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Stars are the building blocks of planetary systems, clusters, associations, and galaxies. The evolution of stars is driven by physical processes in their interiors making theory of stellar interior structure and evolution an important ingredient of contemporary astrophysics. Despite its importance, this theory contains major shortcomings starting from the early stages of stellar evolution which significantly impact all subsequent evolutionary phases. Studying the pulsations of young intermediate-mass stars, i.e., conducting pre-main sequence (pre-MS) asteroseismology, has the potential to contribute to a better understanding of the processes acting during the earliest phases of stellar evolution. With ultra-precise observational data obtained from space and from ground in combination with improvements of our theoretical models for pre-MS stars, the field of pre-MS asteroseismology will advance in the future and provide important constraints for the input physics of early stellar evolution.
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1. INTRODUCTION

The earliest phases in the lives of stars determine their whole future fate until their deaths. Depending on their initial mass and metallicity, stars produce chemical elements during their further evolution, which can be used to trace the history of Galactic evolution. Massive stars are particularly important for the chemical enrichment of our Universe. The angular momentum that stars obtain during their formation may crucially influence their future lives. These examples illustrate that understanding the physical processes occurring during the earliest stages of stellar evolution is essential. But although we have a general concept of how stars are formed and evolve, our current knowledge of these early phases is very limited.

Asteroseismology has been proven to be a successful tool to unravel details of the internal structure for different types of stars in various stages of evolution. In the mid 1990s it became evident through first time series observations of Herbig Ae stars that also stars in their earliest phases of evolution, i.e., before the onset of hydrogen core burning, can become unstable to pulsations. Therefore, asteroseismology can be successfully applied to pre-main sequence (pre-MS) stars and will allow us to answer some of the yet open questions of early stellar evolution. In this context, two main challenges need to be tackled in the coming years: we need precise enough observational data for pre-MS pulsators (i.e., long and high precision photometric time series and high-resolution spectroscopy) and improved input physics for the theoretical models of stars before the onset of hydrogen-core burning.


1.1. Early Stellar Evolution

Stars are born from the gravitational collapse of molecular clouds. The formation process is hidden by the obscuring gas and dust until the proto-star has reached sufficient temperature, mass and luminosity to be seen. During this time the proto-star continues to accrete matter from its birth cloud. Once the young star emerges from its cocoon, it is suggested by stellar evolution theory to be nearly fully convective and chemically homogeneous. As the central temperature and density are not yet high enough to initiate nuclear burning, the early star gains all of its energy from gravitational contraction. It is in the gas and dust debris disks surrounding the early stars, that planetary systems—similar to our own solar system—are formed. The relatively short time span between the formation of stars from interstellar clouds and the onset of core hydrogen burning is called the pre-main sequence (pre-MS) phase.

The distribution of stars in young associations (e.g., in the Orion nebula or NGC 2264; Stahler and Palla, 2005) gives the impression that there is an upper boundary in the Hertzsprung-Russell (HR-) diagram, i.e., that pre-MS stars by their very nature are restricted to relatively modest luminosities and that the upper parts are unpopulated. This boundary is named the birthline. Hence, pre-MS stars are the optically visible descendents of embedded protostars. At the birthline, pre-MS stars have protostellar radii that are larger than the main sequence values but never by more than a factor of ten (Stahler and Palla, 2005).

The theoretical representation of the birthline is constructed by calculating sequences of stellar models that represent the youngest pre-MS stars of their respective masses and connecting them. Obviously, the location of the theoretically computed birthline strongly depends on the underlying protostar and pre-MS models, and, therefore, also on the input physics of early stellar evolution that are in turn dependent on different assumptions (e.g., mass accretion rates, angular momentum transfer or turbulence). Following Stahler and Palla (2005) and using theoretical models computed with the MESA (Paxton et al., 2011) or YREC (Demarque et al., 2008) codes, the birthline and the ZAMS intersect at ~6 M⊙. Other stellar evolution codes such as the CESAM code (Morel and Lebreton, 2008) suggest that the intersection point lies at ~15 M⊙. This large discrepancy demonstrates our shortcomings in the description of early stellar evolution. If stars more massive than ~6 M⊙ would indeed have an optically visible pre-MS phase, it would change the lifetimes and ages of more massive stars and, hence, have a strong impact on our concept of how massive stars evolve during their later stages.

