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Abstract

				Context. The Multi-site All-Sky CAmeRA (MASCARA) aims to find the brightest transiting planet systems by monitoring the full sky at magnitudes 4 < V < 8.4, taking data every 6.4 s. The northern station has been operational on La Palma since February 2015. These data can also be used for other scientific purposes, such as the study of variable stars.

				Aims. In this paper we aim to assess the value of MASCARA data for studying variable stars by determining to what extent known variable stars can be recovered and characterised, and how well new, unknown variables can be discovered.

				Methods. We used the first 14 months of MASCARA data, consisting of the light curves of 53 401 stars with up to one million flux points per object. All stars were cross-matched with the VSX catalogue to identify known variables. The MASCARA light curves were searched for periodic flux variability using generalised Lomb–Scargle periodograms. If significant variability of a known variable was detected, the found period and amplitude were compared with those listed in the VSX database. If no previous record of variability was found, the data were phase folded to attempt a classification.

				Results. Of the 1919 known variable stars in the MASCARA sample with periods 0.1 < P < 10 days, amplitudes >2%, and that have more than 80 h of data, 93.5% are recovered. In addition, the periods of 210 stars without a previous VSX record were determined, and 282 candidate variable stars were newly identified. We also investigated whether second order variability effects could be identified. The O’Connell effect is seen in seven eclipsing binaries, of which two have no previous record of this effect.

