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Abstract

Context. We present results of time-resolved optical spectroscopy and photometry of the short-orbital period dwarf nova EI Psc.

Aims. This study aims to determine fundamental system parameters of EI Psc, study properties of accretion structures in the system, and investigate its origin and current evolution state.

Methods. We analyse newly obtained time-resolved spectroscopic and photometric observations as well as archival data. We used light curve modelling, Doppler tomography, and MESA evolutionary models to study the characteristics of EI Psc.

Results. The system contains a relatively low temperature (Teff = 6130 K) white dwarf with mass of MWD = 0.70(4) M⊙. The mass of the warm (T2 = 4440 K) secondary is M2 = 0.13 M⊙. The inclination of the system is [image: equation]. The mass accretion rate is ≈4 × 10−13 M⊙ year−1. The long-term light curve of the system shows outbursts and superoutbursts. The quiescence light curve is double-humped and is formed by the combination of radiation from the Roche lobe filling the hot secondary and the hot spot. The radius of the outer disc is about two times smaller than the tidal truncation radius. Most of the disc’s emission consists of emission lines and radiation from the hot spot at the stream-disc impact region.

Conclusions. These types of systems are formed from progenitors with a low mass WD MWD ≲ 0.6 M⊙ and relatively massive secondaries 1.1 − 1.5 M⊙ with initial orbital periods on a scale of days. The number of similar systems is expected to be significantly lower than the usual CVs due to a lower forming rate of their relatively massive progenitors.
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1. Introduction
Cataclysmic variables (CVs) are close-interacting binary systems consisting of a white dwarf (WD) as a primary and a low-mass main-sequence star or a brown dwarf as a secondary component. The Roche-lobe filling secondary component loses matter through the inner Lagrangian point to the primary (Warner 1995). In the absence of a strong magnetic field, the material transferred from the donor forms an accretion disc around the WD and eventually accretes. According to standard evolutionary theory, CVs evolve from longer orbital periods towards shorter ones down to a period minimum (≈70−80 min depending on orbital angular momentum losses) when the secondary is driven out of thermal equilibrium and becomes partially degenerate (Paczynski & Sienkiewicz 1981; Rappaport et al. 1982; Knigge et al. 2011). Short-period CVs tend to have low-mass secondaries (< 0.1 M⊙), which are close to the expected main-sequence star surface temperature. However, there are exceptions. A small group of systems has anomalously warm donors, typically of the K spectral type: EI Psc (Porb = 64 min, K4(2), Thorstensen et al. 2002a; Harrison 2016), QZ Ser (Porb = 120 min, K4(2) Thorstensen et al. 2002b), SDSS J170213.26+322954.1 (Porb = 144 min, M0, Littlefair et al. 2006), CRTS J134052.1+151341 (Porb = 147 min, K4(2), Thorstensen 2013), ASASSN-18aan (215 min, G9, Wakamatsu et al. 2021), and ASAS-SN 13cl (292 min, K4(2) Thorstensen 2015). Possible evolutionary scenarios for these systems were briefly explored by Thorstensen et al. (2002a), who suggested that the secondary is substantially enriched in helium due to nuclear evolution before onset of the mass transfer between components. However, the evolutionary status and the driving mechanism of the mass transfer of these objects are open issues.
The variable star EI Psc (also 1RXS J232953.9+062814, 2MASS J23295420+0628116, TIC 423324616, Gaia DR3 2757417008882236672) was discovered as an X-ray source by the ROSAT satellite and identified as a cataclysmic variable by Hu et al. (1998). Uemura et al. (2001) reported that their photometric observations showed superhumps with amplitudes ranging from 0.2 to 0.3 mag and period Psh = 0.046311(12) d. Thorstensen et al. (2002a) used spectroscopic observations to derive the orbital period Porb = 0.044566(3) d and estimated the mass ratio to be q = M2/MWD = 0.185 based on the superhump period excess ϵ = (Psh − Porb)/Porb using an ϵ − q relation derived by Patterson (1998). The orbital period of EI Psc is below the period minimum of CVs with main-sequence secondaries. Usually, such periods correspond to AM CVn stars; helium CVs with absent hydrogen emission in their spectra, which are considered to have a secondary star of a helium white dwarf or a semi-degenerate helium star (Nelemans 2005). However, the low-resolution quiescent spectra presented by Wei et al. (2001) revealed that EI Psc is a hydrogen-rich system. The spectra analysed by Thorstensen et al. (2002a) showed a prominent broad Balmer emission, along with weaker emission from He I. Balmer lines exhibited double peaks for the majority of the time and were separated by 1000 ± 100 km s−1 when the peaks were most distinct. The spectrum also showed absorption features that appeared to be consistent with a K4-type star in the spectral library from (Pickles 1998). The absorption spectrum exhibited an obvious modulation and the Hα emission line showed an apparent S-wave. EI Psc was also observed in the far ultraviolet (FUV) using HST/STIS by Gänsicke et al. (2003). The authors found that the FUV continuum of EI Psc is extremely red, suggesting that the white dwarf in this system is very cold. They also found that the object displays anomalously high N V/C IV emission-line flux ratios. Such anomalous line flux ratios are expected in CVs that went through a phase of thermal timescale mass transfer and now accrete CNO-processed material from a companion stripped of its external layers. Infrared spectroscopy was obtained by Harrison et al. (2009), Harrison (2016). They found that the spectral type appears to be close to K5V. However, they note that there is an issue with this spectral classification because the Ca I triplet is much weaker than the Na I doublet, in contrast to typically K dwarf spectra, which show a similar strength of those spectral features. In addition, no evidence of CO absorption features was reported. Harrison et al. (2009) also modelled the g-band and the JHK infrared light curves of the object and estimated parameters of the secondary as M2 = 0.13 M⊙, R2 = 0.12 R⊙, the system inclination of i = 55°, and the distance to the system of about 150 pc. The Gaia parallax from DR3 of 6.62(5)×10−3 arcsec corresponds to the distance of 148.5(1.0) pc (Gaia Collaboration 2018; Bailer-Jones et al. 2021) and it confirms estimation of Harrison et al. (2009).
Here, we present new time-resolved photometric and spectroscopic observations of the object to study its nature, origin, and structure of the accretion flow in such an unusual CV. The paper is structured as follows. In Sections 2, 3, and 4, we describe our photometric and spectroscopic observations and general data analysis. Section 5 presents the results of the modelling of the quiescence light curve, while Doppler tomography is discussed in Section 6. The evolution state of the system is explored in Section 7 and our conclusions are summarised in Section 8.
2. Observation and data reduction
Recently, new photometric and spectroscopic data of EI Psc became available. We used them in our analyses, and below we give a short description.
2.1. Spectroscopic observations
There is a low-resolution spectrum of the EI Psc in the LAMOST database (Han et al. 2020) obtained in 2013. It shows a blue continuum, strong double-peaked Balmer emission lines, and He I emission lines that are accompanied by a lot of metal absorption from the secondary. In 2021, the object was observed with the VLT/X-shooter spectrograph1. Three consecutive observations were obtained using all three arms of the X-shooter simultaneously (see Table 1 for details). The observational setup provided spectra with S/N ratios in a continuum ranging from ∼40 to ∼50 in the centre of their spectral range, depending on theconfiguration.
Table 1. 
Log of spectroscopic observations of EI Psc.