The more massive the star, the faster it completes its evolution process. Therefore, the most massive protostars evolve so fast that they do not have an observable pre-MS phase but remain deeply embedded in the remnants of their birth clouds from which they still accrete material. Once they become optically visible, massive stars already burn hydrogen in their cores and, hence, are main sequence objects.

From the birthline on, the pre-MS star's interior structure undergoes several changes as the temperature rises and the opacities decrease (e.g., Stahler, 1983). As the star heats up and the opacities drop, a radiative core develops (Hayashi, 1961). Eventually, the star's central regions become hot enough for nuclear burning to occur, called the main-sequence phase. Models predict that for intermediate mass stars just before the main sequence phase, there is a brief period of nuclear burning where carbon is burnt by the CNO cycle (a chain of hydrogen burning reactions catalyzed by the presence of C, N, and O) until C and N reach nuclear burning equilibrium. During this time the star's core briefly becomes convective and the star's luminosity increases. Shortly thereafter, nuclear burning stops and the star resumes its contraction onto the zero-age main sequence (ZAMS), where upon nuclear burning of hydrogen re-ignites and becomes the dominant source of energy throughout most of the rest of the star's life. These first non-equilibrium nuclear burning processes are reflected in the bending of the pre-MS tracks close to the ZAMS.

The ignition of nuclear fusion is the most important phase in early stellar evolution as it changes the stars' internal structures and marks a key point of their evolution.



1.2. Pre-main Sequence Stars

Depending on their masses, pre-MS objects can either belong to the group of T Tauri stars or show Herbig Ae/Be type characteristics. Members of both groups show photometric and spectroscopic variability on time scales from minutes to years, indicating that stellar activity begins in the earliest phases of stellar evolution, prior to the arrival on the main sequence. Investigating pre-MS members of young open clusters (i.e., younger than 10 million years) improves the a priori identification of stellar youth because all members of young clusters have the same formation and early evolution history, and therefore cannot be confused with more evolved foreground or background objects.



1.3. T Tauri Stars

Once a low-mass star (0.2 M⊙ ≤ M ≤ 1.5 M⊙) becomes optically visible and contracts along its Hayashi track, it presumably becomes a T Tauri star. T Tauri stars were discovered by Joy (1942, 1945, 1949) in the Taurus-Auriga dark cloud and named after their brightest member. They are primarily of spectral types from late F to M and possess apparently normal photospheres with overlying continuum and line-emission characteristics of a hotter (say 7,000–10,000 K) envelope. Several studies (e.g., Joy, 1945, 1949; Herbig, 1962) established beyond doubt that these stars are in their pre-MS phase of evolution.

Weak-lined T Tauri stars (WTTSs) do not show evidence for disk accretion. Their sinusoidal light variability is attributed to cool magnetic spots on the stellar surface (e.g., Stassun and Wood, 1999; Cody et al., 2014). Classical T Tauri stars (CTTSs) are surrounded by often dense circumstellar disks from which matter is accreted. Consequently, their time domain behavior is much more complex and can be categorized as being stochastic (e.g., Rucinski et al., 2008), intermittently fading (e.g., Alencar et al., 2010), or semi-periodic (e.g., Alencar et al., 2010). The physical mechanisms causing aperiodic or partially periodic variability include obscuration by circumstellar matter (e.g., Alencar et al., 2010), instabilities in the accration shock at the stellar surface (Koldoba et al., 2008), unsteady accretion and hot spot evolution (e.g., van Boekel et al., 2010), and instabilities in the accretion disk (e.g., Bouvier et al., 2007). But also magnetic field strength and shape (e.g., Cody et al., 2014; Stauffer et al., 2016), disk structure (e.g., Wolk et al., 2013), stellar mass (Herbst and Shevchenko, 1999), and rotation rate (Grankin et al., 2007) also appear to influence the variability of CTTSs. A detailed overview is given in Cody et al. (2014).

