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Abstract

Context. Magnetic chemically peculiar (mCP) stars exhibit complex atmospheres that allow the investigation of such diverse phenomena as atomic diffusion, magnetic fields, and stellar rotation. The advent of space-based photometry provides the opportunity for the first precise characterizations of the photometric variability properties of these stars, which might advance our understanding of the processes involved and the atmospheric structures of mCP stars.

Aims. We carried out a search for new mCP stars in the Kepler field with the ultimate aim of investigating their photometric variability properties using Kepler data. As an aside, we describe criteria for selecting mCP star candidates based on light curve properties, and assess the accuracy of the spectral classifications provided by the MKCLASS code.

Methods. As only very few known mCP stars are situated in the Kepler field, we had to depend largely on alternative (non-spectroscopic) means of identifying suitable candidates that rely mostly on light curve properties; in particular we relied on monoperiodic variability and light curve stability. Newly acquired and archival spectra were used to confirm most of our mCP star candidates. Linear ephemeris parameters and effective amplitudes were derived from detrended Kepler data.

Results. Our final sample consists of 41 spectroscopically confirmed mCP stars of which 39 are new discoveries, 5 candidate mCP stars, and 7 stars in which no chemical peculiarities could be established. Our targets populate the whole age range from zero-age main sequence to terminal-age main sequence and are distributed in the mass interval from 1.5 M⊙ to 4 M⊙. About 25% of the mCP stars show a hitherto unobserved wealth of detail in their light curves indicative of complex surface structures. We identified light curve stability as a primary criterion for identifying mCP star candidates among early-type stars in large photometric surveys, and prove the reliability of the spectral classifications provided by the MKCLASS code.
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1. Introduction
Chemically peculiar (CP) stars make up about 10% of early-B to early-F main-sequence stars. They are characterized by enhanced (or weakened) absorption lines that indicate peculiar surface abundances (Preston 1974). The origin of the chemical peculiarities is generally explained by atomic diffusion, i.e. the competition between radiative levitation and gravitational settling (Michaud 1970; Richer et al. 2000). While most elements tend to sink under the force of gravity, those with numerous absorption lines near the local flux maximum are driven outwards by radiative pressure. This mechanism can efficiently work in CP stars because of their slow rotation rates (absence of meridional flows) and calm radiative outer layers. Table 1 presents an overview of the main subgroups of CP stars and some of their characteristics. Further subgroups have been subsequently defined, such as λ Bootis stars (Parenago 1958; Paunzen 2004), but these are not relevant to the present investigation.
Table 1.

Main subgroups of CP stars according to Preston (1974).


The CP2/4 stars are in the focus of the present investigation. They possess globally organized magnetic fields with strengths of up to several tens of kG (Aurière et al. 2007), which are likely of fossil origin (e.g. Braithwaite & Spruit 2004)1. The mCP stars exhibit a non-uniform distribution of chemical elements and have spots of enhanced or depleted element abundance (Michaud et al. 1981), which can be studied in detail using Doppler imaging (DI; Kochukhov 2017). Flux is redistributed in these spots through bound-free (Peterson 1970; Lanz et al. 1996) and bound–bound transitions (Wolff & Wolff 1971; Molnar 1973; cf. also Krtička et al. 2013).
Magnetic and rotational axes are commonly unaligned in mCP stars (oblique rotator model; Stibbs 1950), and – as the star rotates – the changing viewing angle results in strictly periodic spectroscopic and photometric variations with the rotation period. Stars exhibiting this kind of variability are traditionally referred to as α2 Canum Venaticorum (ACV) variables (Samus et al. 2017). A subset of CP2 stars exhibit pulsational variability with very small amplitudes in the period range from 5 m to 20 m (high-overtone, low-degree, and non-radial pulsation modes). These are known as rapidly oscillating Ap stars (Kurtz 1982), also referred to as roAp stars. In contrast, non-pulsating CP2 stars are sometimes referred to as noAp stars.
Most mCP stars exhibit rotational periods of the order of several days, but there exists a population of very slow rotators with periods of months, years (e.g. Wolff 1975), or even centuries (Mathys 2017); this represents a significant percentage of mCP stars (Mathys et al. 2016).
Several studies have explored the photometric variability of mCP stars and it has been shown that rotational light curves can be adequately described by a sine wave and its first harmonic (e.g. North 1984; Mathys & Manfroid 1985; Mikulášek et al. 2007a; Bernhard et al. 2015; Hümmerich et al. 2016). This finding has generally been interpreted in terms of a rather simple spot geometry, in which the distribution of chemical under- and overabundances reflects the symmetries of the magnetic structure.
The long, ultra-precise and well-sampled time series data provided by space missions, such as the CoRoT (Baglin et al. 2009) or Kepler (Borucki et al. 2010) satellites, have revolutionized the field of variable star research and in particular asteroseismology. The detection limit for variability signals has decreased dramatically, which has enabled the first detailed investigations and classifications of variable stars with very low amplitudes and has revealed unprecedented detail and complexity in their light curves.
Unfortunately, as yet, only a few (noAp) mCP stars have been investigated in detail using space photometry (Lüftinger et al. 2010; Paunzen et al. 2015; Escorza et al. 2016; Drury et al. 2017), and only a handful of known mCP stars are situated in the Kepler field. Nevertheless, some of these studies already hinted at the occurrence of more complex rotational light changes in mCP stars (Paunzen et al. 2015). Accurate light curves containing maximum information content are a necessary basis for any modelling attempts (Prvák et al. 2015), thus a larger sample size of highly accurate mCP star light curves is desirable.
To improve this situation, we carried out a search for new mCP stars in the Kepler field with the ultimate aim of studying their rotational light variability properties using Kepler data. In addition, we describe criteria for selecting mCP star candidates based on light curve properties and provide an independent assessment of the accuracy of spectral classifications provided by the MKCLASS code (Gray et al. 2016). Data sources, target selection criteria, and further aspects of methodology are described in Sect. 2. Results are presented in Sect. 3 and discussed in Sect. 4. We conclude in Sect. 5.
2. Data sources and methodology
2.1. Kepler observations
The prime Kepler mission had been operating from 2009 May 2 until 2013 May 8, when the loss of a second reaction wheel on the spacecraft necessitated its abortion. Its main goal was the detection of planets around other stars via the transit method to determine the frequency of Earth-like planets in or near the habitable zone of Sun-like stars (Borucki et al. 2010). The long, quasi-uninterrupted and high-quality time series data have also been used for stellar variability analysis and in particular asteroseismology. This allows us to probe the interior of stars and the determination of properties such as radius and age through observations of modes of oscillation.
The Kepler spacecraft is equipped with a differential photometer with a 115 square-degree field of view in the constellations Cygnus and Lyra, known as the Kepler field, which allows the continuous monitoring of ∼150 000 stars. It boasts an aperture of 0.95 m and its detectors consist of 21 modules each equipped with two 2200 × 1024 pixel CCDs. To optimize solar panel efficiency, the spacecraft completed a 90° roll every three months. Therefore, Kepler observations are divided into four quarters each year. Kepler provides single-passband light curves of micro-magnitude precision. The mission has been very successful in its main goal and has discovered thousands of exoplanet candidates. For more information on the Kepler spacecraft, we refer to Borucki et al. (2010) and Koch et al. (2010).
Kepler data were acquired at two different time resolutions: the long-cadence (LC), 29.4 m sampling mode (Jenkins et al. 2010) and the short-cadence (SC), ∼1 m sampling mode (Gilliland et al. 2010). We only employed LC data in the investigation of our final sample stars.
Kepler Simple Aperture Photometry (SAP) data, which undergo only basic calibration, show strong instrumental effects that are caused by issues such as pointing drift or the return to operating focus and temperature after a quarterly roll. These trends are not easily distinguished from genuine stellar signals. The Presearch Data Conditioning (PDC) module of the data processing pipeline aims at removing signatures related to systematic error sources from the light curves (Jenkins et al. 2010; Murphy 2014; Stumpe et al. 2014). Several algorithms were employed, of which the most recent (applying to LC PDC light curves formatted as v5.0 and greater) is the multi-scape MAP (msMAP) approach (Stumpe et al. 2014), which is a wavelet-based band-splitting framework for removing systematics from the light curves. For more information on instrumental effects in Kepler data, see the Kepler Data Characteristics Handbook2.
The quality of the PDC-processed data constitute a major improvement from SAP data. However, instrumental trends of varying amplitude and origin still remain in the data, such as the small exponential thermal recoveries seen at the downlink events that affect the zero points of the data at the beginning of a quarter. Further detrending is necessary to eliminate, or at least diminish in strength, these trends (cf. Sect. 2.6).
2.2. Target selection criteria
In the following, the methods and selection criteria that have been employed in the construction of the present sample of stars are described.
2.2.1. Known mCP stars in the Kepler field of view
The most comprehensive catalogue of CP stars is the collection of Renson & Manfroid (2009), which contains more than 3 500 mCP stars or mCP star candidates. Objects in this catalogue are not explicitly subdivided according to the classification established by Preston (1974). Therefore, we resorted to the listed spectral types to distinguish between the different groups of CP stars (mainly denoted as “Si”, “Sr”, “SrEuSi”, “He weak”, “HgMn”, and so on). As has been pointed out (Sect. 1), only very few confirmed or candidate mCP stars are situated in the Kepler field, most of which have already been the subject of an investigation. Table 2 gives basic information on these objects.
Table 2.

