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ABSTRACT

Hot subdwarfs are early-type low-mass stars lying between the main sequence and the white dwarf sequence. The majority have
helium-burning cores and helium-poor surfaces. A minority have helium-rich surfaces. A few, including Ton S 415, have surfaces
with between 10 per cent and 90 per cent helium (by number). Their properties are diverse and their origins mostly unknown.
Ton S 415 was identified as a suspected binary in a Southern African Large Telescope (SALT) survey of hot subdwarfs from its
large radial velocity. Using SALT spectroscopy and Transiting Exoplanet Survey Satellite light curves, we confirm that Ton S 415
is a close binary with an orbital period p = 84.6460 + 0.0004 min and velocity semi-amplitude K = 175.5 4+ 1.0kms~!.
Analysis of the SALT spectrum and broad-band spectral energy distribution shows the visible star to have an effective temperature
T = 43300 & 1000 K, surface gravity log g/cm s~ = 5.89 4 0.10, surface helium-to-hydrogen ratio logy = —0.62 % 0.10,
radius R = 0.1074 £ 0.0025 Ry, and mass M = 0.33 £ 0.09 M. By modelling the light curve, we estimate the binary mass
ratio to be ¢ = 0.7 £ 0.3 and infer an unseen white dwarf companion with a mass of Mwp = 0.47 = 0.24 M. The results are
consistent with a post-common-envelope binary that lost its hydrogen envelope before reaching the peak of the red giant branch,
becoming a hot subdwarf with a non-canonical mass. We predict that the system will evolve into a double white dwarf binary

before eventually either forming a stably accreting AM CVn system, or merging to form an R CrB star.

Key words: (stars:) binaries: close —stars: chemically peculiar —stars: horizontal branch — (stars:) subdwarfs.

1 INTRODUCTION

The hot subdwarf stars are a diverse population of subluminous,
low-mass, stars located around the blue end of the horizontal branch
and between the main sequence and the white dwarf sequence. They
can be broadly categorized into three groups. Most have helium-
poor atmospheres, in which atomic diffusion processes have caused
the helium to settle below a hydrogen-rich surface. The atmospheric
helium abundance is very small, typically < 1 per cent by number
(Heber et al. 1984). About 10 per cent of the subdwarf population
have helium-rich atmospheres (Green, Schmidt & Liebert 1986). Of
these, ~ 95 per cent have extremely high helium surface abundances
(> 80 per cent helium by number). The third group shows surface
helium abundances between 5 percent and 80 percent (Naslim
et al. 2010), or intermediate between the helium-poor and extremely
helium-rich groups.

How hot subdwarfs form and evolve remains an important ques-
tion. Han et al. (2002, 2003) proposed three main formation chan-
nels; common-envelope (CE) evolution, stable Roche-lobe overflow
(RLOF), and the merger of two He white dwarfs. CE and RLOF
produce subdwarfs with H-rich envelopes in close (~0.1—10d) and
wide (~10—1000 d) binaries, respectively. In the CE channels, the
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companion star is typically either a white dwarf or a low-mass main
sequence star. Both CE and RLOF channels are expected to yield
subdwarfs with masses close to the red-giant helium-ignition mass
of 0.47Mg. More massive progenitors of 2> 2.3 My can undergo
early, non-degenerate helium ignition, creating subdwarfs with sub-
canonical masses. White dwarf mergers are more likely to produce
single subdwarfs with extremely helium-rich surfaces and a wider
range of potential masses (Zhang & Jeffery 2011)

The rarer intermediate helium (iHe) subdwarfs are harder to
explain. Naslim et al. (2012) proposed that the iHe binary
CPD—-20°1123, a post-common-envelope system with an orbital
period of 2.3d, is the precursor to a normal B subdwarf (sdB), in
which the helium dredged up on the giant branch has not yet settled
below hydrogen in the envelope. If so, the binary fraction for iHe
subdwarfs and normal sdBs should be similar. However, while around
60 per cent of sdB stars are known to be short-period post common-
envelope binaries (Maxted et al. 2001), the fraction of short-period
binary iHe subdwarfs appears to be much smaller.

