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ABSTRACT

The evolution of accreting X-ray binary systems is closely coupled to the properties of their donor stars. Consequently, we can
constrain the evolutionary track a system is by establishing the nature of its donor. Here, we present far-ultraviolet (far-UV)
spectroscopy of the transient neutron-star low-mass X-ray binary J/858 in different accretion states (low-hard, high-hard, and
soft). All of these spectra exhibit anomalous Nv, C1v, Si1v, and Hell lines, suggesting that its donor star has undergone
CNO processing. We also determine the donor’s effective temperature, 7, ~ 5700 K, and radius, R; >~ 1.7Rg, based on
photometric observations obtained during quiescence. Lastly, we leverage the transient nature of the system to set an upper limit
of Myee < 107835 Mg yr~! on the present-day mass-transfer rate. Combining these with the orbital period of the system, Py, =
21.3 h, we search for viable evolution paths. The initial donor masses in the allowed solutions span the range 1 Mg < M;; <
3.5 M. All but the lowest masses in this range are consistent with the strong CNO-processing signature in the UV line ratios.
The present-day donor mass in the permitted tracks are 0.5 Mg < M;0ps S 1.3 Mg, higher than suggested by eclipse modelling.
Since Py is close to the so-called bifurcation period, both converging and diverging binary tracks are permitted. If the former
is confirmed, J1858 will end its life as an ultracompact system with a substellar donor.

Key words: accretion, accretion discs —binaries: eclipsing —stars: evolution — stars: neutron —ultraviolet: stars —X-rays: bina-
ries.

ray sources. However, the mass-transfer rates in many LMXBs

1 INTRODUCTION are lower than this, making their discs susceptible to a viscous-

In low-mass X-ray binaries (LMXBs), a neutron star (NS) or black
hole (BH) accretes material via a disc from a Roche lobe-filling,
low-mass companion. During the accretion process, gravitational
potential energy is released in the form of radiation across the
electromagnetic spectrum, but especially in the X-ray regime (Frank,
King & Raine 2002). If the mass-transfer rate from the donor is high
enough to maintain the disc in a fully ionized state, the accretion
process is stable. Systems in this state are luminous persistent X-

* E-mail: N.Castro-Segura@soton.ac.uk

thermal instability (Lasota 2016). These systems are characterized
by long periods of quiescence (during which mass accumulates in
the disc), punctuated by violent outbursts (during which mass is
rapidly transferred onto the compact accretor). Such LMXBs are
therefore transient X-ray sources (Charles & Coe 2006; Yan & Yu
2015; Alabarta et al. 2021).

The massive progenitors of NSs and BHs expand to radii as
large as R >~ 1000 Ry during their evolution. By contrast, the short
orbital periods of LMXBs (Po, < 10d) correspond to present-day
binary separations a < 25R. This implies that the formation of
LMXBs must have involved a common-envelope (CE) phase that

© 2023 The Author(s).
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The donor and evolution of Swift J1858.6—0814

dramatically reduced the orbital period and binary separation of an
initially much wider binary system. A semi-detached LMXB phase
can then be triggered and driven in one of two ways. First, the
non-degenerate companion can expand to fill its Roche lobe after
it leaves the main sequence. This is referred to as Case A, B or C
mass transfer, depending on whether the donor is on the subgiant,
red giant or asymptotic giant branch. Second, angular momentum
loss (AML) from the system can shrink the binary orbit to the point
where the Roche lobe makes contact with the stellar radius. The
requisite AML can either be due to a magnetically channelled wind
from the companion (‘magnetic braking’, MB) or, at the shortest
orbital periods, gravitational radiation (see e.g. Belloni & Schreiber
2023, for a review).

In general, it is difficult to identify the specific evolution track
for an LMXB. Systems with very different initial companion masses
can reach similar present-day LMXB configurations. This makes
it hard to be sure about the make-up and size of the overall LMXB
population. From an evolutionary point of view, the most constraining
characteristics of an LMXB — apart from its orbital period — are the
properties of its donor star. This is partly because the donor typically
drives the evolution (via radius expansion or MB), and partly because
its properties can change significantly during the evolution (due to
the mass loss it experiences). Since the CNO cycle only operates
in stars with masses M 2 1.4 Mg, the abundance signature of CNO
processing is a powerful way to identify systems that have evolved
via an intermediate-mass X-ray binary (IMXB) phase (e.g. Haswell
et al. 2002; Podsiadlowski, Rappaport & Pfahl 2002; Génsicke et al.
2003; Froning et al. 2011, 2014).

Swift J1858.6—0814 (hereafter, J1858) was detected as a transient
new X-ray source with the Neil Gehrels Swift Observatory (Gehrels
etal. 2004) on 2018 October. During its ~~1.5 yr outburst, it exhibited
strong variability across the electromagnetic spectrum, as well as
evidence for powerful outflows (e.g. Vasilopoulos, Bailyn & Milburn
2018; Muiloz-Darias et al. 2020; van den Eijnden et al. 2020; Buisson
et al. 2020a; Castro Segura et al. 2022). Its peculiar flaring behaviour
is both qualitatively and quantitatively reminiscent of that observed
in BH-LMXBs accreting at super-Eddington rates (Chaty et al. 2003;
Kimura et al. 2016; Motta et al. 2017; Hare et al. 2020; Vincentelli
etal. 2023). However, the discovery of thermonuclear-powered Type-
I X-ray bursts established unambiguously that the accretor in J1858
is an NS (Buisson et al. 2020c¢). Since Type-I bursts are Eddington-
limited, they can also be used to estimate the source distance,
yielding d = 12.8 £+ 0.7 kpc (Buisson et al. 2020b) for J1858.
Moreover, the system turns out to be deeply eclipsing, providing an
extremely precise orbital period estimate (Poy, >~ 21.3 h), as well as
strong constraints on the mass ratio and inclination (Buisson et al.
2021).

During the 2019-2021 outburst of J1858, we used the Cosmic
Origins Spectrograph (COS) and Space Telescope Imaging Spectro-
graph (STIS) onboard the Hubble Space Telescope (HST) to obtain
time-resolved, far- and near-ultraviolet (UV) spectra of the system
in three distinct spectral states. During the first epoch (programme
ID 15984), J1858 was in a luminous hard/flaring state. Our initial
analysis of this data set revealed the blueshifted absorption signatures
of a ‘warm’ disc wind in the persistent (non-variable) component
of several far-UV resonance lines (Castro Segura et al. 2022).
These far-UV signatures were observed simultaneously with optical
signatures of a cool wind component. The second and third observing
epochs took place during the soft and low-hard states, respectively
(programme ID 16066).

