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A B S T R A C T 

We report the results from follow-up observations of two Roche-lobe filling hot subdwarf binaries with white dwarf companions 
predicted to have accretion discs. ZTF J213056.71 + 442046.5 (ZTF J2130) with a 39-min period and ZTF J205515.98 + 465106.5 

(ZTF J2055) with a 56-min period were both disco v ered as subdwarf binaries with light curves that could only be explained 

well by including an accretion disc in their models. We performed a detailed high-resolution spectral analysis, using Keck/ESI 
to search for possible accretion features for both objects. We also employed polarimetric analysis using the Nordic Optical 
Telescope (NOT) for ZTF J2130. We did not find any signatures of an accretion disc in either object, and placed upper limits on 

the flux contribution and variation in degree of polarization due to the disc. Owing to the short 39-min period and availability of 
photometric data o v er 6 yr for ZTF J2130, we conducted an e xtensiv e O − C timing analysis in an attempt to look for orbital 
decay due to gravitational wave radiation. No such decay was detected conclusively, and a few more years of data paired with 

precise and consistent timing measurements were deemed necessary to constrain Ṗ observationally. 

Key w ords: (stars:) subdw arfs – (stars:) binaries (including multiple): close – (stars:) white dwarfs – stars: individual 
(ZTF J213056.71 + 442046.5) – stars: individual (ZTF J205515.98 + 465106.5). 

1  I N T RO D U C T I O N  

Subdwarf O/B (sdOB) stars are spectral type O/B stars with much 
lower luminosities than the main sequence, and appear on or near 
the extreme horizontal branch (EHB) in the Hertzsprung–Russell 
diagram. Most sdOBs are believed to be helium core burning stars 
which lost their hydrogen rich envelope (Heber 1986 , 2009 , 2016 ). 
Although the exact formation channel is still not fully understood, 
it has been shown that binary evolution plays a significant role and 
may even be required to form sdOBs (Napiwotzki et al. 2004 ; Maxted 
et al. 2001 ; Pelisoli et al. 2020 ). Systems with orbital periods below a 
few days are formed through a common envelope (CE) phase which 
is followed by the loss of angular momentum due to the radiation 
of gravitational waves (Han et al. 2002 , 2003 ; Nelemans 2010 ). The 
most compact sdOB binaries have orbital periods below 1 h (Kupfer 
et al. 2020a , b ). 

SdOB binaries with white dwarf (WD) companions that exit the 
CE at an orbital ≤2 h will start mass transfer to the WD companion, 
while the sdOB is still burning helium. When the binary leaves the 
CE, gra vitational wa v e radiation carries a way angular momentum 

� E-mail: kunaldes225@gmail.com 

from the binary. This shrinks the orbit until the sdOB fills its Roche 
Lobe at a period of ≈30 −100 min depending on the evolutionary 
stage of the sdOB (e.g. Sa v onije, de Kool & van den Heuvel 1986 ; 
Tutukov & Fedorova 1989 ; Tutukov & Yungelson 1990 ; Iben & 

Tutukov 1991 ; Yungelson 2008 ; Piersanti, Tornamb ́e & Yungelson 
2014 ; Brooks et al. 2015 ; Neunteufel, Yoon & Langer 2019 ; Bauer & 

Kupfer 2021 ). Mass transfer of helium-rich material from an sdOB to 
a WD companion could either disrupt the WD even when the mass is 
significantly below the Chandrasekhar mass, a so-called double det- 
onation supernova (e.g. Livne 1990 ; Livne & Arnett 1995 ; Fink et al. 
2010 ; Woosley & Kasen 2011 ; Wang & Han 2012 ; Shen & Bildsten 
2014 ; Wang 2018 ) or just detonate the He-shell without disrupting 
the WD that results in a faint and fast.Ia supernova with subsequent 
weaker He-flashes (Bildsten et al. 2007 ; Brooks et al. 2015 ). 