Alencar et al. (2010) identified three types of CTTS light curves using data obtained by the CoRoT satellite (Auvergne et al., 2009) during the Short Run SRa01 on the young open cluster NGC 2264: regular spot-like variability, semi-regular AA Tau like stars and irregular light variations. Their study was continued with the second observing run of CoRoT on NGC 2264 during the CSI2264 project [“Coordinated Synoptic Investigation of NGC 2264”; Cody et al. (2014)] in 2011/12. Recently, Stauffer et al. (2016) used these data for a new morphological classification of the CTTSs into six groups: (i) periodic extinction variability, (ii) aperiodic extinction variability, (iii) unstable accretion or accretion bursts, (iv) cold spots, (v) hot spots and (vi) stochastic variability.

The regular and irregular light variability typical for T Tauri stars can be measured spectroscopically and photometrically and is complicating the search for and analysis of the pulsational signal in these stars. In the effective temperature range covered by T Tauri objects, pulsational periods are expected to be as long as a few days in case of γ Doradus type pulsation. Consequently, variability caused by the disk and caused by pulsations lies in the same domain and is hard to disentangle. But also stochastic solar like oscillations are predicted in this region of the HR diagram which have significantly shorter periods on the order of a few to few tens of minutes, but have amplitudes on the parts-per-million level which are observationally hard to detect in light curves that are dominated by aperiodic variability.



1.4. Herbig Ae/Be Stars

In the case of intermediate-mass stars (1.5 M⊙ ≤ M ≤ 10 M⊙) the imprint of the previous accretion history persists much longer and their evolution is much closer tied to the protostellar conditions than for low-mass stars. The star's surface luminosity increases sharply early during contraction. Also, the star inherits a thick, subsurface mantle of deuterium, which must ignite in a shell and fuse to helium during the subsequent approach to the ZAMS. The lower mass limit of 1.5 M⊙ corresponds to the mass above which stars are radiatively stable when they begin their quasistatic contraction. The upper limit (10 M⊙) corresponds to the mass above which stars start burning hydrogen before they emerge from their contracting envelope, i.e., it occurs where the stellar birthline (Stahler, 1983) intersects the ZAMS.

Intermediate-mass pre-MS stars are attributed to the group of Herbig Ae/Be stars (Herbig, 1962) which have spectral types A or B and show emission lines. They possess an IR excess due to hot or cool circumstellar dust or both, and have luminosity classes III–V (Waters and Waelkens, 1998). The difference between Herbig Ae/Be and “normal” main sequence stars is the presence of emission lines and the complex variability of the emission and absorption features. Using the shapes of the Hα emission lines, Reipurth et al. (1996) classified the stars into four groups: Type I objects show symmetric profiles without absorption features; the emission lines of Type II stars are double-peaked where the secondary peak has more than half the strength of the primary; in the group of Type III objects the profiles are double-peaked, but the secondary peak has less than half the strength of the primary peak; Type IV has the classical P Cygni profile (see e.g., Vieira et al., 2003).

The light variability observed in Herbig Ae/Be stars ranges from days to weeks (e.g., Oudmaijer et al., 2001) in period and reaches up to a magnitude in strength. Recent studies show that within the mass range of Herbig Ae/Be stars the accretion mechanism changes from being magnetically controlled as in T Tauri stars (Bouvier et al., 2007) to a currently unknown mechanism acting in the more massive stars. The light variability observed in Herbig Ae/Be stars originates from variable extinction, from rotating circumstellar disks, or from rotation of cold photospheric spots.

In the effective temperature range of Herbig Ae/Be stars, p-mode δ Scuti variability with periods ranging from 18 min to 5 h can be found. As the p-mode periods are on a much shorter time scale than any other variability seen in Herbig Ae/Be stars, they can be identified somewhat easier as is illustrated in section 4.2.




2. FIRST STEPS IN ASTEROSEISMOLOGY OF PRE-MS STARS

The first reference to the presence of pulsations in a pre-MS star dates back to a light variability study of the young open cluster NGC 2264, where Breger (1972) reported the two stars V 588 Mon (HD 261331, NGC 2264 2) and V 589 Mon (HD 261446, NGC 2264 20) to show δ Scuti -like oscillations. The position of the two stars in the HR-diagram agreed with that of post-main sequence δ Scuti stars, but given the extremely young age of NGC 2264 of 1–3 Myr, Michel Breger concluded in a visionary statement in his publication that “…if they are members, they would be the first known pre-main sequence pulsators” (Breger, 1972). Consequently, the membership of the two stars to the cluster was investigated and discussed in subsequent years.

