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Abstract

Context. While space-based telescopes offer unparalleled precision for asteroseismology, ground-based observations remain crucial for identifying compact pulsator candidates and enabling their pulsational study through multi-colour photometry. The BlackGEM telescope array, with its high-cadence multi-colour photometry survey, significantly enhances the detection and characterisation possibilities for compact pulsators that tend to be much fainter than dwarfs or giant pulsators.

Aims. Using BlackGEM multi-colour photometry of the hot pre-white dwarf PG 1159–035, we demonstrate its capability to detect short, multi-periodic pulsations with amplitudes down to a few milli-magnitudes. The primary aim of this study is to establish the feasibility of pulsation mode identification in hot subdwarfs and white dwarfs via mode amplitude-ratio analysis derived from BlackGEM multi-colour observations.

Methods. Pulsation frequencies were extracted from our target using iterative pre-whitening analysis. To validate our data-driven mode identification concept using multi-colour photometry, we used the well-studied hot pre-white dwarf PG 1159–035, with previously identified pulsation modes, as a prototypical object that served for validation.

Results. The pre-whitening analysis using BlackGEM’s standard q-, u-, and i-band light curves of PG 1159–035 revealed pulsation frequencies of ℓ = 1 and ℓ = 2 modes, consistent with values obtained from the literature. Using the frequencies identified from the q band, amplitudes in the i and u bands could be estimated. Subsequent amplitude ratio calculations resulted in discernible distributions for the ℓ = 1 and ℓ = 2 modes. The future assembly of more BlackGEM amplitude ratios for well-known white dwarfs with already identified modes will lead to density estimators suitable for identifying newly detected modes in known or as-yet-undiscovered pulsators.