				Conclusions. MASCARA data are very well suited to study known variable stars. They also serve as a powerful means to find new variables among the brightest stars in the sky. Follow-up is required to ensure that the observed variability does not originate from faint background objects.
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1. Introduction
Variable stars–stars that change in magnitude over time–have been a field of study since antiquity (Jetsu et al. 2013). Currently, over 500 000 examples are listed in the International Variable Star Index1 (VSX). Variable stars are often discovered as a secondary science goal of large stellar survey projects, such as OGLE (Udalski et al. 2015; Soszyński et al. 2008) and the NASA Kepler Mission (Prša et al. 2011), which each have identified thousands of variable stars albeit at relatively faint magnitudes. Astrometric surveys such as HIPPARCOS (ESA 1997) and currently Gaia (Gaia Collaboration 2016) perform all-sky surveys that include the brightest stars, but only with a relatively low number of measurements per object. A number of other surveys have identified bright variable stars, such as ASAS (Pojmański 2002), KELT (Pepper et al. 2007) and MOST (Pribulla et al. 2008). TESS will provide excellent photometry on stars as bright as V = 4.5 mag but will be limited by its mission duration to relatively short period (Pmax ≈ 40 days) variable stars only (Ricker et al. 2015). Additionally, the study of variable stars is one of the richest fields in terms of amateur contributions. Organisations such as the American Association of Variable Star Observers (AAVSO) provide light curves of thousands of stars over periods of decades, based in part on volunteer work. However, coverage is mostly sparse and heterogeneous.
Variable stars have great value across many fields of astrophysics. Pulsating variable stars such as cepheids, have been used to accurately determine distances of deep-sky objects (Hubble 1929). Currently these stars, and other types of variables in the “instability strip” on the Hertzsprung–Russell diagram, are often used as testing grounds for models of stellar structure and evolution (Groenewegen & Jurkovic 2017; Anderson et al. 2016; Smolec 2016). Eclipsing binary systems provide measurements of the masses and radii of their components to the level of accuracy needed to constrain models of stellar structure. Since any type of star can be part of a binary system, this method allows for measurements of these parameters across the Hertzsprung–Russell diagram, rather than only specific sections of it (Torres et al. 2010). Space missions such as BRITE are now capable of observing many such stars with high precision, short cadence and over long time scales (Weiss et al. 2014).
In this paper we wish to assess how valuable Multi-site All-Sky CAmeRA (MASCARA) data are to study variability in bright stars. As far as we know, MASCARA is currently the only survey that monitors the near-entire sky at V < 8 magnitudes. In Sect. 2 we discuss MASCARA and its data. In Sect. 3 the analysis is presented, in which we determine the recovery rate of known variable stars in the first 14 months of data. Furthermore, the MASCARA data is searched for new yet-unknown variables. In Sect. 4 the results are presented, which are discussed in Sect. 5.
2. MASCARA data
The main goal of the Multi-Site All-Sky CAmeRA (MASCARA) is to detect exoplanets around bright stars using the transit method. The northern-hemisphere MASCARA station, located on La Palma (Canary Islands, Spain), has been fully operational since February 2015. The southern station, located at La Silla (Chile), saw its first light in June 2017. Thus far, two exoplanets have been discovered using MASCARA data (Talens et al. 2017a, 2018).
Each MASCARA station contains five cameras, one pointed in each cardinal direction and one at zenith, covering the local sky down to airmass two to three. The cameras are modified Atik 11000 M interline CCDs, without a filter, giving them a spectral range of approximately 300–1000 nm. Each camera is equipped with a Canon 24 mm f/1.4 USM L II lens with a 17 mm aperture, providing a 53° × 74° field of view each, at a scale of approximately 1 arcminute per pixel. For a detailed description we refer the reader to Talens et al. (2017b).
The cameras take 6.4 s back-to-back exposures through the night at fixed local sidereal times. Aperture photometry is applied to these images to extract the fluxes of all the stars with V < 8.4 mag. This is done automatically for a list of stars known to be visible with MASCARA, based on the All-Sky Compiled Catalogue (ASCC; Kharchenko 2001). These measurements are binned in groups of 50, producing a light curve with a binned data point every 320 s. A detailed description of the MASCARA data reduction pipeline and analysis is presented in Talens et al. (in prep.).
Our analysis is based on the first year of data of the northern station, taken between February 2015 and March 2016 (heliocentric Julian dates (HJD) 2 457 056–2 457 480). The data set consists of up to 25 000 binned data points (HJD, magnitude, magnitude error) per star, with a median number of binned data points of 12 757 (≈1100 h). The number of flux points for a given star depends mainly on its sky coordinates, in particular its declination. The stars range in right ascension from 0h to 24h, in declination from −38.6° to +90°, and in V-magnitude from 2.0 to 8.4. We note that the brightest stars, with V < 4 mag, are likely to be saturated at certain parts of the CCDs, effectively reducing the number of usable data.
3. Analysis
Our MASCARA data analysis consists broadly of four steps, applied to each star individually. Firstly, an ansatz period of variability was searched for through the generalised Lomb–Scargle periodogram (GLS; Zechmeister & Kürster 2009) of the MASCARA light curves. Secondly, systematic effects caused by the instrument and the Moon were removed. Thirdly, a direct χ2 minimalisation was performed to obtain the final estimate for the period of variability. Finally, the candidate variable star was checked for being a false positive caused by variability of a known background star. All analysis was performed using designated python scripts.
3.1. Step 1: Finding the Ansatz period
A first estimate for the strongest periodic signal in a light curve was determined through the generalised Lomb–Scargle periodogram (GLS; Zechmeister & Kürster 2009), a variation on the standard Lomb–Scargle periodogram (Scargle 1982) which allows weighting of data points and fitting of the mean value. This periodogram is equivalent to a χ2 fit of sine waves to the data. We tested up to 68 000 periods ranging from 640 s to 100 days. The upper limit was set to ensure the presence of multiple cycles in the data. GLS power can range between 0 and 1, equivalent to no fit and a perfect sinusoidal fit respectively. The strongest signal in the GLS was used as a first estimate for the true period of variability. Care was taken to ignore signals within 5% of 1 side-real day or an alias thereof (1/2, 1/3,…days) and within 5% of 29.5 days, as these are caused by systematic effects as described in step 2.
As an example, the GLS of ASCC 425414 (RR Lyrae) is shown in Fig. 1. The forest of strong signals are all aliases (falias = f0 + k with f0 = 1/P0 and k an integer) and harmonics (Pharm = kP0 or Pharm = P0/k with k an integer) of the true period of P0 = 0.567 days, which itself has the strongest power in the GLS diagram of pmax ≈ 0.7.
	[image: thumbnail]	Fig. 1.
							Generalised Lomb–Scargle periodogram of ASCC 425414 (RR Lyrae). The strongest signal is at a period of P = 0.567 days, highlighted with a red background. We note that in this particular case, the instrumental effects discussed in Sect. 3.2 are not strongly present in the GLS.

						



				3.2. Step 2: Removal of systematics
Two important systematic effects are present in the MASCARA light curves. The first has a period of one sidereal day and is caused by the varying PSF of the cameras across their field of view. The second has a period of 29.5 days and is caused by changing background levels due to the Moon. The amplitude and significance of these effects differ between stars and are related to their sky position, magnitude and the amplitude of their variability.
Systematic flux variations with a period of 1 sidereal day are caused by the considerably variable point spread function of a MASCARA camera across its field of view (see Talens et al. 2017b). Since the cameras stare at a fixed position, a star typically travels across the CCD in a few hours, significantly changing the fraction of light that falls within the aperture used to obtain the photometric measurements. Since all flux measurements are obtained relatively to a set of surrounding stars, to first order this effect cancels out. However, since the PSF changes so strongly, faint wings from neighbouring stars enter and leave the aperture according to the position of the star on the CCD – an effect that is unique to each individual object. It will be the strongest for faint stars with very close and bright neighbours and can have amplitudes up to 0.5 in magnitude. Fortunately, the path of a star on the CCD is nearly identical for every sidereal day, and therefore this systematic effect can be measured and removed. An example of such an LST (local side-real time) trend for the star ASCC 1006099 (EG Cet) is given in Fig. 2.