Basic information on the known confirmed or candidate mCP stars in the Kepler field of view.


KIC 2569073 is not included in the Renson & Manfroid (2009) catalogue but has been subsequently identified as an mCP star by Drury et al. (2017). The star KIC 8351193, which is missing from Table 2, was found to show strong enhancement in Si by Tkachenko et al. (2013) and has consequently been listed as a chemically peculiar rotating variable with a spectral type of B9 V Si by Balona et al. (2015). However, subsequent studies have not confirmed the Si peculiarity in this star (Niemczura et al. 2015), which is a low-metallicity object showing an almost featureless spectrum and rotates at 162 km s−1. It is certainly not a classical mCP star and has not been considered for the present investigation3
Of the stars listed in Table 2, only KIC 4136285 and KIC 8324268 were included in our sample. The other objects have been rejected for several reasons.
KIC 9851142 (V2094 Cyg) has been classified as A5p Sr (Cannon & Pickering 1923) and A7p CrEu (Zirin 1951) in the older literature, which suggests an mCP star. It has consequently been listed as an ACV variable in the General Catalogue of Variable Stars (GCVS; Samus et al. 2017). However, more recent studies have shown that this is in fact a CP1 star (e.g. Grenier et al. 1999; Çakırlı 2015) and a γ Doradus pulsator (Çakırlı 2015). In agreement with this classification, no rotationally modulated light variations are present in the light curve of this star, which has been excluded from further investigation.
KIC 9020199 has been classified as spectral type F0p by Macrae (1952) and F2p CrEu? by Kharchenko (2001). According to the Renson & Manfroid (2009) catalogue, however, the peculiarity type classification is doubtful. Using the spectrum from the LAMOST-Kepler project (cf. Sect. 2.3.3), we find that the star exhibits the signature of a CP1 star. Furthermore, Kepler SC data indicate the presence of multiple frequencies in the range between 6 d−1 and 20 d−1; the most prominent peaks are at 7.078 d−1, 7.482 d−1, and 8.381 d−1. The pulsational properties and light curve of the star are in agreement with a δ Scuti classification, and it has been classified as such by Uytterhoeven et al. (2011). We find no evidence for rotationally modulated variations in the Kepler light curve.
The CP4 star KIC 3246460 shows complex and multiperiodic light variations that cannot be explained by rotation (alone). While this object is of considerable interest, its variability pattern is not representative of the class of mCP stars and has therefore been excluded from the present investigation. KIC 6020867 was only observed during quarter Q12; the resulting time baseline of ∼83 days was deemed insufficient for an in-depth analysis of its light variations. Data for KIC 2569073 are not publically available but have been extracted from the superstamp images around NGC 6791 by Drury et al. (2017), who investigated the light variability of this star in detail. Finally, the roAp star KIC 8677585 has been thoroughly investigated elsewhere (e.g. Balona et al. 2013).
2.2.2. Sample selection criteria
In view of the dearth of known mCP stars in the Kepler field, we had to resort to other means of identification. During our former searches for new ACV variables in other sky survey data, we systematically investigated unclassified early-type (late-B and early-A) variables to search for the presence of ACV variables among these objects (e.g. Bernhard et al. 2015). Promising candidates were selected by their photometric variability pattern, i.e. period, amplitude, light curve shape/stability, and monoperiodic variability; an investigation of their Fourier amplitude spectra; and available catalogue data, such as spectral type and colour indices. This approach, which has proved useful, is discussed in more detail below and has been adopted in a slightly modified form for the creation of an initial candidate sample for the present study.
As it is not straightforward to distinguish between variability induced by rotation and other sources such as pulsation or orbital motion, several aspects need to be taken into account. It has been shown that, generally, the rotational light curves of ACV variables can be adequately described by a sine wave and its first harmonic (cf. Sect. 1). In orientations in which two spots of optically active elements come into view during a single rotation cycle, the resulting light curve is a double wave (Maitzen 1980). This often results in characteristic light curves that are tell-tale signs of ACV variables. However, in case of two bright spots of similar extent and photometric properties, the resulting “maxima” would be approximately the same height and the light curve would resemble, and could be easily confused with, that of a non-eclipsing close binary star; these stars are also termed, rather confusingly, ellipsoidal variables. From standard, ground-based single-passband photometry alone, it is difficult to distinguish these light curves from double-humped ACV variables.
The situation is different when dealing with sufficiently precise photometric data, such as provided by space-bound missions. We were successful in computing phenomenological models of binary light curves outside eclipses that fit the observed light curves with an accuracy of 0.0003 mag (Mikulášek et al. 2017). The obtained models of unspotted ellipsoidal variables provide a useful instrument for distinguishing ellipsoidal variables from double-waved ACV variables4. We applied this procedure to all candidate mCP stars with stable light curves and concluded that their light curves cannot be interpreted as the light curves of ellipsoidal variables.
In the spectral range of our sample stars, several kinds of pulsating variables are found (Samus et al. 2017; Catelan & Smith 2015). β Cephei (BCEP) variables occupy the range from ∼O8 to B6 and exhibit periods between about 0.1 and 0.6 d. Slowly pulsating B (SPB) stars are encountered roughly between spectral types B2–B9 and vary on timescales of about 0.4–5 d. Finally, γ Doradus (GDOR) stars are ∼A7–F7 objects with periods of the order of 0.3–3 d. In period and amplitude space, these stars (in particular SPB and GDOR variables) may occupy similar positions as ACV variables that usually show periods in excess of 0.5 d with a peak distribution at around 2 d (Renson & Manfroid 2009; Bernhard et al. 2015).
An important means of distinguishing between types of variable stars is an investigation of their Fourier amplitude spectra. Except for roAp stars, which are rare and special objects exhibiting oscillations in the period range from 5 m to 20 m, ACV variables are characterized by a strictly monoperiodic variability that remains stable over long periods of time. Therefore ACV frequency spectra are typically characterized by a single independent frequency and its corresponding harmonics, which are a consequence of localized spots and characteristic of rotating variables (Balona et al. 2015). As an example, the frequency spectrum of the ACV variable KIC 6950556 is provided in Fig. 1.
	[image: thumbnail]	Fig. 1.
Fourier amplitude spectrum of the ACV variable KIC 6950556 (spectral type A0 V Si) based on non-detrended Kepler PDC flux. The spectrum is indicative of a single independent frequency and its corresponding harmonics. The inset shows a zoomed-in version with the main peaks off scale, highlighting the corresponding harmonics; axes are the same as in the main plot.