The known population of sdOB binaries with orbital periods 
below 2 h is low. Only five detached systems with a WD companion 
are known to have orbital periods below 2 h (Vennes et al. 2012 ; 
Geier et al. 2013 ; Kupfer et al. 2017a , b ; Pelisoli et al. 2021 ; Kupfer 
et al. 2022 ). Recently, Kupfer et al. ( 2020a , b ) disco v ered the first 
sdOB + WD binaries with likely ongoing accretion. Both systems 
were disco v ered as part of a high cadence low Galactic latitude 
surv e y by the Zwicky Transient Facility (ZTF Kupfer et al. 2021 ). 
ZTF J213056.71 + 442046.5 (ZTF J2130) with a 39-min period and 
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ZTF J205515.98 + 465106.5 (ZTF J2055) with a 56-min period have 
light curves that could not be explained with ellipsoidal modulation 
of the sdOB star alone. Modifying the light curve models of the 
binaries by adding an edge-irradiated accretion disc component 
which eclipses the sdOB donor star resulted in excellent fits to the 
data. The light-curve shape is still the sole hint towards an accretion 
disc and theoretical models predict an accretion rate that could lead 
to � 1 per cent flux contribution from the disc (Kupfer et al. 2020a , b ). 

The spectroscopic observations reported in both disco v ery papers 
were mostly done in low resolution and did not report accretion 
disc spectral signatures. Rivera Sandoval, Maccarone & Murawski 
( 2019 ) reported on a 1 ks X-ray observation of ZTF J2130 by the 
Neil Gehrels Swift Observatory. This was followed by a much 
deeper 65 ks observation by XMM –Newton . Both observations were 
unable to detect any X-ray flux from the system. Based on the 
latter observation, Mereghetti et al. ( 2022 ) placed an upper limit 
of 0.5 −2.5 × 10 30 erg s −1 for the luminosity, with the exact value 
depending on the assumed spectral shape. ZTF J2130 is expected to 
be a strong gravitational wave source and Kupfer et al. ( 2020a ) 
estimated based on the system properties an orbital decay of 
Ṗ = ( −1 . 68 ± 0 . 42) × 10 −12 s s −1 . They predicted that this should 
be detectable with eclipse timing measurements after a few years of 
photometric monitoring. 

In this paper, we present results from follo w-up observ ations 
using high-resolution spectroscopy as well as spectral polarimetry 
to search for direct evidence for an accretion disc. Additionally, we 
present results based on timing data for ZTF J2130 spanning o v er 6 
yr. The layout for this paper goes as follows – Section 2 describes 
all the observations categorized by spectroscopy , polarimetry , and 
photometry. Section 3 describes the spectral analysis of ZTF J2130 
and ZTF J2055, followed by Section 4 on polarimetric analysis of 
ZTF J2130. We discuss timing analysis of ZTF J2130 in Section 5 
and end with conclusions in Section 6 . 

2  OBSERVATIONS  

2.1 Spectroscopy 

ZTF J2130 and ZTF J2055 were observed using Keck with the 
Echellette Spectrograph and Imager (ESI) in Echelle mode resulting 
in a resolution of R = 6000 and wavelength coverage over 3919–
10145 Angstrom. The data were obtained on two consecutive nights 
in July 2020. A total of 110 phase-resolved spectra with an exposure 
time of 180 s co v ering sev en orbits for ZTF J2055; and 87 spectra 
with an exposure time of 120 s covering six orbits for ZTF J2130 
were obtained. They were reduced using the MAKEE 

1 pipeline, 
which comprises of bias subtraction, flat fielding, sky subtraction, 
order extraction, and wavelength calibration. This data was used 
for spectral analysis, particularly to look for possible emission or 
absorption features from the accretion disc. 

2.2 Polarimetry 

ZTF J2130 was observed at the Nordic Optical Telescope (NOT) 
during four consecutive nights on 20th–24th of 2020 July with the 
DiPol-UF three-bands polarimeter (Piirola et al. 2021 ). Altogether, 
2h + 2h + 5h + 5h of data were obtained during those nights. We used 
3 s exposure times, which provided a polarimetric time resolution of 
∼15 s. A total of 3150 polarimetric measurements were obtained. 

1 ht tps://sites.astro.calt ech.edu/ ∼t b/makee/

For linear polarization measurements, a super-achromatic half-wave 
plate (HWP) is used as polarization modulator. A plane–parallel 
calcite plate placed below the HWP divides the light beam into two 
parallel orthogonally polarized beams which, after the wavelength 
separation made by two dichroic beam-splitters, are registered 
simultaneously and independently by three EM CCD cameras. We 
emphasize that with DiPol-UF the blue, visual, and red passbands ( B 

′ 
, 

V 

′ 
, R 

′ 
) are not identical to those of the Johnson–Cousins system, but 

are defined by the dichroic beam-splitters and additional sharp cut- 
off filters with high peak transmission. See details and transmission 
curves in Berdyugin et al. ( 2022 ). Four consecutive exposures, taken 
at wave-plate orientations separated by the angle of 22.5 deg, yield 
single measurement of Stokes parameters q and u . See Piirola et al. 
( 2021 ) for the detailed description of the instrument and the data 
reductions. Each exposure shows dual (ordinary and extraordinary 
beam) images of the source and the nearby comparison star located 
at 13 arcsec in South–South West (SSW) direction of the source. 