Conclusions. Our proof-of-concept study paves the way for large-scale asteroseismic analyses of optically faint compact pulsating stars using ground-based facilities, such as BlackGEM. As BlackGEM continues its observations, a substantial number of these objects will be observed as part of a regular survey, enabling a robust characterisation of their pulsation modes in the context of population studies.
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1. Introduction
Compact pulsating stars including hot subdwarfs, pre-white dwarfs, and white dwarfs are crucial laboratories for probing the late stages of stellar evolution and the internal structure of evolved low-mass stars, especially those originating from binary interactions. Despite decades of study, the evolutionary pathways connecting these objects, such as hot subdwarfs and pre-white dwarf stars, are not yet fully constrained (Charpinet et al. 2000; Fontaine & Brassard 2008; Córsico et al. 2019; Lynas-Gray 2021). Their multiple pulsation frequencies and modes are crucial components to enable more detailed studies of their internal structures through asteroseismology (see e.g. Chapter 6 in Aerts et al. 2010).
Hot subdwarf B (sdB) stars are evolved, core-helium-burning objects located on the extreme horizontal branch (Heber 2016). They originate from low- to intermediate-mass stars that have undergone helium ignition in their cores, although their precise formation channels are still a matter of debate. Plausible channels include binary interactions, enhanced mass loss during the red giant phase, or mergers of helium-core white dwarfs. A sub-set of these stars (sdBV stars) exhibit multi-periodic, non-radial pulsations, which are manifested either as pressure (p), gravity (g), or both p and g modes. The latter class is referred to as hybrid pulsators (Kilkenny et al. 1997; Green et al. 2003; Baran et al. 2005; Schuh et al. 2006).
White dwarfs, on the other hand, represent the final evolutionary stage of low- and intermediate-mass stars, which account for over 95 per cent of all stars in the Milky Way (Althaus et al. 2010). A considerable proportion of them display photometric variability arising from pulsations, binarity, or transiting planetary debris, which provides a valuable set of diagnostics for probing their internal structures and their interactions with remnant planetary material. As the ultimate products of stellar evolution for the majority of low-to-intermediate-mass stars, white dwarfs may pass through one of three principal instability regions as they gradually cool (i.e. DOV, DBV, and DAV). The specific instability region a star enters depends on its atmospheric composition (see the reviews by Fontaine & Brassard 2008; Winget & Kepler 2008; Córsico et al. 2019).
At higher effective temperatures and lower surface gravities, the PG 1159 stars (hydrogen-deficient, carbon- and oxygen-rich pre-white dwarfs, and white dwarfs) show multi-periodic, non-radial g-mode pulsations. These are excited by the κ-mechanism operating in the partial ionisation zones of carbon and oxygen (Starrfield et al. 1983; Bradley & Dziembowski 1996; Gautschy et al. 2005; Quirion et al. 2007). Such pulsators, known as GW Vir stars, form a key link between post-asymptotic giant branch (post-AGB) stars and white dwarfs (Werner & Herwig 2006; Werner et al. 2014; Córsico et al. 2019). Of the 67 PG 1159 stars known (Werner et al. 2022), 24 have been confirmed as GW Vir pulsators (Uzundag et al. 2021, 2022), implying that roughly one-third of objects within the instability strip exhibit pulsations.
Asteroseismology relies critically on mode identification, which requires us to determine the spherical degree, ℓ, and azimuthal order, m, of observed modes, allowing each mode to be matched with its theoretical counterpart (Aerts et al. 2010). In slow rotators, these quantum numbers uniquely describe the pulsation geometry and determine which regions of the stellar interior are being probed. For bright, large-amplitude pulsators, ℓ and m can often be inferred from frequency patterns in long, uninterrupted light curves (see Hekker & Christensen-Dalsgaard 2017; García & Ballot 2019; Aerts 2021; Kurtz 2022; Aerts & Tkachenko 2024, for reviews). However, compact pulsators are typically faint and require high-cadence, high signal-to-noise (S/N) light curves, making them under-represented in space-based asteroseismic samples (e.g. Reed et al. 2016; Hermes et al. 2017; Ketzer et al. 2017; Baran et al. 2019; Reed et al. 2021; Córsico et al. 2022; Uzundag et al. 2022; Calcaferro et al. 2024). Although many sdBVs and white dwarfs have been detected from space missions, only a modest sub-set of them possesses the continuous, high-quality photometry needed for robust mode identification. Consequently, ground-based observations remain essential for expanding the sample of compact pulsators suitable for asteroseismology and for identifying their modes through multi-colour photometry.
Traditional methods for photometric mode identification exploit amplitude ratios and phase differences measured in multiple filters (Heynderickx et al. 1994; Dupret et al. 2003; Ramachandran et al. 2004). These techniques have been successfully applied to a variety of pulsating classes, including β Cephei stars (Heynderickx et al. 1994; Fritzewski et al. 2025), δ Scuti stars (Balona et al. 2001), white dwarfs (Tucker et al. 2018), and hot subdwarfs (Randall et al. 2005; Jeffery 2008). Notably, Balloon 090100001 remains a benchmark sdBV case where multi-colour mode identification was independently confirmed by spectroscopy (Baran et al. 2008).
Through large-scale photometric and spectroscopic surveys, the sample of known pulsating hot compact stars has steadily increased to levels where carrying out individual follow-ups for each target is becoming increasingly difficult. It is therefore essential to develop methods where parameters, including mode identifications, can be obtained from the survey data directly, without any need for follow-up observations of each individual object. This requires high photometric precision on the survey products, as well as (at least) a three-filter strategy to enable the mode identification of non-radial pulsations. The same mode identification technique can be applied when at least two filters and radial velocities are utilised. Even if the instrument was not primarily designed for it, these requirements are met by the BlackGEM array (Groot et al. 2024).
The BlackGEM array comprises three robotic optical telescopes, with each telescope covering a field of view of 2.7 square degrees, located at the ESO La Silla Observatory, Chile. While its prototype, the MeerLICHT telescope, has been operational in Sutherland, South Africa, since 2019, BlackGEM became operational in 2023. BlackGEM’s primary objective is to detect and characterise optical counterparts to gravitational wave events. In addition, the BlackGEM Fast Synoptic Survey (Groot et al. 2024) aims to find short-period (ultra-)compact binaries, through a strategy where selected fields are observed for two 3-hour time stretches on subsequent nights, following a sequence of q, u, q, i-band cycles, with 60 s integrations and an overhead of ∼15 s per exposure to allow for read-out and filter changes. In addition, each field is observed in a single q-band exposure per night in the two weeks preceding and following the two-night high-cadence monitoring.
BlackGEM’s unique capabilities, including contemporaneous observations in multiple filters, high-cadence observations, and a large field of view, make it in principle well-suited for asteroseismic survey studies of compact pulsators. In this pilot study, we demonstrate the feasibility of deriving mode identifications for compact pulsators using standard multi-colour survey products, focusing on the prototype DOV star PG 1159–035. Demonstrating the efficiency of this mode identification technique on a selected known pulsator is essential for future large-scale asteroseismic analyses of compact star populations. The structure of this paper is as follows. Section 2 describes the data and methods. Section 3 presents the resulting frequency analysis and mode identifications. The discussion and conclusions are provided in Sect. 4.
2. Data and methods
2.1. Target
In this pilot project, PG 1159–035 (EPIC 201214472 or TIC 35062562; Winget et al. 1991; Córsico et al. 2021; Oliveira da Rosa et al. 2022) was selected as our prime proof-of-concept target, as it has been previously studied, with numerous identified modes of low-degree ℓ available. Additionally, PG 1159–035 has been found to have both ℓ = 1 and ℓ = 2 modes, essential to testing the validity of our method. PG 1159–035 is a hot pre-white dwarf pulsator (McGraw et al. 1979), discovered as a blue object with an apparent magnitude in the Johnson B-filter of 14.5 mag from the Palomar Green (PG) survey (Green 1977; Winget et al. 1985). Its temperature was found to be 140 000 ± 5000 K (Werner et al. 1991; Costa & Kepler 2008), and it is considered the prototype of the spectroscopic class ‘PG1159’ and the pulsating class DOV.
Extensive asteroseismic analyses of PG 1159–35 have been carried out since the detection of 125 non-radial g-mode pulsations in its spectrum (Winget et al. 1991), using 24 h coverage multi-site observations over 12 days conducted by the Whole Earth Telescope (WET; Nather et al. 1990). Similar observations were subsequently conducted by WET spanning 15 days (Bruvold 1993; Costa et al. 2003)
Mode identifications were most recently extracted based on Transiting Exoplanet Survey Satellite (TESS; Córsico et al. 2021) and Kepler K2 (Oliveira da Rosa et al. 2022) observations. Oliveira da Rosa et al. (2022) reported 32 and 27 frequencies, associated with ℓ = 1 and ℓ = 2 modes, respectively. Additionally, rotational splitting was identified in PG 1159–035, suggesting a rotational period of 1.4 days. A significant peak at 1.299 days, corresponding to its surface rotation, was also detected in the periodogram (Oliveira da Rosa et al. 2022). The difference between these periods demonstrated the existence of differential rotation in PG 1159–035. Furthermore, a pulsation mode at 516 s in PG 1159–035 was detected to change with a rate of dP/dt = ( − 1.2  ± 0.1)×10−11 s s−1 (Winget et al. 1985). Oliveira da Rosa et al. (2022) observed complex and unclear patterns in the rate of period change over the years, noting cycles of both negative and positive rate values in the m components of several modes. This behaviour was suggested to be linked to non-linear mode coupling (see Sect. 3.1).
BlackGEM observations for PG 1159–035 were taken between June 2023 and May 2025 in the q − ,u−, and i−filter bands (see Groot et al. 2024 for the filter curve definitions), with the bulk of the data obtained during the intensive April 2025 campaign. The shorter sequences from June 2023 and May 2025 were retained to improve the frequency resolution and window function, but do not affect the main frequency content derived from the 2025 campaign. Light curves were extracted and processed using BlackGEM’s forced photometry pipeline, developed by the BlackGEM software team. In brief, photometric optimal-photometry measurements, following Horne (1986), were obtained for each detection after removing nearby bright sources by iterative cleaning (Vreeswijk et al., in prep.) to reduce contamination. After applying light curve quality criteria to the data (see Sect. 2.2), the cleaned light curve for PG 1159–035 consists of 414, 201, and 197 observations in the q, u, and i bands, respectively, as summarised in Table 1 and Fig. 1.
	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. Number of observations per month per filter for PG 1159–035’s BlackGEM light curve.



	[image: Thumbnail: Fig. 2. Refer to the following caption and surrounding text.]	Fig. 2. Periodograms of the first five iterations and the last iteration in the iterative pre-whitening processes of the frequencies obtained from the q band.



Table 1. 
Summary of BlackGEM’s observational parameters of PG 1159–035.