On the other hand, early-type pulsators, such as the SPB or GDOR stars, are notoriously multiperiodic. With the advent of ultra-precise space photometry, a wealth of information on the pulsational properties of these objects has been accumulated, and the emerging complex picture has challenged the “coarse” variability groups based on ground-based observations. Multiple frequencies are routinely found, for example for SPB variables (Balona et al. 2011b; McNamara et al. 2012), which often also exhibit periods in the β Cephei star realm in which case they are referred to as SPB/β Cep hybrid pulsators. In fact, the presence of multiple frequencies is commonly used as a criterion to distinguish pulsating stars such as SPB stars from rotating variables (e.g. McNamara et al. 2012). In summary, the presence of multiple independent modes has been established to be an important criterion for distinguishing pulsators from rotating variables.
The above-listed considerations have led to the development of the following selection criteria:

	
(a) 
spectral type between late-B and early-F, corresponding colour index or effective temperature;



	
(b) 
period longer than 0.5 d;



	
(c) 
the presence of a single independent variability frequency and corresponding harmonics;



	
(d) 
stable or marginally changing light curve throughout the covered time span;



	
(e) 
variability amplitude of several hundredths of a magnitude (cf. Bernhard et al. 2015) or less.




To create a sample of candidate mCP stars, we applied these criteria to the Kepler light curves of early-type stars chosen via their colour indices or effective temperatures as listed in Mathur et al. (2017)
5. Stars selected in this way are referred to hereafter as photometric candidates. In regard to item (c), we allowed for the presence of slow variations of the base period that might be indicative of a binary companion. More information concerning the application of this item is provided in Sect. 2.6.1. Furthermore, bearing in mind the high precision of the Kepler photometry, item (d) has been used as a rough guideline only, and stars exhibiting much smaller variability amplitudes were allowed.
These criteria were not applied strictly but used as a guideline in the identification of suitable candidates. Generally, in order to maintain a time-efficient approach, we only checked data from selected quarters at this stage for a given object.
It has to be noted that, obviously, we did not carry out an exhaustive search among all early-type targets in the Kepler field. Rather, for the present study, a sample of about 50 stars was collected, which was deemed a good compromise between an economic approach and a sufficiently large sample size to estimate the suitability of the chosen selection criteria and pursue the goals of the present study.
We also note that the employed method is bound to miss very long period ACV variables. In regard to item (d), it has been deemed necessary that at least four variability cycles have been covered to estimate the stability of the light curve. Given that Kepler data cover a time span of about four years, this places an upper limit of about one year on the variability period. Furthermore, Kepler data are known to suffer from significant low-frequency noise (cf. Sects. 2.1 and 2.6.2), which renders the identification of low-frequency signals doubtful (e.g. Balona et al. 2011b). Therefore, periods longer than ∼10 days need to be regarded with some caution.
All in all, 53 stars (51 photometric candidates and the well-established mCP stars KIC 4136285 and KIC 8324268) entered into the final sample. Literature information on our target stars was collected from the SIMBAD (Wenger et al. 2000) and VizieR (Ochsenbein et al. 2000) databases. Newly-acquired and archival spectroscopic observations were also included into the analysis and are described in the following sections.
2.3. Spectroscopic observations
This section provides information on the newly acquired spectra, employed instrumentation, and archival spectroscopic observations and classifications that were employed to investigate our sample stars in more detail.
2.3.1. Spectroscopic observations at SAO RAS
Spectroscopic observations were obtained using the UAGS spectrograph6 mounted at the Cassegrain focus of the 1 m Zeiss-1000 telescope of the Special Astrophysical Observatory (SAO) of the Russian Academy of Science (RAS) during two observational runs in May and December 2016. The log of observations is provided in Table 3. The spectra were obtained using the diffraction grating R1302 with 1302 lines/mm and an EEV-42-40 CCD with 2048x2028 pixels. A He+Ne+Ar source of line spectrum was used for wavelength calibration. The data were obtained with spectral resolution R ≈ 2500 in the wavelength range 4192–5590 Å. The typical signal-to-noise (S/N) ratio of the spectra is S/N ≈ 100. Standard primary reduction of the 2D spectra was performed using the Image Reduction and Analysis Facility (IRAF) software package (noao.twodspec package). A sample spectrum is shown in Fig. 2.
	[image: thumbnail]	Fig. 2.
Blue-violet region of sample spectra that have been employed for spectral classification of our sample stars. The panels illustrate the SAO RAS spectrum of KIC 5473826 (spectral type B9 V SiCr; upper panel) and the LAMOST DR2 spectra of KIC 8773445 (spectral type A0 IV SiCrSrEu; middle panel) and KIC 9541567 (spectral type A9 V SrCrEu; lower panel). Some lines of interest are indicated. Please note that at this resolution, the CaH line is blended with Hϵ. The listed spectral types are from this investigation (cf. Table 4).




Table 3.

Log of spectroscopic observations obtained with the Zeiss-1000 telescope of the SAO RAS.


2.3.2. Spectroscopic observations at Stará Lesná Observatory
Additional spectra were obtained with the échelle eShel spectrograph of the Stará Lesná Observatory (High Tatras, Slovakia), which is part of the Astronomical Institute of the Slovak Academy of Sciences. The spectrograph is attached to a 60 cm (f/12.5) Zeiss reflecting telescope (G1 pavilion). The employed CCD camera (ATIK 460EX) uses a 2750x2200 chip resulting in a resolution between 11 000 and 12 000 within a spectral range 4150–7600 Å. The reduction of the raw frames and extraction of the 1D spectra using the IRAF package tasks, Linux shell scripts, and FORTRAN programs, have been described by Pribulla et al. (2015). The wavelength reference system, as defined by the preceding and following Th-Ar exposures, was stable to within 0.1 km s−1.
2.3.3. LAMOST-Kepler project and the MKCLASS code
The aim of the LAMOST-Kepler project is to collect high-quality low-resolution spectra of stars in the Kepler field with the LAMOST telescope (Zhao et al. 2012; Cui et al. 2012). In this framework, Gray et al. (2016) have presented MK spectral classifications of more than 100 000 LAMOST spectra of 80 447 objects situated in the Kepler field. To this end, the automatic classification code MKCLASS (Gray & Corbally 2014) was employed, which is a program designed to emulate the steps used in the traditional classification process by an expert human classifier. First results have shown that, given input spectra of sufficient S/N, the results of MKCLASS compare well with human classifiers (precision of 0.6 spectral subclass and half a luminosity class; Gray & Corbally 2014). An important feature of MKCLASS is its ability to identify traditional chemical peculiarities, such as are commonly found in the CP1 and CP2 stars. For more information on the MKCLASS code, we refer to Gray & Corbally (2014).
We checked for the availability of Gray et al. (2016) classifications for our sample stars. As suggested by the aforementioned authors, only classifications based on spectra rated as “excellent” (average S/N  =  180), “very good” (average S/N  =  73), and “good” (average S/N  =  42) were considered. We found 32 matches and downloaded the corresponding LAMOST spectra. For some of our targets, more than one spectrum is available. In this case, we relied on the spectrum with the highest S/N ratio in the Sloan g band, as indicated by the corresponding LAMOST catalogue. All spectra were manually (re)classified to check the accuracy of the MKCLASS code spectral types. Sample LAMOST spectra are provided in Fig. 2.
2.4. Spectral classification
In this way, spectra were secured for 47 stars, including 46 photometric candidates and the CP2 star KIC 8324268 = V2095 Cyg. Spectral classification of the newly acquired spectra and the available LAMOST spectra was performed following current best practice and updated spectral standards. All programme stars were classified in the framework of a refined Morgan-Keenan-Kellman system (MKK hereafter), as described in Gray & Garrison (1987, 1989a, b) and Gray & Corbally (2009), using the standard techniques of MKK classification. For a precise classification of the objects and to identify possible peculiarities, the spectra were compared visually and overlaid with MKK standards. As an example, Fig. 3 illustrates a comparison of the spectra of the non-CP star KIC 10550657 (A0 V) and the mCP star KIC 8773445 (A0 IV SiCrSrEu) to the spectra of two MKK standards.
	[image: thumbnail]	Fig. 3.
Comparison of the spectra of (from top to bottom) the MKK standard 48 Cet (A1 V), the non-CP star KIC 10550657 (A0 V), the mCP star KIC 8773445 (A0 IV SiCrSrEu), and the MKK standard Vega (A0 V) in the blue-violet region. Some prominent lines of interest are indicated in the spectrum of KIC 8773445 (for an identification of these lines, please refer to Fig. 2). We also note the generally enhanced metal lines in this star, which are much stronger than in the A0 V standard despite an identical v sin i value.