New time-resolved spectroscopy was obtained with the 10.4 m telescope of the Observatorio Roque de los Muchachos (Gran Telescopio Canarias, GTC) using the OSIRIS instrument2 in the long-slit mode on the nights of 2023 September 4, 5, and 7 (programme: GTC2-23BMEX3). The log of observations of EI Psc is given in Table 1. On the first night, we used the grism R2500I (7330−10 000 Å), on the second R2500R (5575–7685 Å), and on the third R2500V (4500−6000 Å), which gave an R ∼ 2500 resolution. In each observational run, we obtained 29 spectra with an individual exposure time of 181 s, allowing us to cover about 120 min, just under the length of two orbital periods. The standard IRAF procedure was used to reduce the data.
2.2. Transiting Exoplanet Survey Satellite
EI Psc was observed by the Transiting Exoplanet Survey Satellite (TESS), Ricker et al. (2015) in four sectors. The details of the observations are summarised in Table 2. We used the MAST4 database to download these photometric time series.
Table 2. 
Log of photometric observations of EI Psc.

2.3. Ground-based photometry
Our new CCD observations and time series photometry were obtained at two observatories: Observatorio Astronomico Nacional San Pedro Mártir (México, hereafter OAN SPM) and Ondřejov Observatory (Czech Republic, hereafter Ondřejov). A log of the observations is given in Table 2 and a short description is given in the following subsections.
2.3.1. OAN SPM
Time-resolved photometry of EI Psc was obtained in the V-band using the direct CCD image mode at the 0.84-m telescope5 in November 2023. The images were bias-corrected and flat-fielded before aperture photometry was carried out. The photometric data of OAN SPM were calibrated using Landolt standard stars. Photometric errors were calculated from the dispersion of the magnitude of comparison stars in the object field. They range from 0.01 mag to 0.03 mag.
2.3.2. Ondřejov
Time-resolved CCD photometry of EI Psc has also been obtained at the Ondřejov observatory, Czech Republic, in 2023 and 2024. Observations were carried out using the Mayer 0.65-m (f/3.6) reflecting telescope with the MI G2-3200 CCD camera mostly without a photometric filter (clear). The maximum quantum efficiency (QE) of the CCD chip is at ∼6200 Å and FWHTQE is about 2000 Å. APHOT6, a synthetic aperture photometry and astrometry software, was used for data reduction. Differential photometry was performed using comparison stars in the object’s field.
2.3.3. Additional ground-based observations
To study the long-term activity of EI Psc, we use data obtained by the All-Sky Automated Survey for Supernovae7 (ASAS-SN; V and g filters; Shappee et al. 2014; Kochanek et al. 2017), the Zwicky Transient Facility (ZTF) survey8 (i, r, and g filters; Masci et al. 2019), American Association of Variable Star Observers9 (AAVSO; V filter; Kloppenborg 2025), and observations published by Skillman et al. (2002).
3. Light curve analyses
The long-term light curve of EI Psc collected by different photometric sky surveys is shown in Fig. 1. The object exhibits normal dwarf nova outbursts and superoutbursts, which is typical for SU UMa dwarf novae (Otulakowska-Hypka et al. 2016) as well as for AM CVn stars (Pichardo Marcano et al. 2021). The list of observed outbursts is presented in Table 3. Normal outbursts last ∼2 days and their amplitude is about 3 mag. The duration of superoutbursts is about ∼10 days and their amplitude is about 4 mag. They go through a plateau phase after reaching the maximal brightness.
	[image: thumbnail]	Fig. 1. Top: Long-term light curve of EI Psc composed of ASAS-SN, ZTF, Gaia, AAVSO, TESS, SPM, Ondřejov observations, and observations published by Skillman et al. (2002). The vertical lines represent the date of spectral observations of LAMOST (brown), ESO (green), and GTC (yellow). The black and red triangles mark the observed outbursts and superoutbursts, respectively. Bottom: Light curve showing the scheduling of different observations focusing on the time of GTC observations (yellow vertical lines) and SPM observations. The photometric data in both panels were shifted in such a way that the quiescence level would be the same as for the SPM data.



Table 3. 
Registered outbursts of EI Psc during 2001–2023.

The light curve shown in Fig. 1 covers about 8400 days during which 20 normal outbursts and four superoutbursts were observed. However, the recurrence times of outbursts cannot be reliably determined because of the spare coverage of the light curve and the short duration of outbursts. The spare coverage could also cause partially observed superoutbursts to be misclassified as normal outbursts. Two normal outbursts were observed by TESS mission in their entirety (except for a small gap), the corresponding light curves are presented in Fig. 2. These outbursts show an asymmetric shape with a fast increase in brightness (∼2 mag day−1) which is followed by a slower decrease (∼1.6 mag day−1). In the upper panels of Fig. 2, we also show the evolution of the rate of the brightness change during the outbursts. Although the shapes of both outburst profiles look similar, the first shows a deviation in the brightness increasing rate that occurred 0.5 days after the onset of the outburst when the system reached about 2/3 of the maximal brightness.
	[image: thumbnail]	Fig. 2. Outbursts observed by TESS mission on September 3, 2022 and October 2, 2023. The brightness change rate is indicated in the upper panels.