2.2. Pulsations extractions
A dedicated frequency analysis approach for sparsely sampled light curves has been developed and described in detail in Ranaivomanana et al. (2023) to extract the dominant frequency in hot and compact objects observed from the MeerLICHT telescope. Uncertainties on the detected frequencies were estimated using a Monte Carlo approach, as in Ranaivomanana et al. (2025). The frequency search algorithm, known as the hybrid Ψ-statistic, is based on a combination of a Lomb-Scargle periodogram (LSP; Lomb 1976; Scargle 1982) and Lafler-Kinman statistic (Clarke 2002; Lafler & Kinman 1965), which includes the uncertainties in the flux measurements in the computation of the periodogram. Since this technique has proven effective for MeerLICHT data, the same approach was used for the BlackGEM light curves.
Several pre-processing steps were considered before extracting the dominant frequency in the light curves for each BlackGEM band. Observation times were converted to Barycentric Julian Date (BJD_TDB) to correct for the light-travel time between the Earth and the Solar System barycentre (Eastman et al. 2010). This ensures a consistent barycentric time reference and minimises light-travel-time systematics, which is important when analysing high-frequency pulsations over long time baselines and when comparing frequencies with independent datasets. For the calculation of pulsational amplitudes and phases, the same initial time stamp t0 was used to subtract the q-, u-, and i-band light curves for a consistent zero-point in time (e.g. Van Beeck et al. 2021). Additionally, observations with large photometric zero-point uncertainties were removed from the light curves. These were identified using the BlackGEM light curve quality flag, where QC-FLAG = ’red’. Simultaneously, measurements unaffected by bad pixels or cosmic rays were selected using FLAGS_MASK = 0.
The frequency search was conducted from 3 d−1 to 360 d−1 with an oversampling factor of 10 using the magnitude values in each band. The lower limit of this frequency trial range was chosen to avoid low-frequency signal, as frequencies in that regime are often introduced by instrumental effects and their one-day aliases in ground-based day-night cycle observations. After extracting the dominant frequency from the processed light curve, the iterative pre-whitening was applied to extract multiple frequency peaks from the light curve using a frequency range from 20 d−1 to 300 d−1. This choice was driven by the properties of the spectral window function, which shows strong power below 20 d−1. The iterative pre-whitening steps consist of optimising the original frequency peak using increased frequency sampling (oversampling factor = 100) within a small frequency window around the peak (Press & Rybicki 1989; VanderPlas & Ivezić 2015). Fixing the optimised frequency, the amplitude and phase were then estimated using a least-square fit of a sinusoid model, where the uncertainties in amplitude and phase were derived using Jackknife uncertainty estimates (Efron 1982; Thomson 2007). The three calculated parameters (frequency, amplitude, and phase) were further optimised using a non-linear fitting algorithm based on the Levenberg-Marquardt method, implemented in the lmfit python package (Newville et al. 2016). These three parameters were considered as free parameters in the non-linear fit, where the optimal values obtained from the least-square fit serve as the initial parameters. At each iterative process, the final model was built using all parameters, including those taken from previous iterations.
The residual light curve was obtained by subtracting the original phase-folded light curve from the final model. Then, the pre-whitening steps above were repeated, starting from the dominant frequency search on the residual. The iterative pre-whitening steps were independently conducted for each band. The pre-whitening process was limited to 20 iterations to include a few low-amplitude peaks for illustrative purposes. While some of these coincide with frequencies previously reported from independent campaigns, their detection in the present dataset alone is not significant. They are retained solely to demonstrate the extraction and comparison of multi-band amplitude ratios. The derived amplitudes and phases for these marginal peaks should be regarded as uncertain, particularly given the known temporal variability of PG 1159–035’s pulsation spectrum. In this sense, several of the frequencies listed in Tables 2–4 would not be considered significant without independent datasets.
Table 2. 
Pre-whitened frequencies obtained from the q-band light curve.

Table 3. 
Pre-whitened frequencies obtained from the i-band light curve.

Table 4. 
Pre-whitened frequencies obtained from the u-band light curve.