In this spectral range, the estimation of the effective temperature is based on the strength of the CaK line and the hydrogen lines. This, however, is not straightforward, as CP1 and CP2 stars may exhibit peculiar CaK profiles and line strengths (Faraggiana 1987; Gray & Corbally 2009). Although attention was paid to this phenomenon, we caution that it may still have influenced the derived temperature types. We estimate the corresponding error to be ±1 subclass (Paunzen 2001).
We emphasize that there is no modern (i.e. based on digital CCD spectra) classification scheme for CP stars available. CP stars are traditionally categorized into their respective subclasses (CP1/2/3/4) by comparing their spectra to MKK standards of the same effective temperature and searching for enhanced lines of certain elements. We adhered to this technique and also used the spectra of well-established CP stars to guide us in the identification of the various peculiarities. In general, the detection of spectral peculiarities has been straightforward with the achieved S/N ratio of the spectra.
Within the classification process, it is also important to consider rotational velocity. Since CP stars are generally slow rotators, MKK standards with a comparably low v sin i value need to be chosen for comparison; otherwise, errors in the luminosity classification might occur. (Sub)giants rotate much slower than main-sequence stars of the same temperature; therefore, the shape of the hydrogen lines of a CP star may provide a better match to an evolved star than a main-sequence object. This problematic situation has already been recognized using photographic prism spectra (Bidelman et al. 1967) but is also an issue in automatic classification procedures such as MKCLASS. It might explain why many of our targets have been assigned a subgiant, giant, or as in the case of KIC 8161798, even bright giant luminosity class by the MKCLASS code (Table 4). We compared the spectra of all our targets with both high and low v sin i MKK standards. We note that Paunzen (1999) has shown that luminosity class IV, which is commonly used in the MKK classification scheme, is not unambiguously defined; however, it is retained in this work for the classification process.
Table 4.

Essential data for the 53 confirmed or candidate mCP stars identified in the present paper, sorted by KIC number.


mCP stars exhibit several characteristic and unique flux depressions (Kupka et al. 2003). The most conspicuous depression is situated at around 5200 Å and is caused by contributions of Si, Cr, and Fe in the case of strongly overabundant surface metallicities and the presence of an organized magnetic field (Khan & Shulyak 2007). We searched the available spectra for the presence of this feature and, if present, assessed its strength. The results are also given in Table 4.
Except for the luminosity class, our derived spectral types are consistent and in good agreement with the classifications of Gray et al. (2016); our classifications tend toward slightly earlier types for several stars. Most importantly, we confirmed the presence of peculiarities in all stars that have been identified as chemically peculiar by the MKCLASS code, although the derived peculiarity types differ in several objects. For example, the MKCLASS code identified enhanced Si lines in the star KIC 8773445, which was classified as A0 IV Si (Gray et al. 2016). We confirmed the presence of strong Si lines, but also identified enhanced lines of Cr, Sr, and Eu in the same LAMOST spectrum (see Fig. 2). Consequently, the star was classified as A0 IV SiCrSrEu in the present study.
We identified four objects (KIC 2441702, KIC 3945892, KIC 5814635, and KIC 7628336) whose spectra are characterized by a general enhancement of the metal lines and thus bear strong similarities to the CP1 stars. Two of these stars (KIC 3945892 and KIC 5814635), however, show a mild 5200 Å flux depression, which is normally not found in CP1 stars (Kupka et al. 2004). Small changes in light curve shape are present in KIC 5814635 and KIC 7628336, which are not expected in mCP stars (cf. Sects. 2.2.2 and 2.6.1), but they are only present in parts of the data and likely of instrumental origin. Nevertheless, we caution that a detailed abundance analysis is necessary to shed more light on the true nature of these objects. We do not list separate spectral types (hydrogen-line type, K-line type, and metallic-line type) for these stars but indicated these types by adding the suffix “metals strong” to the corresponding spectral types.
The derived spectral types are listed in the presentation of results in Table 4. No peculiarities were found in the spectra of seven stars. Together with other objects of interest, these stars are discussed in Sect. 4.2.
2.5. Astrophysical parameters and Kiel diagram
For the construction of a logarithmic surface gravity (log g) versus logarithmic effective temperature (log Teff) diagram (also referred to as a Kiel diagram), we used the improved astrophysical parameters of Kepler targets published by Mathur et al. (2017). As a first step, these parameters were compared to other sources.
To check the reddening estimates, several published reddening maps were employed for the stars with available parallaxes (Arenou et al. 1992; Chen et al. 1998; Schlegel et al. 1998; Drimmel et al. 2003; Green et al. 2015). In general, the reddening values derived from the maps are lower than those of Mathur et al. (2017) by a factor of three. This value is suspicious because it nearly exactly corresponds to the conversion value RV between AV and E(B − V). However, we found no hint of wrongly listed parameters in any of the employed references and are currently unable to explain the observed discrepancies.
Unfortunately, Strömgren-Crawford uvbyβ photometry is not available for any of our target stars (Paunzen 2015), which prevents us from verifying the astrophysical parameters listed in Mathur et al. (2017). We therefore compared the Mathur et al. (2017)Teff values with those from Pinsonneault et al. (2012), who used Sloan Digital Sky Survey (SDSS) griz filters to tie the fundamental temperature scale with correction terms for surface gravity effects, metallicity, and statistical corrections for binary companions or blending. With the exception of four stars, all 42 objects lie on a line with an offset of 215(29) K, in the sense that the Teff values of Mathur et al. (2017) are hotter by 215(29) K (cf. Fig. 4). There obviously is a statistically significant offset between the temperature scales, which is not caused by the CP nature of our sample stars.
	[image: thumbnail]	Fig. 4.
Comparison of the Teff values of Pinsonneault et al. (2012), P12) and Mathur et al. (2017), M17) for our sample stars.




To further investigate this matter, we derived Teff values of our target stars by employing the empirical calibration of Paunzen et al. (2017), which is based on (VJHKs) photometry. This calibration is tied to the Strömgren-Crawford uvbyβ photometric system and does not depend on metallicity or rotational velocity. First, the AV values of Mathur et al. (2017) were employed. We find that in the range from 7000 K to 10 000 K, the photometric calibrations yield hotter temperatures by about 1500 K. Above this range, even hotter Teff values up to 20 000 K were derived, which correspond to a spectral type of about B2 V. This is in striking contrast to the derived spectral types (Table 4), as our sample does not contain any stars earlier (and hence hotter) than spectral type B7 V. The only exception to this is the He-weak star KIC 4136285 (spectral type B5 He wk; Renson & Manfroid 2009). Temperature-wise, the upper limit for a B8 V star is about 14 000 K (Pecaut & Mamajek 2013).
However, if we employ the AV values of the reddening maps, which are a factor three less, the temperatures in the range from 7000 K to 10 000 K show a band width of about ±700 K around a perfect linear relationship. At hotter temperatures, the behaviour becomes ambiguous. The photometric calibration yields effective temperatures up to 18 000 K, which is still far too hot for the investigated spectral types. It is well known that CP2 stars show a “blueing” effect (Maitzen 1980): owing to stronger UV absorption than in chemically normal stars, photometric calibrations yield hotter temperatures, which might partly explain the observed discrepancies. Nevertheless, in summary, the situation of the Teff values is not satisfactory and can only be improved by high-resolution spectroscopy or intermediate-band photometry.
An independent verification of the log g values listed by Mathur et al. (2017) is very difficult. Broadband (VJHKs) photometry does not allow us to calibrate this parameter. In order to check the absolute magnitude estimates, we calculated absolute magnitudes for the eight stars that boast parallaxes with errors less than 25% in the Gaia TGAS (Gaia Collaboration 2016). The derived values match those from Mathur et al. (2017) within the errors, although the uncertainties are large.
The above listed limitations have to be kept in mind when considering the resulting Kiel diagrams, which are shown in Fig. 5. Also given are PARSEC isochrones (Bressan et al. 2012) for solar metallicity ([Z] = 0.019 dex) and different ages from log t = 7.0 to 9.25, as indicated. The dotted lines indicate the positions for different masses of M⊙ = 1.5, 2, 3, and 4, respectively. The seven stars that were not found to exhibit chemical peculiarities in this study are indicated by open symbols in the upper panel of Fig. 5. We note that for the CP4 star KIC 4136285, no parameters are available in the Mathur et al. (2017) catalogue, and the star is therefore missing in the diagram.
	[image: thumbnail]	Fig. 5.
Kiel diagram indicating the location of our sample stars and the corresponding errors. The solid lines denote PARSEC isochrones (Bressan et al. 2012) for solar metallicity ([Z] = 0.019 dex) and different ages from log t = 7.0 to 9.25, as indicated. The dotted lines give the positions for different masses of M⊙ = 1.5, 2, 3, and 4, respectively. The seven stars that have not been found to exhibit chemical peculiarities in this study are indicated by open symbols in the upper panel. Lower panel: a zoomed-in version that includes information on the spectroscopic classifications, as indicated in the legend. We note that for the CP4 star KIC 4136285, no parameters are available in the Mathur et al. (2017) catalogue and the star is therefore missing in the diagram.