Here, we present time-averaged far- and near-UV spectra for
all three epochs. All of them exhibit anomalous emission line
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spectra featuring strong N'v 1240 A, yet barely detectable or absent
C1v 1550 A. This points to line formation taking place in material
that has undergone CNO processing, and hence to an initial donor
mass in excess of ~1.4 M. By combining this constraint with the
spectral energy distribution of the donor — and the orbital period
of the system — we are able identify the family of binary evolution
tracks that might have produced J/858 (Mangat, Ivanova & Van
2023).

2 OBSERVATIONS

2.1 X-ray light curve

To provide context to when the spectroscopy were taken, in Fig. 1
we reproduce the full outburst light curve shown in Buisson et al.
(2020b) and Castro Segura et al. (2022) gathered with NICER (the
Neutron star Interior Composition ExploreR mission; Gendreau et al.
2016). The inset shows the light curve constructed from the XMM—
Newton observations (Jansen et al. 2001), obtained during the third
observing epoch, which took place in the low-hard state. Two HST
visits were carried out during this epoch (HST-3 and HST-4). The
times and duration of the far-UV exposures associated with these
visits are indicated with shaded regions in the inset of Fig. 1.

We extracted the XMM-Newton light curve in the 0.5-10keV
band from the Timing mode observation performed on the 2021
March 26 (OBSID: 0865600201, PI: Castro Segura). We filtered
events between column RAWX 27 and 47, with PATTERN <=4
and FLAG==0. Barycentric correction to the event timestamps was
applied to through the SAS software BARYCEN, and then we rebinned
the light curve to 10 s time resolution.

2.2 Ultraviolet spectroscopy

We executed a total of four visits in three different spectral states on
J1858 with HST. At the time of the 1st (MJD ~ 58701.1), the source
was in the high-hard/flaring state. This visit included two orbits of
far-UV spectroscopy with COS (Green et al. 2012) and one orbit of
near-UV spectroscopy with STIS (Woodgate et al. 1998), only for
the latter orbit, target acquisition was carried out via a blind offset
from a nearby star. The 2nd visit was performed when the source
emerged from the sun glare in a renewed steady soft state (Buisson
et al. 2020c). Three consecutive orbits of far-UV spectroscopy
were obtained during this visit, starting at MJD ~ 58914.8. The
last two visits were performed simultaneously with XMM-Newton
(OBSID 0865600201) when the source transitioned to the low-hard
state. Each of these two visits spanned three orbits. The visits
were separated by ~19 h, with the first observation starting at
MID =~ 58934.3. Once again, only far-UV observations with COS
were carried out during these visits. We used the G140L grating
with the primary science aperture in the LP4 position for all of
our COS far-UV observations, yielding a spectral resolving power
of R = A/AX ~ 900.

For the STIS NUV observations in visit 1, we used the G230L
grating with the 0.2 arcsec slit, yielding R ~ 900. We note that the
recorded flux level in the G230L spectrum was =5 times lower
than the one in the G140L spectrum obtained in the same visit (in
the wavelength region common to both spectra). However, this is
probably an artefact associated with the mis-centring of /1858 in the
small STIS/G230L slit following the blind offset target acquisition.
In line with this, the cross-dispersion profile of the 2D NUV spectrum
is anomalously asymmetric. It is thus unlikely that the low NUV flux

MNRAS 527, 2508-2522 (2024)
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Figure 1. X-ray light curve overview of the outburst as observed with NICER in the 0.5-10keV band (reproduced from Buisson et al. 2020b). The two large
gaps are caused by Sun constraints. The source exhibits flares during the first 450 d. Some of these flares reach the Eddington limit. This period has been
associated with the canonical hard state (Buisson et al. 2021). The time of the HST visits are indicated with the labelled triangles. Colour code refers to the
observed count rate. The inset shows the count rate in the same energy range as the main figure of the simultaneous XMM-Newton observation, it samples a
period of absorption dips that happen before an eclipse. This observation covers the last two visits HST visits (HST 3—4), the span during the subexposures for

each visit is indicated as a coloured shaded region.

level is due to intrinsic source variability. In any case, we only use the
NUV data to estimate the reddening towards the J1858 and confirm
the absence of Mg 11 2800 A line. Neither of these depends on the
absolute flux level.

All of the data were reduced using the HST pipelines calstis
and calcos for the near- and far-UV, respectively.! In order to
estimate the line fluxes associated with the most important far-
UV transitions (NV, Si1v, He1r, and C1v), we first corrected the
spectra for interstellar extinction and fitted a first-order polynomial
to the continuum adjacent to each line. We then estimated each
line flux by numerically integrating over the continuum-subtracted
spectrum.

The associated uncertainties were estimated via Monte Carlo
simulations. We first obtained the standard deviations, o s, of the
continuum-subtracted flux values in the continuum bands associated
with each line. The local continuum around each of the lines was
selected by visual inspection to ensure there is no contamination
from nearby bound-bound transitions.? For each line, we then created
mock data sets by replacing each continuum-subtracted flux, F; obs,

'Provided by The Space Telescope Science Institute (https:/github.com/
spacetelescope).

2The continuum regions selected are: A = 1226.6—1231.5 and
1252.66 —12556 A for N v, A = 1381 —1387 and 1415.6 —1426 A for Si
v, A = 1546.5 —1548 and 1553 —1555.5 A for C 1v, A = 1615 —1627 and
1648 —1654 A for He I.

MNRAS 527, 2508-2522 (2024)

with a random value draw from a Gaussian distribution with mean
F; ovs and standard deviation o ,ps. The line flux for each mock data
set was then obtained by once again integrating numerically across
the (mock) line profile. For each line, this procedure was repeated
5000 times, and the error was taken to be the standard deviation of the
5000 mock line flux estimates. The resulting line flux measurements
and uncertainties are presented in Table 1.

In all visits across all different spectral states, NV is by far the
most prominent emission line in the far-UV spectrum, followed by
He11 (see Fig. 2). By contrast, CIV is mainly in absorption, with the
exception of the 4th visit during the steady, low-hard state. Si1v and
OV also appear to be present, although the detection of the latter
is not statistically significant and vanishes as the system evolves to
lower X-ray luminosity. This pattern of line strengths — especially
the weakness of C1V relative to N v — is unusual for spectra formed
in solar abundance material (e.g. Mauche, Lee & Kallman 1997).
The implications of these line ratios for the evolutionary state of the
system will be discussed in Section 4.1.