A few iHe sdOB stars have been found in highly compact binaries.
Kupfer et al. (2017) identified OW J074106.0-294811.0 as an sdOB
star with logy = log nye/ny = —0.14 £ 0.07, orbiting a white dwarf
companion with a period of 44.66 min. They concluded that the
sdOB component is a post-CE He-WD with a mass of 0.32 Mg,
and the system will eventually either merge into an R CrB star, or
become a stably accreting AM CVn system. Kupfer et al. (2020)
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Figure 1. Sections of SALT RSS spectra for TonS415 taken on 2020
November 02 (top) and 2020 November 10 (bottom), showing Doppler shifts
in the Hg (left) and He 14921 A (right) lines. The shift corresponds to a radial
velocity difference of Avg 2 292 km s~! between observations.

identified ZTF J2130+4-4420 as a 0.34 M, sdOB star accreting onto
2 0.55 Mg CO-WD companion, with an orbital period of 39.34 min.
They determined that the sdOB component is undergoing hydrogen
shell burning and will evolve to a white dwarf and will eventually
merge with its companion, resulting in either a supernova or an R
CrB star.

Ton S 415 first appears in the Tontanzintla catalogue of 419 blue
stars near the South Galactic Pole (Chavira 1958), where itis recorded
as ‘very violet’. Its Strdmgren colours were measured by Wegner
(1979, 1980), who found it ‘unlikely to be degenerate’. Its spectrum
was first obtained in the Edinburgh-Cape Blue Object Survey as
EC05160—3050. It was classified ‘sdO’ by Stobie, Kilkenny &
O’Donoghue (1995), and later as ‘He-sdO’ (O’Donoghue et al.
2013a).

Taking a list of helium-rich subdwarfs from the EC survey as its
original input catalogue, Ton S 415 was observed during the Southern
African Large Telescope (SALT) survey of He-rich hot subdwarfs
(Jeffery, Miszalski & Snowdon 2021). Its spectral type was measured
as sdO8VII:He30 Drilling et al. (2013), making it an intermediate
He-sdO star. It was found to have effective temperature 7.q/(kK) =
43.92 £ 0.10, surface gravity log g/(cms™2) = 5.96 & 0.04, and
surface helium abundance logy = —0.45 + 0.01. Ton S 415 was
identified as a possible binary from a high radial velocity measure-
ment of 233kms™".

Inspection of two separate observations showed a large Doppler
shift (Fig. 1), confirming the star as a binary and prompting
follow-up observations to determine its orbit. This paper presents
a spectroscopic and photometric analysis confirming Ton S 415 to be
a binary iHe sdO star with an unseen white dwarf companion. We
combine a radial velocity study of SALT optical spectra with light
curve modelling to estimate the orbital parameters of the system and
their uncertainties. We compare Ton S 415 to other iHe sdO binaries,
and discuss the implications these objects have for the evolution of
iHe subdwarfs.

2 OBSERVATIONS

2.1 TESS light curves and periodogram

Ton S 415 was observed by the Transiting Exoplanet Survey Satellite
(TESS) in sectors 06 (2018) and 32 (2020) at 120s cadence with
durations of 21.77 and 25.83d, respectively. The signal-to-noise
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Figure 2. Amplitude—frequency spectrum of detrended TESS observations
of Ton S 415 with window function in inset panel.

ratios were 93.99 for sector 06 and 87.64 for sector 32, based on the
flux errors. Light curves were obtained from the Mikulski Archive
for Space Telescopes (MAST) portal.! Light-curve manipulation
and analysis was done using the LIGHTKURVE PYTHON package
(Lightkurve Collaboration 2018). No flux contamination from other
stars was assumed, since there are no bright sources within 10 arcsec
of Ton S 415. The instrumental low-frequency trend was corrected
using a Savitzky—Golay filter with a window length of 213 (approx.
five times the period) and a polynomial order of two (Savitzky &
Golay 1964). Data points that differed from the mean by more than 3o
were removed as outliers. A Lomb—Scargle periodogram constructed
using these light curves showed broad peaks at frequencies of ~17
and ~34 cycles d~!. Aliases due to inter-sector gaps produce a fine-
structure frequency spacing of 0.00144 d~! (Fig. 2). The window
function has multiple closely spaced aliases corresponding to the
inverse of the time interval between the TESS sectors. The 2:1
frequency ratio of the peaks indicates ellipsoidal modulation caused
by deformation of the iHe star (Morris 1985), with the lower
frequency peak corresponding to an orbital period of ~ 85 min.