At the timescale of the orbital period, the object shows a double-humped light curve variation with an average amplitude of ≈0.1 mag in the quiescence. The variation is also present during outbursts, but it is less pronounced. We have calculated the Lomb-Scargle periodogram (Lomb 1976; Scargle 1982; VanderPlas 2018) of TESS, SPM, and Ondřejov data (see Fig. 3) and found two strong peaks (f1, f2) corresponding to the orbital period Porb = 1.070 h and its half (P2 = 0.535 h). The peak corresponding to half of the orbital period is stronger because of the double-humped nature of the light curve. By fitting the local maxima of the peaks with a Gaussian profile, we derived two estimates of the orbital period:
[image: thumbnail](1)
	[image: thumbnail]	Fig. 3. Periodogram of the TESS SPM, and Ondřejov data focusing on the orbital period. Only the data obtained in quiescence were used.



Both estimates agree within the error and also with the value of the orbital period reported by Thorstensen et al. (2002a). In further analysis, we adopted the value Porb, f2, as it could be determined with higher accuracy.
The optical light curves, folded on the orbital period, are shown in Figs. 4 and 5. The minima of the light curves are located in the spectroscopic phase ϕ (see below) of 0.0 and 0.5 and the maxima at phases 0.25 and 0.75. The light curve was symmetric in the optical and infrared data reported by Thorstensen et al. (2002a), Harrison et al. (2009), and in the first two sets of TESS observations. However, the light curve exhibits an asymmetric shape in the last two sectors of TESS, SPM observations, and Ondřejov observations. The amplitude of the peak at ϕ = 0.75 is twice as large as the amplitude of the peak at ϕ = 0.25 and the light curves from 2024 also show minima of different depths.
	[image: thumbnail]	Fig. 4. TESS and SPM phase-folded light curves in quiescence. Only TESS measurements with an error smaller than 5 e− s−1. The orange points show the binned light curve with the width of the bins set to 0.02 of the orbital phase.



	[image: thumbnail]	Fig. 5. Phase-folded light curves obtained at the Ondřejov Observatory in 2023 and 2024.



4. Spectroscopy
Fig. 6 shows the flux-calibrated X-shooter spectrum (green line) of EI Psc together with the LAMOST spectrum (orange line) shifted to the X-shooter spectrum in its red limit. The LAMOST spectrum shows a bluer continuum compared to the X-shooter, which can be explained by the fact that it was obtained closely before an outburst. Both spectra clearly show absorption components originating from the secondary. A visible presence of WD contribution is absent in both spectra.
	[image: thumbnail]	Fig. 6. LAMOST and X-shooter flux calibrated spectra of EI Psc.



Fig. 7 shows normalised trailed GTC spectra of EI Psc together with normalised phase-averaged spectra. Various emission and absorption lines are marked. The absorption lines clearly show a sinus-like variation in their radial velocities. The emission lines are double- or multi-peaked and their trailed spectra show an S-wave, which varies close to the opposite of absorption’s radial velocities.
	[image: thumbnail]	Fig. 7. Spectra of EI Psc obtained at GTC with grism R2500V (top panels), R2500R (middle panels), and R2500I (bottom panels). The upper panels show averaged spectra in blue and a single spectrum in light blue, single spectra were obtained during the orbital phase φ ≐ 0.0. The lower panels show trailed spectra.



We measured the radial velocities (RVs) of the wings of the Hα line using the diagnostic diagram method (DD) described by Shafter et al. (1986). The resulting radial velocity curve is shown in Fig. 8 and the best-fit parameters are presented in Table 4. This method produces a radial velocity curve that corresponds to the inner part of the accretion disc and can therefore be used to track the radial velocities of the primary. However, the reliability of this method depends on the symmetric brightness distribution in the inner parts of the disc and can produce unrealistic measurements when there is an asymmetry (see Warner 1995, chap. 2.7.6).
	[image: thumbnail]	Fig. 8. Radial velocities of absorption lines and Hα and He II emission lines. The solid lines show the best sinusoidal fits of each set, parameters of the best fits are given in Table 4.



Table 4. 
Radial velocity solution.

As absorption features of the secondary are prominent in all newly obtained spectra, we used them to measure its radial velocities using the cross-correlation method (CC). For this, we used the FXCOR task in IRAF. We used the whole range for each set of spectra, excluding the parts containing spectral features corresponding to the primary, accretion disc, and telluric lines. The first spectrum of each set was used as the reference spectrum; therefore, the measured velocities are only relative values. For further analysis, we shifted the measured radial velocities so that they can be described by a sine curve with zero vertical shift; the resulting radial velocity curve is shown in Fig. 8, parameters of the best fit are presented in Table 4. We confirm the presence of a small phase displacement between the zero phase of absorptions and the Balmer lines reported in the first by Thorstensen et al. (2002a).
We also determined the radial velocity of He II 4686 Å line. As shown in Fig. 9, left it is weak and surrounded by strong absorption lines from the secondary. To exclude the contribution from the secondary, we computed its average spectrum by transforming the spectra into its rest frame and masking out the He II emission. Then, we subtracted the average spectrum from the observed one and measured He II RV by fitting its profile with a Gaussian function. The trailed spectra of He II 4686 Å line after absorption subtraction are presented in Fig. 9, right. The results of the RV measurements are presented in Fig. 8 and parameters of the best fit are given in Table 4. We found that He II moves completely in the anti-phase of the absorption lines, from which we conclude that the He II 4686 Å line originates at the primary. The RV curve of Hα measured by the DD method is not completely in anti-phase with the RV curve of the secondary, which could be attributed to the non-uniform distribution of radiation from the disc, and this could also affect the amplitude of the RV curve. Therefore, we conclude that the RV curve of He II is a better approximation of the RV curve of WD.
	[image: thumbnail]	Fig. 9. Trailed spectra zoomed in on He II 4686 Å. The left plot shows raw data and the right one presents the spectra after removing the contribution of the secondary.