From this figure, we conclude that our targets populate the whole main sequence or luminosity classes V and IV, i.e. no giants are among our sample stars. In addition, no stars lie below the zero-age main sequence (ZAMS), which gives us confidence in the log g values from Mathur et al. (2017). This result is in line with our knowledge about the evolutionary status of CP stars (Netopil et al. 2017). The observed mass interval ranges from 1.5 M⊙ to 4 M⊙, which is due to the applied target selection criteria (cf. Sect. 2.2). The derived errors on the parameters are large and preclude estimating the individual masses to better than ±1 M⊙, which is not sufficient for the calibration of precise masses and ages. Therefore, a further statistical investigation of possible correlations between the rotation period and other astrophysical parameters is not possible.
The lower panel of Fig. 5 gives a detailed view and indicates the distribution of spectral types among our sample stars. Most of our stars have a spectral type of A0 V (Table 4). The Teff values of the A0 V stars range from 8350 K to 11 350 K (mean of 9980 K and median of 9820 K). For reference A0 dwarf stars, Gerbaldi et al. (1999) derived a Teff range from 9000 K to 11 000 K and almost identical mean and median values, which supports the validity of these parameters. A comparable spread is seen for the other spectral types. The derived spectral types are therefore in good agreement with the Teff values of Mathur et al. (2017). We conclude that the homogeneously derived astrophysical parameters of Mathur et al. (2017) are useful in a statistical sense.
2.6. Kepler data and linear period analysis
We downloaded the Kepler PDC flux data for all target stars from the Mikulski Archive for Space Telescopes (MAST)7. The individual data sets were inspected and separately treated by several dedicated codes, predominantly our own, that respect the nature of the studied objects and the properties of the employed data.
2.6.1. Periodograms, amplitude spectrograms, and light curve development
For a first investigation of the character of the light variations, we used standard periodograms and mainly own amplitude spectrograms, which enable the estimation of the variability amplitude in any given frequency (Paunzen et al. 2013; Mikulášek et al. 2009), as well as other standard procedures (PERIOD04, Lenz & Breger 2005; Press & Rybicki 1989). We note that the results from the various methods are in excellent agreement.
As a rule, the periodogram codes were applied on original, unadjusted Kepler data to select targets with frequency spectra indicative of a single independent frequency and corresponding harmonics, as is typically observed in ACV variables (cf. Sect. 2.2). As a next step, we investigated the stability of the light curve shape. As ACV variables are found to exhibit stable light curves during long periods of time (cf. Sect. 1), no significant changes in light curve shape are expected during the four years of Kepler coverage. To this end, a principal component analysis (PCA) code termed DEVELOPMENT was applied on the unadjusted data. Changes in the amplitude of the higher principle components may indicate changes in light curve shape or variation of the period.
Examples of the output of the DEVELOPMENT code are presented in Fig. 6, which illustrates the results for KIC 6950556, an ACV variable, and KIC 5213466, a chemically normal object. No changes are apparent in the mean light curve of KIC 6950556 (spectral type A0 V Si), which exhibits a stable light curve shape throughout the time period covered by Kepler. On the other hand, the star KIC 5213466 (spectral type A1 V) shows dramatic changes in its mean light curve, which we cannot explain by instrumental effects. Together with the non-detection of peculiarities in the spectrum, this disqualifies KIC 5213466 as a member of the class of ACV variables.
	[image: thumbnail]	Fig. 6.
Light curve development of KIC 6950556 (A0 V Si; upper panel) and KIC 5213466 (A1 V; lower panel). The plots have been created with the DEVELOPMENT code and based on original, non-detrended Kepler PDC flux. The time distance between subsequent mean light curves is a quarter of a year.




2.6.2. Linear ephemerides and light curves from adjusted data
A detailed inspection of short segments of the light curves highlights the impressive accuracy of the Kepler photometry, which achieves a precision of the order of some tenths of a micromagnitude. Kepler data, therefore, should be well suited to the goals of the present investigation.
Unfortunately, despite careful processing in the pipeline reductions (cf. Sect. 2.1) and the removal of apparent outliers, Kepler photometric data are still significantly affected by instrumental effects. These occur mostly on longer timescales and diminish the quality of the data in so much as the actual accuracy may be lower than the theoretical accuracy limit by a factor of 30 for a given object. Although we were not able to remove these instrumental effects entirely, their impact can be considerably reduced by the assumption that the light curve and period of an mCP star are constant and devoid of sudden excursions. This assumption is in accordance with our current understanding of mCP stars (cf. Sect. 2.2) and the results of this study. By modelling the expected light curve shape, we can extract the intrinsic light variations and study the residuals, which are dominated by instrumental effects and blurred by true (nearly-Gaussian) scatter.
An examination of the residuals in several tens of periodically variable or invariable Kepler stars shows that they are clustered alongside more or less horizontal segments, separated, as a rule, by gaps. These trends can be well fitted by Chebyshev polynomials up to the sixth order (see Fig. 7). The coefficients of the fits were found using our own implementation of the robust regression that eliminates remnant outliers (Mikulášek et al. 2003). After correction for these trends, we obtain a detrended, very accurate light curve with an uncertainty of about 0.1 mmag.
	[image: thumbnail]	Fig. 7.
Dependence of the individual residuals (grey dots) on time in days, using the example of KIC 8012437 (spectral type A4 V SiCr). The full lines denote Chebyshev polynomials up to the sixth degree that were fitted to the individual segments.