Neither the light curve nor spectrum of Ton S415 contain direct
evidence for the nature of its companion star. Ellipsoidal modulation
suggests an unseen compact companion. While neutron star compan-
ions to hot subdwarfs have been predicted by population synthesis
models (Wu et al. 2018), based on its mass, it is most likely that the
second component of Ton S 415 is a white dwarf.

2.2 SALT RSS spectra

Observations of Ton S 415 for the SALT survey were obtained in
November 2020 using the Robert Stobie Spectrograph (RSS) with
the PG2300 grating at grating angles of 30.5° and 32° yielding a
spectral resolution R ~ 3000—3800 in the wavelength range A\ =
3850—5150 A at a slit width of 1.0 A. Two object frames and one
CuAr arc frame were obtained at each grating position. 60 s exposure
times were used for all frames. Spectra were extracted from each
object frame and combined. The combined spectra were used for
classification of the star, coarse analysis, and identification of radial
velocity shifts.

Once an orbital period had been determined from the TESS peri-
odogram, additional RSS observations were made in 2022 August—
September to determine the projected orbital velocity. To maximize
phase coverage, data were taken in sequences of up to 24 object
frames, with arc frames taken before, after 12 frames, and at the
end of each run. Since continuous spectra were not needed, only the
30.5° grating angle was used. Longer sequences were not practicable

Uhttps://mast.stsci.edu/
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Table 1. Record of SALT RSS observations for Ton S 415; exposure time
was 60 s in all cases.

Date UT start UT end Exposures
2020-11-02 22:25:21 22:31:44 4
2020-11-10 21:31:32 21:41:58 4
2022-08-16 03:16:40 03:53:33 21
2022-08-23 02:37:18 03:11:01 24
2022-08-29 02:14:36 02:30:05 12
2022-09-08 01:48:19 02:22:40 24
2022-09-11 01:19:49 01:53:42 23

because of the limited viewing window allowed by the fixed-altitude
design of SALT. A summary of all RSS observations of Ton S 415 is
given in Table 1.

Reduction of the 2020 RSS data was described by Jeffery et al.
(2021). The 2022 RSS data were reduced using the Titus Saures Rex
pipeline? (Titus, priv. comm.). Cosmic ray removal was performed
using the LACOSMIC package (van Dokkum 2001). The extracted 1D,
sky-subtracted spectra were wavelength-calibrated by interpolating
a custom arc frame from the lamp frames taken before and after the
observing block, weighted based on the time gap between the image
and arc exposures. This was done to compensate for potential changes
in the wavelength calibration during the interval between arc frames
due to flexure or thermal drift in the spectrograph. After calibration,
barycentric corrections were applied to the wavelengths of the
spectra. Normalization was done by fitting low-order polynomials
to the continuum.

3 FUNDAMENTAL PARAMETERS

Initial estimates for the parameters of Ton S 415 were based on metal-
free non-LTE model atmospheres (Jeffery et al. 2021). A substantial
improvement can be obtained using the fully line-blanketed non-
LTE model grid ‘sdOstar’ (Dorsch et al. 2021), from which we
obtain T.; = 43330 K, logg/cms™2 =5.89, logy = —0.62 and
vsini < 15kms~! (Fig. 3). Higher resolution data will be necessary
to measure surface metal abundances confidently; from the weakness
of C, N, and Si lines, they appear to be sub-solar.

Fundamental stellar parameters can be obtained by fitting the
spectral energy distribution (SED) defined by multi-wavelength
photometry to the same ‘sdOstar’ model grid (Fig. 4). The SED
fitting method is described in more detail by Heber, Irrgang &
Schaffenroth (2018). We consider interstellar extinction using the
reddening law of Fitzpatrick et al. (2019), parametrized by the
colour excess E (44 — 55) and the ratio of total-to-selective extinction
R (55), which was fixed to the Milky Way mean value of 3.02.
Comparing solutions with T as a free SED fit parameter and fixed
to the value obtained from the RSS spectrum leads to a marginal
(3 percent) difference in the stars’ angular diameter, so we adopt
the fixed solution. The angular diameter ® obtained from the SED
fit is then combined with the parallax measurement o from Gaia
EDR3 (El-Badry, Rix & Heintz 2021; Lindegren et al. 2021) and
the spectroscopic Tesr and log g to derive the radius, luminosity, and
mass. The results are summarized in Table 2.