The strength of the interstellar absorption feature near 2175 A in
the near-UV spectrum can be used to determine the the reddening,
E(B — V), towards J1858 (see Fig. 3). We estimate E(B — V) =~
0.324 + 0.025 from our data, corresponding to Ay = Ry E(B —
V) ~ 1.00 for Ry = 3.1 (Cardelli, Clayton & Mathis 1989). We adopt
these values throughout this paper. Our reddening estimate for /1858
also implies a Hydrogen column density of Ny ~ 2 x 10*' cm™2
(Giiver & Ozel 2009), consistent with the value obtained from its
X-ray spectrum (Buisson et al. 2020b).
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Table 1. Line fluxes in erg s~' cm™2, estimated from the observed spectra

after correcting for extinction. Far-UV lines are estimated from the four visits
(labelled 1st—4th, respectively, the corresponding spectra are illustrated in
Fig. 2, covering the luminous high-hard, soft, low-hard state (steady), and
low-hard states, respectively, the first and second moment of the flux are also
reported, that is, the mean and variance of the distribution. The 30 upper
limit in H,, estimated during quiescent obtained two years after the end of
the outburst, this visit is labelled as Q.

Visit Line Flux Err Ist moment 2nd moment
(cgs) (cgs) &) (kms™1)?
Ist Nv 2.64e—13 Se—15 1243.9 425.6
Si1v 5.6e—14 4.1e—15 1404.3 415.0
Clv <5.7e¢—15 - - -
Henr 6.9¢—14 4.5¢—15 1641.7 254.2
2nd Nv 7.85¢e—14 1.27¢—15 1242.3 469.0
Si1v 2.1e—14 2.0e—15 1402.0 597.0
Civ <1.8-15 - - -
He 1t 1.4e—14 1.5¢—15 1640.9 468.0
3rd Nv 5.11e—14 7.7-16 1241.7 538.2
Si v 1.78e—14  7.4e—16 1401.5 967.4
Civ <7.5¢—16 - - -
He 1 1.3e—14 1.0e—15 1639.2 628.4
4th Nv 1.20e—14  4.0e—16 1241.7 552.6
Siv 4.2e—15 5.3e—16 1392.2 931.1
Civ 7.8¢—16 1.8e—16 1547.2 743.1
He 11 2.8e—15 3.0e—16 1641.1 529.9

0 H, <26x107" - - -

2.3 Optical photometry

In order to fully characterize the spectral energy distribution of /1858
in quiescence, we have collated additional photometric measure-
ments from PanSTARRS DRI (the Panoramic Survey Telescope
& Rapid Response System, optical: grizy; Lin et al. 2017). The
PanSTARRS observations were carried out between MJD = 55330
and 56830, a time when J1858 was in quiescence.

As can be seen in Fig. 4, the field around J1858 is relatively
crowded. In particular, there is a nearby source ~1 arcsec West
from the LMXB’s optical counterpart. By default, the magnitude
provided in PanSTARRS DRI for each source in each band is
generally an average over multiple frames. However, in order to avoid
systematic errors due to blending with the nearby source — especially
in data taken under poor seeing conditions — we retrieved the point
spread function (PSF)-fitting measurements for each frame in each
band using the Mikulski Archive for Space Telescopes (MAST),
Application Programming Interface (API).> We then calculated the
median position of all the detections within 0.3 arcsec from the source
and rejected all measurements that were offset more than 0.175 arcsec
from this position or whose PSF was broader than 0.72 arcsec full
width at half-maximum (FWHM). This filtering yielded 2,4, 4, 5, and
3 clean detections in the grizy bands, respectively, with corresponding
flux densities: ¢’ = 2.1(£ 2), ¥ =2.8(x 1), i/ =23(+ 1), 7/ =
22(+ 2), and y = 1.9(+ 3) all in 1077 ergs~' cm? A~!. There
is no statistically significant variability between the measurements
in each band. The variability expected from ellipsoidal modulation
for a Roche lobe filling donor is comparable to the uncertainty,
furthermore, most of the data points are obtained at similar amplitude
of the modulation. therefore, we use the mean and error on the mean

3https://catalogs.mast.stsci.edu/api/v0. 1 /panstarrs

2511

to estimate the quiescent flux and associated uncertainty for each
filter.

2.4 Optical spectroscopy

We also obtained optical spectroscopy of J/858 in quiescence. The
purpose of these observations was to check for the presence of
strong emission lines in the quiescent optical spectrum. Such lines
might point to a significant contribution of the accretion disc to the
quiescent optical spectral energy distribution (SED), and they might
also themselves affect photometric measurements (e.g. Ho lies within
the r band).

These observations were carried out with the Southern African
Large Telescope (SALT; Buckley, Swart & Meiring 2006) on 2022
August 22, approximately two years after the end of the outburst.

Two consecutive 1600s low-resolution spectra of J1858 were
obtained in clear conditions. The Robert Stobie Spectrograph (Burgh
et al. 2003) was utilized in long-slit (1.25 arcsec wide) mode with the
PG300 grating, covering the spectral range 4200-7260 A at a spectral
resolution of 5.7 A. The data were reduced using PYSALT version 0.47,
the PYRAF-based software package for SALT data reductions (Craw-
ford et al. 2010). These reduction tasks include cross-talk, bias, gain,
and cosmetic corrections. The spectral reductions (object extraction,
wavelength calibration, and background subtraction) were all carried
out using standard IRAF tasks, with the wavelength calibration being
performed using a Xe arc lamp exposure that was taken immediately
after the observation. There is no evidence of Ho or any other
emission lines. For Hoe, which we expect to be the strongest line,
assuming an unresolved emission line (FWHM < 6 A), the 30 upper
limit on the integrated line flux is ~ 2.6 x 10~'7 ergcm~2s~!. This
— and the absence of variability in the PanSTARRS photometry —
suggests that the quiescent optical emission of J/858 is dominated
by the donor star.

2.5 Near-UV photometry

Another constraint on the relative contributions of the accretion disc
and the donor to the optical SED can be obtained from near-UV
photometry obtained by the Ultra-Violet/Optical Telescope (UVOT,
Roming et al. 2005) onboard the Neil Gehrels Swift Observatory
(Gehrels et al. 2004). For each of UVOT’s near-UV bands (UVW?2,
UVM2, UVW1, and U), we therefore combined all of the images
obtained after the outburst (MJD > 58940). At this point, J1858 was
no longer detectable in any of the individual near-UV images. We
optimally stacked the quiescent images for each band and performed
an optimal flux extraction by using TUVOPIPE (Modiano et al. 2022).
This resulted in a solid detection for most of the bands: UV W25 =
25.3 £0.3mag, UVM2,5 > 24.9 (30), mag, UVWI1g = 25 £ 0.3,
and Upp = 22.8 £ 0.2 mag in the AB system. In Section 2.3, we
combine these measurements with the PanSTARRS photometry to
isolate the disc and donor contributions to the quiescent SED.

