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ABSTRACT

Context. AM Canum Venaticorum (AM CVn) stars are ultra-compact binary systems composed of a white dwarf primary accreting from a
hydrogen-deficient donor. They play a crucial role in astrophysics as potential progenitors of Type la supernovae and as laboratories for grav-
itational wave studies. However, their formation and evolutionary history remain incomplete. Three formation channels have been discussed in the
literature: the white dwarf, He-star, and cataclysmic variable channels.

Aims. The chemical composition of the accretor atmosphere reflects the material transferred from the donor. In this work we took the first accu-
rate measurements of the fundamental parameters of the accreting white dwarf in ZTF J225237.05-051917.4, including the abundances of key
elements such as carbon, nitrogen, and silicon, by analysing ultraviolet spectra obtained with the Hubble Space Telescope (HST). These measure-
ments provide new insight into the evolutionary history of the system and, together with existing optical observations, establish it as a benchmark
to develop our pipeline, paving the way for its application to a larger sample of AM CVn systems.

Methods. We determined the binary parameters through photometric analysis and constrained the atmospheric parameters of the white dwarf ac-
cretor, including its effective temperature, surface gravity, and chemical abundances, by fitting the HST ultraviolet spectrum with synthetic spectral
models. We then inferred the system’s formation channel by comparing the results with theoretical evolutionary models.

Results. According to our measurements, the accretor’s effective temperature () is 23 300 + 600 K and the surface gravity (log g) is 8.4 + 0.3,
which imply an accretor mass (Myp) of 0.86 = 0.16 M. We find a high nitrogen-to-carbon abundance ratio by mass of >153.

Conclusions. The accretor is significantly hotter than previous estimates based on simplified blackbody fits to the spectral energy distribution,
underscoring the importance of detailed spectral modelling for accurately determining system parameters. Our results show that ultraviolet spec-
troscopy is well suited to constraining the formation channels of AM CVn systems. Of the three proposed formation channels, the He-star channel
can be excluded given the high nitrogen-to-carbon ratio. Our results are consistent with both the white dwarf and cataclysmic variable channels.
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1. Introduction Observer (GOTO; Steeghs et al. 2022), the Sloan Digital Sky
Survey — V (SDSS; Kollmeier et al. 2025), and the Legacy Sur-
vey of Space and Time (LSST; Ivezi¢ et al. 2019), many more
are expected to be discovered. With the growing sample, it
is timely to develop a more detailed understanding of these
systems.

An AM CVn system descends from binary main-sequence
stars, in which the more massive component evolves first off
the main sequence and enters the giant phase. This leads to a
binary interaction event, which can proceed through either stable

AM Canum Venaticorum (AMCVn) stars are ultra-compact
accreting binaries composed of a white dwarf (WD) primary and
a hydrogen-deficient donor. Depending on their evolutionary his-
tory, donor stars can be WDs or semi-degenerate He stars. These
systems are crucial in several areas of astrophysics: (1) they
serve as probes of stellar evolution, representing the final stages
of close binary evolution; (2) they are potential progenitors of
Type Ia supernovae; and (3) they act as laboratories for gravita-
tional wave (GW) astrophysics. The number of known AM CVn
systems has increased significantly, from a few dozen in the early Roche—lgbe overflow or a common erllvelope. phase (Brown et. al.
2000s to more than one hundred today, mainly thanks to large 2016; Lietal. 2023). This interaction eplsode leaves bqhmd
surveys (Roelofs et al. 2007; Solheim 2010; Ramsay et al. 2018; @ Mmore compact binary with a WD primary. Three widely
Pichardo Marcano et al. 2021; Green et al. 2025). With ongo- accepted evolutionary channels can follow: (i) In the WD
ing and upcoming surveys, including the BlackGEM project channel, the secondary evolves off the main sequence and

(Groot et al. 2024), the Gravitational-wave Optical Transient (he System undergoes a second interaction, leading to a dou-
ble WD binary. GW radiation then shrinks the orbit to peri-

* Corresponding author: weitian.yu@uni-hamburg.de ods as short as five minutes, after which stable mass transfer

Al4, page 1 of 12
Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://doi.org/10.1051/0004-6361/202557568
https://www.aanda.org
http://orcid.org/0009-0004-5995-9811
http://orcid.org/0000-0001-7069-7403
http://orcid.org/0000-0002-6540-1484
http://orcid.org/0000-0002-2761-3005
http://orcid.org/0000-0002-6164-6978
http://orcid.org/0000-0003-1535-0866
http://orcid.org/0000-0003-3903-8009 
http://orcid.org/0000-0002-2626-2872
http://orcid.org/0000-0002-3316-7240
http://orcid.org/0000-0003-3092-5007
http://orcid.org/0009-0006-4550-6904
http://orcid.org/0009-0000-1171-3370
http://orcid.org/0000-0003-4647-7114
http://orcid.org/0000-0002-5069-4202
http://orcid.org/0009-0008-7195-0501
http://orcid.org/0000-0002-0948-4801
http://orcid.org/0000-0002-4488-726X
http://orcid.org/0000-0003-0125-8700
http://orcid.org/0000-0002-1116-2553
http://orcid.org/0000-0002-9920-434X
http://orcid.org/0000-0002-9968-2464
http://orcid.org/0000-0003-3184-5228
http://orcid.org/0000-0001-8722-9710
http://orcid.org/0000-0002-4717-5102
http://orcid.org/0000-0003-4825-9719
http://orcid.org/0000-0003-0771-4746
http://orcid.org/0000-0002-2953-7528
mailto:weitian.yu@uni-hamburg.de
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Yu, W, et al.: A&A, 706, A14 (2026)