Zhttps://github.com/NaomiTitus

4 RADIAL VELOCITY ANALYSIS

The RSS spectra were used to construct a radial velocity curve for
Ton S 415 by measuring the wavelength shift between observations
by cross-correlation. Since the 2022 observations were taken at only
one grating angle, there were two gaps in the spectra caused by the
gaps between the three CCDs in the RSS camera. Each spectrum
was therefore divided into three sections (4050-4400, 44504750,
and 48005100 A) which were analysed separately. The spectra were
rebinned to a consistent, evenly spaced logarithmic wavelength axis
and then cross-correlated with the spectrum taken at t = O (the time
of the first observation). Parabolae were fitted to the peaks of the
cross-correlation functions to determine rough radial velocity shifts
Avpg = cAln A and associated errors. The spectrum sections in each
wavelength range were then co-added to create high signal-to-noise
ratio template spectra. Cross-correlation was then repeated using
these templates to measure Av,,g precisely.

To determine the non-orbital component of the radial velocity, the
templates were cross-correlated with a model spectrum synthesized
with vq = Okms™'. Av,g relative to the template was found to
be 53.86, 30.2, and 21.11kms™" for the short-, middle-, and long-
wavelength sections, respectively. The discrepancy in radial velocity
between sections is caused by imperfections in the wavelength
calibration. These values were subtracted from the measured Av,,q
for each spectrum segment. Orbital periods were selected from
the sub-peaks of the 17d~! peak in the periodogram of the TESS
light curves, aiming to minimize the phase shift between Avyqg
measurements from different sectors. This gave a more precise period
result of 84.640 % 0.0004 min (0.05884656 + 0.00000025 d), where
the error derives from half the frequency spacing in the periodogram.
By phasing to this period, we obtain a sinusoidal velocity curve of
the form:

27
Va = ¥ + K sin (70 - T), (1)

where K is the radial velocity semi-amplitude, p is the orbital period,
y is the mean system velocity, and Ty = (¢op)/27 is the epoch of con-
junction. Curve fitting was performed using RVLIN (Wright & Howard
2009), which fits an arbitrary number of Keplerian curves using a
Levenburg—Marquardt iteration method. The radial velocity curve
is shown in Fig. 5, for which y = 80.1 + 1.8 kms™!, K = 175.5+
1.0kms™!, and Ty = 1468.2675 + 0.0022 (HID — 2457000). Errors
are derived from the covariance matrix of the orbital solutions. The
eccentricity of the orbit was found to be 0.017 & 0.013. This was not
significantly different from zero, so a circular orbit was assumed for
the light-curve models.

5 LIGHT CURVE ANALYSIS

The TESS light curves of Ton S 415 show low-amplitude variations,
with an asymmetric modulation indicative of ellipsoidal deformation
of the subdwarf component (Fig. 6). To determine the proper-
ties of the binary system, the light curves were modelled using
LCURVE software package (described in Copperwheat et al. 2010,
appendix A). LCURVE is capable of modelling binary star light
curves, accounting for ellipsoidal deformation, gravity darkening,
limb darkening, and Doppler beaming. The compact component of
the binary was designated as star 1, and the subdwarf component as
star 2. The white dwarf is modelled as a sphere, while the subdwarf
is modelled as a Roche-distorted spheroid in co-rotation with the
binary orbit. Reprocessing of light from the subdwarf by the white
dwarf is modelled, but the effect is negligible due to the small size
of the white dwarf.

MNRAS 525, 183-189 (2023)
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Figure 3. RSS spectrum of Ton S 415 (black) with non-LTE model (red) and residuals (below). Segments in grey were excluded from the fit. The best-fitting
solution has Tesr = 43380 K, log g/cms™2 = 5.92, logy = —0.63 and vsini < 15kms~!.

Table 2. Parameters of Ton S 415 obtained from SED fit. Uncertainties are
given as lo of the result.