						[image: thumbnail]	Fig. 2.
							PSF variations in the zenith camera data for the star ASCC 1006099. The magnitude axis zero-point is arbitrary. We note that the data are taken at fixed sidereal times.

						



				The 29.5-day effect is caused by the Moon. As the Moon moves across the sky, it significantly affects the local sky. In a way that is not yet completely understood by the MASCARA team, the sky background level influences the measured fluxes, depending on the magnitude of the star. It typically has an amplitude of 0.01 magnitude. Additionally ghost images will appear. These effects are difficult to predict and thus are not removed in the original data pipeline. The resulting effect also has a period of 29.5 days and can have significant amplitudes of up to 0.6 magnitude.
To remove these systematics, firstly the data were phase folded with the ansatz period determined from the GLS (Step 1). The resulting light curve was binned in phase space using 150 bins, and the weighted mean of each bin was removed from the data. The residuals subsequently contained only the LST and lunar trends. First the residuals were phase folded with P = 29.5 days, again binned in phase space, and that resulting trend was removed from the original data. The process was then repeated for P = 1 sidereal day, removing that trend from the data as well. This was done iteratively until the LST and lunar trends were below 0.001 magnitude in amplitude. The systematics were removed on a per-camera basis while the ansatz period phase-fold was done with data from all cameras combined. The resulting detrended data were used for further analysis.
3.3. Step 3: Final period estimate
In the next step the GLS was calculated again for the detrended data, and its strongest period determined. This was generally very close to the ansatz period from the original GLS, but for a small number of stars the period with the strongest signal after detrending changed – now in line with the literature value. Also, since in general the light curves do not resemble sinusoids, the period determined from the GLS may differ slightly from the real period.
We therefore repeated the phase fold and binning procedure from Step 2 with the detrended data for 1000 periods in the ±0.5% range around the GLS period PGLS, in addition to similar ranges around 2PGLS and 4PGLS to search possibly better solutions at twice and four times the period. This is important mostly for eclipsing binaries, for which the light curve is more similar to a sine wave (and thus appears stronger in the GLS) when the primary and secondary eclipse are overlaid on each other. In general, only 2PGLS and 4PGLS were tested because in a sub-sample, no stars were found to have a stronger signal for 0.5PGLS or other multiples. Since this χ2 calculation is a computationally expensive operation, it was chosen to only do 1, 2 and 4PGLS. The final period was chosen to be that with the lowest χ2 of the phase-folded binned data points with respect to the binned-averaged light curve. The uncertainty interval on the final period estimate was determined from the χ2 curve using standard methods.
For a small sub-set of the new variable star candidates and known variable stars with new parameters determined by MASCARA, namely 26 out of 492 stars, manual adjustment of the period was necessary. These were generally long-period variables of which the period needed to be halved and eclipsing binaries with elliptical orbits, which cause a phase difference between primary and secondary eclipse significantly less than 0.5. For these stars, the range for the χ2 calculation was manually adjusted based on a visual inspection of the light curve.
3.4. Step 4: Removal of false positives
Due to the low resolution of the MASCARA cameras (1 arcminute per pixel), there is a large degree of blending. This involves the PSFs of two stars overlapping, causing variability from one star to appear in the light curve of the other. For example, ASCC 571737, which is located 14.7′ from ASCC 571833 (RT Aur), has in its light curve an oscillation very similar to that of RT Aur. Both light curves are shown in Fig. 3 for comparison. This blending can lead to false positive detections.

						[image: thumbnail]	Fig. 3.
							Comparison between light curves of ASCC 571833 (top panel; RT Aur) and ASCC 571737 (bottom panel; HD 45237), both phase folded with the same period P = 3.72816 days. The red line is the weighted mean; the magnitude axis zero-points are arbitrary. The period and shape of the light curves are similar but the amplitudes are different: 0.82 versus 0.13 magnitude. The variability seen in ASCC 571737 is completely caused by that in ASCC 571833.