Only 20 years later, the next pre-MS pulsator was discovered: HR 5999 (HD 144668, V 856 Sco) is a Herbig A7 III-IVe star that was intensively studied in connection to its HerbigAe-nature (e.g., Praderie et al., 1991) until then. None of the studies was aiming to detect oscillations because at that time it was not clear if stars in their earliest phases of evolution could indeed show similar pulsational properties as their more evolved, hydrogen core burning counterparts. Kurtz and Marang (1995) detected clear δ Scuti -type variability with a period of about 4.99 h with an amplitude of only 13 mmag in the presence of 0.35 mag non-periodic light variations in HR 5999. The authors also conducted the first detailed asteroseismic investigation of the oscillations in a pre-MS star. Hence, this marks the real start of the field of pre-MS asteroseismology.

In the late 1990ies a few more objects were identified as being potentially pre-MS pulsators, i.e., HD 104237 (Kurtz and Müller, 1999), V 351 Ori and HD 35929 (Marconi et al., 2000), NGC 6823 HP 57 and NGC 6823 BL 50 (Pigulski et al., 2000). At the same time, the first investigation of the theoretical instability strip for pre-MS δ Scuti stars was published (Marconi and Palla, 1998) illustrating that the main difference between a pre- and a post-MS star of same mass and location in the HR-diagram lies in its interior structure. In these early stages of the research area, pre-MS stars were believed to be purely radial pulsators showing only few δ Scuti -type pulsation modes (Marconi and Palla, 1998).

In subsequent years, the number of confirmed detections of δ Scuti -type pulsations in pre-MS stars increased first using ground-based observations (e.g., Zwintz et al., 2005; Ripepi et al., 2006) followed by the first space data obtained from the MOST satellite (Walker et al., 2003). It soon became evident that pre-MS pulsators can show both, radial and non-radial pulsation modes (Ruoppo et al., 2007; Zwintz et al., 2007) and can be as multi-periodic as their more evolved counterparts showing more than a handful and up to more than 100 individual pulsation frequencies (e.g., Kallinger et al., 2008; Zwintz et al., 2009). A detailed investigation of the pulsation frequency spectra of pre- and post-MS δ Scuti -type stars clearly illustrated that the excited frequencies differ between the two evolutionary stages, hence making it possible to constrain the evolutionary stage of a given star by its pulsation properties only, if a sufficient number of oscillations modes was detected observationally (Suran et al., 2001). Also, the first theoretical pre-MS pulsation models were successfully applied for the determinination of the pulsational characteristics of the observed frequencies (e.g., Guenther et al., 2007, 2009). This also allowed for the first time to constrain the evolutionary stage of a star only by using its pulsational properties (Guenther et al., 2007).



3. CURRENT STATE-OF-THE ART IN PRE-MAIN SEQUENCE ASTEROSEISMOLOGY

As of January 2019, ~75 pre-MS stars were discovered to be p- and g-mode pulsators of three different types.


3.1. Pre-main Sequence δ Scuti Stars

Similar to their hydrogen core burning counterparts, pre-MS δ Scuti pulsators are intermediate mass stars of spectral types A–F with pulsation periods between about 18 min and 7 h and pulsation amplitudes at the millimagnitude level. δ Scuti stars in all evolutionary stages pulsate with p-modes that are driven by the κ-mechanism in the H, He I, and He II ionization zones.

Recently, a relation between the oscillatory properties of δ Scuti -type pre-MS stars and the relative stage in their pre-MS evolution was revealed (Zwintz et al., 2014). The least evolved stars that are located close to the birthline and hence have the largest radii, show the slowest pulsations. The further the pre-MS stars have progressed in their evolution toward the ZAMS, and hence the more compact they have become, the faster they oscillate. A relation like this has so far only been shown for the stochastically excited solar-like oscillations in red giants (e.g., Bedding et al., 2011)—a completely different type of pulsations in a different evolutionary stage. Being able to link the relative ages of heat-driven δ Scuti -type pre-MS stars to their pulsational properties is the first step in using asteroseismic methods to unravel open questions in early stellar evolution such as the pre-MS lifetimes, the speed of stellar evolution or the chemical and rotational evolution of intermediate-mass pre-MS stars.