The mass ratio q = KHe II/K2 = 0.187(14) is practically the same as the estimations of Thorstensen et al. (2002a). Therefore, if we adopt KWD ≡ KHe II the mass functions (see Fig. 10) are
[image: thumbnail](2)
[image: thumbnail](3)
	[image: thumbnail]	Fig. 10. Relationships for system components masses vs. of the inclination. The green line corresponds total mass of the system. The primary and the secondary masses are shown by blue and red lines, respectively. The dashed line denotes the Chandrasekhar limit MCh = 1.44 M⊙.



and the system separation (a) is
[image: thumbnail](4)
where MWD and M2 are masses of WD and the secondary, i is the system inclination, and G is the gravitational constant.
The ephemeris of the system based on the radial velocity curve of the secondary was derived as
[image: thumbnail](5)
where T0 is the zeroth phase and the orbital period was determined from the TESS, OAN SPM, and Ondřejov observations. We searched for a variation of equivalent widths (EW) of absorption with the orbital period and found that most of the lines show small dispersion (≲20%) of EW, which weakly depends on the system orbital phase. This can be interpreted as a homogeneous distribution of the surface temperature of the secondary.
5. Quiescence light curve modelling
We used the V-band light curve to apply a modelling tool developed by Zharikov et al. (2013) and described in detail in Subebekova et al. (2020) and Kára et al. (2021, 2023) to redetermine the system parameters and to study the structure of the accretion disc. The model assumes that the disc radiates as a black body at the local effective temperature with radial distribution across the disc given by the equation:
[image: thumbnail](6)
where RWD is the radius of the non-rotating helium WD (Nauenberg 1972), Ṁ is the mass transfer rate, and σ is the Stefan–Boltzmann constant. In the standard accretion disc model, the radial temperature gradient is taken as EXP = 0.25 (Warner 1995, Equation (2.35)), but here we allow it to slightly deviate from this value in a manner similar to Linnell et al. (2010). The accretion disc thickness is defined as
[image: thumbnail](7)
where γdisc is a free parameter for which we used the standard value of γdisc = 9/8 (Warner 1995, Equation (2.51b)) as the initial value. We also used the complex model for the hot spot described in detail in Kára et al. (2021, see their Fig. 9 and therein), where all parameter definitions can be found. The disc limb-darkening used in the model follows the Eddington approximation (Mayo et al. 1980; Paczynski & Schwarzenberg-Czerny 1980).
We fit the light curve by searching for the minimum of the χ2 function, setting all parameters free, and using the gradient-descent method to obtain self-consistent results for the fit. The best-fit parameters are given in Table 5 and the resulting light curves and the contribution of each component are presented in Fig. 11. The numbers in brackets for the variables in Table 4 are uncertainties defined as 1σ of the Gaussian function approximation used to describe the one-dimension χ2 function. The model predicts that in the V-band the light curve is formed by the combination of flux from two main components: the secondary and the hot spot. The contribution in the continuum of the disc and WD is more than ten times lower in comparison with them, indicating an optically thin accretion disc with an effective temperature of radiation only about ∼1500 K. The size of the outer accretion disc is only half of the expected tidal truncated radius of the disc. The disc luminosity of the system L ≈ 1.1 × 1030 erg s−1 corresponds to a low mass transfer accretion rate of Ṁ ≈ 4 × 10−13 M⊙ yr−1.
Table 5. 
System parameters from the light-curve modelling of EI Psc in quiescence.

	[image: thumbnail]	Fig. 11. Top panel: V-band light curve (blue dots) folded to the orbital period and its simulation result. Middle panel: Observed minus calculated (O-C) plot in terms of data uncertainty. Bottom panel: Contribution of each model component.



The geometry of the system is shown in Fig. 12 for a better understanding of the system and disc parameters. The colour bar in the figure marks the effective temperature of the black-body, which corresponds to radiation from the system components.
	[image: thumbnail]	Fig. 12. Geometry of EI Psc. The colour bar corresponds to the effective temperature of the emitting regions. The blue circle shows the disc tidal truncated radius. The cross marks the mass centre of the system.



6. Doppler tomography
We used Doppler tomography (Marsh & Horne 1988) and GTC time-resolved spectra to study the structure of the accretion disc and the accretion flow in the system. We used the code developed by Spruit (1998) to calculate the Doppler maps, which we then plotted using the PYTHON3 programming language and module PYDOPPLER by Hernandez Santisteban (2021).
As can be seen in Fig. 7, spectra of the secondary exhibit numerous absorption lines that blend with the emission lines observed in the spectra. As these absorption lines can result in artifacts in the Doppler maps, we corrected the observed spectra for absorption before computing the Doppler maps10. We did so by subtracting an average spectrum of the K4V red dwarf with metallicity [Fe/H] = 0.0 published by Kesseli et al. (2017). We transformed the model spectrum from the vacuum wavelengths to the air wavelengths using the formula given by Morton (2000, see Eq. (8)) which uses the dispersion formula of Birch & Downs (1994). To subtract the absorption lines from the observed spectra, we normalised the model spectrum and shifted it according to a velocity correction derived from cross-correlation with absorption lines in the vicinity of the studied emission lines. The regions containing emission lines and telluric lines were not included in the cross-correlation analysis. Although this method proved to be effective in eliminating artefacts caused by neighbouring absorption lines, it also introduced an artificial emission at the position of the secondary in the maps based on H and Ca lines. This can be attributed to the difference in abundances of elements between the secondary in EI Psc and an average red dwarf. For the He II line, we use absorption-corrected spectra which we obtained from the procedure described in Section 4.
In Figs. 13, 14, and 15, we show selected absorption-corrected Doppler maps. Additional Doppler maps are shown in Figs. A.1 and B.1 show examples of Doppler maps computed using spectra before the absorption correction was applied. To overplot the Roche lobe of the secondary, the stream ballistic and Keplerian trajectories, the disc truncated radius, and the position of the components, we used the system parameters obtained from the light curve modelling (Section 5).
	[image: thumbnail]	Fig. 13. Absorption-corrected Doppler map of EI Psc based on Hα (top) and Hβ (bottom) observations obtained by GTC. The Roche lobe of the secondary is outlined by solid lines, the tidal limitation radius is outlined by the dashed circle. The plus signs mark the positions of the stellar components, the cross marks the centre of mass, and the star symbol marks the position of the L3 point. The middle panel shows the Doppler map based on Hα with the peak located at the position of secondary removed for better visualisation of the accretion disc structure. The features related to artefacts of the absorption subtraction are marked by the green circle in the maps and by the green line in the trailed spectra.



	[image: thumbnail]	Fig. 14. Absorption-corrected Doppler maps and trailed spectra of He I emission lines. See Fig. 13 for a detailed description of shown elements.



	[image: thumbnail]	Fig. 15. Absorption-corrected Doppler maps and trailed spectra of He II emission line and Ca II emission lines. See Fig. 13 for a detailed description of shown elements.