						



				To potentially mitigate this, all known variable stars within a 1° radius of a candidate were examined. If any had a period that is similar to the candidate and a magnitude m < 12 in the VSX catalogue, the candidate was rejected. The magnitude limit was chosen to prevent extremely faint variables from causing false negatives. The limit is significantly lower than the lowest magnitude stars MASCARA can detect, but accounts for the heterogeneous nature of the VSX catalogue, which lists magnitudes in various bands.
4. Results
The analysis was first tested on a sample of 2776 known variable stars with recorded periods and amplitudes in the VSX database, after which it was applied to the remainder of the stars in the MASCARA sample. The cross matching between VSX and ASCC was done by finding stars with coordinates within 10″ from each other.
4.1. Recovery of known variable stars
The recovery rate of known variable stars from the VSX database in the MASCARA data is shown in Fig. 4. It depends strongly on the variability amplitude and period. For those stars with periods 0.1 < P < 10 days and amplitudes >2% and >1000 binned data points, 93.5% of the objects are recovered in the first year of MASCARA data. For 40% of the recovered objects, the catalogue and MASCARA periods match within 5%. For amplitudes between 1 and 2%, MASCARA finds 86.2% of the known variables. Of the long period variable stars with 10 < P < 100 days, MASCARA recovers 68.3% of those known in the VSX catalogue.

						[image: thumbnail]	Fig. 4.
							Recovery rate of known variable stars in the MASCARA data as a function of period and amplitude of the variability. Black rectangles have a success rate >95%; grey rectangles contain no stars.

						



				The median uncertainty in the final MASCARA period as determined in (Step 3) is three minutes, with a median relative uncertainty of 0.1%. The found uncertainties in the period can be as low as 0.5 s for regular high-amplitude variable stars. The phase folded light curve of RR Lyr is given in Fig. 5 as an example of the quality of MASCARA data and the period fitting. The distribution of the residuals is best fit with a Gaussian with σ = 0.028 magnitude, indicative of the typical uncertainty in the MASCARA fluxes for this star.

						[image: thumbnail]	Fig. 5.
							MASCARA light curve of 13 279 binned data points of RR Lyrae phase folded with a period of 0.566774 days. The red line is the running average over an 0.025 phase interval. For clarity, the data are clipped at 3-σ from the running mean, removing 2.1% of the binned data points.

						



				4.2. New parameters for known and suspected variables
A further 4236 stars listed in the VSX without a recorded period were analysed. Reliable periods were found for 210 of these, which are listed in Table A.1, with the parameters of the star (identification, coordinates, V-magnitude, number of observations by MASCARA) and of its variability (period, amplitude, epoch, VSX variability type designation). For a subset of these stars, an estimate from the MASCARA light curve of the type of variability eclipsing binary, pulsating, or other) is also included. Light curves and periodograms of seven example stars are shown in Appendix A, and can be found for all stars with new parameters online2.
One interesting example of a previously suspected variable star recovered with MASCARA is ASCC 408281 (HD 101207). HD 101207 is a known binary system, consisting of a component A with VA = 8.11 mag and a component B with VB = 9.32 mag, with a visual separation of 1.97 arcsec (Fabricius et al. 2002). This separation is much smaller than the MASCARA pixel size (which is approximately 1 arcmin), so the two stars are fully blended in the MASCARA data. The system has an orbital period of approximately 4000 yr (Malkov et al. 2012). HD 101207B is identified in the ASCC-VSX cross match with the suspected variable star NSV 5279.
The MASCARA data for HD 101207 show a clear periodicity, with a best period estimate of P = 1.09014(5) days. The phase folded light curve is given in Fig. 6. This light curve clearly shows a single dip with an amplitude of 104 mmag, and the system can be easily identified as an eclipsing binary (EB). This feature cannot be explained by the previously known double nature of the HD 101207 system, since the orbital period of the A and B components is 4000 yr.

						[image: thumbnail]	Fig. 6.
							MASCARA light curve of ASCC 408281 (HD 101207), a previously suspected variable, which was detected with MASCARA, with a period of 1.09014(5) days. The red line is the running average over an 0.025 phase interval. The light curve clearly shows a single eclipse-like feature.

						



				As noted in Sect. 3.4, blending due to the low resolution of the MASCARA cameras can cause false positive detections. However, only two systems with V < 10 mag were found within a 10 arcmin radius from HD 101207: BD+42 2231 and BD+41 2217. The latter has a separation from HD 101207 of 4.5 arcmin and is too faint (V = 9.20 mag) to cause significant blending effects at that separation. BD+42 2231 has a separation from HD 101207 of 2.2 arcmin and a V-magnitude of 9.10. The small separation (2 pixels) means some blending between the stars will occur, but due to the faintness of BD+42 2231, it is very unlikely to induce a variability with an amplitude as high as 104 mmag in HD 101207. BD+42 2231 is a known spectroscopic binary, but its orbital period is 951.5 ± 2.1 days (Pourbaix et al. 2004), too long to explain the variability seen in HD 101207.
Thus the most likely explanation for the observed variability is a previously unknown binary nature of one of the components of HD 101207. Since component A is significantly brighter than B (VA = 8.11 mag compared to VB = 9.32 mag), it is likely that HD 101207A is the eclipsing binary component. However, this cannot be said with certainty due to the complete blending of the two components in the MASCARA data. We expect that the MASCARA data contain many of such as yet undiscovered systems.
The MASCARA light curve of TYC 3926-224-1, given in Fig. 7, shows a clear variability with a period P = 0.61747(5) days. The light curve is similar to that of Lyr type variables, with a primary and secondary eclipse, and a continuous change in brightness over the whole period. The depth of the primary eclipse is 160 mmag, while the depth of the secondary eclipse is 81 mmag.