Property Value

Colour excess E(44 — 55) 0.0124 £ 0.0020 mag
Extinction parameter R(55) (fixed) 3.02
Angular diameter log ®/rad —11 .038f8:882

Parallax @ 1.89 % 0.04 mas
Distance d (Gaia) 528 £ 11pc
Effective temperature T (prescribed) 43300 4+ 1000 K
Surface gravity log g/lcm s~ (prescribed) 5.89 £0.10
Helium abundance log y (prescribed) —0.62 £0.10

Radius R = ©/Qw)
Mass M = gR%/G

+0.0025
0.1074100025 g
+0.09
0.3379% M,

Luminosity L = (R/Ro)*(Teti/Tetr, 0)* 37+4Lg
E T
6F = —_—
5 * é !
4 E ;
dr XA U-B

fAB 103 ergem=2 571 A2)
w
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Figure 4. Spectral energy distribution of Ton S415 with non-LTE model
constrained by Tes from the RSS spectrum. Observed magnitudes were
obtained in the following systems/surveys: GALEX (violet, Bianchi, Shiao &
Thilker 2017), Gaia (cyan, Gaia Collaboration et al. 2021; Riello et al. 2021),
Gaia XP box filters (black, De Angeli et al. 2022), Johnson (blue, Girard
etal. 2011; O’Donoghue et al. 2013b; Henden et al. 2015), SkyMapper (dark
yellow, Onken et al. 2019), SDSS/APASSO9 (yellow, Henden et al. 2015), Pan-
STARRS (crimson, Magnier et al. 2020), DELVE/DES (bright yellow, Abbott
et al. 2021; Drlica-Wagner et al. 2021), VISTA/VHS (dark red, McMahon
et al. 2013), 2MASS (red, Skrutskie et al. 2006), WISE (magenta, Schlafly,
Meisner & Green 2019).
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Figure 5. Radial velocity curve of the iHe component of Ton S 415, phased
to a period of 0.05884656d. Data points represent the mean Auvpg of the
three sections of each spectrum. Error bars derive from the error in Aln A.
The radial velocity amplitude is K = 175.5 + 1.0km s ™!

Limb darkening is modelled in LCURVE using the 4-parameter
model of Claret (2000), with each component of the binary requiring
four coefficients. Darkening coefficients for the subdwarf component
of Ton S 415 were taken from tables computed by Claret (2017) using
ATLAS models at T = 44 000K, log g/cms™2 = 5.0, = Okms™'.
We adopted a; = 1.1276, a, = —1.9043, a3 = 1.7323, and a4 =
—0.5931 for the limb darkening coefficients, and 0.2487 for the
gravity darkening coefficient. Darkening and beaming of the white
dwarf component was not modelled due to its contribution to the
light curve being negligibly small.

The two available light curves were combined by phasing the data
to 0.05884656 d and then binning the flux. 100 bins were used, with
the mean flux value being taken in each bin. The error on the binned
flux was taken to be the standard deviation of fluxes within the bin,
divided by the square root of the number of fluxes.

5.1 Markov chain Monte Carlo modelling

Accurately modelling the light curve of Ton S 415 is complicated by
the presence of multiple, strongly correlated, unknown parameters.
Most important are the mass ratio ¢ = M/Mwp, the inclination
angle 7, and the orbital separation a. Adopting a Markov chain Monte
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Figure 6. TESS light curves of Ton S 415 after de-trending, removal of outliers, and phasing to 0.05884656 d.

Carlo (MCMC) method enables the parameter space to be explored
by constructing a large number of individual models, allowing the
best-fitting result to be found through x? minimization. A set of
initial models is created with parameters either fixed, or randomly
initialized within pre-defined ranges. Pairs of models are selected at
random and new models are generated by perturbing along the line
between them in an N-dimensional space where N is the number
of free parameters. The choice of pairs is based on the Bayesian
posterior probability of the parameters given the data, P(a|d), as well
as the x2 of each model. User-defined prior functions may be used to
deliberately limit the available jumps to constrain parameters within
some desired range. For example, a Gaussian prior of the form
2

Paldy =~ @
can be used to restrict the value of parameter a to within 1o of b.

The temperature and surface gravity of the subdwarf were fixed to
Terr = 43330 £ 1000 K and log g/cm s72 = 5.89 + 0.10. The radial
velocity amplitude of the subdwarf was fixed at K4 = 1755+
1.0kms™!, based on the amplitude of Fig. 5. The orbital period
was fixed to 0.05884656 d, taken from the TESS periodogram. The
Doppler beaming factor B = (3 — «) was fixed at 1.23, based on the
effective temperature and the TESS bandpass, using the formula of
Loeb & Gaudi (2003). The mass ratio g and inclination angle i were
left free and unconstrained. The scaled stellar radius ry = Rsq/a was
kept free, but constrained using priors to keep Ry close to the value of
0.1072 £ 0.0025 R, derived from the SED. The sum of unprojected
orbital speeds was similarly constrained based on Ky, ¢, and i:

Usum — :f;cl(l +q71) 2
10

= 2In(P(vgumld)) = x* + < 3)

Correlation coefficients for all parameter pairs were obtained
using LCURVE by fitting light curves to the data using a Levenburg—
Marquardt method with a given pair of parameters kept free and all
others fixed. The coefficients are shown in Table 3.