3 THE NATURE OF THE DONOR STAR

The quiescent optical and near-infrared emission of LMXBs with
‘early’ type donors is often dominated by the companion star (e.g.
Torres et al. 2014). As noted above, the lack of variability in the
PanSTARRS photometry (Section 2.3) and the absence of emission
lines in our SALT spectrum (Section 2.4) suggest this is also the case
for J1858.

The quiescent SED of /1858 constructed from the Swift/UVOT and
PanSTARRS photometry is shown in Fig. 5. It immediately suggests

MNRAS 527, 2508-2522 (2024)
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Figure 2. The spectrum of J1858 as observed with HST at three different epochs corrected for extinction. The spectral states from top to bottom are high-hard,
soft, and low-hard states. The positions of C, N, O, He, and Si emission lines are indicated with a tick and corresponding label. The extreme N to C ratio suggests

that the accreted material has undergone CNO processing.

that the donor does indeed dominate the optical emission, with the
disc only contributing significantly in the bluest near-UV bands.

In order to quantify these statements and determine the parameters
of the donor star, we have modelled the pre-outburst SED from
PanSTARRS using synthetic models of stellar atmospheres. In doing

MNRAS 527, 2508-2522 (2024)

so, we have also tested the effect of a quiescent accretion disc
on the observed SED by including a fiducial disc contribution in
our modelling. Both components and the modelling procedure are
described in the following sections.
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Figure 3. The near-UV spectrum of J/858 as seen by HST/STIS (black).
The green line shows a reddened power-law fit to the data; the uncertainty
around the fit is indicated as a shaded region. During the fit, the vertical
shaded regions were masked to avoid Fe 1 lines that might be present in the
data. The Mg 11 2800 A line is not present in the observed spectrum.

PanSTARRS DR1 color-z-zg-g

Nearby source —

Figure 4. Field around J/858as seen in the archival images of PanSTARRS
DRI. The quiescent counterpart of the X-ray binary (XRB), is clearly detected
in this survey. A nearby source with centroid at ~1 arcsec apart is also
indicated. The squares are the centroid of sources identified by Gaia.

3.1 The donor star SED model

We describe the donor SED as a simple model stellar atmosphere.
More specifically, we use the grid of PHOENIX models (Allard
2016) implemented in PYSYNPHOT* for this purpose. The models on
this grid are described by three parameters: (i) effective temperature,
Ter; (i) surface gravity, log g; and (iii) metallicity, Fe/H. When fitting
these stellar SEDs to data, a fourth parameter is needed: (iv) the

“https://pysynphot.readthedocs.io/en/latest/

Wavelength (A)

Figure 5. Archival quiescence SED of JI858 in different bands (stars),
and near-UV measurements during quiescent after the 2018-2020 outburst
(circles), see the text for details. A Teir = 5700 K stellar model is shown, with
a fiducial irradiated accretion disc model. The same disc spectrum with no
irradiation is also shown (dotted line).

normalization, which is proportional to R*/d”. Here, R is the donor
radius, and d is the source distance.

3.1.1 The accretion disc SED model

We model the accretion disc as a collection of concentric circular
annuli, each of which is characterized by an effective temperature
Ter(R). The disc extends from the surface of the NS, R = Rys (the
exact value may be bigger, but ths part of the disc would radiate only
X-rays), to an outer radius R = Rgis.. The effective temperature is set
by the requirement that the rate at which an annulus radiates energy
away, o T, must balance the rate at which energy is deposited into
it by viscous dissipation and irradiation. The viscous heating rate can
be written as (e.g. Frank, King & Raine 2002),

3G Mns Miee Rys \ 2
oTe= e [1 - (%) : )

where Mys is the mass of the neutron star, and M, is the accretion
rate. The heating rate due to irradiation can be modelled as

oT* = ( Lix ) (5> (1—A4) 2)
= \4zr2 )\ R )7 ’

where Li, is the irradiating luminosity (assumed to originate from
a central point source), and A is the albedo (so that 1 — A is the
fraction of the light incident on the annulus that is absorbed). The
quantity H/R is the aspect ratio of the disc, which can be shown to
scale as

H H R\’
R R Ryisc Rdisc

where y = 1/8 in the absence of irradiation and y = 2/7 if irradiation
dominates the heating rate. Strictly speaking, y is therefore a
function of radius, but we neglect this here and simply set y =
2/7 everywhere. This approximation means that we will slightly
overestimate the influence of irradiation, but only in disc regions
where irradiation is relatively unimportant anyway. Putting all of this
together, the effective temperature of the disc can be calculated by
requiring that total heating should be matched by radiative cooling,
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that is,
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In order to calculate the spectrum of the disc, we assume that each
annulus radiates as a modified blackbody,

2hv3

Bv,mod(fv TEff) =" 71 w___ -
fhc? [em - 1}

(&)

Here, fis the so-called spectral hardening factor (Shimura & Takahara
1995), which approximately corrects for the effects of Compton scat-
tering in the disc atmosphere. This factor is not actually a constant,
but rather a function of temperature, surface density, and radius (and,
for BHs, spin parameter). In our SED model, we parametrize f using
the analytical fitting function provided by Davis & El-Abd (2019,
their equation 10). In calculating the required surface density, we take
into account the relevant relativistic correction factors (Novikov &
Thorne 1973; Davis & El-Abd 2019).

3.1.2 SED modelling

We are mainly interested in the properties of the donor star. We
therefore restrict our modelling to the PanSTARRS bands, since
the observed SED in Fig. 5 already shows that the accretion disc
contributes little to the quiescent flux in this spectral region. As
a precaution, we nevertheless include a ‘reference’ disc model
SED in our modelling and then test a posteriori whether rea-
sonable changes in the disc parameters affect the inferred donor
properties.

The most important disc parameter is the accretion rate. In our
reference model, we fix this by requiring that the disc SED should
roughly match the Swift/UVOT near-UV fluxes. The implied post-
outburst accretion rate is My ~ 107°° Mg yr~!, in line with J1858
being a transient source (e.g. Coriat, Fender & Dubus 2012; Dubus
etal. 2019). Other parameters of the reference model (e.g. disc radius,
albedo, H/R) are set to plausible values derived from modelling the
SED during outburst (details of this modelling effort will be presented
in a separate paper).

