solar-metallicity LPCODE tracks
thetime elapsed from the end of central Hburning to the point where
the He-core mass reaches ~0.31 M, is ~300 Myr fora 1.5 M star,
but decreases to ~130 Myr for a 1.8 Mg, star. Therefore, once the
secondary has left the main sequence, reaching the RGB core mass
required for the CE phase is compatible with the time window
inferred from the WD cooling ages.

6. Energy budget of the common-envelope ejection

A quantitative description of the CE phase can be formulated in
terms of the energy formalism (Ivanova et al. 2013), in which the
orbital energy released during the spiral-in process is compared
with the binding energy of the donor’s envelope. The ejection
efficiency is described by the parameter acg, defined as

@

where AE 4 is the orbital energy released between the initial (a;)
and final (ar) separations, and Ey;yq is the total binding energy of
the envelope at the onset of CE.

For the J2102-4145 system, the energy analysis presented
here refers to the CE episode that formed the secondary WD of
M, wp = 0.314 M. At that stage, the primary was already a WD
of mass M, wp = 0.375 M, while the companion was the RGB
progenitor of the present-day secondary. In this section, we con-
sidered progenitor models for the secondary with zero-age main
sequence masses Mzams2 between 1.0 and 1.8 M. The system
currently has an orbital period P = 0.10020875 d, correspond-
ing to a separation dne, = 0.80190 Ry, and a cooling age for
the secondary of Tcoo12 = 220 Myr. By backward integrating the
angular-momentum losses driven by gravitational radiation for
a circular orbit (Peters 1964) over 7.o12, We derived a post-CE
birth separation ap;, = 0.85418 R, which we adopt as the final
orbital separation of the CE episode (ar = apjrn)-

The orbital energy released during the spiral-in of the RGB
progenitor of the secondary around the pre-existing WD is given
by

acg AEon, = Epind,

GM M
AEy;, = 1,v2vz 2WD
.

G M1 wp Mzawms,2
2 a; ’

The initial separation g; is determined from the Roche-lobe
overflow condition of the RGB donor at the onset of the CE. To
estimate a;, we used the photospheric radius of the star (Rphor) as
a function of the mass of its H-free core and identify the point

3
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where this mass is approximately equal to the final mass of the
secondary WD, M, wp. The resulting Ry, and corresponding a;
values for Mzams2 = {1.0, 1.5, 1.8} M, are listed in Table 2.
Because a; > ay, the change in orbital energy is largely deter-
mined by the a term in Eq. (3).

For the energy budget, the pre-CE boundary between the
core and the ejected envelope is set by a mass coordinate ¢y,
linked to the observed radius of the secondary WD. It is defined
so that the total H mass enclosed within m,,, in the pre-CE RGB
model equals the H mass (M%) that, after envelope ejection,

H
reproduces the WD radius (see Fig. 1),

f Xy(m)dm =
0

The binding energy of the outer envelope (above m.y) is then
computed as

Mzams
Epina(mey) = f
m,

cut

M M =107 M. 4)

[G_m (3)

r(m) - uint(m)] dm7

where uyy is the specific internal energy from the OPAL equa-
tion of state, which includes gas, radiation, and ionization terms
appropriate to the pre-CE structure. No enthalpy contribution
(+P/p) or recombination energy released during the CE expan-
sion is added. Hence, our Ey;,q represents a moderately conser-
vative estimate: smaller than a purely gravitational value, but
larger than those including enthalpy or recombination energy lib-
erated during the CE expansion.

Our values of acg, summarised in Table 2, show the expected
trend with progenitor mass: more massive RGB donors have
more tightly bound envelopes (higher Epj,g) and thus require
larger ejection efficiencies. The 1.0 M progenitor yields the
smallest acg, but it would evolve too slowly to reproduce
the ~0.2 Gyr formation delay between the two WDs. In contrast,
the 1.8 M model requires acg > 1, implying that orbital energy
alone would be insufficient unless additional power sources such
as jets, nuclear burning, or dynamically released recombina-
tion energy were available. The intermediate 1.5 M, progenitor
yields acg =~ 1, providing a reasonable balance between energet-
ics and evolutionary timescales.

A broader comparison with previous CE and RLOF recon-
structions reinforces this evolutionary pathway. Population stud-
ies generally recover mean efficiencies of acg = 0.3-0.5 but with
substantial system—to—system dispersion and no evidence for
a universal value (e.g. Zorotovic & Schreiber 2022; Chen et al.
2024; Torres et al. 2025). Zorotovic & Schreiber (2022) find
moderate efficiencies in WD+BD systems, consistent with
expectations for low-mass RGB donors, while Chen et al. (2024)
review a wider set of post-CE binaries — including double WDs
— showing that acg depends sensitively on donor structure, mass
ratio, and boundary definition. In J2102-4145, the relatively
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high acg follows directly from the very deep mass cut needed to
leave the secondary with an extremely thin H envelope. Repro-
ducing My ~ 1077 My, requires removing tightly bound inner
layers of the RGB envelope, which raises Epjng and thus acg. The
large efficiency value therefore reflects the progenitor’s struc-
ture, not an anomalous CE process. We note that the orbital
periods we infer at CE onset (~20-40d; Table 2) agree well
with the results from the independent reconstruction method of
Zorotovic & Schreiber (2022), lending further support to the via-
bility of this formation pathway.