In total, 200 groups of models were evaluated for 1000 trials per
group. Parameter results were saved every 10 trials for a total output
of 20000 sets. The distribution of g and i is shown in Fig. 7. The
majority of models are clustered within a range of 0.4 < g < 1.0,
25° < i < 39°. The variation of x> for models in this region is
low (< 3 per cent), making it difficult to select a best-fitting set
of parameters. The adopted mass ratio ¢ = 0.7 = 0.3 was taken
from the median of models within the 67 percent contour, with

Table 3. Correlation coefficients for the variable parameters used in the
MCMC simulations.

q i T'sd Usum B
q 0.99 0.98 0.19 —0.14
i —0.98 —0.22 0.16
Tsd —0.01 0
Usum 0

60 4

u
o
L

i (degrees)
3

301

201

. . .
0.4 0.6 0.8 1.0 1.2 1.4 1.6
Msa/Mwp

Figure 7. Mass ratios and inclination angles of MCMC models. Half of the
computed models are shown. Contours enclose 67, 90, and 99 per cent of all
models. The cross indicates the position of the median at g = 0.7, i = 32°.

the error being half the width of the contour (Fig. 7). With M, p,
and Kepler’s third law, this gives a = 0.59 Ry and i = 35.9°. The
parameters of the Ton S 415 binary system are summarized in Table
4. A comparison of the binned light curve and a model constructed
with the adopted parameters is shown in Fig. 8. The asymmetry in the
peak heights caused by beaming is reproduced by the model, though
the asymmetric flux minima caused by gravity darkening are less
well-produced. Gravity darkening coefficients computed for higher-
gravity hot subdwarf atmospheres may yield an improved fit, but
these were not available for this analysis. The system parameters were
found to be insensitive to changes in the assumed gravity darkening
coefficient over a range of 0.2—0.3. The resulting variances in ¢
and i were found to be <0.05 and <0.5°, respectively. The effect
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Table 4. Parameters of the components and orbit of the Ton S 415 binary
system. Values for the iHe binaries OW J0741 (Kupfer et al. 2017) and

ZTF J2130+4420 (Kupfer et al. 2020) are shown for comparison.

Property Ton S 415 OW J0741 ZTFJ2130
Tetr (K) 43330 £ 1000 39400500 42400 £ 300
log g (cms™2) 5.89£0.10 5.74 £ 0.09 5.77 £0.05
logy -0.62£0.10  —-014£006 —0.52=+0.03
p (@ 0.058 846 56 0.0310158 0.0273195
i (deg) 359+7.0 57447 864+ 1.0
aRe) 0.59 £0.31 041£0.04 0367 £ 0.004
Ky (kms™h) 175.5 £ 1.0 4225 £215 418.5£25
q = Myu/Mwp 07£03 032£0.10 0617 £0.015
Msa (Mo) 0.3370% 023+0.12 0337 +0.015
Mwp (M) 0.47 7024 0.72£0.17  0.545 £ 0.020
Ry (Ro) 0.1072 750023 0.11+£0.02  0.125 £ 0.005
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Figure 8. Comparison of binned, phased light curve of TonS415 with
an LCURVE model created using the parameter results from the MCMC
simulations.

on x2 was < 1 per cent, with the x2 minimum corresponding to a
coefficient of 0.245.

6 DISCUSSION

Table 4 compares the derived parameters of Ton S 415 with those
of the close iHe sdOB binaries OW J074106.0—0.294811.0 and
ZTFJ21304-4420. Of the three, Ton S 415 is the hottest, least He-
rich, and has the longest orbital period. In terms of atmospheric
parameters and component masses, it resembles ZTFJ2130 most
closely. The main differences are that neither component of Ton S 415
fills its Roche lobe, and there is no evidence of an accretion disc.
Additionally, the rotation of TonS 415 is not synchronized to the
orbital period, which would require v sini ~ 90kms~'. This is not
unexpected, as the synchronization time-scales of close hot subdwarf
binaries are typically long compared to the extended horizontal
branch lifetime. The comparison star ZTF J2130 is synchronized, as
its smaller orbital separation results in a ~200 times shorter synchro-
nization time-scale compared to Ton S 415 (Preece, Tout & Jeffery
2018).