						[image: thumbnail]	Fig. 7.
							MASCARA light curve of ASCC 201832 (TYC 3926-224-1), a new variable star candidate with a period of 0.61747(5) days. The red line is the running average over an 0.025 phase interval. The light curve clearly shows a primary and secondary eclipse.

						



				4.3. New MASCARA candidate variable stars
Finally the 45 749 stars in the MASCARA sample with sufficient data that are not listed in the VSX catalogue were analysed. Periodic variations were detected in the light curves of 438 of these stars. Checks against the VSX catalogue for background variables (Step 4) revealed 156 false positives, leaving 282 as new MASCARA candidate variable stars listed in Table B.1. As with the known variable stars discussed in Sect. 4.2, an estimate of the type of variability of these stars (eclipsing binary, pulsating or other) was made based on their MASCARA light curves. 44 were visually identified as possible eclipsing binary systems.
Light curves and periodograms for seven example new candidate variables are included in Appendix B, and can be found for all candidates online3. The reader should note that these stars still need to be vetted with further observations.
An interesting example of a new candidate variable star is ASCC 201832 (TYC 3926-224-1). This star is not known in the extended literature to have a variable or binary nature. Though it is a relatively bright star (V = 7.42 mag), it was not included in the HIPPARCOS catalogue (ESA 1997). It has been included, but not flagged as a variable star, in the second Gaia data release (Gaia Collaboration 2018; Holl et al. 2018).
No stars significantly brighter than TYC 3926-224-1 were found within a degree from it. There are only two stars with V < 8 mag within a radius of 40 arcmin, with separations of 8.6 and 9.0 arcmin. Neither of these stars, HD 173700 and HD 173605 respectively, is known or suspected to be variable. Since both are fainter than TYC 3926-224-1 and the separations are sufficiently large, it is unlikely that the variability seen in TYC 3926-224-1 is due to blending with either of these stars.
There is one suspected variable star within 10 arcmin of TYC 3926-224-1, namely NSV 24573 (HD 173603). This star was flagged as variable in the HIPPARCOS catalogue but has not been flagged by Gaia (ESA 1997; Gaia Collaboration 2018). Variability in this star was also detected with MASCARA, with a period of 3.63(2) days and an amplitude of 37 mmag. Thus it is unlikely that blending with HD 173603 has caused the variability observed in TYC 3926-224-1.
Since no likely blending candidates were found, it can be concluded that TYC 3926-224-1 itself is likely a new variable star. Given the shape of its light curve, it is likely an eclipsing binary of the β Lyr type. However, we stress that follow-up observations are necessary to confirm its being variable.
4.4. Detailed variability studies
We also investigated to what extent particularly second order effects in the light curves of variable stars can be studied using MASCARA data. For this we focus on the O’Connell effect in eclipsing binaries.
The O’Connell effect is an asymmetry in the brightness of the two maxima in the light curve of an eclipsing binary system, of which the physical cause is not yet well understood (O’Connell 1951; Wilsey & Beaky 2009). It occurs in eclipsing binaries of the β Lyr and W UMa subtypes, with the maximum after the primary eclipse being brighter than that before the primary eclipse.
An example MASCARA light curve of a star showing this effect, the β Lyr variable V376 And, is given in Fig. 8, with the first maximum approximately 0.05 mag brighter than the second. Table 1 contains a non-exhaustive list of known eclipsing binaries in the MASCARA sample exhibiting a significant O’Connell effect. The effect is not detected in any of the newly found variables.

						[image: thumbnail]	Fig. 8.
							Light curve of ASCC 307947 (V376 And), a known β Lyr type eclipsing binary with a period of 0.79867(6) days. The O’Connell effect is visible as a difference in magnitude between the two maxima. The red line is the running average over an 0.025 phase interval.

						



					Table 1.

							Eclipsing binaries in the MASCARA sample that exhibit the O’Connell effect.