Standard CCD image calibration methods (dark, bias, and flat- 
fielding) have been employed prior to extraction of the o- and e- 
images with the aperture photometry algorithm. Stokes parameters 
q and u are then determined from the o- and e-image intensity 
ratios. Those Stokes parameters have been corrected for the telescope 
polarization and transformed from the instrumental to the equatorial 
celestial coordinate system. For the determination of the telescope 
polarization, we have observed nearby non-polarized stars HD 

136064, HD 152598, and HD 159332, from the list published by 
Piirola et al. ( 2020 ). The telescope polarization was found to be 
< 0 . 01 per cent in all passbands and thus negligible for the present 
case. For the determination of the polarization angle zero-point, two 
highly polarized standard stars HD 161056 and HD 204827 have 
been observed. 

The obtained polarization data were also useful for timing analysis 
of brightness variations. We used only the fourth night’s B 

′ 
-band 

data, which had 4516 points of 3 s exposure each. Times were 
originally in the start-of-exposure Heliocentric Julian Date (HJD) 
format. We converted these to mid-exposure Modified Julian Dates 
(MJDs), and then to the corresponding Barycentric Julian Dates 
(BJDs), as was done for all photometric observations described in 
the next subsections. 

2.3 Photometry 

Extensive timing data for ZTF J2130 were obtained using pointed 
observations from multiple telescopes as well as from surv e ys. 
To have all times in a common format, we concluded upon the 
mid-exposure BJD as the appropriate format. For data in other 
formats, we used astropy.time 2 (Astropy Collaboration 2013 , 2018 ) 
for conversion to corresponding BJDs. Following are the brief 
descriptions of all data used for timing analysis. 

2.3.1 ZTF 

ZTF J2130 was observed by ZTF in 2018 as part of the high-cadence 
ZTF Galactic Plane surv e y in the r -band (Bellm et al. 2019 ; Graham 

et al. 2019 ; Kupfer et al. 2020a ). Image processing of ZTF data is 
described in full detail in Masci et al. ( 2019 ). The object was observed 
o v er two consecutiv e nights for 3 h and a little under 3 h, respectively, 
with a total 537 data points of 30 s exposure each. Although there 
are other observations in both ZTF- r and ZTF- g scattered o v er a few 

2 ht tps://docs.ast ropy.org/en/st able/t ime/index.ht ml 
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Table 1. Summary of all observations used in this work. 

Date Telescope/Instrument N exp Exp. time (s) Co v erage(A 

◦)/Filter 

Spectroscopy - ZTF J2055 
2020-07-21 - 2020-07-22 Keck/ESI 110 180 3919–10145 
Spectroscopy - ZTF J2130 
2020-07-21 - 2020-07-22 Keck/ESI 87 120 3919–10145 
Polarimetry - ZTF J2130 
2020-07-21 - 2020-07-24 NOT 12 596 3 B 

′ 
, V 

′ 
, R 

′ 

Photometry - ZTF J2130 
2018-12-13 Palomar 48 inch 269 30 ZTF–r 
2019-07-08 GTC/HiPERCAM 1576 1.77 g s 
2019-08-15 - 2019-08-22 TESS 5000 120 6000–10000 
2022-09-02 - 2022-09-07 TESS 20000 20 6000–10000 
2020-07-24 NOT 4516 3 B 

2021-01-06 - 2021-01-07 XMM–Newton /OM 2640 10 UVW 1 
2021-09-04 McDonald/ProEM 635 5 g 
2021-09-06 McDonald/ProEM 666 5 g 
2021-10-12 McDonald/ProEM 1057 5 g 
2022-01-08 McDonald/ProEM 592 5 g 
2021-01-09 McDonald/ProEM 533 5 g 
2015-07-29 - 2022-01-15 ATLAS 1596 30 o band 

years, we have only used the high-cadence ZTF- r light curve for the 
purpose of timing analysis. 