A direct comparison can also be made with the adiabatic
mass—loss reconstructions of Ge et al. (2022, 2024), where the
CE evolution is followed along adiabatic sequences that track the
donor’s structural readjustment under rapid mass removal while
enforcing both the energy and Roche—lobe conditions. Applied
mainly to sdB+WD and sdB+MS binaries, this method yields typ-
ical efficiencies of acg ~ 0.3, with noticeable system—to—system
scatter and a dependence on donor mass and mass ratio rather than
a universal value. In these models, the total H mass is integrated
from the Xy = 0.1 boundary outwards, giving an upper limit
immediately after envelope ejection; the remnant is expected to
lose additional surface H as it thermally readjusts. According to
updated adiabatic grids provided by Hongwei Ge (priv. comm.),
the residual H masses predicted for the parameters of 12102-4145
range between My ~ 3 x 107 and 3 x 1073 M,, at the final orbital
separation, depending on the progenitor mass and adopted efli-
ciency. In contrast, reproducing the observed radius of the sec-
ondary WD in J2102-4145 requires an extremely thin residual
envelope (M{‘It ~ 1077 M,), implying a deeper mass cut and higher
Eying than in the sdB progenitors considered by Ge et al. (2022,
2024), see later in this section. The larger acg values inferred
here are therefore consistent with their overall trends and reflect
distinct structural conditions and boundary definitions rather than
fundamentally different CE physics.

To quantify the additional energy required to reach a given
target efficiency, we parameterised the contribution of possi-
ble extra reservoirs (e.g. partial recombination or enthalpy) as
a fraction f of the reference binding energy, such that ng}f1 g =
Evina(1 = f) and ol = acg(1 - f). The fraction needed to reach
a target efficiency a, then follows from f(as) = 1 — a4 /acE,
corresponding to an extra energy Eexwa = f Epind- 1he corre-
sponding f and Eeyy, values listed in Table 2 indicate that the
1.5 M, progenitor requires only a negligible fraction (f =~ 0.003)
to achieve acg = 1, whereas reducing the efficiency to a, = 0.5
would demand about 50% of Ey;,g. For the 1.8 My model, the
required fractions increase to f =~ 0.3-0.7 for the same range of
a,. In contrast, the 1.0 M, case already yields acg < 1 without
extra energy and needs only ~0.14 Ep;yg to reach @, = 0.5.

The potential role of recombination energy can be assessed
by estimating the maximum energy reservoir available if the
envelope material above the cut were to recombine completely.
Assuming a representative composition (X =~ 0.70, ¥ =~ 0.28)
and full recombination of H and He, the energy per unit mass is

13.6 eV 79 eV
+ Y
mp 4my

~ 1.4x 108 ergg™!, (6)

€rec =

where m,, is the proton mass and 1eV = 1.602 x 10~'?erg.
The corresponding upper limit to the total recombination energy
is then Eyecmax ® €ecMeny = 2.9 X 10*(Mepy /M) erg, where
Meny = Mzams — mcm(Mg‘) (e.g. Ivanova & Nandez 2016). For
the three progenitors considered here, this yields Ejecmax =
1.9 x 10%, 3.4 x 10%, and 4.3 x 10% erg for Mzams = 1.0,
1.5, and 1.8 My, respectively. Comparing these values with the

o 2 \ \

CE |
[ — Mzuwms=1.0 Mg
r — Mzuwms=1.5 Mg
r —— Mzuws=1.8 Mg

| My consistent
L with Rowp

J

0.5

U

| | | ! |
0 -7 -6 -5 -4 -3

log My [Me]

|
o)

|
N

Fig. 5. CE efficiency as a function of the residual H mass in the
secondary WD. The grey band marks the range compatible with the
observed radius of the secondary, log My < —6.5.

extra energies Eqxy, in Table 2 shows that recombination could,
in principle, supply enough energy only in the most favourable
case (1.0 My, @y = 0.5, Eexra =~ 1.9 X 10% erg = Eec max). For
the other cases, the energy required to reach the target efficien-
cies (@, = 1 or 0.5) exceeds Erecmax by factors of ~3-6, even
under idealised assumptions of complete recombination and per-
fect energy trapping. In realistic CE conditions, partial recombi-
nation, energy leakage, and compositional gradients would fur-
ther reduce the effective contribution. Therefore, except for the
lowest-mass progenitor, recombination alone is unlikely to pro-
vide the additional energy needed to lower acg without violating
the constraint on the thin H envelope.