During some parts of the Kepler light curves, changes in the amplitude of the photometric variations are apparent, which may escalate the uncertainty of the results to the point of being useless. Short-term changes in amplitude are not expected in mCP stars, which are known to exhibit stable spot configurations over long periods of time, and, suspiciously, the observed amplitude variations seem to affect separate quarters of Kepler data differently. These variations are surely of instrumental origin and we attribute them to transient changes in the sensitivity of the photometric apparatus. Assuming a constant or predictably varying light curve, this situation can be improved by a careful rescaling of the corresponding data intervals. However, instrumental oscillation reaching 1 mmag, which we have not been able to eliminate, still remain in several data segments. Nevertheless, by a careful detrending and rescaling of Kepler data, a gain in accuracy by a factor of about ten could be achieved for most objects.
Employing the outlined methodology, we derived linear ephemeris parameters, effective amplitudes, and standard deviations of the light curve fit, which are presented below (Table 4). The effective amplitude Aeff is a robust measure of the extent of the variability of periodically variable objects and was introduced by Mikulášek et al. (2007b), who defined it as follows:
[image: thumbnail](1)
where φ is the common phase and F(φ) a periodical function that represents the light curve. The Kepler light curves of our target stars can be expressed by a harmonic polynomial of the kth order (typically: k ∼ 12). {ai, bi} are coefficients of the Fourier decomposition. In the case that k = 1, the effective amplitude equals the common amplitude. The detrended and rescaled Kepler data, which are corrected for the possible trends identified above, are employed for the construction of the phase plots provided in Fig. A.1.
3. Results
Employing the methodology outlined in Sect. 2, we identified 51 photometric ACV candidates by investigating the Kepler light curves of early-type stars. In addition, two well-confirmed mCP stars (KIC 4136285 and KIC 8324268) were included into the sample. Using newly acquired and archival spectra, we were able to investigate 46 photometric candidates, 39 of which (85%) turned out to be bona fide mCP stars. This result indicates that our photometric selection criteria constitute a viable and efficient method of identifying mCP star candidates in massive photometric time series databases.
Five photometric candidates remain either without spectrum (KIC 2969628, KIC 3326428, KIC 6278403, KIC 8362546) or recent spectroscopic observations (KIC 11560273). These stars are presented as candidate ACV variables, which should be confirmed by spectroscopy. For seven stars, no evidence for chemical peculiarities has been found in this investigation and Gray et al. (2016, KIC 5213466, KIC 5727964, KIC 8415109, KIC 8569986, KIC 10082844, KIC 11671226) or our own spectra (KIC 10550657).
In summary, the final sample consists of 41 confirmed ACV variables, 5 candidate ACV variables, and 7 stars in which no chemical peculiarities could be established. The latter objects are potentially of great interest and are discussed in more detail in Sect. 4.2. During our literature search, we noted that several of our photometric candidates have been entered as candidate ACV variables into the International Variable Star Index (VSX; Watson 2006) of the American Association of Variable Star Observers (AAVSO) by observer R. Jansen.
Table 4 presents essential data for our sample stars and is organized as follows:

	
Column 1: KIC number.



	
Column 2: alternative identifier (e.g. HD number).



	
Column 3: right ascension (J2000). Positional information was taken from Gaia DR1 (Gaia Collaboration 2016; Lindegren et al. 2016) and, in some cases, from the UCAC4 catalogue (Zacharias et al. 2013).



	
Column 4: declination (J2000).



	
Column 5: spectral type from the literature. If not indicated otherwise, all literature spectral types were extracted from Gray et al. (2016). For some stars, more than one classification is available in this source; in these cases, the classification corresponding to the highest Sloan g band S/N value was chosen. Quality flags and the g band S/N value are provided in parentheses. Spectral classifications from other sources are highlighted in italics and the corresponding reference is given.



	
Column 6: spectral type, this paper.



	
Column 7: flux depression at around 5200 Å (N = no depression, M = mild depression, S = strong depression).



	
Column 8: period (d), given to the last significant digit, and corresponding uncertainties.



	
Column 9: epoch (M0-2400000 [BJD]); time of maximum is indicated.



	
Column 10: effective amplitude, Aeff[mmag], following Mikulášek et al. (2007b).



	
Column 11: scatter, s[mmag].



	
Column 12: number of observations available, N.



	
Column 13: number of observations included in the final analysis, Neff.



	
Column 14: number of rejected observations, Nk.



	
Column 15: estimated magnitude in the Kepler band (Kp) from the Kepler Input Catalogue (KIC; Kepler 2009).




The astrophysical parameters of our target stars, which have been taken from Mathur et al. (2017) and employed in the construction of the Kiel diagram shown in Fig. 5, are given in Table 5, which is organized as follows:

	
Column 1: KIC number.



	
Column 2: effective temperature, Teff.



	
Column 3: upper 1σ confidence interval in Teff (Teff err+).



	
Column 4: lower 1σ confidence interval in Teff (Teff err−).



	
Column 5: logarithmic surface gravity, log g.



	
Column 6: upper 1σ confidence interval in log g (log g err+).



	
Column 7: lower 1σ confidence interval in log g (log g err−).




 The light curves of all objects, based on detrended and rescaled Kepler data (cf. Sect. 2.6.2) and phased with the linear ephemerides presented in Table 4, are illustrated in Fig. A.1.
Table 5.

Astrophysical parameters of our target stars, which have been extracted from Mathur et al. (2017) and employed in the construction of the Kiel diagrams shown in Fig. 5, sorted by KIC number.


4. Discussion
In the following discussion concerning the light curve properties of ACV variables, we only considered objects that have been spectroscopically confirmed as mCP stars (N = 41). We caution that the present sample, which constitutes the largest collection of mCP stars in the Kepler field to date, is still rather small and biased by the employed selection criteria. It is thus not very well suited to statistical analyses. It is, however, sufficiently large and adequate for an investigation of the goals of the present study.
4.1. mCP star light curve properties
The distribution of effective amplitudes of our sample stars is shown in Fig. 8. Our results are in good agreement with the literature. ACV variables that have been detected in ground-based photometric studies mostly exhibit amplitudes of the order of several hundredths of a magnitude (Mathys & Manfroid 1985), peaking at around 30 mmag (cf. lower panel of Fig. 1 in Bernhard et al. 2015). In accordance with our expectations, Kepler data yield a significant number of ACV variables with very small amplitudes. This is expected as the range of the light variations depends on the contrast and size of the involved chemical spots that may, at least in theory, assume all possible configurations. The star KIC 8161798 (A0 V SiCr) deserves special note, as it shows by far the largest effective amplitude (90.5 mmag) of our sample stars.
	[image: thumbnail]	Fig. 8.
Distribution of amplitudes among the spectroscopically confirmed ACV variables in our sample (N = 41).




The distribution of periods is illustrated in Fig. 9. It is typical of ACV variables, which show a peak distribution around a period of log P ∼ 0.4, where P is expressed in days (cf. Fig. 1 in Bernhard et al. 2015 and Fig. 7 in Renson & Manfroid 2009). At around a rotational period of log P ∼ 0.8, the incidence of ACV variables generally decreases. However, we note that, as has been pointed out in Sect. 2.2.2, this representation is biased by our sample selection criteria, which are bound to miss long period ACV variables. Furthermore, the small sample size precludes drawing any definite conclusions.
	[image: thumbnail]	Fig. 9.
Distribution of periods among the spectroscopically confirmed ACV variables in our sample (N = 41).




The availability of precise light curves with a maximum of information content is important to derive accurate information on spot sizes and distribution and atmospheric structure in mCP stars. Kepler data are used for the first precise characterizations of the light curves of a larger sample of these stars and open up a new window on their rotational light variability properties. While the majority of mCP stars in our sample show rather simple light changes that can indeed be well represented by a sine wave and its first harmonic, about 25% of these objects show a wealth of details in their light curves that hint at complex surface structures. This is in particular the case for the stars KIC 4136285, KIC 5774743, KIC 5814635, and KIC 6426158 (cf. Fig. A.1).
In order to check whether these details would be detectable in less accurate observations typical of ground-based data, we introduced Gaussian scatter into the light curves of several objects (Fig. 10). As can be clearly seen, the subtle details in the light curve of KIC 5814635 can only be guessed after the introduction of a scatter of 1 mmag, becoming totally unrecognizable as the scatter increases to 5 and 10 mmag, respectively. The same holds true for the low-amplitude ACV variable KIC 6426158, in which the subtle light curve details are already lost after the introduction of a scatter of 1 mmag.
	[image: thumbnail]	Fig. 10.
Light curve of KIC 5814635 (A1 V SiSrCrEu metals strong) based on original Kepler data (upper left panel) and Kepler data to which a Gaussian scatter of 1 mmag (upper right panel), 5 mmag (middle left panel), and 10 mmag (middle right panel) has been added. The subtle details revealed by Kepler can only be guessed after the introduction of a scatter of 1 mmag, which become totally unrecognizable as the scatter increases to 5 and 10 mmag, respectively. The same holds true for KIC 6426158 (A1 V SiSrCrEu). The details in the light curve (lower left panel) already get blurred after the introduction of a scatter of 1 mmag (lower right panel). This illustrates that the subtle details revealed by Kepler would have been lost in standard ground-based observations.