We then model the PanSTARRS photometry as a sum of reddened
(Section 2.2) disc + donor SEDs. In carrying out the necessary
synthetic photometry, we adopt the transmission curves obtained
from the SVO filter service’ for the PanSTARRS bands. Since the disc
model is treated as fixed, the only free parameters are those describing
the donor star, that is, normalization (R3,../d%), Ter, log g, and
Fe/H. Unsurprisingly, we find that the latter two parameters are
essentially unconstrained by the photometric data. The uncertainty
associated with reddening is accounted for by including E(B — V)
as a hyperparameter with a Gaussian prior (see Section 2.2). For
completeness, we have also carried out the fitting of the donor SED
with no disc.

Our best-fitting model is shown in Fig. 5. The implied donor
temperature is Te; =5700+ 300K, while the normalization is
log,o(R3,.o./d*) = —23.05 £ 0.08. As expected, these parameters
turn out to be insensitive to any reasonable changes in the description
of the accretion disc, so long as the SED remains consistent with
the near-UV constraints. We note that UVOT’s PSF may introduce
some blending from the nearby source, and the near-UV filters
also suffer from non-negligible red leaks. If these effects are
significant, they would imply an even lower near-UV contribution

Shttp://svo2.cab.inta-csic.es/theory/fps/
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Figure 6. HRD position of /1858 is shown as a black cross, with evolutionary
tracks for isolated stars of different masses plotted as solid lines. The dots
overlaid in these lines show the positions where these stars would fill their
Roche lobe given the 21.3 h Pyy,. The current position of J/858 in the HRD
is consistent with a fairly massive star (~1.1 M), emerging from the main
sequence.

of the accretion disc in quiescence. To test the possible impact of
this on our measurements, we repeated the fit after removing the
accretion disc contribution entirely from the SED modelling. We
obtained fit parameters well within the statistical uncertainties quoted
above.

In order to determine the radius and luminosity of the donor
from the normalization of the model fit we require a distance
estimate. Buisson et al. (2020b) have obtained this by modelling
the evolution of the Type I X-ray bursts in this system in their time-
resolved X-ray spectroscopy. Briefly, when the bursts are triggered,
the luminosity at the surface of the star reaches the Eddington
limit. At this point, radiation pressure lifts the material from the
surface. The luminosity is expected to remain (approximately)
constant at Lggg during this expansion phase and the subsequent
contraction of the atmosphere. Thus modelling of these bursts
can be used to estimate the distance to the source (van Paradijs
1978; Kuulkers et al. 2003). Here, we adopt the most likely value
suggested by Buisson et al. (2020b), d = 12.8 & 0.7 kpc. Systematic
uncertainties associated with reddening (e.g. the choice of the
reddening law) might introduce additional errors on the order of
~ 20 per cent.

At this distance, the implied donor radius is R, >~ 1.7 & 0.15Rg,
with a corresponding luminosity of L, ~ 3.5 &+ 0.9Ly. We can
therefore now place the donor in a Hertzsprung—Russell diagram
(HRD), as shown in Fig. 6. The position of JI858’s quiescent
counterpart in the HRD is shown as a black cross, overlaid on top
of a set of evolutionary tracks of isolated stars with masses ranging
from 1 to 1.6 My computed with MESA® (Paxton et al. 2011). The
corresponding radius at which the isolated stars fill their Roche lobe
for the current orbital period of /1858 is marked with a coloured circle

Ohttp://mesa.sourceforge.net
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on the tracks. The HRD shows that the donor currently resembles a
~1.15 M subgiant that is evolving from the terminal main sequence
into the Hertzsprung gap.

4 DISCUSSION

4.1 Evidence for CNO processing

The far-UV range covered by HST/COS contains several spectral
lines whose ratios can be used as indicators of CNO processing (e.g.
Mauche, Lee & Kallman 1997; Haswell et al. 2002; Génsicke et al.
2003; Froning et al. 2011, 2014). For example, Nitrogen is strongly
enhanced by the action of the CNO cycle, while Carbon is suppressed.
As a result, the ratio (N vA1240/C1vA1550) is expected to be much
higher if the lines are formed in CNO-processed material. When
such anomalous line ratios are detected in compact binaries, they
suggest that the accreting material has undergone CNO processing.
This immediately implies that the initial donor mass must have been
2 1.4 M, since the CNO cycle only becomes important at the core
temperatures found in stars above this mass limit (Clayton 1983).

The key UV line ratios for J1858 are presented in Fig. 7, along
with those of two other LMXBs and cataclysmic variables (CVs;
compact binaries in which the accretor is a white dwarf, WD). Most
of the CVs in this figure (black dots) harbour a (roughly) main-
sequence donor star and have evolved via the standard evolutionary
channel for CVs. In systems following this channel, the donor star
is essentially unevolved and mass-transfer is driven by AMLs (e.g.
Knigge 2006). However, several CVs clearly exhibit anomalous line
ratios (blue dots). These are thought to be those in which the initial
mass of the present-day donor was substantially higher. Here, contact
can be initiated as a result of the donor’s expansion due to nuclear
evolution at a mass ratio ¢ = Mwp/Myonor > 1. This results in a
short phase of unstable thermal time-scale mass transfer (TTSMT;
e.g. Paczynski, Zidlkowski & Zytkow 1969) during which the donor
loses a significant part of its envelope. It therefore emerges from
this phase with a composition (and surface abundances) that more
closely resembles the CNO-processed material in its stellar core
(Schenker & King 2002). Once the mass ratio has been reduced to
g < 1, these systems can become ‘normal’ (AML-driven) accreting
binaries. However, they will now exhibit ‘anomalous’ line ratios in
their far-UV spectra (blue dots in Fig. 7; Mauche, Lee & Kallman
1997; Schenker & King 2002). The famous magnetic propeller
system AE Agr (grey circles) is the most extreme of these anomalous
CVs and is believed to have emerged from its super-soft X-ray binary
phase relatively recently (Schenker et al. 2002).

The two other LMXBs shown included in Fig. 7 are XTE
J1859 + 226 and XTE J1118 4 480, which have been discussed
in Haswell et al. (2002). Along with J1858 these three LMXBs cover
the same range of line ratios found among the CV population. More
specifically, XTE J1859 + 226 exhibits line ratios typical of normal
CVs, while XTE J1118 + 480 and J1858 both display anomalous
ratios. XTE J1118 + 480, is a short-period system (Poyp >~ 4 h)
system in which a ~6 Mg BH is thought to accrete CNO-processed
material from its stripped donor (Haswell et al. 2002). The pattern of
line ratios in J1858 is one of the most extreme among all the compact
binaries in Fig. 7, rivalled only by XTE J1118 4 480 and AE Aqr.