begins (Paczynski 1967; Webbink 1984; Nelemans et al. 2001;
Deloye et al. 2007; Wong & Bildsten 2021; Chen et al. 2022).
(ii) The He-star channel also involves a second interaction
episode but leaves behind a semi-degenerate, helium-rich donor.
In this case, the initially non-degenerate donor, being less com-
pact, causes mass transfer at longer orbital periods, typically
around 15 minutes (Savonije et al. 1986; Iben & Tutukov 1987;
Yungelson 2008; Bauer & Kupfer 2021). (iii) The cataclysmic
variable (CV) channel differs from the other two as this sce-
nario originates in a CV system and involves only one inter-
action phase. The helium core of the donor is exposed once
its outer layers are stripped through stable mass transfer, dur-
ing which the accreted material transitions from hydrogen-rich
to helium-rich (Tutukov et al. 1985; Podsiadlowski et al. 2003;
Goliasch & Nelson 2015; Liu et al. 2021; Belloni & Schreiber
2023; Sarkar et al. 2023).

A possible final fate of an AM CVn system is the explosive
event of a Type Ia supernova, one of the most important classes
of astronomical transients. In the so-called ‘double-detonation’
scenario, a surface helium detonation occurs on a WD after it has
accreted sufficient material from a helium-rich donor (Nomoto
1982; Bildsten et al. 2007; Fink et al. 2010; Shen et al. 2018b,a;
Wang 2018; Wong & Bildsten 2023; Rajamuthukumar et al.
2025). When this helium layer reaches a critical mass, it ignites
and can trigger a secondary detonation in the carbon—oxygen
(CO) core of the WD, resulting in a thermonuclear explosion.
This scenario is particularly relevant for sub-Chandrasekhar
mass WDs, as it does not require the WD to exceed the Chan-
drasekhar limit. A double-shell morphology of a supernova rem-
nant was recently reported by Das et al. (2025), providing obser-
vational evidence of the existence of this explosion mechanism
in nature.

Owing to their compact orbits and relatively small distances
to Earth, AM CVn systems are among the strongest sources of
GWs in the millihertz band, the operating range of the forthcom-
ing Laser Interferometer Space Antenna (LISA) and TianQin
missions (Amaro-Seoane et al. 2023; Luo et al. 2016). Many
AM CVn binaries will be detectable within weeks to months of
the launch of LISA and will serve as verification sources for
instrument calibration and early science (Nelemans et al. 2004;
Kremer et al. 2017; Kupfer et al. 2018). Kupfer et al. (2024)
identified 40 Galactic binaries likely to be detected by LISA,
including 18 verification sources’. Among these, 16 AM CVn
systems are expected to be detected after 48 months, and 2 may
be resolved within just two months. With the anticipated launch
of LISA in the 2030s, detailed electromagnetic characterisation
of these systems is essential. Such efforts will improve the inter-
pretation of GW sources, enable multi-messenger studies, and
enhance the calibration of GW observatories. Systems that are
not individually resolved will still contribute to the Galactic con-
fusion foreground, produced by compact binaries in the Milky
Way, which can limit sensitivity to weak signals (Breivik et al.
2020; Korol et al. 2022; Littenberg & Lali 2025).

A critical question in the study of AMCVn systems is
the relative contribution of their formation channels. This con-
strains binary population synthesis predictions of their space
densities and period distributions. One possible way to dis-
tinguish between the channels is through the chemical com-

' Kupfer et al. (2024) define a detectable binary as one that can be
identified by LISA within 48 months of operation, and a verification
source as one detected within the first three months. Detectability is
assessed from the shape and confidence of the recovered posterior dis-
tributions of the binary parameters.
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position of the donor (Nelemans et al. 2010). While in a few
cases there are indications that the donor is detectable in
the infrared (Green et al. 2020; Rivera Sandoval et al. 2021),
donors are more commonly intrinsically faint and challenging
to observe directly. Their composition can therefore be inferred
from the surface abundances of the accreting WD, which trace
the material stripped from the donor. This indirect approach
enables reconstruction of the evolutionary history of the system.
In particular, the N/O and N/C ratios vary strongly due to dif-
ferent levels of CNO and He burning. The key diagnostic is the
N/C ratio, which differs by more than an order of magnitude,
from N/C < 10 for systems with a He-star donor to N/C > 100
for both the WD and CV channels. Models of the CV chan-
nel have traditionally struggled to reproduce the observed sys-
tems, as they predict a modest amount of residual hydrogen
(Schenker et al. 2002; Podsiadlowski et al. 2003). Recent stud-
ies, however, suggest that modifications such as enhanced mag-
netic braking may resolve these difficulties, potentially allow-
ing donors to retain hydrogen at levels below current detection
thresholds (Belloni & Schreiber 2023; Sarkar et al. 2023).