These examples illustrate that, at least in some mCP stars, high-precision photometry reveals previously undetected light curve details, which indicate that the surface structures of these stars are more complex than hitherto observed. In this context, it is interesting to point out that several investigations have reported complex magnetic structures in mCP stars, for example HD 32633 (Renson 1984), β CrB (Bagnulo et al. 2000), 53 Cam (Kochukhov et al. 2004), and 49 Cam (Silvester et al. 2017). With increasing quality of observations, it has become clear that most mCP stars have fields that are considerably more complex than pure oblique dipoles (Bagnulo et al. 2002). As magnetic and surface abundance structures are related (Kochukhov 2003), these findings imply the existence of complex surface abundance structures, and hence complex photometric variability, in at least some mCP stars; this is in agreement with our results from Kepler data. It would be highly interesting to establish whether the complex photometric variations in our sample stars are reflected in the magnetic field curves, and we strongly encourage corresponding DI studies. We cannot answer the question concerning which other parameters (if any) determine the occurrence of complex versus simple surface structures in mCP stars with the current sample, although it is, of course, reasonable to assume a continuous progression from simple to complex surface structures among these objects. It may, however, be tackled in the future when a larger sample of mCP stars with ultra-precise light curves has become available.
Another noteworthy result of our analysis is that, apparently, the spectroscopically confirmed mCP stars indeed show stable light curves during the full period of the Kepler coverage. This is in accordance with the expectations, as ACV variables are believed to exhibit stable spot configurations (and hence light curves) during long periods of time (cf. Sect. 1). On the other hand, all stars for which we failed to establish chemical peculiarities show some kind of long-term changes in light curve shape (in particular KIC 5213466, KIC 10082844, and KIC 10550657) or some kind of additional variability (cf. Sect. 4.2). This apparent dichotomy might prove valuable in future efforts aimed at the discovery of mCP star candidates by their light curve properties in large photometric surveys. An automated approach seems readily conceivable and is under consideration. However, we caution that the differentiation between instrumental effects and intrinsic light curve features in Kepler data is not easy.
4.2. Objects of special interest
For seven stars of our sample, we were not able to detect peculiarities in the available spectroscopic material. None of these objects show a 5200 Å flux depression (Table 4) or are outstanding in the Kiel diagram (Fig. 5). This raises the question of whether the spectral peculiarity is too weak to be detected in our low-resolution spectroscopic material or whether the variability is not due to chemical spots on the surface. The fact that these objects do not exhibit stable light curves during the Kepler coverage clearly favours the latter explanation.
Several studies have reported a surprisingly high rate of rotational variables among early-type (B/A) main-sequence stars (e.g. Balona 2013, 2017; Balona et al. 2015), and there have been speculations about the presence of localized magnetic fields and “classical” starspots in these stars (Balona 2017). This, however, is still a controversial issue (e.g. Murphy 2014). In a recent study, Saio et al. (2018) presented theoretical calculations and evidence for the occurrence of global Rossby waves (r modes) in upper main-sequence stars. Assuming swarms of r-mode frequencies and weak starspots, they have been able to reproduce the observed Fourier amplitude spectra of rapidly rotating B/A stars, thus producing independent evidence for the occurrence of classical starspots in these objects.
Our non-mCP stars exhibit light curves that are compatible with spot-induced variability. Furthermore, the occurrence of long-term changes or some kind of additional variability in these stars suggests classical starspots rather than chemical spots, which are longer lived. Further investigations of these interesting targets may contribute to the resolution of this issue and are strongly encouraged. Only detailed spectroscopic time-series analyses will be able to shed more light on the true nature of these objects, which are briefly commented on below. Spectral types derived in this study are provided in parentheses behind the KIC identifiers.
KIC 5213466 (A1 V), KIC 10082844 (A0 V), and KIC 10550657 (A0 V). The light curves of these stars show large variations in amplitude and shape (cf. Figs. 6 and A.1), which is not expected in ACV variables. The reason could be differential rotation, binary motion, or starspots due to stellar activity. Interestingly, the spectral types and light curves of all three stars are very similar.
KIC 5727964 (A6 V). This star shows alternating heights of consecutive maxima, which is clearly observed in Kepler data (cf. Fig. A.1) but already lost after the introduction of a scatter of 1 mmag. Therefore, in less accurate data, only half the true period would have been registered. The light curve is continually (but marginally) changing throughout the covered time span.
KIC 6206125 (B9 V (Si)). The periodogram indicates the presence of additional short-period peaks. The most significant peak is at f1 = 1.88555 d−1 (P = 0.53035 d) and has an amplitude of only ∼0.2 mmag. This additional variability is present in all quarters, and we do not see any evidence that it is caused by instrumental effects. In fact, the star has been proposed as a δ Scuti variable by Balona (2013) on grounds of the presence of high-frequency peaks and is listed as such in SIMBAD, although the observed main period seems to be rather long for this type of variable star. We confirm the Si peculiarity indicated by Gray et al. (2016) even though the star is a marginal case. The possible presence of noAp (i.e. δ Scuti or γ Doradus) pulsations in CP2 stars have been reported in the literature (e.g. Balona et al. 2011a), and the simultaneous existence of δ Scuti pulsations and rotational modulation due to an inhomogeneous surface structure has been established in HD 41641, which also shows the spectral characteristics of a CP2 star (Escorza et al. 2016). These objects are rare, therefore KIC 6206125 is potentially of interest and merits further attention. However, the star has been identified as a binary star (Murphy et al. 2018), and it needs to be excluded that the short period signal originates in the companion star or that Kepler photometry is contaminated by the signal of a nearby pulsating variable in the same field of view.
KIC 8415109 (A0 V). The amplitude of the light variations is extremely small (2.3 mmag). The light curve is stable and its complex pattern is suggestive of spot-induced variability. This is an interesting target for follow-up observations because this source could be a very young CP star in the process of developing chemical peculiarities.
KIC 8569986 (A2 V) and KIC 11671226 (A5 V). No outstanding characteristics compared to the confirmed ACV variables are visible.
Two other objects deserve special mention and are briefly discussed below.
KIC 4136285 (B5 He wk.,Renson & Manfroid 2009). This star, which is also known as V545 Lyr, is the only CP4 star in our sample. It exhibits a highly complex light curve, which is stable throughout the covered time span (Fig. 11). We interpret the light variations as rotational modulation caused by abundance inhomogeneities. The observed variability pattern is therefore indicative of a highly complex surface structure, and the object is a prime target for detailed spectroscopic analyses or DI studies. Unfortunately, only two quarters of data are available for this interesting star.
	[image: thumbnail]	Fig. 11.
Light curve development of KIC 4136285 (spectral type B5 He wk.; Renson & Manfroid 2009). The plot has been created with the DEVELOPMENT code and based on original, non-detrended Kepler PDC flux. The time distance between subsequent mean light curves is about 45 days. The star exhibits a highly complex but stable light curve throughout the covered time span.




KIC 6950556 (A0 V Si). This star has been classified as A8mB4 V Lam Boo by Gray et al. (2016). The analysed spectrum boasts a Sloan g band S/N value of 145, which should allow for a precise classification. However, we classified the star as A0 V Si in the present investigation. A strong 5200 Å flux depression is present in the spectrum that is characteristic of mCP stars and provides confidence in our classification. This star is certainly not a λ Bootis star.
5. Conclusions
We have carried out a search for new photometrically variable mCP stars (ACV variables) in the Kepler field with the ultimate aim of investigating their photometric variability properties. For the creation of an initial sample, photometric selection criteria were applied to the Kepler light curves of early-type targets, which lead to the identification of 51 photometric candidates. These candidates, together with two well-confirmed mCP stars (KIC 4136285 and KIC 8324268), formed the final sample for the present study. Employing newly acquired and archival spectra, we were able to investigate 46 photometric candidates, 39 of which (85%) turned out to be bona fide mCP stars.
The main findings of the present investigation are summarized in the following:

	
Our final sample consists of 41 spectroscopically confirmed mCP stars, 39 of which are new discoveries; 5 candidate mCP stars for which no (recent) spectra are available; and 7 stars in which no chemical peculiarities could be established. We hereby significantly enlarge the sample of known mCP stars in the Kepler field and provide a sound basis for further research.