Doppler maps of Hα and Hβ are presented in Fig. 13. The maps show an uneven doughnut-shaped structure corresponding to the accretion disc. Both maps also exhibit an artifact of absorption subtraction in the form of a spot at the position of secondary. However, some emission in Hα originating from the secondary can also be seen in the unchanged spectra (see Fig. B.1). The middle panel of Fig. 13 shows a Doppler map with the spot at the secondary position completely removed to better visualise the structure of the disc. The maps also show the hot spot, where the accretion stream impacts the disc. The hot spot is located at co-ordinates vx ≈ −600 km s−1, vy ≈ −300 km s−1. This position corresponds to the velocity in the disc of vspot ≈ 700 km s−1 and is in agreement with the velocity of the outer rim of the disc vdisc, out sin i = 699 km s−1 obtained from the light curve modelling. The Hβ map also shows a strong emission from the part of the disc opposite the secondary that lies near the L3 point and another emission originating at the WD or in its vicinity.
The He I line maps (Fig. 14) are generally similar to each other showing similar features with varying intensity. They show the doughnut-like structure of the disc with increased emission coming from the hot spot and from the part of the disc opposite to the secondary. Some He I also show low- velocity emission originating at the position of the WD. In contrast to He I, the He II map (Fig. 15, top panel) shows no emission coming from the accretion disc, apart from a weak hint of the hot spot. The main source of He II emission lies at the position of the WD suggesting that it originates at the WD or in its vicinity; for example, in the boundary layer between the WD surface and the accretion disc. The strongest feature in Ca II (Fig. 15, bottom panel) is the artefact of the absorption correction at the position of the secondary. Apart from this artefact, the map shows a doughnut-shaped structure corresponding to the emission from the accretion disc.
The emission originating closely to the position of the primary is presented on several maps. Although this feature is observed in many AM CVn stars, it is unusual for typical CVs. There is only one other known CV with this feature: the short-orbital period (Porb = 65 min) helium-rich dwarf nova CRTS J112253.3−111037 (see Breedt et al. 2012 and references therein).
In Fig. 16, we plot the result of transforming the calculated Doppler map into the system of spatial co-ordinates using the assumption of the Keplerian velocity distribution of the emitting particles. The colour bar corresponds to the intensity of the Doppler map. The hot spot and an extended structure on the opposite side of the disc from the hot spot are visible. The additional radiation from the secondary (L1) in the plots is probably caused by uncertainties in the subtraction procedure of the secondary contribution from observational spectra.
	[image: thumbnail]	Fig. 16. Accretion disc brightness distribution transformed from Hα (left) and Hβ (right) Doppler maps to the XY plane of the system.



7. System evolution
As predicted by Tutukov et al. (1985), a donor in CV progenitors with 1.0 ≲ M2/M⊙ ≲ 1.5 can exhaust a significant fraction of the hydrogen in their cores before Roche lobe overflow (RLOF). At a low central hydrogen abundance11 of the donor (Xc ≲ 0.1), CVs evolve into ultra-compact binaries with Porb < 80 min. Following the prediction and to investigate the origin of EI Psc, we calculated binary evolution models using the MESA12 code (Paxton et al. 2011, 2013, 2015, 2018, 2019) installed on the multi-core multiprocessor server of the Laboratory of Astrophysics of the Kazakh National University13.
The binary capabilities of MESA are described in detail by Paxton et al. (2015). We follow the mass-losing star with detailed calculations and WD as a point mass. The mass transfer rate during Roche lobe overflow is determined following the prescription of Kolb & Ritter (1990). We accepted a non-conservative mass transfer with a loss of ∼60−100% of mass transferred from the donor. Mass loss during nova eruptions is the most likely mechanism (Schreiber et al. 2016; Hillman et al. 2020; Shen & Quataert 2022) of non-conservative mass transfer and angular momentum loss; however, some others were proposed, such as wind-lost or binary-driven mass loss, mass-lost from the outer Lagrange points L2, L3, and formation of circumbinary disc, or all together with different contributions during distinct epochs of evolution of the system were suggested to explain the discrepancies between observations and theoretical predictions of CVs (see Tang et al. 2024 and references therein). Nevertheless, we note that there exist some contradictions in the predictions of nova-ejection models. For example, there are various studies that support the lack of strong growth or permanence of the white dwarf mass through accretion (Yaron et al. 2005; Gilfanov & Bogdán 2010; Epelstain et al. 2007; Pala et al. 2022), however, Starrfield et al. (2020, 2024) predict an increase in the masses of WDs in CVs during their evolution. In the case of EI Psc, a low or absent increase in the mass of the white dwarf is needed to reach the observed mass ratio observed in the system, which is relatively high for its orbital period.
In our MESA probe, the initial orbital period of the system was selected as 1.0−1.5 days, with initial donor and WD masses of 1.0−1.5 M⊙ and 0.40−1.00 M⊙, respectively. We also vary the mass loss (60−100%) in the system by changing a fraction of the mass lost from the vicinity of the accretor (β parameter in the binary mass transfer control of MESA). The last was used as a parameter which represents all possible mechanisms14 of loss of the accreting material and the angular momentum from the system mentioned above. We calculated a mesh of models that contains about 600 evolution tracks in total The evolution tracks for a selection of MESA models are shown in Fig. 17 where the distribution of effective temperatures of CVs donors vs. orbital periods is also shown by black points (an update of the Beuermann et al. 1998 list). The colour of the tracks marks the mass ratio of the systems. The gray-scale line around the best model track (the wide solid line) represents the full mass transfer rate from the secondary to WD. A part of accreting matter is accumulated by WD and the rest leaves from the system. Systems with WDs ≲0.6 M⊙ and non-conservative mass transfer produce during its evolution warm secondaries which perfectly explain the sample of such systems15 (see Table 6) marked by violet points in the plot. Increasing the initial mass of the secondary leads to increased temperature at the orbital periods ≈1 h, but increasing the accreting mass lost from the system provides the opposite effect. The more massive WDs move evolution tracks to standard form (dashed lines at Fig. 17) while the longer initial orbital periods provide the formation of short period < 1 h systems with lower temperatures of the secondaries. In addition to the non-conservative mass transfer models, the evolution track of a “standard” CV with initial MWD = 0.7 M⊙, M2 = 0.5 M⊙ without the loss of accreting material from the system is presented by the dashed-point line for comparison. The best solution16 for EI Psc was found for a system formed from a binary with MWD = 0.45 M⊙, Mdonor = 1.15 M⊙, the initial orbital period of 1.17 day and the loss of approximately half of the total mass of the system during its evolution or 75% of the material accreting between components (β = 0.75). The peak mass transfer rate reaches ≈10−6 M⊙ yr−1 in the beginning (see Fig. 18), after that, it drops to ≈10−9 M⊙ year−1 during ∼2.5 × 108 years (Porb ≈ 6 h) and late slowly decreases to ≈10−13 M⊙ year−1 at the current state. The largest mass exchange occurs when the system’s orbital period diminishes from 8 to 6 hours and there is a high and unstable mass transfer. At this time, the most significant loss of the mass and the angular momentum in the system occurs. It is not a surprise because the system still has the mass ratio which significantly exceeds the value for steady mass transfer qcrit ≈ 0.65 (see Hjellming & Webbink 1987; Tout et al. 1997 and references therein). The orange dashed line in Fig. 18, (q vs. age panel) shows a critical mass-ratio qcrit, above which mass transfer proceeds on a dynamical timescale and a common-envelope (CE) evolution can occur. The latter is proposed as the origin of the early post-outburst spectra of many novae (Williams et al. 2024) and a significant mass loss (MacLeod & Loeb 2020). We also note that high-mass transfer nova-like systems with orbital periods within the mentioned range were suggested to exhibit an outflow from the accretion disc at the side opposite to the secondary (Subebekova et al. 2020; Hernandez et al. 2017). At shorter orbital periods (right from the solid orange vertical line in Fig. 18), the value of the mass transfer rate decreases to the usual one for CVs, and the mass ratio between components corresponds to the maintenance of stable mass transfer. The mass of WD is slowly increasing, while the donor mass is decreasing, which is accompanied by a loss of part of the accreting material by some of the above-proposed mechanisms. Taking into account the loss of the total system mass (≈0.2 M⊙) along time of evolution during the stable mass transfer and an average ejection of a mass caused by possible nova eruptions (∼10−5 − 10−4 M⊙, Truran & Livio 1986); Yaron et al. (2005), a recurrent time is about ≳103 − 104 years here.
	[image: thumbnail]	Fig. 17. Evolution tracks of EI Psc. The red circle marks EI Psc position. The violet circles denote known systems with warm donors for orbital periods ≲5 hours (see Table 6). The brown squares present the effective temperatures of the donors of CVs plotted vs. their orbital periods (an update of the Beuermann et al. 1998 list). The solid red line corresponds to a relationship that assumes that the secondaries follow the empirical mass-radius relation for main-sequence stars based on Eq. (2.87) from Warner (1995). The solid tracks show the evolutions of systems that form warm secondaries. The wider track corresponds to the evolution of EI Psc system. The dashed tracks plot some of the systems with massive WDs that demonstrate close to standard CV evolution leading to CVs period minimum and forming of period bouncers. The dash-point track shows an example of a conservative mass transfer evolution of a cataclysmic variable with 0.7 M⊙ WD mass and the low mass of the secondary of 0.5 M⊙. The mass transfer rate Ṁ is given in M⊙ year−1 unit. See details in the text.