3.2. Pre-main Sequence Slowly Pulsating B (SPB) Stars

SPB stars have spectral types from B3 to B9, pulsate with g-modes excited by the κ-mechanism and show periods between 0.5 and 3 days (Aerts et al., 2010). SPB stars with 2–7 M⊙ are more massive than the δ Scuti stars, and, hence have a significantly shorter pre-MS phase lasting only a few million years.

Pre-MS SPB stars are already in the crucial transition phase from gravitational contraction to hydrogen-core burning where the star undergoes significant structural changes before arrival on the ZAMS. These changes should be measurable by detecting regularities in period and their deviations from an equal spacing similar as it has been recently successful for main sequence SPB stars (e.g., Pápics et al., 2015). As pre-MS SPB stars have a much shorter optically visible pre-MS evolutionary phase, they are statistically less frequent, and hence harder to find.

Gruber et al. (2012) reported the first possible detection of two pre-MS SPB stars: GSC 00154-00785 and GSC 00154-01871 are two members of the young open cluster NGC 2244. A detailed analysis of B type members in the young cluster NGC 2264, revealed SPB type pulsations in four stars (HD 47469, HD 48012, HD 261810, and HD 261878), but identified them to be already on the ZAMS with ages of only ~1 to 2 million years (Zwintz et al., 2017). This illustrates the challenges to be met when searching for SPB type pulsations in pre-MS stars: the time stars of four to five solar masses need to start burning hydrogen in their cores is quite short lasting only a few ten-thousand years. This makes it hard to detect true pre-MS SPB stars.



3.3. Pre-main Sequence γ Doradus Stars

Pre- and (post-)MS γ Doradus pulsators have periods similar to the SPB stars, i.e., from 0.3 to 3 days, and also pulsate with g-modes (e.g., Kaye et al., 1999). Therefore, a reliable value for the effective temperature is crucial to distinguish between SPB and γ Doradus pulsation.

The existence of pre-MS γ Doradus type stars that are cooler than the δ Scuti type stars with early F spectral types and show pulsations driven by convective blocking (Guzik et al., 2000) was first predicted theoretically by Bouabid et al. (2011). These theoretical calculations were conducted without observational evidence. Bouabid et al. (2011) and showed that the exact location of the borders of the instability region strongly depends on the treatment of convection for which mixing length theory (Böhm-Vitense, 1958) was used. The mixing length parameter, α, is usually determined by solar models and can have values between ~1.2 and 2.2. The smaller the value for α, the more the borders of the pre-MS γ Doradus instability strip will shift toward cooler temperatures, hence illustrating the importance of the treatment of convection for stars in this temperature range. Constraints will come from observations of a significant number of γ Doradus type objects in their pre-MS evolutionary stage.

The few currently known g-mode pre-MS γ Doradus type objects (Zwintz et al., 2013) show pulsation periods between roughly 0.2 and 3 days and are of particular interest in context with the formation of planets around young stars due to their cooler temperatures (Udry and Santos, 2007).



3.4. Theoretical Framework

The theoretical framework of pre-MS asteroseismology is currently lagging behind the observational findings and so far only the first steps have been taken.

For δ Scuti type stars, Suran et al. (2001) illustrated for the first time on a theoretical basis how different pulsation frequency patterns are expected between pre-MS and main sequence objects of same mass. Guenther et al. (2007) provided the first evidence that the evolutionary stage of a given δ Scuti type star can indeed be identified through the analysis of its pulsation modes: for the star NGC 6530 ZW 278 the p-modes alone allowed to differentiate between the pre- and the post-MS stages and clearly illustrated its pre-MS nature.