High-quality ultraviolet (UV) spectroscopy is essential for
stellar atmosphere analysis of compact accreting binaries. Opti-
cal observations alone are insufficient, as the accretion disc dom-
inates the system flux and outshines the WD in the optical and
(near-)infrared band. Moreover, absorption features of key ele-
ments such as silicon, nitrogen, carbon, and oxygen are primar-
ily detectable in the UV. Space-based spectroscopy is therefore
the only means of accurately determining the system parame-
ters, such as effective temperature (7.g), surface gravity (logg),
and elemental abundances. The only currently operational tele-
scope capable of such observations is the Hubble Space Tele-
scope (HST). In response to this need, a large HST Treasury
observing campaign (PI: A. F. Pala) was carried out, targeting
31 accreting WD binaries, including 12 AM CVn systems.

We used one of these 12 as a benchmark target: the eclipsing
system ZTFJ225237.05-051917.4 (hereafter ZTF J2252-05),
which has an orbital period of 37.4 min. This system was
discovered by van Roestel et al. (2022), who carried out opti-
cal follow-up. Observations from the Zwicky Transient Facility
(ZTF; Bellm et al. 2019), together with high-speed photometry
with Chimera on the Hale Telescope, enabled precise measure-
ments of the orbital period (Py) and mass ratio (g). In addi-
tion, optical spectroscopy obtained with the Low Resolution
Imaging Spectrometer (LRIS) on the Keck I telescope revealed
a helium-dominated atmosphere with no detectable hydrogen
features. Unlike other AM CVn systems, ZTFJ2252—-05 has a
highly comprehensive observational dataset. It is therefore well
suited to serve as a foundation for developing a pipeline to con-
strain the physical parameters of such systems spectroscopically.

This paper is structured as follows. Section 2 presents the
observational data, including ground-based photometry in addi-
tion to the HST observations, and describes the structure and
processing of the time-resolved UV spectroscopy. Section 3
details the methods used for light curve and spectral modelling.
The results of the spectral analysis are given in Sect. 4, and
the evolutionary history is discussed in Sect. 5. Section 6 sum-
marises our findings and outlines the steps required to build the
first statistically significant spectroscopic sample of AM CVn
stars to study their evolution.

2. Observations

ZTFJ2252—-05 was observed using the Cosmic Origins Spec-
trograph (COS) on board HST on 2022 November 17 with



Yu, W, etal.: A&A, 706, A14 (2026)

Table 1. AM CVn targets observed in HST programme 16659 and 17401.

Target RA Dec P Observation date Exposure time
[min] [YYYY-MM-DD] [s]
ES Cet 02"00™52.245  —09°24’31.64”  10.3  2024-10-24 4068
KIC 4547333 19"08™17.08° +39°40r36.45” 182  2022-06-03 6925
HP Lib 15P35m53.07° —14°13'12.217 184  2023-06-23,2025-03-20 2505, 4546
YZLMi 09"26m38.72%  +36°24°02.47”  28.3  2021-12-30 9210
GALEXJ113315.3-371019  11"33m16.36° —37°10°19.95” 312  2024-05-17 6473
ZTF J040749.30—000716.6 04"07™49.30° —00°07'16.67" 35.0  2023-02-10, 2024-01-11 6600, 6358
ZTF J225237.05-051917 .4 22h52m37.05% —05°19'16.97” 374  2022-11-17 11564
ASASSN-14mv 07M13™m27.28°  +20°55'53.28”  40.9  2022-03-25 6406
SDSS J080449.49+161624.8  08"04™m49.495  +16°16'24.87” 44.5  2023-02-16, 2024-02-16 2358, 4210
GP Com 13"05m42.40°  +18°01’03.76”  46.5  2022-04-29, 2023-05-25 2368, 2368
ASASSN-14c¢cn 16"11™33.97°  +63°08'31.88” 49.7  2022-09-01 14206
5z = o 2 3 — COS G140L
3 \‘J - % g \2_/ - f/ % " g S 3 - — Flux error
s 7; 5 5265 7 z &7 2 = |

1200 1300 1400

1100

1500

1600 1700 1300 1900

Wavelength [A]

Fig. 1. Average HST/COS spectrum of ZTF J2252—-05 covering 900-2050 A. Masked regions include areas of low sensitivity (<1100 and >1850 A;
grey) and geocoronal Lya at 1215 A (shaded). Night-only data were used to reduce airglow contamination. The error of the averaged flux is shown

in red.

a total exposure time of 11564 s over five spacecraft orbits.
The G140L grating was used with a central wavelength of
800 A, covering 900-2150A at R =~ 3000. It was observed
as part of a large HST Treasury programme (Cycle 29; ID:
16659 and 17401; PI: A. F. Pala), which includes 31 accret-
ing WDs, among them 12 AMCVn systems (11 of which
have been observed at the time of writing). The observa-
tional information of the AMCVn targets is summarised in
Table 1. Orbital periods P, (excluding ZTFJ2252-05) are
adopted from Green et al. (2025). A comprehensive discussion
of the AM CVn sample, together with the broader set of accret-
ing binaries in the programme, will be presented in future
work.

2.1. Ultraviolet observations

The COS-averaged UV spectrum of ZTFJ2252—05 is shown
in Fig. 1. The usable wavelength range extends from 1100
to 1800 A, where the noise level is sufficiently low (S/N x4

on the pseudo-continuum). The Geocoronal Lya contaminated
region (1196-1225 A) is masked. To recover the photospheric
O1 absorption line at 1304 A, we used only night-time HST data,
when the Sun was below the Earth limb and geocoronal airglow
was minimal. The average spectrum is then obtained by patching
the clean OT region into the full spectrum, to preserve high S/N
elsewhere.