Table 6. 
Updated list of CVs with anomalously warm secondary according to Wakamatsu et al. (2021) and El-Badry et al. (2021) with orbital periods ≤5 hours.

	[image: thumbnail]	Fig. 18. Evolution of parameters of the best MESA model of EI Psc with the system age. The mass transfer rate Ṁ is given in M⊙ year−1 unit. The dashed orange line shows the critical mass ratio (see the text). The solid orange line corresponds to the age of the system, after which the mass transfer becomes stable.



Table 7. 
List of dwarf novae CVs with periods between 0.92 and 1.11 hours.

The evolution results in the formation of a close binary system with orbital periods below 80 min that contains a donor with atmospheres enriched with helium up to about 70%. It is not a surprise because it is known that around the orbital period of EI Psc, there are several systems classified as helium-rich CVs (see Table 7) based on a relatively high ratio of He I/Hα ⪅ 1 line intensity. In Fig. 19, left, we show profiles of the density (top), temperature (middle), and hydrogen and helium abundance of a secondary vs. its radius at the moment of the system evolution with the corresponding current state of EI Psc as follows from MESA calculation.
	[image: thumbnail]	Fig. 19. Left panel: Log of density, log of the temperature, and abundance of H and He in the secondary of EI Psc following MESA model. Right panel: Calculated spectrum of the secondary compared with observed one of EI Psc.



Based on these results, we calculated a spectrum of secondary (Teff = 4400 K, log g = 5.38, X = 0.30, Y = 0.68, Z = 0.02) using TLUSTY and SYSNSPEC codes by Hubeny et al. (2021) using the MESA model for the abundances of some heavy elements (C, N, O, Ne, Mg) and adopting solar abundances for the other. In the top panel of Fig. 19, right, we present the flux-calibrated X-shooter spectrum together with the calculated one shifted to the flux from the secondary from our light curve fitting (see Fig. 11), while in the lower panel, the difference between them is shown. The modelling spectrum has a flux maximum Fλ at ≈4600 Å in contrast to ≈6000 Å of a zero-age main-sequence star (ZAMS) of similar effective temperature. The continuum after the peak decreases more rapidly with increasing wavelength compared to ZAMS and its slope is the same as that of the X-shooter spectrum. The result of subtraction of observed and synthetic donor spectra has a flat continuum after ∼4600 Å. Below ∼4600 Å, the flux of the continuum shows an increase. We speculate that it can be caused by the more complicated model of the secondary atmosphere and/or by an additional contribution in the blue part of the spectrum from a boundary layer between the disc and WD or radiation from L1 and/or stream flux.
The number of systems with warm donors must be significantly lower than the rest of the CVs. Sun-like stars (∼1 M⊙) are no more than ≲8% of the total Galactic stellar population (Just et al. 2015, and reference therein) and their number will be significantly lower in the progenitors of CVs.
8. Conclusions
Based on the presented analyses, we conclude that:

	
The system contains a relatively low temperature Teff = 6130 K, MWD = 0.70(4) M⊙ white dwarf. The mass of the secondary is M2 = 0.13 M⊙. Its temperature T2 = 4440 K is higher than in the rest of the systems at close orbital periods. The inclination of the system is [image: equation], its mass accretion rate is ≈4 × 10−13 M⊙ year−1.