	
Observed periods range from 0.84 d to 9.6 d, and effective amplitudes range from 0.6 mmag to 90.5 mmag.



	
The employed photometric selection criteria constitute a viable and efficient method of identifying mCP star candidates among early-type stars in massive photometric time series databases. Light curve stability, in particular, has been identified as a primary criterion in this respect.



	
Our targets populate the whole age range from ZAMS to terminal-age main sequence (TAMS) and are distributed in the mass interval from 1.5 M⊙ to 4 M⊙. No evolved objects or stars below the ZAMS are present in our sample. The derived spectral types are in good agreement with the Teff values of Mathur et al. (2017).



	
About 25% of the Kepler mCP stars show a hitherto unobserved wealth of detail in their light curves that is indicative of complex surface structures. These data are valuable for detailed analyses of the abundance inhomogeneities and atmospheric structure in mCP stars and provide important input parameters for spot-modelling attempts and simulation of mCP star light curves.



	
For 7 stars, no evidence for chemical peculiarities has been found. These stars, however, show variability that is compatible with rotational modulation and are interesting targets for follow-up investigations.



	
We provide independent confirmation of the accuracy of the spectral classifications derived by the MKCLASS code, in particular concerning the reliability of the peculiarity classifications.




Future investigations will be concerned with the identification of more mCP stars in the Kepler field via photometric selection criteria and the MKCLASS code and a detailed analysis of the light variability of the more interesting objects of the present sample (Mikulášek et al., in prep.).


1 For convenience, these objects are referred to hereafter as magnetic chemically peculiar (mCP) stars.


2 https://archive.stsci.edu/kepler/manuals/Data_Characteristics.pdf


3 Please note that while Tkachenko et al. (2013) comment on the strong Si abundance of KIC 8351193 in the text of their paper, the corresponding table (Table 3) in the same work lists a Si abundance of −1.20 dex, as compared to the solar abundance. Perhaps, then, an error in sign is at the root of this discrepancy.


4 The full description of this procedure and range of our results, together with the simulation of light curves of non-eclipsing close binaries containing spotted components, is in preparation and will be published elsewhere. The assumption of an ellipsoidal variable with a spotted component might explain the variability of the non-mCP stars from our list that display a significant long-term development of their light curves (cf. Sects. 2.6.1 and 4.2).


5 Some of the stars investigated in this way were taken from a candidate list kindly provided by Prof. Don Kurtz (pers. commun.).


6 http://www.sao.ru/Doc-en/Telescopes/small/instrum.html


7 https://archive.stsci.edu/kepler/
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Appendix A:  Additional figure
	[image: thumbnail]	Fig. A.1.
Light curves of all objects, based on detrended and rescaled Kepler data (cf. Sect. 2.6.2) and phased with the linear ephemerides presented in Table 4. The contours of the mean light curve are delineated by black dots. Phase zero corresponds to photometric maximum. The indicated periods and spectral types have been gleaned from Table 4. The given spectral types have been taken from Renson & Manfroid (2009; KIC 4136285), Murphy (1969; KIC 11560273), and this study (all other stars).
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Astrophysical parameters of our target stars, which have been extracted from Mathur et al. (2017) and employed in the construction of the Kiel diagrams shown in Fig. 5, sorted by KIC number.
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All Figures
	[image: thumbnail]	Fig. 1.
Fourier amplitude spectrum of the ACV variable KIC 6950556 (spectral type A0 V Si) based on non-detrended Kepler PDC flux. The spectrum is indicative of a single independent frequency and its corresponding harmonics. The inset shows a zoomed-in version with the main peaks off scale, highlighting the corresponding harmonics; axes are the same as in the main plot.
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	[image: thumbnail]	Fig. 2.
Blue-violet region of sample spectra that have been employed for spectral classification of our sample stars. The panels illustrate the SAO RAS spectrum of KIC 5473826 (spectral type B9 V SiCr; upper panel) and the LAMOST DR2 spectra of KIC 8773445 (spectral type A0 IV SiCrSrEu; middle panel) and KIC 9541567 (spectral type A9 V SrCrEu; lower panel). Some lines of interest are indicated. Please note that at this resolution, the CaH line is blended with Hϵ. The listed spectral types are from this investigation (cf. Table 4).
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	[image: thumbnail]	Fig. 3.
Comparison of the spectra of (from top to bottom) the MKK standard 48 Cet (A1 V), the non-CP star KIC 10550657 (A0 V), the mCP star KIC 8773445 (A0 IV SiCrSrEu), and the MKK standard Vega (A0 V) in the blue-violet region. Some prominent lines of interest are indicated in the spectrum of KIC 8773445 (for an identification of these lines, please refer to Fig. 2). We also note the generally enhanced metal lines in this star, which are much stronger than in the A0 V standard despite an identical v sin i value.
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Comparison of the Teff values of Pinsonneault et al. (2012), P12) and Mathur et al. (2017), M17) for our sample stars.

In the text



	[image: thumbnail]	Fig. 5.
Kiel diagram indicating the location of our sample stars and the corresponding errors. The solid lines denote PARSEC isochrones (Bressan et al. 2012) for solar metallicity ([Z] = 0.019 dex) and different ages from log t = 7.0 to 9.25, as indicated. The dotted lines give the positions for different masses of M⊙ = 1.5, 2, 3, and 4, respectively. The seven stars that have not been found to exhibit chemical peculiarities in this study are indicated by open symbols in the upper panel. Lower panel: a zoomed-in version that includes information on the spectroscopic classifications, as indicated in the legend. We note that for the CP4 star KIC 4136285, no parameters are available in the Mathur et al. (2017) catalogue and the star is therefore missing in the diagram.
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	[image: thumbnail]	Fig. 6.
Light curve development of KIC 6950556 (A0 V Si; upper panel) and KIC 5213466 (A1 V; lower panel). The plots have been created with the DEVELOPMENT code and based on original, non-detrended Kepler PDC flux. The time distance between subsequent mean light curves is a quarter of a year.
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	[image: thumbnail]	Fig. 7.
Dependence of the individual residuals (grey dots) on time in days, using the example of KIC 8012437 (spectral type A4 V SiCr). The full lines denote Chebyshev polynomials up to the sixth degree that were fitted to the individual segments.

In the text



	[image: thumbnail]	Fig. 8.
Distribution of amplitudes among the spectroscopically confirmed ACV variables in our sample (N = 41).
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Distribution of periods among the spectroscopically confirmed ACV variables in our sample (N = 41).
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	[image: thumbnail]	Fig. 10.
Light curve of KIC 5814635 (A1 V SiSrCrEu metals strong) based on original Kepler data (upper left panel) and Kepler data to which a Gaussian scatter of 1 mmag (upper right panel), 5 mmag (middle left panel), and 10 mmag (middle right panel) has been added. The subtle details revealed by Kepler can only be guessed after the introduction of a scatter of 1 mmag, which become totally unrecognizable as the scatter increases to 5 and 10 mmag, respectively. The same holds true for KIC 6426158 (A1 V SiSrCrEu). The details in the light curve (lower left panel) already get blurred after the introduction of a scatter of 1 mmag (lower right panel). This illustrates that the subtle details revealed by Kepler would have been lost in standard ground-based observations.

In the text



	[image: thumbnail]	Fig. 11.
Light curve development of KIC 4136285 (spectral type B5 He wk.; Renson & Manfroid 2009). The plot has been created with the DEVELOPMENT code and based on original, non-detrended Kepler PDC flux. The time distance between subsequent mean light curves is about 45 days. The star exhibits a highly complex but stable light curve throughout the covered time span.
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	[image: thumbnail]	Fig. A.1.
Light curves of all objects, based on detrended and rescaled Kepler data (cf. Sect. 2.6.2) and phased with the linear ephemerides presented in Table 4. The contours of the mean light curve are delineated by black dots. Phase zero corresponds to photometric maximum. The indicated periods and spectral types have been gleaned from Table 4. The given spectral types have been taken from Renson & Manfroid (2009; KIC 4136285), Murphy (1969; KIC 11560273), and this study (all other stars).
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