The reported 20 frequencies, amplitudes, and phases in Tables 2–4 correspond to those simultaneously optimised at the end of the pre-whitening steps using the final non-linear regression model. The standard deviation of the final residual light curve in the q band is 0.006 mag.
3. Results
The extracted frequencies are presented in Tables 2–4 for each filter band. Although the hybrid Ψ-statistic reduces diurnal aliasing more effectively than a Lomb–Scargle periodogram, the aliases were not entirely eliminated. Defining robust S/N-based thresholds for the Ψ-statistic remains non-trivial, and the low-amplitude peaks in Tables 2–4 should not be regarded as confirmed independent frequencies without external validation. Therefore, the 20 extracted frequencies were compared with previously detected modes from K2 (Oliveira da Rosa et al. 2022) and WET (Winget et al. 1991) observations. To ensure robust mode frequencies, only those identified in both K2 and WET were considered as a match (labelled as such in Tables 2–4). The reported uncertainties in the fitted frequencies and amplitudes were estimated using Monte Carlo resampling within the iterative Ψ-statistic pre-whitening procedure. As this method is non-linear and incorporates irregular sampling and multi-frequency correlations, the empirical uncertainties do not strictly follow the analytical relations derived by Montgomery & O’Donoghue (1999). The reported values therefore represent the scatter obtained from repeated noise realisations, rather than formal least-squares errors. The amplitude uncertainties should be regarded as conditional estimates, derived at a fixed frequency; therefore, they represent lower limits on the full marginal uncertainties of the final multi-frequency fit. Similarly, the derived frequency uncertainties primarily reflect the common time baseline, window function, and correlated noise properties of the data, rather than the number of observed cycles alone. This naturally leads to comparable frequency uncertainties for long- and short-period modes with similar signal-to-noise ratios. For the dominant modes considered in the amplitude-ratio analysis, these uncertainties do not alter the qualitative trends discussed in this work.
To facilitate comparisons with previously published measurements, we list the differences between the BlackGEM and K2 or WET frequencies in the two right-most columns. These differences are useful indicators of whether discrepancies may arise from one-day or half-day aliasing rather than from intrinsic frequency variability. The uncertainty associated with each difference is the quadratic sum of the individual BlackGEM and K2 or WET frequency uncertainties. For the q-band data, this combined uncertainty is of the order of 10−3 d−1 (i.e. more than two orders of magnitude smaller than the frequency differences listed) and, thus, it does not affect the interpretation. For completeness, we also list the i− and u-band frequency differences in Table 3 and Table 4, noting that their uncertainties are somewhat larger owing to the lower S/N in those bands, but these measurements were not used in the subsequent analysis.
We also note that small differences between nominally corresponding frequencies (typically several 10−3 d−1) are within the frequency precision permitted by the observational cadence, window function, and the effective time baseline of the BlackGEM data. Thus, they should not be interpreted as physical differences between modes.
The frequencies from the q-band data that have identified modes from K2 and WET are presented in Table 2, where five frequencies correspond to ℓ = 1 and three frequencies to ℓ = 2. These are, in most cases, consistent with those found in K2 and WET, allowing us to deduce daily aliases that are unavoidable in single-site ground-based data. In Table 2, the differences between the q-band frequencies and the literature frequencies from K2 and WET are shown in the columns |fBG − fK2| and |fBG − fWET|, respectively. We note that a frequency with ambiguous mode identification was not included in the list of reported modes. For instance, this is the case for the q-band frequency at 222.58 d−1, which is very close (within 1 d−1) to K2 frequencies at 223.324 d−1 (ℓ = 1) and 231.376 d−1 (ℓ = 2), and WET frequency at 221.368 d−1 (ℓ = 2).
Furthermore, the dominant frequencies with the highest amplitudes in K2 and WET correspond to two different frequencies, 160.902 d−1 and 167.428 d−1, respectively, with both frequencies being ℓ = 1 and m = 1 modes. Both frequencies were not detected in the q-band frequencies listed in Table 2. Rather, the dominant frequency in BlackGEM q-band data at 160.192 d−1 is the m = −1 component of the K2 dominant frequency triplet. The differences between these dominant frequencies are further discussed in Sect. 3.1
Regarding the i-band light curve, a total of six frequencies with only ℓ = 1 modes were identified from K2 and WET, as shown in Table 3. Only three of these six modes match with those found in the q-band data. The dominant frequency in the i-band light curve is consistent with the q-band dominant frequency, even if it is 1 d−1 away from the q-band one.
As for the u-band light curve, a total of five frequencies with only ℓ = 1 modes were found among those detected in K2 and WET. Three of these frequencies match the q-band frequencies, while two of them match the i-band ones. In total, only two frequencies with ℓ = 1 modes were matched across the BlackGEM q,  u, and i bands. Therefore, in the procedure described in Sect. 3.2, the q-band frequencies, which have the best precision and are known modes from K2 and WET, were used to estimate the corresponding amplitudes in the u and i bands.
3.1. Combination frequencies and resonant mode coupling
The difference in the dominant frequencies across the three white-light observations (WET, K2, and TESS) and the variability within the same multiplet might indicate mode interactions and amplitude variability in PG 1159–035. This phenomenon is often attributed to non-linear resonant mode coupling (Buchler & Goupil 1984; Goupil et al. 1998). Such non-linear mode interactions cause the pulsation modes to exchange energy, leading to a time-dependent increase in the amplitude of one mode at the expense of another mode’s amplitude. From a theoretical point of view, such resonant mode interactions must satisfy specific resonance conditions deduced from coupled mode amplitude equations (AEs; Van Hoolst 1994; Mourabit & Weinberg 2023, 2025). For three independent frequencies, a common condition for mode resonances to occur is ν0 ∼ ν1 + ν2 (Dziembowski 1982; Moskalik 1985). For a rotationally split mode triplet, the condition ν+ + ν− ∼ 2ν0, with ν0, ν−, and ν+ corresponding to the frequencies of the m = 0, m = −1, and m = 1 components, respectively, is also often accompanied by time-dependent amplitudes within the triplet (Buchler et al. 1995, 1997).
Non-linear, coupled mode resonances have been established in numerous main-sequence gravity-mode pulsators studied from Kepler space photometry (Li et al. 2020; Van Beeck et al. 2021). On the other hand, non-linear distortion of a star’s outer layers can also generate combination frequencies in the Fourier transform of the light curve (Aerts et al. 2010). In fact, such combination frequencies are nowadays omnipresent in space photometry because it is of very high precision, typically of micro-magnitude (μmag) level (Kurtz et al. 2015). However, non-linearly distorted light curves are not necessarily due to non-linear resonant mode coupling. One way to distinguish between the two is via the presence or absence of phase locking among the coupled modes and their frequencies (Vuille 2000; Degroote et al. 2009; Breger & Montgomery 2014; Van Beeck et al. 2021). Resonant non-linear mode coupling has already been detected in μmag-precision space photometry of both subdwarf and white dwarf pulsators (Zong et al. 2016a,b). However, here we are dealing with millimagnitude precision, which makes a firm detection much harder to achieve.
Combination frequencies in PG 1159–035 were first observed in K2 data by Oliveira da Rosa et al. (2022). Although the authors suggest that flux variations due to temperature perturbations (Brassard et al. 1995) is one likely explanation for the combination frequencies, the reasons behind their existence have not been established thus far for PG 1159–035. Here, we identified two combination frequencies in the q band when using a tolerance of Δf < 0.1 d−1. We note that this tolerance was used only as a practical matching criterion and it does not imply confirmed nonlinear coupling. Given the limited frequency precision and time baseline of the present data, the identified coincidences should be regarded as tentative indications of possible frequency relationships, rather than secure detections of mode interactions.
The first combination frequency follows f18 = f2 − f10 (following the frequency IDs in Table 2), with a difference of 0.02 d−1. Here, f2 is the ℓ = 1 mode frequency in Table 2, while f18 is only matched (within ∼0.9 d−1) with the WET frequency, 109.237 d−1, which corresponds to an ℓ = 1 mode. The third frequency, f10, is not detected in any previous observations of PG 1159–035 (Winget et al. 1991; Costa & Kepler 2008; Oliveira da Rosa et al. 2022). The second combination frequency follows f15 = f13 − f3, with a difference of 0.03 d−1. Finally, the frequency f3 is an ℓ = 1 mode, f13 is ambiguous and could be either ℓ = 1 or ℓ = 2 from K2 and WET frequencies, and f15 is not included in either the K2 and WET frequencies.
Furthermore, the ν+ +  ν− ∼ 2ν0 relationship might explain the observed difference in the dominant components within the same triplet, where the m = 1 and m = −1 components are dominant in K2 and BlackGEM observations, respectively. The K2 reported frequencies for this triplet indeed satisfy this equation: the sum of 160.194 d−1 (ν−) and 160.902 d−1 (ν+) is 321.096 d−1 and twice the central component, at 160.547 d−1, is 321.095 d−1. The difference is merely 0.00077 d−1 when considering full decimal precision.
Winget et al. (1991) and Costa & Kepler (2008) observed that the amplitudes of the multiplet modes change over time. To understand the origin of the two combination frequencies f18 and f15, along with the resonant condition in the triplet mode, evidence of amplitude modulation and phase locking was investigated to determine whether the linear combination is a result of light curve distortion or resonant mode coupling. First, to search for signatures of amplitude modulation, the q − ,u − , and i-band light curves were divided into four time intervals, each containing approximately the same number of observations for each band. The changes of the amplitudes of the modes over time were estimated by fitting linear least-squares to these four data segments (similar to the iterative pre-whitening method), using each frequency of the triplet. The resulting amplitudes plotted against the median time of each interval are shown in Fig. 3 for the triplet mode to illustrate the amplitude variation pattern. A similar trend was found in the two combination frequencies as shown in Fig. A.2.
	[image: Thumbnail: Fig. 3. Refer to the following caption and surrounding text.]	Fig. 3. Amplitude evolution of the K2 triplet mode, estimated using BlackGEM q-, u-, and i-band light curves. The x-axis represents the median of the time-series in each of the four time-series bins, while the y-axis their corresponding amplitudes.



The pattern of amplitude variation over time across the triplet and combination frequencies suggests evidence of amplitude modulation. The next step is to examine the amplitude and phase relations in the data. A robust way to investigate this is by analysing the relative amplitude (Ar) as a function of the relative phase (ϕr) of the so-called parent and daughter frequencies, following Vuille (2000) and Degroote et al. (2009), and defined by Ar = Ac/AiAj and ϕr = ϕc − (niϕi + njϕj), respectively. Here, the subscript c represents the daughter mode, while i and j are the parent modes, taken to be with the largest amplitudes. In the definition of the relative phase, ϕr, ni, and nj correspond to the coefficients in the linear combinations (see Sect. 3.2 in Degroote et al. 2009, for further details). Combination frequencies arising from non-linear resonant mode coupling are expected to produce higher relative amplitude than those just stemming from light curve distortions. Moreover, their relative phases should be close to a multiple of π/2, including zero. The resulting values for the two combination frequencies and the triplet mode are shown in Fig. 4. The Ac values are quite large but with only three measurements we cannot distinguish separate groups of daughter modes, as is the case for the large-amplitude β Cep pulsator HD 180642 analysed from Convection, Rotation and planetary Transits (CoRoT; Auvergne et al. 2009) measurements by Degroote et al. (2009). Given that the phase differences for the f18 and f15 frequency combinations do not occur at a multiple of π/2, they are likely just due to light curve distortion.
	[image: Thumbnail: Fig. 4. Refer to the following caption and surrounding text.]	Fig. 4. Relative amplitude as a function of relative phase of the two combination frequencies and the triplet mode. Parameter f(m = 0) represents the frequency of the central component of the triplet mode.