Figure 5 illustrates the dependence of the CE efficiency on
the residual H mass in the secondary WD. For all three pro-
genitor models, acg flattens into a nearly constant plateau for
log My < —6.5, corresponding to the regime constrained by
the observed radius of the secondary (grey band). In this range,
the values of acg coincide with those listed in Table 2, show-
ing that the derived efficiencies are essentially insensitive to
the exact choice of the residual H mass as long as it remains
within the observationally allowed interval. At larger My, acg
decreases monotonically because the binding energy becomes
smaller when the envelope cut is placed further out in mass.

The stability criteria and RLOF reconstructions of Ge et al.
(2024) provide a useful framework to place in context the for-
mation of the primary WD. Figure 4 of Ge et al. (2024) shows
that stable, largely non—conservative mass transfer on the RGB
naturally produces He—core remnants with Mwp =~ 0.30 M, for
binaries with initial orbital periods of ~60d. Because the P-
Myp relation in this mass range is set mainly by the core mass—
radius relation of the RGB donor and depends only weakly on
Myzawms, slightly longer initial periods are expected to yield corre-
spondingly more massive remnants. In this context, the 0.375 M,
primary in J2102—4145 can be naturally interpreted as the out-
come of stable RGB mass transfer in a system with an initial
period moderately longer than the fiducial ~60d case illustrated
by Ge et al. (2024).

The observed ~0.2 Gyr cooling—age difference between the
two WDs is also compatible with this channel. In particular, the
post—RLOF orbital separation must allow the secondary to reach
a CE phase within the required timescale, which disfavours both
fully conservative transfer — leading to excessively wide orbits
— and fully non—conservative extremes, which would tend to
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produce lighter remnants or reduce the likelihood of CE survival.
While a detailed quantitative reconstruction is beyond the scope
of this work, these considerations indicate that the first mass—
transfer episode cannot lie at either extreme and is likely to have
been neither fully conservative nor fully non—conservative.

7. Conclusions

The eclipsing double WD system J2102—4145 provides a unique
empirical test of H-envelope retention and the outcome of enve-
lope ejection in low-mass CE events. From the observed param-
eters, both components are unambiguously He-core WDs. C/O
cores are excluded: the primary’s radius cannot be reproduced
by any C/O-core model at the observed T.g, and the secondary’s
mass (0.314 M,,) is below the He ignition threshold.

Our analysis reveals a clear structural dichotomy. The less
massive secondary (0.314 M) has a slightly smaller radius than
the primary (0.375 M), a reversal of the expected mass—radius
trend that cannot be explained by the modest ~800K tem-
perature difference. This contrast is explained by the primary
retaining a substantial H envelope, while the secondary has
undergone nearly complete stripping. Reproducing the latter’s
radius requires My < 1077 M, far below the values predicted
by standard bifurcation criteria. This difference shows that enve-
lope removal in J2102—-4145 penetrated much more deeply than
predicted by standard prescriptions. Rotational mixing could, in
principle, moderate the role of diffusion and affect the inferred
envelope mass, but the requirement of an extremely thin My
remains robust.

We propose a formation sequence in which the primary
formed first via SRLOF, producing a He-core WD with a rela-
tively large H envelope, and the secondary subsequently formed
through a CE episode that stripped almost all of its envelope.
Cooling ages support this scenario: the secondary is matched
by a thin-envelope CE track with a cooling age of ~220 My,
while the primary is consistent with SRLOF models that retain
thick H layers, yielding ages of ~260 Myr in our reference case
and up to ~510 Myr in an illustrative sequence with enhanced
residual burning (Lyu./L = 0.70). Even larger nuclear contribu-
tions would further lengthen the cooling time. The resulting age
gap, of order a few 10® yr (within ~40-290 Myr in our bracket-
ing models), agrees with the proposed sequence where SRLOF
precedes CE. Independent constraints on the formation geometry
indicate that the progenitor of the less massive WD had a mass
of ~1.1-1.9 My and an orbital period of ~20-60d at CE onset,
consistent with the proposed SRLOF — CE formation pathway.

Our CE energy analysis clarifies why the event that formed
the secondary must have removed the envelope to unusually deep
layers. The extremely small residual H mass required by the
observed radius (My =~ 1077 M) forces a mass cut far below
the usual bifurcation criteria, resulting in a strongly bound rem-
nant envelope and the correspondingly large acg values obtained
in our models. In contrast, adiabatic mass—loss reconstructions
predict post—-CE H layers that are orders of magnitude larger,
underscoring that J2102-4145 probes an exceptionally stripped
regime of low—mass CE evolution. Nevertheless, this extreme
outcome fits naturally within the proposed SRLOF — CE for-
mation sequence once the observational constraint on My is
imposed.

J2102-4145 thus constitutes a benchmark for CE physics in
the low-mass white-dwarf regime, providing direct evidence of
highly efficient envelope stripping and placing stringent limits on
post-CE H retention. Its precisely measured parameters offer one
of the strongest observational challenges to standard prescrip-
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tions, and future discoveries of similar systems will be essential
to establish whether such extreme cases are unusual or common
outcomes of compact-binary evolution.
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