Although details of the UV line formation mechanism(s) in accret-
ing binaries are uncertain, it is instructive to compare the observed
line ratios to those predicted by simple toy models. Following
Mauche, Lee & Kallman (1997), we model the line emission as
arising in an optically thin cloud of gas that is irradiated and photo-
ionized by a point source. For the SED, we adopt a simple accretion
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disc model (a multicolour blackbody) with inner temperature T;, =
2 keV; this should be a reasonable first approximation for LMXBs.

For any given set of abundances, the line ratios in such a model will
depend almost entirely on the ionization parameter, & = Lion/(Pny).
Here, Lion o< Ly is the ionizing luminosity, r is the distance between
the cloud and the irradiating source, and ny is the Hydrogen number
density of the cloud. We therefore use CLOUDY c17.2 (Ferland et al.
2017), to predict the UV emission line ratios for this setup for a wide
range of & values. In principle, the density itself can also affect the
line ratio (by favouring collisional over radiative de-excitation), but
these effects are small compared to the differences between ‘normal’
and ‘anomalous’ ratios we are interested in here (cf. Temple et al.
2021).

For the abundances, we consider three different cases designed
to correspond to (i) solar abundances; (ii) the globally averaged
abundances in a ~2 Mg, terminal-age main sequence star; and (iii)
the abundances in the stripped core of a ~2 Mg star. For case
(i1), we adopt (X/Xg)eye =2, (X/Xo)oc 0.5, (X/Xo)n =T,
and (X/Xg)isg ~ 1 for Helium, Carbon, Nitrogen, and Oxygen,
respectively (Gallegos-Garcia, Law-Smith & Ramirez-Ruiz 2018).
For case (iii), we use the calculations by Gervino, Lavagno &
Quarati (2005) to estimate the equilibrium abundances of Carbon,
Nitrogen, and Oxygen produced by the CNO cycle for the core
temperature of a ~2 My main-sequence star (7, >~ 2 x 107 K).
These estimates were (X/Xg)sc ~ 0.018, (X/Xg)ny & 7.5, and
(X/Xo)isg =~ 0.037. Note that Helium is a product, rather than a
catalyst, for the CNO cycle, so it is not possible to estimate an
equilibrium abundance for this element.

As discussed extensively in Mauche, Lee & Kallman (1997),
the comparison of models with observations is complicated by the
possibility that observed emission lines could be contaminated (or
even dominated) by transitions other than the intended ones. In par-
ticular, the N v doublet can be polluted by the Mg 11 >S — *P doublet
(at AA1238.82, 1242.80 A and A11239.93, 1240.39 A, respectively).
However, the Mg1I lines only contribute significantly in very low
ionization conditions, and the NUV spectrum of J/858 does not
exhibit any sign of the most prominent Mg1I line, the resonance
doublet near 2800 A. We therefore assume that the observed emission
line near 1240 A is entirely due to N'v. The SiIv resonance doublet
near 1400 A can in principle also be contaminated, in this case by an
O1v multiplet located between the doublet’s components. Since the
ionization states favourable to SiIv and O IV are fairly similar, in this
case we include the fluxes from both lines in our model calculations.
However, we present results for the ‘isolated” Si1v line flux as well.

The resulting model tracks for the line ratios are shown in Fig. 8.
Overall, they support the idea that ‘normal’ line ratios correspond
to roughly solar-abundance accreting material, whereas ‘anomalous’
line ratios are associated with accreting material that has undergone
some degree of CNO processing (Mauche, Lee & Kallman 1997;
Haswell et al. 2002; Schenker & King 2002; Schenker et al. 2002;
Ginsicke et al. 2003). For J1858, in particular, Fig. 8 shows that only
the case (iii) track comes close to matching the observed line ratios.
As noted above, the abundances adopted for this track correspond
to those in the stripped core of a 2 Mg, star where equilibrium CNO
abundances have been reached. The evidence of CNO processed
material being accreted in the compact object, suggest an initial
donor mass was M; ~ 2 Mg.

4.2 Evolutionary tracks: past, present, and future

We have shown that J/858 displays anomalous far-UV emission
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Figure 7. Far-UV line flux ratios for CVs (dots) from Ginsicke et al. (2003). XTE J1118 + 480 and XTE J1859 + 226 LMXBs (open circle and filled cross,
respectively), from Haswell et al. (2002). While most CVs accrete from near solar-abundances (encircled dots), a set of CVs display anomalous line ratios (not
encircled dots), which as believed to be a consequence of a enhanced CNO-processed material from the donor. XTE J1118 + 480 and AE Agr display the most
extreme ratios, thought to be a consequence of higher initial secondary masses, M»; 2 1.5. J1858 (stars) has very similar ratios to XTE J1118 + 480. Upper
limits are shown as non-filled symbols. Note that the flux level of C Iv in /1858 is marginal, and variations on the selection of continuum region could lead to
a upper limit in the flux, while for XTE J1859 + 226, the errors are smaller than the symbol. The typical errors for CVs are o ~ 0.2 dex (see Mauche, Lee &

Kallman 1997, for an object by object detailed analysis).
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Figure 8. Same as Fig. 7. Here, the population of ‘normal’ CVs is shown for reference as the shaded regions with semimajor axis as 1o and 2.50 of the
population. The lines are predicted line ratios as a function of the ionization parameter computed with CLOUDY for an optically thin parcel of gas irradiated with
a simple accretion disc. Solid, dashed—dotted, and dashed lines are models carried out with solar abundances, M &~ 1.5-2 M terminal main sequence and the
equilibrium CNO-cycle core of an M =~ 2 Mg star, respectively. The latter is labelled as stripped, as we consider to have representative abundances of a stripped
star with its convective CNO core exposed. The models include the O 1v multiplet within range of the Si1v doublet, for reference lines including the emission
only from SiIv are shown with the same linesytle, but higher transparency. The measurements of J/858 (filed and non-filled black stars), lie very close to the
stripped model.
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Figure 9. Initial orbital period versus initial donor mass parameter space
for all the models compatible with the observed effective temperature and
luminosity of J1858. The size of the circles is associated with the time
expend by the binary model in the observed (~21 h) orbital period. The
colour scale is representative of different combination of parameters leading
to the distinct evolutionary scenarios (see the text for details). The highlighted
models are the reference examples of these scenarios and are be carried over
the following figures.
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Figure 10. Observed mass (Mgobs) versus initial mass (M), for all the
models. The entire range of donor mass in the current evolutionary stage of
J1858 is shown for each of the allowed models. Allowed masses for J1858 at
its current state are in the range My obs ~ 0.5-1.3 M. The reference models
in Fig. 9 are highlighted, colours are matched in both figures.
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line ratios that suggest the accreting material has undergone CNO
processing. This, in turn, implies that the initial mass of the donor
must have been M, ; 2> 2Mg. We have also been able to estimate
the radius R; >~ 1.7 Rg, and T,; >~ 5700 K, of the donor, based on
the quiescent SED of the system. Our goal now is to isolate the set
of binary evolution tracks that is consistent with these observational
constraints.