The data were obtained in TIME-TAG mode, which also
allows us to extract the light curve, following a method similar to
that described in Pala et al. (2022). By plotting photon positions
in the cross-dispersion direction (YFULL) against their corre-
sponding wavelengths, we defined a rectangular region centred
on the target spectrum. Two parallel background regions, one on
each side of the target spectrum, are also selected for calibration.
Photon events were binned into 3 s intervals. The source signal
was extracted by counting events within the rectangular aper-
ture corresponding to the target, and corrected for background
counts measured in adjacent regions to produce the light curve
(Fig. 2).
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Fig. 2. Normalised UV light curve of ZTFJ2252-05, extracted from time-resolved COS observations. The total exposure time was 11563,
covering five eclipses. The gaps correspond to intervals when the target was behind the Earth and not visible to HST.

2.2. Brightness monitoring

Due to the intrinsic variability of accreting binary systems,
observations of accreting WDs are only safe during quiescence.
Observing the target during a disc outburst, when the system
brightness increases by a factor of 2-8, could exceed the COS
safety thresholds and pose a risk to the detectors. In addition,
during an outburst, the disc dominates the emission, which
prevents the detection of the WD. Following the procedure
described in previous works (Pala et al. 2017; Tovmassian et al.
2025), we therefore conducted a photometric monitoring cam-
paign in the weeks preceding the scheduled HST observa-
tions to ensure both safety and scientific return. Photometry
was obtained using the robotic ground-based telescopes of the
Las Cumbres Observatory (LCO; Brown et al. 2013), comple-
mented by coordinated observations from citizen scientists affil-
iated with the American Association of Variable Star Observers
(AAVSO) and the Observadores de Supernovas (ObSN) group.
Figure 3 shows the brightness of ZTFJ2252—-05 in the weeks
around the HST visit, remaining stable at V ~ 19 mag and indi-
cating that the system was in quiescence.

3. Methods
3.1. Light curve analysis

The light curve analysis of ZTF J2252—-05 provides a baseline
for understanding the system and serves as a reference for the
subsequent spectral analysis by constraining the binary param-
eters. Geocoronal Lya and O1, together with strong disc emis-
sion features (N V and SiIV) that do not originate from the WD,
were masked. We modelled the eclipsing UV light curve with
the LCURVE software package (Copperwheat et al. 2010). The
best-fitting model is shown in Fig. 4, and the key correspond-
ing parameters are listed in Table 3. We adopted the binary
parameters, such as P and g, from van Roestel et al. (2022),
who derived them from high-time-resolution optical photom-
etry. The donor radius, Rgonor, Was determined from ¢ under
the assumption of Roche-lobe filling (Eggleton 1983). We mod-
elled the individual components of the system, namely the WD,
the accretion disc, and the bright spot (the region where the
accreting material impacts the outer edge of the disc), follow-
ing the approach of Green et al. (2018). The free parameters of
the model are the inclination, WD radius, component tempera-
tures (WD, donor, disc, and bright spot), and the reference epoch
Ty, defined as the mid-eclipse time.
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Fig. 3. Photometric monitoring of ZTF J2252—-05, including observa-
tions from LCO, AAVSO, and ObSN. The vertical dashed line high-
lights the time of the HST observations (2022 November 17). Fluctua-
tions can occur during monitoring, as a single exposure may coincide
with, or partially cover, an eclipse (~1.5 min) of the WD.

This allows us to estimate the relative contributions of the
components to the total flux. The model indicates that the accret-
ing WD contributes 84% of the UV flux, the bright spot 16%,
and the disc less than 0.1%. The disc contribution is therefore
negligible and excluded from the subsequent spectral analysis.
In the optical, the bright spot becomes increasingly relevant
towards shorter wavelengths, contributing 3%, 5%, and 7% in
the i, r, and g bands, respectively (van Roestel et al. 2022). This
trend reflects its high temperature (>14 000 K), in contrast to the
cooler disc (~5000 K), which dominates the optical flux but has
no significant impact in the UV.

3.2. Spectral analysis
3.2.1. Interstellar medium contamination

Extinction and absorption features from the interstellar medium
(ISM) must be accounted for in the analysis of stellar atmo-
spheres. ZTF J2252-05 is located at Galactic coordinates (I, b) =
(76.96°,—-46.67°) with a distance of d = 536fg§pc. The
distance was reported by van Roestel et al. (2022), based on
the Gaia DR3 parallax (Gaia Collaboration & Brown 2021)
and a prior constructed from the Galactic WD distribution
(Kupfer et al. 2018). The extinction is Ay = 0.149 = 0.007
from the 3D Galactic dust maps (G-Tomo; Lallement et al.
2022; Vergely et al. 2022), which for Ry = 3.1 returns E(B —
V) = 0.048 + 0.002. We then reddened our model accordingly
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Fig. 4. Fitted UV light curve of ZTFJ2252-05. The black points
show the light curve binned into 3 s intervals. The best-fit model (red)
includes contributions from the accreting WD (dashed line), the bright
spot (dash-dotted line), and the accretion disc (dotted line). The residu-
als are shown below the light curve.