The data were obtained from the ZTF/IRSA interface. 3 The 
timestamps were originally in the MJD format for the start of each 
observation. These times were off-set by 15 s to get mid-exposure 
MJDs, and then converted to mid-exposure BJDs. 

2.3.2 GTC/HiPERCAM 

The HiPERCAM instrument mounted on Gran Telescopio Canarias 
(GTC) observed ZTF J2130 in multiple bands simultaneously for 
a duration of 46 min, a little o v er one whole period of the binary 
(Dhillon et al. 2016 , 2018 , 2021 ). We use the same g -band data for our 
analysis as presented in Kupfer et al. ( 2020a ). Owing to an exposure 
time of just 1.77 s and a total of 1576 data points, these data were 
the most precise for timing measurements. The default timestamps 
were mid-exposure MJDs, and were subsequently converted to mid- 
exposure BJDs. 

2.3.3 XMM–Newton 

Pointed X-ray observations of the binary were conducted using 
XMM–Newton in January 2021 (Mereghetti et al. 2022 ). The Optical 
Monitor (OM) instrument on board XMM–Newton simultaneously 
obtained UV observations o v er multiple orbits in UVW1 (291 nm) 
and UVW2 (212 nm) bands (Mason et al. 2001 ). Since the UVW1 
filter had a much higher count rate, and hence a much better signal-to- 
noise ratio (SNR), we found these data to be more suitable for timing 
analysis. ZTF J2130 was observed for 26.4 ks in UVW1. We used 
these data to extract a light curve binned at 10 s, with mid-exposure 
times in BJDs. 

2.3.4 McDonald 

The most recent observations of the binary have been made using the 
2.1 m Otto Struve Telescope at McDonald Observatory. We used g - 

3 ht tps://irsa.ipac.calt ech.edu/Missions/ztf.html 

band data from five different nights spanning from 2021 September 
to 2022 January. Each observation co v ered one to two orbits, giving a 
few hundred data points of 5 s exposure each. All times were obtained 
as mid-exposure MJDs, and were converted to corresponding mid- 
exposure BJDs. 

2.3.5 TESS 

ZTF J2130 was in the field of view of the Transiting Exoplanet 
Surv e y Satellite (TESS) telescope (Ricker et al. 2015 ) once from 

2019 August through 2019 October (Sectors 15 and 16), and again 
in 2022 September (Sector 56). The data from 2019 were taken at a 
2 min cadence, considerably longer than other telescopes. Ho we ver, 
this data co v ered o v er a thousand orbits of the system and would 
be computationally e xpensiv e to analyse. In order to optimize our 
timing analysis, we limited our selection to a subset of 5000 points 
while still including around 250 orbits of the binary. On the other 
hand, data from 2022 were available at a 20 s cadence. Owing to the 
better cadence, we selected a subset of 20 000 points co v ering only 
around 170 orbits. Data were obtained from the Mikulski Archive for 
Space Telescopes (MAST) interface and all timestamps were already 
in the required mid-exposure BJD format. 

2.3.6 ATLAS 

ATLAS is a surv e y project meant for detecting asteroids, and scans 
the whole sky using four telescopes, two in Hawaii, one each in Chile 
and South Africa (Tonry et al. 2018 ; Heinze et al. 2018 ). Although 
there were no high-cadence data for the binary in this surv e y, it was 
observ ed sev eral hundred times o v er the last sev en years. We used 
the Forced Photometry online tool provided by the survey to obtain 
data from as early as 2015. Observations were taken in the o band 
(orange) and c band (cyan), of which we used only the former due 
to higher cadence. Data with high errors in photometry were filtered 
out. Times corresponding to start-of-exposure MJDs were recorded, 
which we converted to the desired mid-exposure BJD format. 

The observations used for this paper are summarized in 
Table 1 . 
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3  SP ECTR A L  A NALYSIS  

Preliminary spectral analysis for ZTF J2130 (Kupfer et al. 2020a ) 
and ZTF J2055 (Kupfer et al. 2020b ) was discussed in the respective 
disco v ery papers which focused on the measurement of the binary pa- 
rameters. Further high-resolution spectra observations by Keck/ESI 
were moti v ated by the indication to wards the presence of an accretion 
disc from the light-curve modelling. As noted in Table 1 , a total of 87 
two-minute long spectra were obtained for ZTF J2130, and 110 three- 
minute long spectra for ZTF J2055. Since the sdOB is the donor in 
both cases, we expect the composition to be similar in the accretion 
disc. The sdOB surface is dominated by hydrogen and helium, so 
a signature from the disc is most likely to be associated with the 
corresponding spectral lines. Moreo v er, this signature, if present, 
would have radial velocities 180 deg out of phase with the sdOB 

spectral lines because the accretion disc would follow the motion of 
the accreting white-dwarf companion. We expect an emission feature 
since the disc is irradiated by the sdOB; ho we ver, our method applies 
equally well for a possible absorption feature. By visual inspection 
of the spectra in the vicinity of the sdOB H and He lines as well 
as otherwise, we did not find an y ob vious pattern corresponding to 
out-of-phase sinusoidal variation. 