In order to set the scene, Fig. 6 shows the location of the donor
star in a theoretical HRD, alongside several theoretical evolution
tracks for single, solar-abundance stars. This immediately shows
that the donor is too red and luminous to be on the main sequence.
Instead, its position on the HRD corresponds to that of a Roche
lobe-filling subgiant star with M ~ 1.1 Mg, (cf. Buisson et al. 2021).
This is significantly smaller than the initial donor mass implied by
the evidence for CNO processing, suggesting that the donor has lost
a significant fraction of its envelope via mass transfer to the NS
primary. In fact, the present-day donor mass could be substantially
less than suggested by single star evolution tracks, since heavily
stripped stars tend to be overluminous for their mass (Giannone,
Kohl & Weigert 1968; Schenker & King 2002).

In order to constrain the evolutionary state and path of JI1858
more quantitatively, we have used the Database of Accreting Binary
Simulations (DABS; Mangat, Ivanova & Van 2023). This is an open-
access database of theoretical binary evolution tracks for LMXBs,
simulated with MESA (Paxton et al. 2011). All tracks in DABS
start from a binary configuration in which the compact object — a
1.4 Mg NS or a BH with mass 5, 7, or 10 Mg, — has already formed.
This removes the need to deal explicitly with the uncertain common
envelope (CE) phase in the simulations. The binary orbit is assumed
to be circular, with initial period Py ;. The companion starts as a
zero-age, solar-abundance main-sequence star with initial mass M.
For each type of compact object, the evolution tracks in DABS cover
the parameter space 0.95 Mg < M;; <7.0 Mg and 0.25d < Py <
10* d.

Aside from the CE phase, the most uncertain aspect of such
binary evolution calculations is the treatment of MB (e.g. Rappaport,
Verbunt & Joss 1983). This term refers to the AML associated with a
magnetic wind from the companion star, which can be an important
driver of binary evolution. The tracks in DABS use the Convection-
and-Rotation-Boosted (CARB) recipe for MB (Van & Ivanova 2019).

An important tool provided with DABS is the ‘Progenitor Extrac-
tor for Accreting Systems’ (PEAS). PEAS allows the user to specify
constraints on the present-day properties of an LMXB and then
searches DABs to identify those evolution tracks that pass through the
allowed region of parameter space. The specific properties that can
be matched by PEAS are the donor mass and effective temperature,
the accretor type and mass, the orbital period and the mass-transfer
rate. Since we additionally have a constraint on the donor radius,
we have modified PEAS to allow this property (or alternatively the
luminosity of the donor) to be matched as well.

In searching for viable progenitor systems for J1858, we demand
that the accretor is an NS, but treat both of the present-day component
masses as unknown. The present-day orbital period is required to be
within £0.5 h of the actual Py, >~ 21.3 h. This range is much larger
than the observational uncertainties, but is adopted to account for the
inevitable systematic uncertainties associated with theoretical binary
evolution tracks (due to, e.g. the adopted MB recipe). The present-
day radius and effective temperature of the donor are required to
fall within 1.5 Mg < R; < 2.0 Mg and 5140 K < T, < 6240 K,
respectively, roughly the 20 range allowed by our SED modelling
(see Section 3.1.2).
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The final constraint we adopt is based on the transient nature
of J1858, which implies that the system is subject to the thermal-
viscous disc instability (Lasota 2016). The present-day mass-transfer
therefore has to be less than the critical rate above which the
instability is quenched. For an NS LMXB with P, = 21.3 h, this
requirement translates to M, < 10782 Mg, yr~! (Coriat, Fender &
Dubus 2012; Dubus et al. 2019).

The results from this selection are summarized in Figs 9-11. Fig.
9 shows the resulting initial values of the parameter space in the
simulations after all the constraints have been applied. The allowed
tracks cover 1.1 Mg < M;; < 3.6 Mg and 0.8 d < Py < 3 d, and
most of the candidate systems clustering around Py, ; & 1d with the
exception of a few very low M,;. In this figure, the size of the points
is set such that a 1 dex increase in the time the model track spent in
the allowed parameter space, the size increases by two times. So the
size of symbol tracks (non-linearly) the a priori probability of finding
each system in the observed state. However, we make no attempt to
correct for population-level effects, such as the initial mass function
and the initial mass-ratio and orbital period distributions.

The entire range of allowed initial and present-day donor masses
for J1858 is shown in Fig. 10. The present-day donor mass is fairly
constrained to lie in the range 0.5 Mg S My; S 1.3Mg. The
orbital period places J1858 near the so-called bifurcation period that
separates binaries evolving towards either longer or shorter orbital
periods (Pylyser & Savonije 1988). This is clear from Figs 11 and 12,
where the evolutionary tracks of the compatible sequences are shown.
Four distinct ‘families’ of tracks can be identified in this figure.
Depending on their initial orbital period an donor mass, systems with
the most massive donors will evolve towards longer orbital periods,
ending their lives as detached systems (yellow tracks). On the other
hand, the least massive donor with longer orbital periods will expend
most of their lives as detached systems (purple tracks). Systems
in between these two (red and orange tracks), follow a converging
track.

Fig. 12 illustrates the detailed evolution of the system parameters
for one example of each type of solution. The yellow tracks show
the evolutionary path followed by a diverging system, these are
characterized for having initial donor mass of M;; 2 3 M. In this
track, as the donor leaves the main sequence it expands due to nuclear
evolution. Once its radius catches up to the Roche lobe, mas -transfer
a relatively long (*2 Gyr) accretion episode is initiated. The system
begins this phase as an IMXB undergoing rapid, TTSMT. However,
once the mass ratio has been reversed (from ¢ = M ;/Mns > 1 to
q < 1), mass transfer becomes thermally stable and takes place at
nearly constant orbital period and donor radius. Roughly half-way
through this phase, the donor once again approaches the end of its
main-sequence lifetime (even at its now lower mass). The orbital
period and donor radius then increase again, until the donor loses
its envelope in several rapid bursts of mass transfer. The system
ultimately ends up as a detached P,y =~ 2 d binary with an NS
primary and a low-mass WD secondary.