Like both comparison stars, Ton S415 is below the canonical
hot subdwarf mass of ~ 0.47Mg and therefore has not evolved
via the conventional channel, in which the hydrogen envelope is
stripped at the tip of the red giant branch (RGB). Kupfer et al.
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(2020) modelled ZTFJ2130 using a 2.5 — 2.8 M progenitor that
ignites non-degenerate He burning before reaching the core mass
required for a degenerate He flash. Once core He burning begins,
most of the envelope mass is removed and the star evolves to
become a relatively low-mass, low-luminosity hot subdwarf. The
core burning phase lasts for about 500 Myr until He is exhausted
and the star evolves to hotter temperatures until residual H in the
envelope begins shell burning. The stellar radius grows until the
star overfills its Roche lobe and begins accreting onto the white
dwarf (WD) companion. Mass transfer proceeds until H burning
is exhausted and the subdwarf contracts towards the white dwarf
sequence.

Like ZTFJ2130 (Kupfer et al. 2020), Ton S 415 is kinematically
young, the Gaia DR3 proper motions and our system velocity imply
membership of the Galactic thin disc.

The atmospheric parameters of TonS 415 match well with the
evolutionary tracks computed by Kupfer et al. (2020) for a core
mass of 0.33 Mg, which is also close to our derived mass. T
and log g place both Ton S 415 and ZTFJ2130 in the post-H shell
ignition phase. Ton S415 lies further along the track, where mass
transfer has either ceased, or never began in the first place due to
the greater orbital separation. The most likely outcome for Ton S 415
is that it will evolve into a double white dwarf binary. The orbital
period will gradually decrease at a rate ~4 x 10~ 3 ss~! as energy
is lost through gravitational radiation. It should be detectable on
a time-scale of tens of years, but some five times slower than
for ZTFJ2130. If the true mass ratio is smaller than ~0.67, the
system may form a stably accreting AM CVn system (Marsh,
Nelemans & Steeghs 2004; Solheim 2010). Otherwise, the system
will most likely merge to form an RCrB star (Webbink 1984;
Saio & Jeffery 2002), on a time-scale ~ 100 Myr (Peters & Mathews
1963).

7 CONCLUSIONS

TonS415 is identified as an intermediate helium hot subdwarf
in a highly compact binary system with an unseen white dwarf
companion. From TESS photometry and SALT RSS spectroscopy,
the orbital period is found to be p = 0.05884656 d (84.739 min)
with a radial velocity amplitude K = 175.5 &= 1.0km s~!. A non-
LTE model atmosphere analysis of the RSS spectrum of the hot
subdwarf gives the effective temperature T, = 43300 £ 1000 K,
surface gravity log g = 5.89 =+ 0.10, and surface helium abundance
logy = —0.62 £ 0.10. The spectral energy distribution gives a radius
Ry = 0.1074 £ 0.0025 Rg. The gravity and radius imply a mass for
the hot subdwarf My = 0.33 = 0.09 M. By fitting a large number
of light curve models to the data using an MCMC approach with
LCURVE, we estimate the system to have a mass ratio of g = 0.7 £ 0.3
and an inclination angle of i = 32 & 7°. Given the companion mass
of 0.47%033M,, the absence of light from the companion in the
spectrum or spectral energy distribution, and the lack of space with
the orbit for a larger star, we argue that the companion must be
a white dwarf. Ton S 415 thus resembles the known intermediate
helium subdwarf binary ZTFJ2130+4-4420, and its parameters are
consistent with evolution tracks computed by Kupfer et al. (2020).
The system is therefore likely to be a post-common-envelope binary
that formed from a progenitor that lost its hydrogen envelope before
reaching the tip of the RGB, hence the lower mass compared to
the ~ 0.47 Mg canonical mass for hot subdwarfs. The system will
eventually evolve to a double-WD binary and the orbital period will
shrink due to gravitational wave radiation. Eventually the system will
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either form a stably accreting AM CVn system, or merge to form an
R CrB star.
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