Table 2. Metal absorption lines used in the spectral fitting.

Element Fitted lines (A)
Si 1262, 1530*
N 1167, 1493*
Al 1723%, 1764
Fe 1576%, 16947

Notes. An asterisk (*) marks doublets. A dagger (") indicates blends of
nearby transitions.

following the wavelength-dependent extinction law from
Cardelli et al. (1989).

To assess possible contamination by interstellar metal lines,
we compared the spectrum of ZTFJ2252—-05 with that of a
target, WD 2253-062 (RA: 22:55:47.52, Dec: —06:00:50.67,;
(I,b) = (65.21°,-55.34°); d = 67.8 pc). Located only 63’ away
from ZTF J2252-05, it is the closest WD on the sky with a pris-
tine hydrogen atmosphere and archival HST observations. It was
observed with COS/G130M for an exposure of 2000 s (Cycle 25,
ID: 15073; PI: B. Ginsicke). As shown in Fig. 5, the spectra of
ZTF J2252—-05 and WD 2253-062 both exhibit absorption lines
from oxygen and carbon. The prominent C1I 1335 A and O1
1304 A lines, which are also present in WD 2253-062, indicate
an interstellar origin. Therefore, these lines were excluded from
the following spectral analysis.

Given the importance of carbon and oxygen as tracers of
nuclear burning, we examined the alternative ionisation stages.
For oxygen, reliable diagnostic lines are not available within the
observed wavelength: the O1 11026 A line lies in the noisy far-
UV region, and the broad geocoronal Lya emission saturates the
potential ionised 1217 A oxygen feature. As a result, we can-
not place a meaningful constraint on the oxygen abundance. For
carbon, we can estimate an upper limit of its abundance from the
theoretical C1 feature near 1280 A (Sect. 3.3). However, even
though ZTF J2252—-05 is angularly close to WD 2253-062, it is
eight times farther away. Additional ISM contamination cannot
be ruled out, and the constraints on carbon from C1 are conse-
quently only upper limits.

3.2.2. Spectral fitting

We employed the hydrogen-deficient stellar atmosphere mod-
els described by Koester (2010). This framework enables us to
vary the abundance of individual elements, denoted X;, which
we defined as the base-10 logarithmic number ratio relative to
helium, that is, X; = log(¥;/Ng.), where N denotes the parti-
cle number. The chemical profile, denoted {X;}, therefore rep-
resents the atmospheric abundances of all identified elements.
Based on the absence of hydrogen lines in the optical spec-
tra (van Roestel et al. 2022) and the lack of an identifiable Lya
broad absorption feature in the UV (Fig. 1), we adopted a con-
servative lower limit for the hydrogen abundance of Xy = 9.
By generating grids with different T, log g, and {X;}, we con-
strained the overall atmospheric properties. The model spectra
provide the Eddington flux at the stellar surface, H,. To compare
the model with the observed flux, Fops 1, we applied the scaling

4nR?

42
where R is the WD radius and d is the distance to the sys-
tem. The radius was computed using the mass—radius relation
of the Montréal WD cooling models?, based on the evolutionary
models of Bédard et al. (2020). A 16% bright-spot flux contri-
bution was estimated from the light curve fit (Sect. 3.1). As no
model for the bright-spot emission is available, this contribution
was included in the spectral modelling as a secondary flat con-
tinuum component in F,;. We also included the radial velocity
Urad as a free parameter to account for wavelength shifts from
the WD reflex motion, averaged over the HST exposure time.
We describe below the procedure used to measure the atmo-
spheric parameters of the accreting WD in ZTFJ2252—-05 by
fitting its averaged UV spectrum. All spectral fits were carried
out using the Markov chain Monte Carlo method, implemented
via the emcee Python package (Foreman-Mackey et al. 2013;
Hogg & Foreman-Mackey 2018). An overview of the method-
ology is also presented in the flowchart shown in Fig. 6.

(a) Continuum fit. We performed the initial fit on the spec-
trum’s continuum using a grid of pure-helium (DB-type) WD
atmosphere models, with Teg from 10 000 to 30 000 K in steps of
500K, and log g from 7.5 to 9.5 dex in steps of 0.2 dex. Extinc-
tion was treated following the approach described in Sect. 3.2.1.
This step provided a zeroth-degree estimate of T.g, which was
then used as the starting point for the forthcoming spectral fits.

(b) Element identification. As shown in Fig. 1, the elements
with absorption lines suitable for reliable fitting are Si, N, Al,
and Fe. The absence of a prominent carbon feature suggests a
low abundance. An attempt to constrain its upper limit is pre-
sented in Sect. 3.3 and is not included in the fitting process.

(c) Individual abundance estimation. Due to computational
limitations, we did not vary T.g, log g, and abundances simulta-
neously. At the early stages, log g was fixed to the value derived
from the continuum fit, and model grids were used to explore
combinations of Tt and abundances. For example, Si lines were
fitted using grids with varying Tt and Xs; while holding logg
constant. In each iteration, the updated {X;} from the previous
step served as the background, gradually narrowing the param-
eter space. To minimise blending effects, we restricted the fits
for each element to wavelength regions with relatively isolated
absorption lines. The fitted lines are listed in Table 2. This iter-
ative procedure forms the basis for determining the complete
chemical profile of ZTF J2252-05.