Other studies focused on fitting theoretical nonradial p-mode oscillation spectra computed from dense grids of pre-MS models to the observed oscillation spectra of pre-MS stars. Some of these fits could nicely yield a mode-identification and asteroseismic interpretation while others fail to yield a good match between theoretical model and observational frequencies (e.g., some stars in NGC 2264 can be modeled well, others cannot; Guenther et al., 2009). The reasons why for some stars the models do not reach satisfactory results are manifold and include the lack of a proper description of accretion or convection in the theoretical models or incorrect observational parameters that are used to constrain the stars' positions in the HR diagram (e.g., luminosity).




4. CHALLENGES FOR PRE-MS ASTEROSEISMOLOGY

The investigation of pulsating pre-MS stars contains several challenges:


4.1. Ambiguity in the Evolutionary Stage

Intermediate mass pre-MS stars share the same location in the HR-diagram as their evolved counterparts in the (post-)MS phase that already burn hydrogen in their cores in full equilibrium. Pre- and post-MS stars of same effective temperature (Teff), luminosity (L⊙) and mass have very similar atmospheric properties and mostly differ in their interior structures (Marconi and Palla, 1998). It is therefore not possible to determine the evolutionary stage of a given star unambiguously only by its position in the HR-diagram.

In general, the evolutionary stage of a star in this region of the HR diagram can only be constrained using some observational features that are important indicators for stellar youth: emission lines in the spectra, infrared or ultraviolet excesses, high X-ray fluxes, and membership either to a very young open cluster (i.e., younger than a few million years) or to a star forming region. But these features can also be misleading, as for example the comparatively old, low-mass asymptotic giant branch (AGB) and post-AGB stars show similar observational properties (e.g., infrared excess and emission lines) and populate the same region in the HR diagram as young stellar objects (e.g., Kamath et al., 2014).

Therefore, the identification of the pre-MS nature of a given star is not straightforward, and an additional criterion providing direct evidence for the early evolutionary stage is needed. As the difference in evolutionary stages of intermediate-mass stars is reflected in quite different interior structures, asteroseismology offers such a criterion.

As illustrated by Suran et al. (2001), different frequencies are excited in a pre- and a post-main sequence star of same mass, effective temperature and luminosity resulting in a clearly different frequency pattern in particular for non-radial modes. If observations provide sufficient pulsation frequencies, they can be matched to the theoretical models and lead to an identification of the evolutionary stage of a given star from its observed frequency pattern (e.g., Guenther et al., 2007).

Hence, with a sufficiently large sample of known pre-MS pulsators of different types as calibrators, we will be able to clearly distinguish a young star from its way more evolved counterpart only from its pulsational properties.



4.2. Activity of Pre-MS Stars

Young stars are known to show periodic and aperiodic variability caused by inhomogeneities in a circumstellar shell or disk, or variations caused by magnetic effects (e.g., star spots) in the stellar photosphere. In many cases, these variations have longer timescales than the pulsation, but in some cases both types of variability have similar periods (e.g., for SPB or γ Doradus type pre-MS stars). For the study of stellar pulsations in the pre-MS phase it is important to distinguish the variability originating from the circumstellar environment from the light variations caused by pulsations. Figure 1 in Zwintz et al. (2009) shows the light curves of HD 142666 observed by the MOST space telescope in 2006 and 2007 as an example. This young star is surrounded by a dense circumstellar disk whose clumpy structure obscures the star and causes light to change irregularly. In the present data no signs of binarity or of the presence of a planet can be seen. But in the circumstellar disk of HD 142666 gaps have been detected which are possibly carved by a young giant planet of ~ 0.1 to 0.3 Jupiter masses (Rubinstein et al., 2018).

Additionally, HD 142666 shows δ Scuti -like pulsations with amplitudes at the millimagnitude level which are only partly revealed when calculating a classical Fourier Analysis of the original light curve (see Figures 2–5 in Zwintz et al., 2009). As can be seen, the time scale of variations from the circumstellar shell mostly affects the low-frequency region of the amplitude spectrum.

Sporadic, rapid effects due to interaction with the shell do not persist in the frequency spectra. Most of the stars with accretion bursts, for example, do not show a significant periodic signal. In their study of young stellar objects in NGC 2264, Stauffer et al. (2014) report that only four stars have strong periodicities, which lie between 6 and 7 days, corresponding to frequencies between 1.938 and 1.653 μHz. Moreover, in the presence of both, pulsations and rotation, it is often possible to discriminate the frequencies from rotation and pulsation in an additional way in Fourier space: A rotational frequency will sometimes occur with multiples, while this is not the case for the pulsational frequencies in the linear regime (e.g., Pápics et al., 2012; Thoul et al., 2013).