In order to detect accretion features, it would be ideal to have good 
phase resolution as well as a high SNR. First, we phase folded the 
data o v er their respectiv e orbital periods. To impro v e the SNR while 
also maintaining a decent phase resolution, we compromised by 
binning the data into 10 uniformly spaced phase bins. We weighted 
each data point by its fraction that o v erlaps with a bin. For example, 
a data point lying completely inside a bin was given a weight of 
1 for that bin and 0 for all other bins, whereas a data point lying 
x per cent in one bin and y per cent in a neighbouring bin was given 
weights of x /100 and y /100 for the respective bins and 0 for all 
other bins. The exposure time for both objects corresponded to less 
than 0.1 phase units, so no data point o v erlapped with more than 
two bins. After calculating weights by this method, we coadded the 
data points to obtain phase-resolved spectra with, on average, nine 
spectra per phase bin for ZTF J2130 and eleven for ZTF J2055. These 
correspond to SNR impro v ements of ∼3 and ∼3.3, respectiv ely. F or 
the remainder of the section, we refer to these bins as the spectra. The 
spectra for both objects were analysed similarly, and we describe our 
analysis in the following paragraphs. 

We determined the radial velocities for the spectra using sdOB 

hydrogen and helium lines. The radial velocity semi-amplitudes for 
ZTF J2130 and ZTF J2055 were consistent with Kupfer et al. ( 2020a ) 
and Kupfer et al. ( 2020b ) respectively, with slightly larger error 
bars due to binning. For each source, the 10 phase-binned spectra 
were shifted to zero radial velocity and coadded to obtain a ‘master’ 
spectrum with an even higher SNR. This master spectrum was then 
shifted to the radial velocity of each spectrum individually and used 
to divide it and obtain a ratio spectrum. This was done to essentially 
get rid of all sdOB spectral features, which simply cancelled out on 
taking the ratio. On the other hand, since any feature from the disc 
would be out of phase with the sdOB, we expect it to stand out and 
show up in a sinusoidal phase-dependent pattern. We looked for such 
a pattern all o v er the ratio spectra, particularly in the proximity of 
sdOB spectral lines. No clear pattern was found for either object 
through visual inspection. 

The rotation and surface gravity of the sdOB is mainly responsible 
for the width of its spectral lines. Ho we ver, this width also depends 
on the wavelength, making it vary for different spectral lines. This 
is quantified by the relation �v = c �λ/ λ. Since all sdOB spectral 
lines correspond to a common �v, going from wavelength space to 

Table 2. Final T 0 , error in T 0 and O −C values obtained for all observations. 

Telescope T 0 (BJD) O −C (s) Error (s) 

ATLAS 2457648.93660646 −2.4 3.7 
ATLAS 2458440.65608749 −10.5 1.9 
ZTF 2458465.59913867 18.3 2.3 
HiPERCAM 2458672.68085911 0 0.1 
ATLAS 2458674.62063972 8.2 1.9 
TESS 2458711.39258980 −2.0 5.7 
NOT 2459054.52572931 −0.5 0.3 
ATLAS 2459104.19255986 −4.8 1.2 
XMM–Newton 2459220.49185533 5.2 2.7 
McDonald 2459461.77778755 2.3 1.1 
McDonald 2459463.74475272 −1.1 0.9 
McDonald 2459499.69725714 0.7 1.2 
McDonald 2459587.55677024 −3.7 1.2 
McDonald 2459588.54027471 −3.5 1.5 
ATLAS 2459599.16755742 −4.3 1.7 
TESS 2459825.50977366 −2.1 3.0 

velocity space would facilitate further coaddition to impro v e SNR. 
We took each ratio spectrum and coadded multiple regions centred 
around typically observed spectral lines (H β, H γ , He II 4686, 
and H α) in the velocity space. This was done by converting a 
short interval of data in the neighbourhood of these lines to velocity 
space using �v = c �λ/ λ. This procedure was followed to obtain 
ten ‘velocity’ spectra. Similar to previous analysis, a master velocity 
spectrum was used to divide all the velocity spectra to finally obtain 
ratio velocity spectra. These are shown in the form of heatmap plots in 
Figs 1 and 2 . No phase-dependent sinusoidal pattern from a possible 
accretion disc feature was seen in the ratio velocity spectra for either 
binary. 