Fopsa = ( )H/I(Teff’ log g, {Xi}), ey

2 https://www.astro.umontreal.ca/~bergeron/
CoolingModels/
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Fig. 6. Flowchart of the spectral fitting procedure. Superscripts in the
step titles correspond to the steps described in Sect. 3.2.2.

(d) Global fit. Using the chemical profile estimated from the
previous step, we constrained T.g and logg by fitting the full
spectrum with grids of models at fixed metal abundances. We
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masked regions affected by geocoronal Lya contamination and
by potential accretion disc emission features (N vV and Si1v). The
A1175 A, 11549 A, and 11640 A lines, which likely originated
from the disc or from veiling gas, were not included in the fit?.

(e) Fine-tuning. Due to line blending, neighbouring absorp-
tion lines can influence one another, causing the atmospheric
parameters estimated from the global fit (i.e. T.x and logg)
to differ slightly from those obtained through initial individ-
ual abundance estimations. To resolve this inconsistency, we
repeated the individual abundance fitting using the globally
determined T.q and logg. The resulting updated chemical pro-
file was then incorporated into a new global fit. This process was
iterated until all parameters converge, completing the fitting pro-
cedure.

3.2.3. Uncertainty estimation

During the spectral fitting process, the distance and extinction
were fixed, and their associated systematic uncertainties were
not initially considered. Interstellar extinction affects the slope
of the spectral continuum, thereby influencing the measurement
of Tet. As shown in Eq. (1), the distance influences the over-
all flux level quadratically, which in turn affects the measure-
ment of logg. To estimate the systematic uncertainties on the
atmospheric parameters, we followed a Monte Carlo approach
to independently assess the influence of varying 7. and logg.
For extinction, we drew random values from a Gaussian dis-
tribution defined by the measured Ay and its uncertainty to
perform spectral fitting using x> minimisation over 5000 itera-
tions. The resulting posterior distributions reflect the systematic
uncertainty due to extinction. A similar procedure is repeated

3 In eclipsing accreting binaries, the line of sight can intercept veiling
material extending above the disc, giving rise to additional absorption
features. An example is the eclipsing system OY Car, where Horne et al.
(1994) reported a blend of Fell features. Samples of eclipsing CVs
exhibiting similar behaviour were also discussed by Pala et al. (2017,
2022).
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for the uncertainty in the distance. These systematic uncertain-
ties are then combined in quadrature with the statistical uncer-
tainties obtained from the Markov chain Monte Carlo analysis.
The final atmospheric parameters and uncertainties are listed in
Table 3.

3.3. Carbon and hydrogen abundance constrain

As discussed in Sect. 3.2.1, the C11 1335 A line is affected by
interstellar absorption. No other carbon feature in the observed
spectrum is strong enough for a reliable abundance fit, suggest-
ing a carbon-poor atmosphere. However, given the critical role
of carbon in nuclear burning and as a tracer of evolutionary chan-
nels (Nelemans et al. 2010; Toloza et al. 2023), we attempted to
place an upper limit on its abundance using the relatively uncon-
taminated spectral region near the theoretical C1 line at 1280 A.
We simulated a grid of models based on the best-fit spectrum
with varying carbon abundances. These were then compared
with the observed spectrum of ZTFJ2252—05 to determine an
upper limit on the carbon abundance. Hydrogen is also a key
diagnostic for identifying systems that evolved through the CV
channel (Podsiadlowski et al. 2003; Belloni & Schreiber 2023).
To test for its presence, we carried out a similar exercise for
hydrogen by increasing its abundance stepwise from a conser-
vative lower limit.

4. Results

Figure 7 shows the individual atmospheric models fitted for the
identified elements (Si, N, Al, and Fe). These abundances are
included in the global fit over the studied wavelength range, and
the resulting best-fit stellar atmosphere model is shown in Fig. 8.
The parameters derived from the spectral fits are listed in Table 3.

The synthetic spectra with varying carbon abundances, based
on the best-fit model, are shown in Fig. 9 (left panel). The colour
bar indicates the carbon abundance, ranging from X¢ = -3.0
to Xc = —8.0 in steps of 0.5. By comparing the models with
the expected C1I absorption feature near 1280 A, we derived an
upper limit of X¢ < —5.00.

We fixed a conservative hydrogen abundance of Xy =
-9 in the global spectral fit, as no hydrogen features were
detected in the optical spectroscopic analysis of ZTF J2252—-05
(van Roestel et al. 2022). In the UV, the Lya line at 1215 Ais
the most prominent feature but is completely outshone by geo-
coronal emission. Figure 9 (right panel) shows models with
hydrogen abundances ranging from Xy = -9.5 to Xy = -3.0
in steps of 0.5. Variations in Xy primarily affect the contin-
uum, leading to degeneracies with surface gravity. No iso-
lated hydrogen absorption line was available for a reliable esti-
mate of Xy, and the hydrogen abundance therefore remains
unconstrained.