In all asteroseismic studies, special care is needed to disentangle the regular and irregular variability of pre-MS stars originating from the circumstellar disk or spots on the stellar surface from the pulsational variabilities (e.g., Zwintz et al., 2009). In the case of δ Scuti type oscillations the pulsation frequencies lie in a range well separated from the frequencies caused by the aperiodic shape of the light curve. However, for pulsators with frequencies in the lower regime (e.g., γ Doradus and SPB stars) the pulsational signal gets mixed with the peaks originating from the irregular variability and the disentangling of the contributions of the disk and the pulsations gets even more complex.



4.3. Observational Material

Space photometry has revolutionized our understanding of main sequence and post-MS pulsators—the best example is the field of solar like oscillations in main sequence dwarfs and red giants. Only with the long enough time bases for the photometric time series as obtained using the space telescopes CoRoT (Auvergne et al., 2009) and Kepler (Borucki et al., 2010), the probing power of solar like oscillations became available and enhanced the field significantly. In the case of pre-MS pulsations, the first space data were obtained using the MOST satellite (Walker et al., 2003) with time bases of up to a month (e.g., Zwintz et al., 2009), followed by two CoRoT Short Runs on the young cluster NGC 2264 which again had a maximum observing length of about 1 month (e.g., Zwintz et al., 2013). Only with Kepler K2 (Gilliland et al., 2010), the time bases for pre-MS observations started to increase to ~ 78–80 days. The NASA mission TESS (Ricker et al., 2015) will at least help to increase the observational material for pre-MS pulsations: Although many of the young regions of the Milky Way will not be observed during the TESS main mission (e.g., NGC 2264), several of the known pre-MS pulsators and candidates will be included in at least one, but up to four sectors. Hence, for a few known pre-MS pulsators, the time bases can reach ~108 days—which is about the minimum accuracy needed to search for g-mode period spacings. The immediate hope for pre-MS asteroseismology lies in an extended TESS mission that will hopefully also observe the youngest regions of our Milky Way with sufficiently long photometric time series of ultra-high precision.




5. FUTURE PERSPECTIVES FOR PRE-MAIN SEQUENCE ASTEROSEISMOLOGY

Our current general concept of early stellar evolution is widely adopted, but we are still facing many open questions that are connected to missing input physics for our theoretical models and to a lack of observational constraints. I briefly discuss a few selected topics below:

Definition of the birthline: One of these open issues is, for example, the exact location of the birthline as recent studies using different sets of theoretical models suggest that its intersection with the ZAMS might lie at significantly higher masses (i.e., ~15 M⊙ Alecian et al., 2013). In this context, observations of the youngest objects over the whole pre-MS mass range to be conducted in the future, will help to test the underlying proto-star and pre-MS theory and provide crucial input for them.

Angular momentum: We also do not completely understand how the angular momentum of stars evolves from their births until they reach the ZAMS and if young stars rotate as solid bodies or show differential rotation between their cores and their envelopes as it was already found in main sequence stars (e.g., Kurtz et al., 2014). The detection and analysis of g-mode period spacings in pre-MS pulsators will put constraints on the angular momentum transport in young stars and connect to the findings for main sequence and post-MS objects.

Chemical peculiarities: In ~10% of stars on the main sequence, we find chemical peculiarities in their atmospheres, but we do not know when these anomalies form, if they are only surface effects or if they reach into the deep stellar interiors. The investigation of surface chemical composition together with the information derived from asteroseismic analyses is expected to contribute to answer these questions.