We performed a standard deviation analysis on the ratio velocity 
spectra to constrain the flux contribution of the disc. A 3 σ upper 
limit of 6.8 per cent for ZTF J2055 and 2.0 per cent for ZTF J2130 
was obtained on the accretion disc contribution to the total flux. 

4  POLARI METRI C  ANALYSI S  O F  ZTF  J 2 1 3 0  

In an accretion disc, Thomson scattering is the dominant effect which 
can lead to a detectable component of linear polarization in the total 
light of the system. The seed photons for Thomson scattering would 
originate from the sdOB star and possibly also from the disc itself. 
The polarization is expected to vary with the orbital period (Brown, 
McLean & Emslie 1978 ). 

Thomson scattering can also occur in the atmosphere of the donor 
sdOB star. In this case, a polarization signal could be expected if part 
of the sdOB is obscured by the optically thick accretion disc around 
phase 0.5 (superior conjunction of the sdOB) breaking the symmetry 
of visible scattering directions. A short re vie w on polarization in 
binary stars is presented in Piirola ( 2010 ). 

We do not detect any significantly variable linear polarisation from 

ZTF J2130 o v er the orbital period. The B 

′ 
, V 

′ 
, and R 

′ 
polarization 

curves are plotted in Fig 3 . We have estimated the upper limit for the 
polarization modulation amplitude in each band by bootstrapping. 
We took the phase-folded Q and U curves and produced 100 000 
artificial Q and U curves (assuming no modulation) by resampling 
the 100 phase bins in randomized order. We then fitted the resulting 
bootstrapped Q and U curves with a second-order Fourier series 
(often used for modelling polarization modulation by scattering in 
binaries; Brown et al. 1978 ) and then computed the degree of polar- 
ization from the Q and U model fits. We then measured the 4 σ upper 
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Figure 1. ZTF J2055 ratio velocity spectra obtained from coadding H β, H γ , He II 4686, and H α lines, shown as a heatmap plot. 

Figure 2. ZTF J2130 ratio velocity spectra obtained from coadding H β, H γ , He II 4686, and H α lines, shown as a heatmap plot. 

limit for the variation amplitude of the degree of polarization over 
the orbital period (i.e. 99.94 per cent of the fits having amplitude less 
than this value). We find 0.10 per cent, 0.12 per cent, and 0.12 per cent 
4 σ amplitude upper limits for B 

′ 
, V 

′ 
, and R 

′ 
, respectively. 

The mean degree of polarization (and its position angle) are very 
close to the values of the field star of similar brightness about 
13 arcsec SSW of the target. This strongly suggests that the measured 
polarization is of interstellar origin and not intrinsic to the source. 

5  T IMIN G  A NALYSIS  O F  ZTF  J 2 1 3 0  

ZTF J2130 is expected to be undergoing orbital decay by losing 
angular momentum due to gra vitational wa v e radiation. K upfer et al. 
( 2020a ) calculated a Ṗ = ( −1 . 68 ± 0 . 42) × 10 −12 s s −1 using known 
system parameters and assuming gravitational wave radiation to be 
the only reason for orbital decay. This would lead to a shift of a 
few seconds in the expected eclipse times over a time span of a few 

years. We attempted to obtain a Ṗ through direct timing analysis of 
the photometric data listed in Table 1 . 

For this purpose, we take the O − C analysis approach. The 
secondary mid-eclipse, when the disc is eclipsed by the sdOB, is 
used as the reference point ( T 0 ) for each orbit. We fit a model to each 
light curve using the LCURVE code (Copperwheat et al. 2010 ) and 
determine the T 0 value. In order to do so, we used the same model 
parameters as Kupfer et al. ( 2020a ) and froze them all with the 
exception of T 0 . Ho we ver, since we have data from different filters, 
we adjusted the limb and gravity darkening coefficients accordingly 
using values from Claret & Bloemen ( 2011 ). Since we do not have 
those values for XMM–Newton (UV) and ATLAS ( o -band) data, we 
used the corresponding g -band values. While these coefficients might 
slightly affect the shape of the light-curve model, we do not expect 
them to affect the mid-eclipse times. 