						

				5. Discussion and conclusions
To our knowledge, MASCARA is the first instrument to accurately monitor the near-entire sky, recording the flux of all bright stars (V < 8.4 mag) down to airmass two to three every 6.4 s. Typical precisions of 1.5% per five minutes are reached at the faint magnitude end. With the analysis presented here we show that MASCARA data are very well suited to study known variable stars and can serve as a powerful means to find new variables among the brightest stars in the sky.
Using a generalised Lomb–Scargle analysis we show that 93.5% of all known variables with periods between 0.1 and 10 days and amplitudes >2% are recovered using the first year of MASCARA data. However, great care has to be taken to remove systematic effects in the data, in particular with periods of one sidereal day and aliases thereof. Hence, identifying and studying stars that exhibit variability with a period at or near 1.0 day will be very challenging with MASCARA data alone.
The recovery fraction of known variable stars drops significantly below periods of 0.1 day (158/231 = 68%). We note that short period variables often show multi-periodicity and irregular light curves, which are therefore more challenging to detect using a Lomb–Scargle analysis. For the MASCARA sample, this is mostly relevant for δ Scuti stars (Gautschy & Saio 1996; Breger 2000), of which there are 360 in the ASCC-VSX cross matched catalogue. At long periods (>10 days), two main causes for the relatively low recovery rate (425/623 = 68%) can be identified. Firstly, since the MASCARA data set spans 424 days, stars with long periods simply have fewer cycles in the data. This reduces the robustness against missing or bad data and instrumental effects, such as that caused by the moon. Secondly, many long-period variables also show multi-periodicity and irregularities in the shapes, amplitudes and periods of their light curves (Nicholls et al. 2009; Tabur et al. 2009; Spano et al. 2011; Bányai et al. 2013), which both make it more difficult to determine the main period over only a few cycles, and can cause the current period of the star to be inherently different from that measured previously. When searching for new unknown variable stars in the MASCARA data, as discussed below, the dependence of the recovery rate on amplitude and period has implications on the reliability of the parameters found.
From the whole test sample of 2776 known variables, 401 (14.4%) are not recovered. Of these, 98 are classified in the VSX as irregular or semi-regular; the non-recovery of these stars can be explained intuitively by irregularities in their behaviour. A further 47 stars belong to classes of variable stars known to show multi-periodicity, which also easily explains their A32, page 6 of 11 non-recovery. This leaves 256 stars of which the non-recovery cannot be easily explained by their class. For 69 of these, no variability larger than the typical scatter in the binned data points (0.03 magnitude) is detected. Additionally some cases of non-recovery can be explained by outliers in the data, aliasing, or incomplete filtering of either of the two systematics described in Sect. 3.2. Finally there are some examples of which the light curve appears to be well-described by the found period; these may be cases of previously unknown multi-periodicity, periods that have changed over time, or simply errors in the VSX catalogue. A more thorough analysis of the unrecovered known variables would be needed to assign individual stars to each of these classes.
The MASCARA data can also effectively be used to further characterise known variable stars. For example, for 210 stars the MASCARA data determines for the first time a period. By detecting the O’Connell effect in several eclipsing binaries, we show that MASCARA data are of sufficient quality to study second order variability effects in the brightest stars in the sky.
As presented in Sects. 4.2 and 4.3, we have determined new parameters for 210 known variables from the VSX catalogue, shown in Table A.1, and identified 282 new candidate variable stars, which are presented in Table B.1. We note that this only means that these stars either are not present in the VSX catalogue, or are present but lack parameters, and that some may already have been recorded in the extended literature. Although the new candidates have been vetted for possible known background variable stars in the VSX database that could cause the observed variability, they need to be observed with camera systems with significantly smaller pixel scales to exclude the contribution from possible faint unknown variable stars within the 2.5′ aperture used for the MASCARA photometry and beyond.
The recovery rate discussed in Sect. 4.1 and its dependence on the period of variability are important to take into account. For stars with periods <0.1 and ≳ 10 days, the recovery rate of known variables is as low as 68%, casting doubt on the accuracy of the parameters determined with MASCARA for such stars. However, there are also mismatches between VSX and ASCC that are not only due to issues with the data or analysis. For example, there are stars that have multiple periods or irregular variability. Follow-up, either with more MASCARA data or with different instruments, can clear up the accuracy of the new parameters.
We note that our methods are sensitive to periodic variable stars, not to non-periodic ones. An alternative analysis, for instance a comparison with nearby stars, may be suited to find and characterise such stars. Additionally, the analysis is only performed on known stars in the ASCC master catalogue. This means that such objects as novae and flare stars, which were faint when the catalogue was created but can reach MASCARA magnitudes at later times, will not be detected with our analysis.
One interesting question that remains is why some of the new candidates have not previously been seen to be variable. For instance, ASCC 201832 (TYC 3926-224-1) has a V-magnitude of 7.42, a period of 0.61747(5) days and an amplitude of 160 mmag. Its light curve, given in Fig. 7, shows a very clear and regular variability, and one could reasonably expect this variable star to have been noticed earlier. A possible explanation for this lack of previous detection, as discussed in Sect. 1, is the fact that many previous surveys have focused on fainter stars than MASCARA and thus these stars may simply have “slipped through”. Additionally, many of the new variables have very short (<0.1 days) or very long (>10 days) periods. Previous studies may not have had the cadence or duration necessary to detect such variability.