	
The long-term light curve of the system shows outbursts and superoutbursts of magnitudes ≈3 and ≈4, respectively. The quiescence V-band and TESS light curves are double humped and are formed by a combination of radiation from the secondary and the hot spot. The variation in the shape of the quiescence light curve is related to a change in the contribution of the hot spot that occurs over a timescale of months.



	
The outer disc radius in quiescence is about two times smaller than the tidal truncation radius. The radiation from the disc in the continuum in quiescence corresponds to a low effective temperature ∼1500 K, which means that the disc radiates mostly in emission lines and from the hot spot at the impact region between the disc and the accretion stream from the secondary.



	
The trailed spectra and Doppler maps of the Balmer lines show the presence of doughnut-shaped emission from the accretion disc, a hot spot, and a non-uniform extended structure on the side of the disc opposite the hot spot. The He I Doppler maps show structures similar to the ones present in maps of Balmer lines. The He II line is probably formed on the surface of WD or in the boundary region between the WD and the disc.



	
Inside of the MESA approach we show that systems with warm secondary originated from binaries with initial days-scale orbital periods and which contained low-mass white dwarfs MWD ≲ 0.6 M⊙ and relatively massive M2 ∼ 1.1 − 1.5 M⊙ main sequence companions. During evolution, systems lose about half of the common mass or ∼75% of the accreting material.



	
In the case of EI Psc, the mass of the WD has increased due to accretion by about 0.25 M⊙ up to the moment. Such a moderate increment and a loss of most parts of the accreting material are needed to form the system with the high mass ratio q = 0.185 and the warm T2 = 4440 K secondary.



	
The object represents a stage of evolution that leads to the formation of AM CVn-type binary systems. The observed number of similar systems must be significantly lower in comparison with the usual CVs caused by a lower forming rate of its progenitors and a relatively short time for which the system has a hot secondary.



	
Currently, the secondary in EI Psc is represented by a dense hot helium core object containing about 30% hydrogen in its atmosphere.





[bookmark: S15]Data availability
The spectra obtained at GTC and the photometry obtained at OAN SPM and Ondřejov observatories are available at the CDS via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/699/A81. The detailed models of binary stellar evolution with modifications and enhancements to the standard MESA code used for the analysis are available at https://zenodo.org/records/15531340


1 ESO programme 0105.D-0014(A), PI: Pala, A. F.


2 http://www.gtc.iac.es/instruments/osiris/


3 PI: Zharikov, S.


4 MAST: Barbara A. Mikulski Archive for Space Telescopes, https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html


5 https://www.astrossp.unam.mx


6 Developed at the Ondřejov Observatory by M. Velen and P. Pravec.


7 https://asas-sn.osu.edu/


8 https://www.ztf.caltech.edu/ztf-public-releases.html


9 https://www.aavso.org


10 Examples of uncorrected Doppler maps are presented in Fig. B.1.


11 The mass-fraction of hydrogen and helium are called “X” and “Y” respectively. The symbol “Z” is the mass fraction of all other elements heavier than helium.


12 MESA, version 24.08.1.


13 https://astro.kaznu.info/Computingcluster.html


14 We note that the modelling does not explicitly include several difficult-to-incorporate effects, such as the influence of nova eruptions on the evolution of the secondary star, short-term episodic mass loss from the system, and irradiation of the secondary. However, we have assumed that the cumulative impact of these processes is effectively captured through the time-averaged parameter β. This assumption is justified by the variable time-step used in our modelling, which is controlled by the parameter varcontrol_target = 10−3. The resulting time resolution is of the order of ∼104 years during phases of high mass transfer and ∼105 − 106 years during stable mass transfer, significantly longer than the duration of nova events (typically lasting from a few days to a few weeks) and comparable to or greater than typical nova recurrence timescales. The standard MESA code was also modified to exclude non-physical “resonance” in system evolution, which sometimes occurred due to poor temporal resolution in the evolution model. This was achieved by introducing mechanisms to limit abrupt changes in key parameters such as radius and luminosity between the calculation steps. Corrections were also made to the computation of mass transfer rates in binary systems by applying adaptive constraints to avoid unstable spikes. The calculation time step was refined to improve the accuracy of tracking rapid changes in physical parameters, ensuring a stable and physically realistic representation of the system’s evolution.


15 We note that five objects from the sample are located in the period gap. Their visibility in this range of periods is probably caused by the presence of warm secondaries.


16 The best model solution (MWD = 0.697 M⊙, q = 0.188, Ṁ = 4.98 × 10−13 M⊙ year−1 at current state of the system, the time from the beginning mass transfer to the current state tacc = 5.3 × 108 years) was selected by comparing the orbital period, the effective temperature of the secondary, and the mass ratio of the components obtained from the evolutionary model with the values derived by light curve modelling.
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Appendix A:  Additional Doppler maps
	[image: thumbnail]	Fig. A.1. Absorption-corrected Doppler maps based on He I and He II. See Fig. 13 for a detailed description of shown elements.