Given the similar value for Ac of the triplet and the two combination frequencies, we do not have observational evidence of any non-linear resonant mode locking at present. The requirements to firmly establish such non-linear resonant mode locking from amplitude and/or phase modulations are stringent in terms of the duration and precision of the light curve. While this has been established for the DB white dwarf pulsator KIC 8626021 by Zong et al. (2016b) and for the subdwarf pulsator KIC 10139564 (Zong et al. 2016a) from four-year-long uninterrupted Kepler light curves, it is not (yet) within reach of the current BlackGEM data.
3.2. Amplitude ratios
To obtain amplitude ratios for the identified modes across the BlackGEM bands, it is necessary to estimate the amplitudes of the mode frequencies found in each band. Since only two frequencies were found to match in the q,  u, and i bands, the eight frequencies obtained from the q band were imposed on the u− and i-band light curves to estimate their amplitudes. This approach was chosen because the q-band data provide the highest quality light curves in terms of cadence rate and S/N, as well as the band with the most identified mode frequencies with ℓ = 1 and ℓ = 2. The amplitude estimates were done for the u− and i− bands by fitting a multi-component harmonic regression model using linear least squares, considering all q-band frequencies in the fit. The resulting amplitude ratios for the frequencies with known modes are shown in the left panel of Fig. 5, where Ai/Aq is plotted against Au/Aq.
	[image: Thumbnail: Fig. 5. Refer to the following caption and surrounding text.]	Fig. 5. Amplitude ratio distribution of the eight pulsation modes in the q-band-extracted frequencies. The left panel shows the amplitude ratios derived from q-band frequencies, while the middle and right panels correspond to amplitude ratios estimated by imposing the K2 and WET frequencies, respectively.



To check for consistency in the distribution of the modes, the amplitudes of the q−, u−, and i-band light curves were estimated using the same multi-component harmonic fitting, but with imposed frequencies from the K2 and WET observations. The amplitude ratios estimated from these frequencies are shown in the middle and right panels of Fig. 5 for K2 and WET frequencies, respectively.
The distribution of amplitude ratios derived from the q-band frequencies displays a trend that broadly separates the ℓ = 1 and ℓ = 2 modes, although some overlap remains given their respective uncertainties. This behaviour is qualitatively similar to the trends reported for main-sequence β Cep pulsators, where Fritzewski et al. (2025) used similar data and kernel-density plots to identify modes. We note, however, that kernel-density plots allow firm mode identification only when a sufficiently large number of modes is available, as in the population study of Fritzewski et al. (2025), which included the dominant mode of more than 100 pulsators. In our case, we only have a few modes, but we do see that the trend observed in the left panel of Fig. 5 is qualitatively consistent with theirs. A comparable distribution is visible in the right panel of Fig. 5, where WET frequencies were used to estimate the amplitudes.
The distribution of amplitude ratios derived from the q-band frequencies displays a trend that broadly separates the ℓ = 1 and ℓ = 2 modes, although some overlap remains given their respective uncertainties. This behaviour is qualitatively similar to the trends reported for main-sequence β Cep pulsators, where Fritzewski et al. (2025) used similar data and kernel-density plots to identify modes. We note, however, that kernel-density plots allow firm mode identifications only when a sufficiently large number of modes is available, as in the population study of Fritzewski et al. (2025), which included the dominant mode of more than 100 pulsators. In our case, we only have a few modes, but the trend observed in the left panel of Fig. 5 is qualitatively consistent with theirs. A comparable distribution is visible in the right panel of Fig. 5, where WET frequencies were used to estimate the amplitudes. On the other hand, using the K2 frequencies for the amplitude ratios yields a less distinct distribution of the modes. As indicated in Table 2, the K2 frequency (207.895 d−1) for this particular mode is slightly off from the WET frequency (207.892 d−1), and is about a half per day off from the q-band frequency (207.359 d−1), which could explain its position in the amplitude ratio distribution. This is further confirmed by computing the Fourier transform of a simulated sinusoidal signal using the q-band frequency. Figure 6 illustrates the position of the K2 and WET frequencies in the side lobes of the Fourier spectrum for the BlackGEM q band, showing that the K2 frequency is slightly further from the centre of the side lobe than the WET frequency for this mode.
	[image: Thumbnail: Fig. 6. Refer to the following caption and surrounding text.]	Fig. 6. Locations of the q-band, K2, and WET ℓ = 2 frequencies in the Fourier spectrum of the simulated sinusoidal signal using the q-band frequency of 207.359 d−1 (left panel). A zoomed in view of the WET and K2 frequencies is shown in the right panel.



Regarding the residuals of the fits, no significant differences were found between the observations with regards to the root mean square (RMS) of the residuals of the multi-component harmonic models, as shown in Table 5. Overall, the q-band light curves produced the best fit compared to the u and i bands, regardless of the observational frequencies used.
Table 5. 
Root-mean-square (RMS) residuals.