By contrast, the orange tracks show a converging evolution track
for a system with 2 < M,;; < 2.5Mg donors). Both the initial
parameters and early evolution of this system are similar to the
diverging track. Here again, mass transfer begins with an initial
TTMT phase after the donor catches up to its Roche lobe due to
nuclear evolution. However, as a result of the very slightly different
initial conditions (lower donor mass and shorter orbital period),
the donor does not approach the terminal main sequence during
the ensuing longer-lived mass-transfer phase. Instead, this phase
continues for roughly 1 Gyr, during which donor mass, donor radius
and orbital period continually decrease. According to the CARB
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MB prescription implemented in DABS, MB only effectively stops
once the donor mass falls below the Hydrogen-burning limit. The
donor then relaxes to its thermal equilibrium radius, and the system
detaches. Beyond this point, evolution is driven by GR, which
ultimately brings the Roche lobe back into contact with the donor
after about 1 Gyr. The system then continues its slow evolution as an
ultracompact X-ray binary with a substellar companion.

Systems with very low initial donor mass (purple tracks, M,; <
1.5Mg, and long initial orbital periods, Pos,; 2 1d), spend most of
their lives as a detached system at long orbital periods. Once the
donor leaves the main sequence it expands due to nuclear evolution
leading to a relatively short accretion episode. During this phase, the
donor loses most of its mass in a short period of time.

Finally, in systems with low-intermediate donor masses, M,; ~
1.5 Mg, but shorter orbital periods (red tracks), mass-transfer is also
initiated as a result of donor expansion due to nuclear evolution.
However, these systems then go trough a relatively long, stable
accretion phase (2 1Gyr). They begin this phase as an IMXB
undergoing TTSMT, where most of the donor mass is lost. For the
system illustrated in Fig. 12, the stable accretion phase terminates
in another brief episode of rapid, unstable mass transfer. During
this episode, the donor mass is driven below the substellar limit,
and beyond this point mass transfer. The system ultimately reaches
very short orbital periods (down to tens of minutes) with a very low
(planetary) mass companion. Since such objects expand in response
to adiabatic mass loss, the orbital periods of such systems actually
increase again once the thermal time-scale of the donor exceeds the
mass-transfer time-scale.

As discussed in Section 4.1, the UV line ratios suggest that
the donor star is the heavily stripped descendant of a relatively
massive donor star (M;; 2 2Mg, Schenker & King 2002). This
disfavours models with M,;; < 2 Mg (i.e. the purple and red tracks).
Interestingly, all of the models predict M s > 0.5, which is in
tension with some recent work that favours a low-mass donor in
J1858 (Knight, Ingram & Middleton 2022; Vincentelli et al. 2023).
Instead, the donor properties and evolutionary modelssuggest that
the current donor mass is likely to be in the range 0.5 < Myops <
1.4 M. Even with this constraint, J1858 could evolve towards either
longer or shorter orbital periods. However, this ambiguity can be
further constrained by an accurate determination of the present-day
donor mass via a radial velocity study. For instance, a donor mass
of Myons 2 1 Mg would point to a shrinking orbit and evolution
toward a ultracompact binary system. If the donor mass is found
to be 0.5Mg < Myobs S 1 Mg, evolution towards a longer orbital
period would be favoured (although converging tracks would still be
allowed).

5 CONCLUSIONS

We have presented the far-UV spectrum of the NS-LMXB J1858
across three different accretion states (high-hard/flaring, soft, and
low-hard states). All of the spectra exhibit anomalous NV, C1v,
Si1v, and HeTI line ratios, irrespective of the spectral state. This
implies that the donor must have been massive enough to produce
CNO-processed material. We find that such extreme line ratios can
be explained by the equilibrium abundances produced by the CNO
cycle for the core temperature of a ~2 My main-sequence star. This
suggests that the initial donor mass fairly massive.

We have also unambiguously detected the donor of J/858 in
archival optical observations obtained in quiescence. Modelling the
donor’s quiescent SED yields Teq =~ 5700 K and R; >~ 1.7Rg,
allowing us to place it on the HRD. By comparing the observed
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Figure 11. Evolutionary tracks for all the models compatible with the observed parameters of J1858. Tracks for J1858’s compatible binary sequences in the L,
versus Tetr g (top), and P, versus My planes (bottom). Initial secondary masses and orbital period are drawn from the space parameter presented in Fig. 9. All
the allowed solutions shown in Figs 9 and 10 are also plotted with the same colour scale (transparent tracks). Highlighted models are the same as in Figs 9 and
10. The shaded regions indicate the allowed range in the parameter space (see the text for details).

donor properties to those predicted by theoretical binary evolution We find that all viable evolution tracks start with initial donor
calculations, we we are able to determine which evolutionary tracks masses in the range 1.1 Mg < M,; < 3.6 My and initial orbital
are consistent with the current state of J/858. periods in the range 0.8 d < Pyb; S 3 d. However, the presence

of CNO-processed material suggest a heavily stripped donor with
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Figure 12. Temporal evolution of the relevant donor parameters for the reference evolutionary tracks presented in Figs 9—11. From top to bottom; orbital period
(Porb), mass-transfer rate (M), mass ratio (), neutron star mass (Mys), donor mass (M), radius (Ry), temperature (T), and luminosity (L), are presented
against time. Each colour correspond to the highlighted model in these figures. The vertical shaded regions span the time each model spends in the allowed

region of the parameter space.

initial mass M,; ~ 2-3.5 Mg, which also implies initial orbital
periods Py, < 1.5 d. The initial periods are close to the so-called
bifurcation period, so both converging and diverging evolutionary
paths are possible for J1858. Diverging tracks would produce a
detached system formed with a WD and an NS, while converging
track would evolve to an ultracompact X-ray binary with a substellar
companion. All viable evolution tracks predict present-day donor
masses in the range 0.5 Mg < M,; S 1.3 Mg. This is in conflict with
some recent work favouring a low-mass donor with M;; >~ 0.2 Mg in
J1858 (Knight, Ingram & Middleton 2022; Vincentelli et al. 2023).
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A detailed radial velocity study of the system in quiescence should
resolve this tension.
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