Appendix B:  Examples of Doppler maps constructed using uncorrected spectra
	[image: thumbnail]	Fig. B.1. Doppler maps without the absorption correction.
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All Figures
	[image: thumbnail]	Fig. 1. Top: Long-term light curve of EI Psc composed of ASAS-SN, ZTF, Gaia, AAVSO, TESS, SPM, Ondřejov observations, and observations published by Skillman et al. (2002). The vertical lines represent the date of spectral observations of LAMOST (brown), ESO (green), and GTC (yellow). The black and red triangles mark the observed outbursts and superoutbursts, respectively. Bottom: Light curve showing the scheduling of different observations focusing on the time of GTC observations (yellow vertical lines) and SPM observations. The photometric data in both panels were shifted in such a way that the quiescence level would be the same as for the SPM data.
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	[image: thumbnail]	Fig. 2. Outbursts observed by TESS mission on September 3, 2022 and October 2, 2023. The brightness change rate is indicated in the upper panels.
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	[image: thumbnail]	Fig. 3. Periodogram of the TESS SPM, and Ondřejov data focusing on the orbital period. Only the data obtained in quiescence were used.
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	[image: thumbnail]	Fig. 4. TESS and SPM phase-folded light curves in quiescence. Only TESS measurements with an error smaller than 5 e− s−1. The orange points show the binned light curve with the width of the bins set to 0.02 of the orbital phase.
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	[image: thumbnail]	Fig. 5. Phase-folded light curves obtained at the Ondřejov Observatory in 2023 and 2024.
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	[image: thumbnail]	Fig. 6. LAMOST and X-shooter flux calibrated spectra of EI Psc.
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	[image: thumbnail]	Fig. 7. Spectra of EI Psc obtained at GTC with grism R2500V (top panels), R2500R (middle panels), and R2500I (bottom panels). The upper panels show averaged spectra in blue and a single spectrum in light blue, single spectra were obtained during the orbital phase φ ≐ 0.0. The lower panels show trailed spectra.
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	[image: thumbnail]	Fig. 8. Radial velocities of absorption lines and Hα and He II emission lines. The solid lines show the best sinusoidal fits of each set, parameters of the best fits are given in Table 4.
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	[image: thumbnail]	Fig. 9. Trailed spectra zoomed in on He II 4686 Å. The left plot shows raw data and the right one presents the spectra after removing the contribution of the secondary.
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	[image: thumbnail]	Fig. 10. Relationships for system components masses vs. of the inclination. The green line corresponds total mass of the system. The primary and the secondary masses are shown by blue and red lines, respectively. The dashed line denotes the Chandrasekhar limit MCh = 1.44 M⊙.
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	[image: thumbnail]	Fig. 11. Top panel: V-band light curve (blue dots) folded to the orbital period and its simulation result. Middle panel: Observed minus calculated (O-C) plot in terms of data uncertainty. Bottom panel: Contribution of each model component.
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	[image: thumbnail]	Fig. 12. Geometry of EI Psc. The colour bar corresponds to the effective temperature of the emitting regions. The blue circle shows the disc tidal truncated radius. The cross marks the mass centre of the system.
In the text



	[image: thumbnail]	Fig. 13. Absorption-corrected Doppler map of EI Psc based on Hα (top) and Hβ (bottom) observations obtained by GTC. The Roche lobe of the secondary is outlined by solid lines, the tidal limitation radius is outlined by the dashed circle. The plus signs mark the positions of the stellar components, the cross marks the centre of mass, and the star symbol marks the position of the L3 point. The middle panel shows the Doppler map based on Hα with the peak located at the position of secondary removed for better visualisation of the accretion disc structure. The features related to artefacts of the absorption subtraction are marked by the green circle in the maps and by the green line in the trailed spectra.
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	[image: thumbnail]	Fig. 14. Absorption-corrected Doppler maps and trailed spectra of He I emission lines. See Fig. 13 for a detailed description of shown elements.
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	[image: thumbnail]	Fig. 15. Absorption-corrected Doppler maps and trailed spectra of He II emission line and Ca II emission lines. See Fig. 13 for a detailed description of shown elements.
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	[image: thumbnail]	Fig. 16. Accretion disc brightness distribution transformed from Hα (left) and Hβ (right) Doppler maps to the XY plane of the system.
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	[image: thumbnail]	Fig. 17. Evolution tracks of EI Psc. The red circle marks EI Psc position. The violet circles denote known systems with warm donors for orbital periods ≲5 hours (see Table 6). The brown squares present the effective temperatures of the donors of CVs plotted vs. their orbital periods (an update of the Beuermann et al. 1998 list). The solid red line corresponds to a relationship that assumes that the secondaries follow the empirical mass-radius relation for main-sequence stars based on Eq. (2.87) from Warner (1995). The solid tracks show the evolutions of systems that form warm secondaries. The wider track corresponds to the evolution of EI Psc system. The dashed tracks plot some of the systems with massive WDs that demonstrate close to standard CV evolution leading to CVs period minimum and forming of period bouncers. The dash-point track shows an example of a conservative mass transfer evolution of a cataclysmic variable with 0.7 M⊙ WD mass and the low mass of the secondary of 0.5 M⊙. The mass transfer rate Ṁ is given in M⊙ year−1 unit. See details in the text.
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	[image: thumbnail]	Fig. 18. Evolution of parameters of the best MESA model of EI Psc with the system age. The mass transfer rate Ṁ is given in M⊙ year−1 unit. The dashed orange line shows the critical mass ratio (see the text). The solid orange line corresponds to the age of the system, after which the mass transfer becomes stable.
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	[image: thumbnail]	Fig. 19. Left panel: Log of density, log of the temperature, and abundance of H and He in the secondary of EI Psc following MESA model. Right panel: Calculated spectrum of the secondary compared with observed one of EI Psc.
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	[image: thumbnail]	Fig. A.1. Absorption-corrected Doppler maps based on He I and He II. See Fig. 13 for a detailed description of shown elements.
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	[image: thumbnail]	Fig. B.1. Doppler maps without the absorption correction.
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        Spectra of EI Psc obtained at GTC with grism R2500V (top panels), R2500R (middle panels), and R2500I (bottom panels). The upper panels show averaged spectra in blue and a single spectrum in light blue, single spectra were obtained during the orbital phase φ ≐ 0.0. The lower panels show trailed spectra.
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        Relationships for system components masses vs. of the inclination. The green line corresponds total mass of the system. The primary and the secondary masses are shown by blue and red lines, respectively. The dashed line denotes the Chandrasekhar limit MCh = 1.44 M⊙.

      

    

  
    
      Fig. 11. 
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        Top panel: V-band light curve (blue dots) folded to the orbital period and its simulation result. Middle panel: Observed minus calculated (O-C) plot in terms of data uncertainty. Bottom panel: Contribution of each model component.

      

    

  
    
      Fig. 13. 
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        Absorption-corrected Doppler map of EI Psc based on Hα (top) and Hβ (bottom) observations obtained by GTC. The Roche lobe of the secondary is outlined by solid lines, the tidal limitation radius is outlined by the dashed circle. The plus signs mark the positions of the stellar components, the cross marks the centre of mass, and the star symbol marks the position of the L3 point. The middle panel shows the Doppler map based on Hα with the peak located at the position of secondary removed for better visualisation of the accretion disc structure. The features related to artefacts of the absorption subtraction are marked by the green circle in the maps and by the green line in the trailed spectra.
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        [image: thumbnail]
      

      
        Absorption-corrected Doppler maps and trailed spectra of He I emission lines. See Fig. 13 for a detailed description of shown elements.

      

    

  
    
      Fig. 16. 
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        Accretion disc brightness distribution transformed from Hα (left) and Hβ (right) Doppler maps to the XY plane of the system.
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