4. Conclusion and future prospects
The main goal of the current study is to assess BlackGEM’s capability of detecting multi-periodic light variations at millimag levels and to demonstrate the feasibility of using its multi-colour photometry to identify pulsation modes. By choosing a target with known pulsation modes from the literature for the BlackGEM observations, we have been able to compare the extracted frequencies from BlackGEM light curves with those reported previously. Our selected prototype validation target, PG 1159–035, was specifically chosen to investigate BlackGEM’s power of amplitude ratios for mode identification.
In this pilot application, we first extracted the frequencies from the q band, providing the highest photometric precision, and then imposed these q-band frequencies on the u− and i-band light curves to derive the corresponding amplitudes and phases. This procedure ensured that the same physical frequencies were used across filters, preventing spurious detections in the noisier u and i bands. We emphasise that the low-amplitude u− and i-band measurements do not constitute independent frequency detections, but they were used to test the multi-colour amplitude-ratio method for this single target. In future applications to larger and higher-S/N BlackGEM samples, the amplitude-ratio analysis will be restricted to the strongest and most confidently detected modes in each band.
Frequency extractions using the q-band light curve revealed five ℓ = 1 and ℓ = 2 pulsation modes, as confirmed by K2 and WET reported frequencies. Six ℓ = 1 modes were detected in the i band, while five ℓ = 1 modes were identified in the u-band light curves.
Additionally, two new combination frequencies were identified in PG 1159–035 using the q-band frequencies, supplementing those obtained in a previous study (Oliveira da Rosa et al. 2022). Our BlackGEM data did not allow us to conclude on non-linear resonant mode coupling as the origin of the combination frequencies as no firm phase locking could not be established. This requires long, uninterrupted photometric data with high enough precision to properly evaluate the amplitudes and phase modulations of daughter modes caused by resonantly coupled parent modes. Long-term follow-up photometry with BlackGEM might shed more light on this matter.
Amplitude ratios, Ai/Aq and Au/Aq, were obtained using frequencies from BlackGEM, K2, and WET. This resulted in qualitatively different density distributions of the ℓ = 1 and ℓ = 2 modes identified in the q-band data; however, given the uncertainties on the amplitude ratios, this distinction should be regarded as illustrative rather than statistically significant. This suggests that despite the one- or half-day aliases on the BlackGEM frequencies, mode identification using amplitude ratios is potentially possible and robust against these aliases. Additionally, the frequencies extracted from the q-band-produced residuals comparable to those from the K2 and WET frequencies when a multi-component linear regression was used to estimate amplitudes for the u− and i-band light curves. This confirms the potential of the q-band photometry for future asteroseismology of compact pulsators. The consistency observed in the residuals also demonstrates BlackGEM’s capability for multi-colour variability analysis, which is essential for mode identification using amplitude ratios. This further implies that frequencies determined in the q-band are sufficient to derive amplitudes in other bands, eliminating the need for individual frequency searches in each band. In line with the discussion above, this approach is applicable primarily to dominant modes with amplitudes well above the noise level.
This proof-of-concept study demonstrates the power of multi-colour BlackGEM photometry in characterising and identifying pulsation modes in non-radial pulsating stars such as PG 1159–035. Hence, BlackGEM observations may significantly contribute to the identification of these compact pulsators and allow for future powerful exploitation of observational amplitude ratios. Even with the photometric data used here coming from standard survey products (and not dedicated to asteroseismology), the findings presented in this work are promising for asteroseismic studies of these stars, opening up the faint sky to asteroseismology. As the BlackGEM Fast Synoptic Survey is projected to cover approximately 4000 square degrees of sky (2.7 square degrees per night) over its five-year period, a large number of compact pulsating objects are expected to be observed at this level of photometric quality. This includes many known and yet-to-be-identified pulsating sdB stars in the southern sky (δ < 30°), which are well within BlackGEM’s magnitude range. The present study paves the way for large-scale asteroseismic analyses of such objects, ultimately contributing to our understanding of their internal structures and evolution.

Data availability
A table of the photometric measurements are available at the CDS via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/708/A106
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Appendix A:  Additional material
	[image: Thumbnail: Fig. A.1. Refer to the following caption and surrounding text.]	Fig. A.1. BlackGEM light curves of PG 1159–035, folded at the dominant q-band frequency.
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Estimated amplitudes in the u and i bands and their ratios.
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      Table 1. 

      Summary of BlackGEM’s observational parameters of PG 1159–035.

      
        


	Target name
	Nq
	Nu
	Ni
	Time base
	BGq
	BGu
	BGi
	Type



	
	
	
	
	(days)
	(mag)
	(mag)
	(mag)
	





	PG 1159–035
	414
	201
	197
	712
	14.84
	14.02
	15.43
	GW Vir





      

      
Notes. aOliveira da Rosa et al. (2022). b Winget et al. (1991).



    

  
    
      Table 2. 

      Pre-whitened frequencies obtained from the q-band light curve.

      
        


	ID
	fBG
	fK2
	fWET
	Amplitude (q)
	ℓ
	m
	ℓ
	m
	|fBG − fK2|
	|fBG − fWET|



	
	(d−1)
	(d−1)
	(d−1)
	(mmag)
	(K2)
	(K2)
	(WET)
	(WET)
	
	





	1
	160.19186 ± 0.00093
	160.194
	160.190
	9.84 ± 0.78
	1
	–1
	1
	–1
	0.00
	0.00



	2
	166.67614 ± 0.00086
	166.686
	166.692
	6.63 ± 0.70
	1
	–1
	1
	–1
	0.01
	0.02



	3
	191.43774 ± 0.00086
	191.316
	191.324
	3.63 ± 0.66
	1
	1
	1
	–1
	0.12
	0.11



	4
	167.06157 ± 0.00086
	167.049
	167.060
	5.63 ± 0.64
	1
	0
	1
	0
	0.01
	0.00



	5
	203.78818 ± 0.00089
	203.886
	203.875
	3.39 ± 0.59
	2
	1
	2
	1
	0.10
	0.09



	6
	154.23822 ± 0.00090
	154.347
	154.330
	2.66 ± 0.58
	1
	–1
	1
	–1
	0.11
	0.09



	7
	207.35905 ± 0.00085
	207.895
	207.892
	2.31 ± 0.58
	2
	–2
	2
	–2
	0.54
	0.53



	8
	48.24380 ± 0.00087
	–
	–
	2.38 ± 0.57
	–
	–
	–
	–
	–
	–



	9
	159.81128 ± 0.00086
	–
	–
	2.80 ± 0.52
	–
	–
	–
	–
	–
	–



	10
	58.31069 ± 0.00092
	–
	–
	2.06 ± 0.54
	–
	–
	–
	–
	–
	–



	11
	123.86998 ± 0.00089
	–
	–
	2.26 ± 0.52
	–
	–
	–
	–
	–
	–



	12
	168.29738 ± 0.00085
	–
	–
	2.63 ± 0.49
	–
	–
	–
	–
	–
	–



	13
	222.35767 ± 0.00086
	–
	–
	2.15 ± 0.50
	–
	–
	–
	–
	–
	–



	14
	210.06541 ± 0.00087
	209.688
	209.653
	2.27 ± 0.49
	2
	1
	2
	1
	0.38
	0.41



	15
	30.95121 ± 0.00088
	–
	–
	2.06 ± 0.49
	–
	–
	–
	–
	–
	–



	16
	35.26341 ± 0.00089
	–
	–
	1.86 ± 0.48
	–
	–
	–
	–
	–
	–



	17
	186.41795 ± 0.00092
	–
	–
	1.84 ± 0.49
	–
	–
	–
	–
	–
	–



	18
	108.34529 ± 0.00094
	–
	–
	1.54 ± 0.47
	–
	–
	–
	–
	–
	–



	19
	84.53237 ± 0.00091
	–
	–
	1.61 ± 0.43
	–
	–
	–
	–
	–
	–



	20
	90.30412 ± 0.00087
	–
	–
	1.46 ± 0.45
	–
	–
	–
	–
	–
	–





      

      
Notes. Column |fBG − fK2| represents the differences in the q-band and K2 frequencies. Column |fBG − fWET| corresponds to the differences in the q-band and WET frequencies.