		
1 https://www.aavso.org/vsx/


2 https://home.strw.leidenuniv.nl/~burggraaff/MASCARA_variables/.


3 https://home.strw.leidenuniv.nl/Ȉburggraaff/MASCARA_variables/.


4 https://home.strw.leidenuniv.nl/~burggraaff/MASCARA_variables/.


5 https://home.strw.leidenuniv.nl/~burggraaff/MASCARA_variables/.
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			Appendix A: New parameters of known and suspected variables
The GLS periodograms (top panel) and phase folded light curves (bottom panel) of seven example known variable stars with new parameters from MASCARA are provided here. These figures can be found for all 210 such stars online4 (Figs. A.1–A.7 and Table A.1).
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			Appendix B: New variable star candidates
The GLS periodograms (top panel) and phase folded light curves (bottom panel) of seven example candidate new variable stars from MASCARA are provided here. These figures can be found for all 282 such stars online5 (Figs. B.1–B.7 and Table B.1).
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    Table 1. 

							Eclipsing binaries in the MASCARA sample that exhibit the O’Connell effect.

						
							
								
										ASCC
										Identifier
										V
										RA (J2000)
										Dec (J2000)
										Period (days)
										Amplitude (mag)
										Δm (mmag)
										Previous detection
								

							
							
								
										307947
										V376 And
										7.77
										02h35′11.6″
										+49°51′37″
										0.79867(6)
										0.29
										44
										(1)
								

								
										449928
										HD 219561a
										8.40
										23h16′21.2″
										+41°33′43″
										0.56660(5)
										0.28
										21
										–
								

								
										513514
										V556 Lyr
										8.14
										19h25′08.3″
										+35°59′58″
										1.4901(3)
										0.13
										13
										(2)
								

								
										521078
										V448 Cyg
										8.14
										20h06′09.9″
										+35°23′10″
										6.519(2)
										0.37
										18
										(3)
								

								
										558695
										V600 Per
										7.86
										03h19′01.4″
										+32°41′16″
										1.4697(1)
										0.39
										26
										(4)
								

								
										725559
										ER Vul
										7.35
										21h02′25.9″
										+27°48′26″
										0.69810(5)
										0.13
										13
										(5)
								

								
										1017908
										V1392 Ori
										7.76
										06h16′17.9″
										+09°01′40″
										1.3881(1)
										0.20
										24
										–
								

							
						


							Notes. Periods include a 3σ confidence interval. The amplitude is that of the full oscillation in the MASCARA band. Δm is the difference in magnitude between the primary (after primary minimum) and secondary (before primary minimum) maxima in the binned light curve. No previous detections of the O’Connell effect in HD 219561 and V1392 Ori were found.

							(a) Identified as NSVS 6156390 in the ASCC-VSX cross-match; identified as TYC 3225-1270-1 in the ASCC catalogue.


							References. (1) Djurašević et al. (2008); (2) Hartman et al. (2004); (3) Djurašević et al. (2009); (4) Campos-Cucarella et al. (1997); (5) Olah et al. (1994).
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							ASCC 621667 (HD 191588; NSV 25023); p = 61(1) d.
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							ASCC 1138184 (HD 103313; IQ Vir); p = 0.092463(3) d.

						

    

  
    Table A.1. 

							Known and suspected variable stars from the VSX catalogue without well-determined parameters (period and amplitude) detected with MASCARA.

						
							
								
										ASCC
										Identifier
										VSX ID
										VSX
										Var. Typea MASCARA
										V
										RA (J2000)
										Dec (J2000)
										Nr. Obs.
										Periodb (days)
										Amp.c (mmag)
										Epochd (HJD – 2 450 000)
								

							
							
								
										7 027
										HIP 9494
										V0779 Cas
										EA:
										–
										6.69
										02h02′09.3″
										+75°30′08″
										8857
										6.3530(7)
										263
										7203.5844
								

								
										7 512
										HIP 10309
										NSV 15448
										DSCTC:
										–
										6.45
										02h12′49.9″
										+79°41′30″
										9574
										0.21:
										7
										7227.72
								

								
										11 321
										HD 21179
									
										V0805 Cas
										SRB
										–
										6.39
										03h30′19.4″
										+71°51′50″
										7274
										39.4(1)
										110
										7240.7
								