Assuming we know the precise orbital period, knowing one 
reference mid-eclipse time (call it E 0 ) should allow us to predict 
the E th mid-eclipse in the past as well as the future with respect to 
E 0 . Ho we ver, if the orbital period changes over time, the observed 
T 0 ’s (O) will be different from the calculated T 0 ’s (C). As described 
by Kepler et al. ( 1991 ), we can use a Taylor series expansion to get 

O − C = �E 0 + �P 0 E + 

1 

2 
P 0 Ṗ E 

2 + ... (1) 

where � E 0 is the error for the reference mid-eclipse time E 0 , � P 0 

is the error in the period P 0 and E is the eclipse number with respect 
to E 0 . 

High-cadence photometry data from HiPERCAM, NOT, McDon- 
ald, and XMM–Newton were used as is, since all these were pointed 
observations. The light curves along with their LCURVE model 
fits and resulting residuals are shown in Figs 4 , 5 , 6 . and 7 . It is 
worth noting that the UV data from XMM–Newton were recorded as 
photon counts, and had relatively large residuals. Nevertheless, the 
observation was long enough for it to be still worthy of inclusion in 
timing analysis. 

For ZTF and TESS survey data, we selected only a subset of data 
with the purpose of optimizing the number of data points to be high, 
but the total spread of data points to be short. This served the purpose 
of getting a good model fit while simultaneously making sure the 
period was practically constant o v er the duration of observations. 

In case of the ATLAS surv e y data, the observations are too far 
spread out, and it is difficult to get even a few tens of data points 
without entering a time-scale of months. In order to tackle this issue, 
we binned the points into groups of 200–300 to have enough data per 
group to fit a model. The challenge then was to have an initial value for 
a mid-eclipse time fitting. We compared the data with our calculated 
mid-eclipse times (C) and chose points corresponding to the closest 
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Figure 3. NOT/DiPol-UF B 

′ 
V 

′ 
R 

′ 
polarimetry of ZTF J2130. The colours correspond to BVR bands (top to bottom). The data are shown twice for clarity. 

observation times. As mentioned in the previous paragraph, it would 
be desirable to have data over a short span of time to ensure that the 
period is constant. For ATLAS ho we ver, we make an exception due 
to the large scatter o v er time. 

We then use LCURVE with EMCEE (F oreman-Macke y et al. 2013 ) 
to implement an MCMC sampler that runs a number of parallel 

chains to converge at a solution. For large data sets ( > 1000 data 
points), we ran 128 parallel chains for 4000 generations, whereas for 
smaller data sets we ran 256 parallel chains for 4000 generations. 
The initial period was obtained using all available ZTF data (high 
cadence as well as scattered surv e y data). Recalling from earlier, the 
only free parameter while running LCUR VE was T 0 . W e ensured that 
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Figure 4. Best fit LCURVE model (red curve) for HiPERCAM g -band data 
(black points) for ZTF J2130. Residuals are shown in the lower panel. 

Figure 5. Best-fitting LCURVE model (red curve) for McDonald 2.1m g - 
band data (black points) for ZTF J2130. Residuals are shown in the lower 
panel. 

the solution converged clearly, with at least 2000 stable solutions at 
the end of every run. 

Following our first fits, we plotted a preliminary O − C diagram. 
This initial plot showed a linear trend, likely corresponding to the 
linear term in equation ( 1 ) ( � P 0 E ). This linear trend corresponds to 
a small offset of the true orbital period compared to our initial value 
from ZTF data. We fitted a line to this plot and used the slope to 
refine the period and remo v e the � P 0 term. Subsequently, the light- 
curve model fitting step was repeated with the refined period and 
ne w T 0 v alues were obtained. These v alues and their corresponding 
1 σ errors for all data sets are listed in Table 2 . We also determined 
an updated ephemeris of 

T 0 (BJD) = 2458672 . 68085911(8) + 0 . 0273195159(7) E (2) 