    

  
    
      Table 3. 

      Pre-whitened frequencies obtained from the i-band light curve.

      
        


	ID
	fBG
	fK2
	fWET
	Amplitude (i)
	ℓ
	m
	ℓ
	m
	|fBG − fK2|
	|fBG − fWET|



	
	(d−1)
	(d−1)
	(d−1)
	(mmag)
	(K2)
	(K2)
	(WET)
	(WET)
	
	





	1
	159.1975 ± 0.0017
	160.194
	160.190
	10.51 ± 1.37
	1
	–1
	1
	–1
	1.00
	0.99



	2
	167.8120 ± 0.0017
	–
	–
	6.65 ± 1.22
	–
	–
	–
	–
	–
	–



	3
	191.3361 ± 0.0017
	191.316
	191.324
	5.39 ± 1.10
	1
	1
	1
	–1
	0.02
	0.01



	4
	161.8975 ± 0.0017
	160.902
	160.927
	6.84 ± 1.10
	1
	1
	1
	1
	1.00
	0.97



	5
	226.3028 ± 0.0017
	–
	–
	4.35 ± 1.02
	–
	–
	–
	–
	–
	–



	6
	43.8550 ± 0.0018
	–
	–
	4.40 ± 1.00
	–
	–
	–
	–
	–
	–



	7
	153.4437 ± 0.0017
	154.347
	154.330
	2.96 ± 1.02
	1
	–1
	1
	–1
	0.90
	0.89



	8
	66.0962 ± 0.0017
	–
	–
	3.43 ± 1.02
	–
	–
	–
	–
	–
	–



	9
	58.4796 ± 0.0018
	–
	–
	2.63 ± 1.00
	–
	–
	–
	–
	–
	–



	10
	98.2781 ± 0.0018
	–
	–
	5.41 ± 0.87
	–
	–
	–
	–
	–
	–



	11
	146.9469 ± 0.0017
	–
	–
	2.78 ± 0.87
	–
	–
	–
	–
	–
	–



	12
	190.9084 ± 0.0017
	190.962
	190.969
	3.17 ± 0.86
	1
	0
	1
	–
	0.05
	0.06



	13
	132.8476 ± 0.0017
	–
	–
	2.68 ± 0.98
	–
	–
	–
	–
	–
	–



	14
	20.0222 ± 0.0017
	–
	–
	2.84 ± 0.70
	–
	–
	–
	–
	–
	–



	15
	228.5388 ± 0.0017
	–
	–
	3.23 ± 0.76
	–
	–
	–
	–
	–
	–



	16
	20.4329 ± 0.0018
	–
	–
	2.24 ± 0.77
	–
	–
	–
	–
	–
	–



	17
	54.7781 ± 0.0017
	–
	–
	2.45 ± 0.75
	–
	–
	–
	–
	–
	–



	18
	293.8998 ± 0.0017
	–
	–
	2.12 ± 0.74
	–
	–
	–
	–
	–
	–



	19
	87.5983 ± 0.0017
	87.407
	87.420
	1.75 ± 0.72
	1
	–1
	1
	–1
	0.19
	0.18



	20
	76.9228 ± 0.0017
	–
	–
	2.62 ± 0.71
	–
	–
	–
	–
	–
	–





      

      
Notes. The column |fBG − fK2| represents the differences in the i-band and K2 frequencies, while the column |fBG − fWET| corresponds to the differences in the i-band and WET frequencies.



    

  
    
      Table 4. 

      Pre-whitened frequencies obtained from the u-band light curve.

      
        


	ID
	fBG
	fK2
	fWET
	Amplitude (u)
	ℓ
	m
	ℓ
	m
	|fBG − fK2|
	|fBG − fWET|



	
	(d−1)
	(d−1)
	(d−1)
	(mmag)
	(K2)
	(K2)
	(WET)
	(WET)
	
	





	1
	164.815 ± 0.065
	166.686
	166.692
	8.46 ± 1.70
	1
	−1
	1
	−1
	1.87
	1.88



	2
	160.087 ± 0.062
	160.194
	160.190
	8.53 ± 1.52
	1
	−1
	1
	−1
	0.11
	0.10



	3
	190.440 ± 0.066
	190.962
	190.350
	7.23 ± 1.51
	1
	1
	1
	–
	0.52
	0.09



	4
	92.274 ± 0.064
	–
	–
	7.33 ± 1.44
	–
	–
	–
	–
	–
	–



	5
	59.066 ± 0.063
	–
	–
	4.50 ± 1.40
	–
	–
	–
	–
	–
	–



	6
	43.755 ± 0.064
	–
	–
	4.21 ± 1.39
	–
	–
	–
	–
	–
	–



	7
	22.573 ± 0.065
	–
	–
	5.54 ± 1.34
	–
	–
	–
	–
	–
	–



	8
	133.204 ± 0.064
	134.321
	134.285
	4.34 ± 1.62
	1
	0
	1
	0
	1.12
	1.08



	9
	222.740 ± 0.067
	–
	–
	3.96 ± 1.32
	–
	–
	–
	–
	–
	–



	10
	112.845 ± 0.063
	–
	–
	3.80 ± 1.23
	–
	–
	–
	–
	–
	–



	11
	199.907 ± 0.064
	–
	–
	3.70 ± 1.20
	–
	–
	–
	–
	–
	–



	12
	298.572 ± 0.064
	–
	–
	3.19 ± 1.25
	–
	–
	–
	–
	–
	–



	13
	167.440 ± 0.065
	167.408
	167.429
	4.35 ± 1.11
	1
	1
	1
	1
	0.03
	0.01



	14
	88.044 ± 0.064
	–
	–
	2.75 ± 1.10
	–
	–
	–
	–
	–
	–



	15
	71.874 ± 0.064
	–
	–
	4.09 ± 1.07
	–
	–
	–
	–
	–
	–



	16
	84.327 ± 0.064
	–
	–
	3.77 ± 1.05
	–
	–
	–
	–
	–
	–



	17
	55.533 ± 0.064
	–
	–
	3.18 ± 1.05
	–
	–
	–
	–
	–
	–



	18
	158.015 ± 0.063
	–
	–
	3.11 ± 1.10
	–
	–
	–
	–
	–
	–



	19
	20.012 ± 0.065
	–
	–
	3.32 ± 0.99
	–
	–
	–
	–
	–
	–



	20
	23.977 ± 0.064
	–
	–
	3.19 ± 0.99
	–
	–
	–
	–
	–
	–





      

      
Notes. The column |fBG − fK2| represents the differences in the u-band and K2 frequencies, while the column |fBG − fWET| corresponds to the differences in the u-band and WET frequencies.



    

  
    
      Fig. 3. 

      
        [image: Fig. 3. Refer to the following caption and surrounding text.]
      