For the primary WD, the spectral fit yields an effective tem-
perature of T = 23 300+ 600 K and a surface gravity of logg =
8.4 + 0.3. Using the mass-radius relation from Bédard et al.
(2020), we derive a mass of Mwp = 0.86 + 0.16 M, and a
radius of Rwp = 0.0095 + 0.0018 Ry. For the donor star, we
adopted a mass ratio of ¢ = 0.034 + 0.006 from the photomet-
ric analysis of van Roestel et al. (2022), which implies a donor
radius of Ryonor = 0.049 + 0.004 Ry under the assumption of
a Roche-lobe-filling configuration. This yields a donor mass of
Monor = 0.029 +0.008 M, from which we calculated an orbital
separation of @ = 0.36 + 0.02 R;,.

Table 3. System parameters of ZTF J2252-05.

Parameter Value
d* [pe] 53652
Ay [mag] 0.149 + 0.007
P, [min] 37.3941123(8)
q 0.034 + 0.006
i* [deg] 87 + 1
a[Ro] 0.36 +0.02
Terr (K) 23300 + 600
log 8.4+0.3
Xsi -3.92+0.13
XN -2.58 £0.11
Xal -3.73+0.12
Xre -3.26+0.10
Xc < =5.00
Urad (km S_I) 54+73
Mwp [Ms] 0.86 +=0.16
Rwp [Ro] 0.0095 + 0.0018
Mdonor [MQ] 0.029 + 0.008
R o [Ro] 0.049 + 0.004

Notes. Values adopted from van Roestel et al. (2022) are marked with
an asterisk (). Rgonor 1S set by the mass ratio ¢, assuming a Roche-lobe
filling donor.

5. Discussion
5.1. Formation channel identification
5.1.1. Chemical abundances

In Sect. 1 we outlined the three main evolutionary channels for
AM CVn systems: the WD, the semi-degenerate He-star, and the
CV channel. Nelemans et al. (2010) proposed a method for infer-
ring the likely formation pathway based on the observed chem-
ical abundances in the accreting WD’s atmosphere originating
from its donor . Their approach combines stellar evolution mod-
els (Eggleton & Kiseleva-Eggleton 2002) with magnetic braking
prescriptions (Rappaport et al. 1983; Podsiadlowski et al. 2002),
showing that the chemical signature of the accreted material
traces the evolutionary state of the donor star.

The detection of hydrogen in the spectrum was long regarded
as strong evidence for the CV channel (e.g. Podsiadlowski et al.
2003; Solheim 2010), but Belloni & Schreiber (2023) show that
this channel can also produce AMCVn systems with unde-
tectable hydrogen abundances (Xy < —6). Abundances of ele-
ments heavier than helium are likely to be similar between the
WD and CV channels (Nelemans et al. 2010). However, distin-
guishing the He-star channel from other channels is still possible
with a detailed assessment of the atmospheric metal abundances.
In particular, when material is processed through the CNO cycle,
the ratios of carbon, nitrogen, and oxygen evolve in characteris-
tic patterns. Helium burning leads first to the production of car-
bon, followed by oxygen, effectively enhancing their abundances
relative to that of nitrogen. This makes the nitrogen-to-carbon
abundance ratio N/C a useful diagnostic: systems formed via the
WD or CV channel tend to show a high N/C, while those from
the He-star channel show lower values due to ongoing helium
burning. Figure 10 illustrates this diagnostic using model pre-
dictions of the N/C evolution for various binary configurations.

From our spectrum, we estimate log(N/He) = —2.58 and
log(C/He) < —5.00 (by particle number). Converting these
results to a mass ratio using the atomic masses of nitrogen and
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carbon (my = 14.007u and mc = 12.011u; 1u = 1.6605 x
10724 g), we obtain a lower limit of N/C > 153. This value is
compared with theoretical predictions in Fig. 10; we see that
ZTFJ2252-05 is well above the range spanned by the He-
star models and strongly supporting a WD or CV formation
scenario.
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5.1.2. Stellar evolutionary models

We compared our estimated parameters with theoretical
AM CVn evolutionary models computed using the stellar evolu-
tion software Modules for Experiments in Stellar Astrophysics
(MESA; Paxton et al. 2011, 2013, 2015, 2018, 2019). In Fig. 11
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leaving the hydrogen abundance unconstrained.
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Fig. 10. Derived limit N/C> 153 (red triangle) compared with evo-
lutionary models. WD and He-star channel models are taken from
Nelemans et al. (2010). WD donor tracks with progenitor masses of 1.0,
1.5, and 2.0 M,, (from top to bottom) are shown as solid lines. The pos-
sible He-star donor region is indicated by the shaded area, with two
examples for initial orbital periods of 20 and 60 min (upper and lower
dashed lines). The CV-channel model (dashed line) is calculated using
the system parameters listed in Table 3.

we present the evolution of Ryoner and Mgonor for the three pro-
posed AM CVn formation channels.

The model for the CV channel was computed following
Belloni & Schreiber (2023). We ran a grid of models varying
the initial Mooy and the initial Py, assuming an initial Mwp
of 0.86 M. Depending on the mass transfer rate, the WD mass
can increase, and we adopted the mass growth criteria from
Wolf et al. (2013). The value of Mg, is varied between 1.0 and
1.5 M, in steps of 0.1 M, and the value of P, between 0.2 and
2.0 days in steps of 0.2 days. The grid is then refined around the
region where models reproduce the properties derived from the
observational data.