Pre-MS ages: Another big topic in stellar astrophysics is the definition of an indicator that allows precise determinations of stellar ages, and, in particular the differentiation between pre- and post-MS stars of same fundamental parameters. Although age is a fundamental tool to understand different phenomena in stellar astrophysics, it can currently be constrained to not better than ~30–40%. In the pre-MS stages, the errors in age can be even up to 100%: ages of young clusters are mostly given as, e.g., 5 ± 5 Myr. While the precise definition of the zero point in the definition of stellar age is insignificant for most evolutionary phases from the main sequence toward the final stages of stellar evolution, this is not the case during the pre-MS stages: making a systematic error of—say—one million years comprises only a tiny error of ~0.02% at the current age of our Sun, but would be more than 100% for a pre-MS late B type star. Hence, one of the future perspectives of pre-MS asteroseismology is the potential to provide an independent age calibrator for stars before the onset of hydrogen burning: If empirical relations like the one found for pre-MS δ Scuti type stars will exist for the other pre-MS pulsator types as well, we will be able to use the asteroseismic properties of pre-MS stars to provide more reliable age references for the early evolutionary phases.

Pre-main sequence solar like oscillators: All presently known pre-MS pulsators are more massive than the Sun. But our Sun shows stochastic oscillations that are successfully used to constrain its interior structure (Christensen-Dalsgaard, 2002). This is already an indication that stars could also show solar-like oscillations before arrival on the ZAMS, hence being examples for the early Sun. Indeed, theory predicts the existence of these stochastic pulsations in pre-MS objects with ~1 M⊙ (e.g., Samadi et al., 2005). The observational proof is still missing as such low mass pre-MS objects mostly have a high degree of activity which is reflected in regular and irregular light variability on relatively large scales (i.e., up to few magnitudes, e.g., Alencar et al., 2010). Therefore it is not easy to detect the signs of solar like oscillations that are on the order of a few micromagnitudes in such light curves (Samadi et al., 2005). Discovering a “young Sun” is important to test stellar evolutionary codes and to study early planetary evolution, including Earth, with further implications on our understanding of the habitability of other planets. So far, we have not been able to discover solar-like oscillations in pre-MS stars mainly because the available data sets did not allow to pick up their signal on the micromagnitude level which is buried by the strong variability caused by the activity phenomena in young stars.

Tidally induced pulsations: Many pulsating stars are found in binary systems—two stellar objects that periodically revolve around their common center of mass. The two stars forming a binary system should have been born under the same initial conditions in the molecular cloud, which particularly implies the same initial chemical composition and age of the individual stellar components. If the two stars reside in a close binary orbit, they exert tidal forces similar as the tides exerted by the Moon on the Earth. The strong tidal forces that are generated during the stars' close periastron passages can influence their pulsation properties in two ways: (i) the stars' oscillations get shifted in frequency due to the tidal perturbations, or (ii) tidally induced gravity mode pulsations get resonantly excited by the stars' dynamic tides. Consequently, tidally induced pulsations should also exist in pre-MS stars, but so far no system has been discovered.

Theoretical models: The current theoretical framework of pre-MS asteroseismology lacks, for example, theoretical models for g-mode pre-MS oscillations in SPB and γ Doradus type stars, a refined calculation of the instability regions for all presently known objects and—based on our advanced knowledge of solar-like oscillations in main sequence and post-main sequence stars—a corresponding refined theoretical analysis of predicted solar-like pulsations in pre-MS stars. Work has been already started to overcome the lack of a solid theoretical framework for pre-MS oscillators, because this lack is currently one of the bottlenecks for the future advances of the field.



6. FUTURE OUTLOOK

The field of pre-MS asteroseismology started only about 25 years ago with the first asteroseismic analysis of a pre-MS δ Scuti star (Kurtz and Marang, 1995). Hence, it is a relatively new research area that will definitely grow in the future by upcoming data from space missions such as TESS in combination with supplementary ground-based observations and by triggering the needed improvements of our theoretical models for the pre-MS stages.

I was personally involved in the development of this field since my PhD thesis which aimed at finding pre-MS δ Scuti type pulsators in young open clusters. Since then I am fascinated by the earliest phases of stellar evolution and am now in the lucky position to share my passion for pre-MS pulsations with my students and team members. Consequently, I would definitely take up this field again if I were a student and was offered this as a topic for my PhD thesis.

From my personal view, I see the field of pre-MS asteroseismology advancing in the future, and I am certain when we learn more about young stars and their evolution, we will face one or the other surprise as well.
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