      
        Amplitude evolution of the K2 triplet mode, estimated using BlackGEM q-, u-, and i-band light curves. The x-axis represents the median of the time-series in each of the four time-series bins, while the y-axis their corresponding amplitudes.

      

    

  
    
      Fig. 4. 

      
        [image: Fig. 4. Refer to the following caption and surrounding text.]
      

      
        Relative amplitude as a function of relative phase of the two combination frequencies and the triplet mode. Parameter f(m = 0) represents the frequency of the central component of the triplet mode.

      

    

  
    
      Fig. 5. 

      
        [image: Fig. 5. Refer to the following caption and surrounding text.]
      

      
        Amplitude ratio distribution of the eight pulsation modes in the q-band-extracted frequencies. The left panel shows the amplitude ratios derived from q-band frequencies, while the middle and right panels correspond to amplitude ratios estimated by imposing the K2 and WET frequencies, respectively.

      

    

  
    
      Fig. 6. 

      
        [image: Fig. 6. Refer to the following caption and surrounding text.]
      

      
        Locations of the q-band, K2, and WET ℓ = 2 frequencies in the Fourier spectrum of the simulated sinusoidal signal using the q-band frequency of 207.359 d−1 (left panel). A zoomed in view of the WET and K2 frequencies is shown in the right panel.

      

    

  
    
      Table 5. 

      Root-mean-square (RMS) residuals.

      
        


	Dataset
	rmsq
	rmsu
	rmsi





	BG (q)
	–
	0.0130
	0.0103



	K2
	0.0089
	0.0137
	0.0115



	WET
	0.0093
	0.0138
	0.0117





      

      
Notes. RMS of the residuals (in mag) from the multi-component harmonic regression model fit to BlackGEM light curves using q-band, K2, and WET pulsation mode frequencies.



    

  
    
      Fig. A.1. 

      
        [image: Fig. A.1. Refer to the following caption and surrounding text.]
      

      
        BlackGEM light curves of PG 1159–035, folded at the dominant q-band frequency.

      

    

  
    
      Fig. A.2. 

      
        [image: Fig. A.2. Refer to the following caption and surrounding text.]
      

      
        Amplitude evolution over time for the two combination frequencies identified here.

      

    

  
    
      Table A.1. 

      Estimated amplitudes in the u and i bands and their ratios.

      
        


	ID
	Freq. (q)
	Aq
	Au
	Ai
	AK2
	Au/Aq
	Ai/Aq
	ℓ



	
	(d−1)
	(mmag)
	(mmag)
	(mmag)
	(mmag)
	
	
	





	1
	160.19186 ± 0.00093
	9.84 ± 0.78
	8.63 ± 1.74
	9.58 ± 1.43
	4.74 ± 0.02
	0.88 ± 0.19
	0.97 ± 0.16
	1



	2
	166.67614 ± 0.00086
	6.63 ± 0.70
	7.20 ± 1.50
	7.19 ± 1.28
	1.46
	1.09 ± 0.25
	1.08 ± 0.22
	1



	3
	191.43774 ± 0.00086
	3.63 ± 0.66
	5.46 ± 1.61
	4.45 ± 1.27
	2.70 ± 0.02
	1.51 ± 0.52
	1.23 ± 0.42
	1



	4
	167.06157 ± 0.00086
	5.63 ± 0.64
	6.27 ± 2.16
	7.43 ± 1.66
	5.34 ± 0.02
	1.11 ± 0.40
	1.32 ± 0.33
	1



	5
	203.78818 ± 0.00089
	3.39 ± 0.59
	3.86 ± 1.97
	1.57 ± 1.46
	0.94 ± 0.02
	1.14 ± 0.61
	0.46 ± 0.44
	2



	6
	154.23822 ± 0.00090
	2.66 ± 0.58
	3.58 ± 1.76
	2.83 ± 1.48
	0.27
	1.35 ± 0.72
	1.06 ± 0.60
	1



	7
	207.35905 ± 0.00085
	2.31 ± 0.58
	2.33 ± 1.62
	2.04 ± 1.44
	0.48 ± 0.02
	1.01 ± 0.75
	0.88 ± 0.66
	2



	8
	48.24380 ± 0.00087
	2.38 ± 0.57
	0.79 ± 1.65
	0.98 ± 1.29
	-
	0.33 ± 0.70
	0.41 ± 0.55
	-



	9
	159.81128 ± 0.00086
	2.80 ± 0.52
	0.87 ± 1.62
	4.59 ± 1.40
	-
	0.31 ± 0.58
	1.64 ± 0.58
	-



	10
	58.31069 ± 0.00092
	2.06 ± 0.54
	2.60 ± 1.79
	0.36 ± 1.48
	-
	1.26 ± 0.93
	0.18 ± 0.72
	-



	11
	123.86998 ± 0.00089
	2.26 ± 0.52
	1.77 ± 1.77
	0.83 ± 1.16
	-
	0.78 ± 0.80
	0.37 ± 0.52
	-



	12
	168.29738 ± 0.00085
	2.63 ± 0.49
	3.17 ± 2.00
	5.41 ± 1.60
	-
	1.21 ± 0.80
	2.06 ± 0.72
	-



	13
	222.35767 ± 0.00086
	2.15 ± 0.50
	3.47 ± 1.47
	3.45 ± 1.30
	-
	1.61 ± 0.78
	1.60 ± 0.71
	-



	14
	210.06541 ± 0.00087
	2.27 ± 0.49
	1.49 ± 1.68
	1.82 ± 1.37
	0.24
	0.66 ± 0.75
	0.80 ± 0.63
	2



	15
	30.95121 ± 0.00088
	2.06 ± 0.49
	1.38 ± 1.50
	0.90 ± 1.23
	-
	0.67 ± 0.75
	0.44 ± 0.61
	-



	16
	35.26341 ± 0.00089
	1.86 ± 0.48
	1.76 ± 1.67
	2.86 ± 1.34
	-
	0.94 ± 0.93
	1.53 ± 0.82
	-



	17
	186.41795 ± 0.00092
	1.84 ± 0.49
	1.04 ± 1.64
	1.79 ± 1.21
	-
	0.57 ± 0.90
	0.97 ± 0.71
	-



	18
	108.34529 ± 0.00094
	1.54 ± 0.47
	2.51 ± 1.76
	2.70 ± 1.37
	-
	1.63 ± 1.24
	1.75 ± 1.04
	-



	19
	84.53237 ± 0.00091
	1.61 ± 0.43
	0.29 ± 1.42
	0.72 ± 1.29
	-
	0.18 ± 0.89
	0.45 ± 0.81
	-



	20
	90.30412 ± 0.00087
	1.46 ± 0.45
	3.90 ± 1.68
	0.80 ± 1.26
	-
	2.66 ± 1.41
	0.54 ± 0.88
	-





      

      
Notes. The estimated amplitudes and their ratios were obtained by imposing the frequencies extracted from the q-band light curve of PG 1159–035. Reported amplitudes from the K2 observations (AK2) are also shown.
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