The adiabatic WD channel models were produced follow-
ing Wong & Bildsten (2021). For each value of central spe-

cific entropies S, we rapidly reduced the mass of a 0.15 M,
He WD (taken from Wong & Bildsten 2023) via a high mass-
loss rate to ensure adiabatic evolution, and measured its radius
at various points. In this channel, the evolution is governed
directly by the donor’s S., which sets the mass—radius rela-
tion (Deloye et al. 2007), whereas in the CV channel the donor
entropy is fixed by the helium core mass at the onset of mass
transfer (Belloni & Schreiber 2023). From the adiabatic mass—
radius relation, we numerically integrated the orbital evolu-
tion equations assuming fully conservative mass transfer and
angular momentum loss driven solely by GW radiation (e.g.
Bauer & Kupfer 2021). The resulting mass transfer rate is then
applied to a CO WD accretor with an initial mass between 0.65
and 0.85 M., to model its accretion-induced reheating and subse-
quent cooling. The evolution of Teg with Py, is shown in Fig. 12.

The CV and WD-WD evolutionary models reproduce
our spectroscopically derived parameters within their uncer-
tainties, indicating consistency between theoretical predictions
and observations. Although it is unlikely that this system
formed through the He-star channel, for completeness, we
present the corresponding donor parameters using models from
Wong & Bildsten (2021). This model assumes an adiabatic evo-
lution after the mass of the He-star donor decreases to 0.2 M. As
the donor masses of all three tracks overlap considerably within
the typical AM CVn P, range of 5-70 min, identifying the for-
mation channel based on this criterion alone remains challeng-
ing. However, this method becomes more promising for systems
with shorter P, such as ES Cet, KIC 4547333, and HP Lib (see
Table 1). Therefore, chemical analysis remains a crucial tool for
constraining the formation pathway.

5.2. Comparison with optical results

The mass and radius derived from our spectral fit of the primary
WD are consistent with the values reported by van Roestel et al.
(2022), who obtained Mwp = 0.76 + 0.05 M, and Rwp =
0.010 £ 0.001 Ry. In contrast, the effective temperature inferred
from our fit is significantly higher than their reported value of
Teq = 15200900 K. A similar exercise by Macrie et al. (2024)
yielded T = 15560 + 460 K. This discrepancy likely reflects
differences in the modelling. The earlier studies employed a
simplified blackbody fit and adopted a lower extinction value
of E(B—V) = 0.01 from Green et al. (2019). This interstellar
dust map does not account for sources within 400 pc and likely
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and the adiabatic WD channel (dashed line) reproduce the spectroscop-
ically derived parameters. An example He-star channel track (dotted
line) from Wong & Bildsten (2021), labelled “WD21°, is included for
reference.

underestimates the total extinction. Whereas our ISM model,
based on the more recent 3D dust map from Lallement et al.
(2022), yields E(B — V) = 0.048 and enables a more accurate
spectral modelling.

6. Summary and conclusion

We analysed HST/COS time-tagged UV spectroscopy of the
AM CVn system ZTFJ2252—-05. This system was selected as a
benchmark target to demonstrate the feasibility of reconstructing
the evolutionary history of AM CVn systems through detailed
atmospheric spectral fit. By combining updated astrometry from
Gaia DR3 (Gaia Collaboration & Brown 2021), extinction cor-
rections from 3D dust maps (Lallement et al. 2022), and pub-
lished photometry and light curve modelling (van Roestel et al.
2022), we constrained the parameters of the accreting WD using
hydrogen-deficient atmospheric models with realistic chemical
compositions, applied in this context for the first time.
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For the accretor, we determined an effective temperature
of 23300 + 600K, a surface gravity of 8.4 + 0.3, a mass of
0.86+0.16 M, and a radius of 0.0095+0.0018 R.. These results
highlight the importance of UV spectroscopy for characterising
ultra-compact binaries. The derived mass is consistent with that
from van Roestel et al. (2022) and supports the view that accre-
tors in AM CVn binaries are generally more massive than typical
single WDs (=0.6 M), more in line with the masses of accretors
in CVs (Zorotovic et al. 2011; Pala et al. 2022). The measured
Ter is higher than that reported by van Roestel et al. (2022),
partly because the extinction was underestimated with the data
then available, and further indicates that spectral energy distri-
bution fits with simplified blackbody models may misjudge the
accretor temperature, highlighting the need for detailed atmo-
spheric modelling.

We identified absorption features of the accreting WD from
Si, N, Al, and Fe, and measured their atmospheric abundances.
We also placed an upper limit on the abundance of C, which
plays a key role in thermonuclear processes and serves as a
tracer of the formation channel. From the measured abundances,
we estimated a nitrogen-to-carbon mass ratio (N/C) of >153.
Regarding the three proposed AM CVn formation channels, our
results strongly disfavour the He-star channel, while the WD and
CV channels remain viable. The presence of hydrogen below the
detection limit cannot be excluded, leaving these two channels
indistinguishable.

We have developed and validated a robust pipeline for spec-
tral modelling of mass-transferring, hydrogen-deficient ultra-
compact binaries. Our results show that atmospheric abundance
analysis provides meaningful constraints on the evolutionary ori-
gins of individual systems. With this methodology now tested
and validated on ZTF J2252—-05, we are well positioned to apply
the same approach to a larger sample of AM CVn systems. This
paves the way towards constructing the first statistically signifi-
cant spectroscopic population with well-characterised formation
channels, placing AM CVn stars within the broader landscape of
accreting compact binaries.
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