								
										18 914
										HIP 26940
										NSV 16615
										–
										P
										6.77
										05h43′00.7″
										+73°59′09″
										5912
										0.088:
										48
										7201.718
								

								
										22 011
										HD 47505
									
										EP Cam
										SRB
										–
										8.07
										06h48′37.5″
										+76°59′24″
										6223
										39.6(1)
										194
										7234.7
								

								
										22 755
										HIP 34101
										CM Cam
										FKCOM
										–
										6.99
										07h04′15.1″
										+75°24′41″
										5541
										15.87(6)
										65
										7377.4
								

								
										24 395
										HIP 36978
										NSV 17498
										–
										–
										7.73
										07h36′02.2″
										+76°50′00″
										6165
										23.1(4)
										58
										7306.7
								

								
										26 716
										TYC 4631-2314-1
										NSV 3974
										–
										E
										8.31
										08h25′12.0″
										+84°00′51″
										11785
										1.1664(2)
										139
										7280.4131
								

								
										27 874
										HD 74225
										FL Cam
										LB
										–
										7.01
										08h50′46.6″
										+78°09′55″
										5776
										35.68(5)
										207
										7219.38
								

								
										31 460
										HIP 51111
										NSV 18397
										–
										–
										8.29
										10h26′33.2″
										+73°47′16″
										5616
										22.2(4)
										79
										7192.4
								

							
						


							Notes. The full version of this table is available in electronic form at the CDS.

							(a) Variability types in the ‘MASCARA’ column were visually estimated based on the shape, period and amplitude of the light curve. These are only included if they disagree with or complement the VSX catalogue. “E” indicates an eclipsing binary, “P” a pulsating variable.


							(b) Errors correspond to a 3σ confidence interval. For entries marked with a colon (:), no such confidence interval could be determined – these are listed with two significant digits.


							(c) Amplitude in the MASCARA band.


							(d) Epoch of a minimum in brightness.
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							ASCC 151816 (TYC 4284-529-1); p = 1.6295(5) d.
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							ASCC 201832 (TYC 3926-224-1); p = 0.61747(6) d.
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							ASCC 475473 (HIP 26249); p = 0.9656(2) d.
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							ASCC 510212 (HIP 93311); p = 0.23392(6) d.
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							ASCC 1280725 (HD 44721); p = 52.0(7) d.

						

    

  
    Table B.1. 

							New candidate variable stars detected with MASCARA.

						
							
								
										ASCC
										Identifier
										Var. typea
										V
										RA (J2000)
										Dec (J2000)
										Nr. Obs.
										Periodb (days)
										Amp.c (mmag)
										Epochd (HJD–2 450 000)
								

							
							
								
										3 132
										HIP 4090
										–
										7.72
										00h52′29.0″
										+79°50′26″
										10048
										8.00(3)
										52
										7306.77
								

								
										3 347
										TYC 4619-1223-1
										P
										8.14
										00h56′10.8″
										+85°27′33″
										11238
										0.094:
										18
										7292.544
								

								
										7 335
										TYC 4503-2063-1
										P
										7.0
										02h08′56.1″
										+79°20′45″
										9294
										0.5414(7)
										16
										7279.5832
								

								
										7 988
										HD 14382
										P
										7.82
										02h23′04.7″
										+70°20′36″
										7800
										0.4457(8)
										17
										7279.6429
								

								
										11 298
										HD 20110
										–
										8.36
										03h29′50.9″
										+84°02′20″
										12276
										33(1)
										69
										7212
								

								
										20 609
										TYC 4525-994-1
										–
										8.4
										06h17′55.6″
										+76°40′29″
										5497
										82:
										193
										7269
								

								
										23 934
										HIP 36159
										E
										7.38
										07h26′57.6″
										+75°36′44″
										5942
										3.68(2)
										24
										7349.78
								

								
										28 165
										HD 75544
										P
										7.32
										08h58′22.7″
										+78°08′45″
										5446
										0.11:
										13
										7153.37
								

								
										42 606
										HIP 77211
										P
										8.16
										15h45′53.1″
										+82°22′12″
										10754
										0.57:
										19
										7178.4
								

								
										44 194
										HD 149681
										P
										5.55
										16h25′43.5″
										+78°57′49″
										10229
										0.05:
										4
										7192.457
								

							
						


							Notes. The full version of this table is available in electronic form at the CDS.

							(a) Variability types were visually estimated based on the shape, period and amplitude of the light
curve. “E” indicates an eclipsing binary, “P” a pulsating variable.


							(b) Errors correspond to a 3σ confidence interval. For entries marked with a colon (:), no such confidence interval could be determined – these are listed with two significant digits.


							(c) Amplitude in the MASCARA band.


							(d) Epoch of a minimum in brightness.
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