The HiPERCAM light curve had the most precise T 0 fit, with a 1 σ
error of 0.1 s. Consequently, we used it as the reference mid-eclipse 
time T 0 and measured O − C values for all other T 0 measurements 
accordingly. The final O − C diagram was then plotted, as shown in 
Fig. 8 . The grey line shows O − C values determined by substituting 
the refined period and Ṗ from Kupfer et al. ( 2020a ) in equation ( 1 ), 
with HiPERCAM mid-eclipse having O − C = 0. The scatter in 
O − C v alues is relati vely large and une ven with respect to the 
model. Although no clear orbital decay is apparent, we performed an 
RMS analysis to calculate an upper limit. We calculated the observed 
variability (RMS) of our O − C values and demanded the variability 
due to orbital decay to be at least three times this value to assure a 
confident detection. This results in a corresponding Ṗ = ( −5.09) ×
10 −12 s s −1 , placing an upper limit on the magnitude of orbital decay. 

6  DI SCUSSI ON  A N D  C O N C L U S I O N S  

We performed a high-resolution spectroscopic analysis of ZTF J2130 
and ZTF J2055 in search for a direct detection of the accretion disc. 
The removal of the sdOB spectral lines and the phase-folding of 
the data led to a significant impro v ement in SNR but was still not 
sufficient to bring out any clear spectral features from the disc. 
We placed upper limits on the flux contribution by the disc to the 
total flux, obtaining a 3 σ limit of 2.0 per cent for ZTF J2130 and 
6.8 per cent for ZTF J2055. These limits are in agreement with 
predictions from theoretical models ( ∼1 per cent) (Kupfer et al. 
2020a ). It is important to note that the theoretical prediction of 
∼1 per cent disc contribution is bolometric, and can be very different 
at different wavelengths. This prediction also depends on many 
assumptions made about the disc, and is therefore very uncertain. 

Further impro v ement in our upper limits or perhaps a conclusiv e 
detection of signatures from the disc would require considerably 
more telescope time. Our observations of the two binaries were taken 
o v er two whole nights with the Keck telescope. Even doubling the 
SNR would demand a fourfold increase in telescope time, which is 
not practical. As a result, we have essentially exhausted the approach 
of optical spectral analysis with currently available state-of-the-art 
facilities. 

The presence of an accretion disc could lead to a polarized signal 
with variations on the orbital period in the observed light. We do not 
detect any variations on our polarimetric observations with 4 σ limits 
of ≈ 0 . 1 per cent in variability. The mean degree of polarization 
is consistent with an origin in the interstellar medium. The non- 
detection of any polarimetric variability could be due to small 
contribution of the accretion disc to the total light of binary system. 

Neither the spectroscopic follow-up nor the polarimetric obser- 
v ations re v ealed an y clear accretion disc signatures and as such the 
direct detection of an accretion disc in the ZTF J2130 and ZTF J2055 
remains elusive. 

The short period of ZTF J2130 combined with the availability of 
data o v er more than 6 yr moti v ated us to perform on O − C analysis. 
The scatter of our O − C values as well as errors for some of them 

were of the order or larger than the theoretically expected O − C from 

the analysis in Kupfer et al. ( 2020a ). Consequently, we have only 
placed an upper limit on the magnitude of the orbital decay parameter 
Ṗ based on our current set of observations. A major hurdle for this 
analysis was the use of data from several different telescopes. O − C 

analysis is e xtremely sensitiv e to observation timestamps, and would 
require all telescope clocks to be perfectly synchronized with each 
other, and to be consistent with themselves over time. We believe 
that slight inconsistencies among telescope times could be one of 
the sources of errors. Additionally, small changes in the accretion 
rate or disc structure could lead to small changes in the light curve, 
potentially affecting timing measurements. The mass transfer could 
also be slowing down the orbital decay of this system. However, 
these effects would be difficult to quantify with currently available 
data. Nev ertheless, we hav e reported an updated ephemeris using all 
our data. 

We conclude that it will take a few more years of observations 
to constrain a Ṗ observationally. We will continue to monitor 
ZTF J2130 with the McDonald 2.1 m telescope on regular intervals 
for this purpose. 
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Figure 6. Best-fitting LCURVE model (red curve) for NOT B -band data (black points) for ZTF J2130. Residuals are shown in the lower panel. 

Figure 7. Best-fitting LCURVE model (red curve) for XMM–Newton UV data (black points) for ZTF J2130. Residuals are shown in the lower panel. 

Figure 8. The theoretical O − C for ZTF J2130 obtained using Ṗ from K upfer et al. ( 2020a ) (gre y curv e) shown along with the observ ed O − C values from 

our data. 
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