Referee report on the doctoral thesis of mgr. Amadeusz Miszuda
“Evolution and pulsations of § Cephei and § Scuti stars in eclipsing binary systems”

This doctoral thesis presents observational and theoretical analyses of selected pulsating and
nonpulsating stars in eclipsing binary systems. This is an important and fairly new avenue in
stellar astrophysics that combines the outcomes of basic stellar parameter determinations from
eclipsing binary stars with the analysis of stellar pulsations — asteroseismology. In that way,
ambiguities arising in the individual approaches can be eliminated or at least mitigated, leading to
a much more precise and reliable characterisation of the stellar components. If those components
are well separated and have not interacted with each other in the past, the results on stellar
structure and evolution of these objects can be extended to single stars, where this is not possible
with similar accuracy. If the components have interacted before, constraints on their modified
internal structures can be obtained. To my knowledge, this is the first doctoral thesis that exploits
this approach systematically, as well as with unprecedented depth and breadth.

The thesis starts with the required summaries and two introductory chapters that constitute
part I of this work. The first of these chapters deals with stellar evolution. The author introduces
the basic equations of stellar structure and energy transport, then discusses different types of
energy transport in stellar interiors and under which conditions these processes occur. He conti-
nues with a brief description of the evolution of single stars and then turns to the core subject of
this work, binary stars. At this point their geometries as well as different types of mass transfer
occurring in close binary stars are introduced. Further, the two stellar evolutionary computer
codes to be used in the thesis are described, including the main theoretical concepts they are
built upon.

The second introductory chapter familiarizes the reader with stellar pulsations, starting from
their phenomenology, describing different types of pulsation. This is followed by a thorough
discussion of the mathematical equations used to describe stellar pulsation and their adaptation
for use in the theoretical code computing the characteristics of these pulsations. Further, the
excitation of pulsations in stars is discussed. Turning towards observational aspects, several ways
of determining which pulsations are present in a given star are introduced and finally, the types
of pulsating star to be investigated in this work are briefly described. These two chapters clearly
demonstrate that the author possesses the necessary theoretical knowledge required to carry out
astrophysical investigations.

Part II of this thesis, devoted to massive stars of spectral type B, starts with the third chapter
that is based upon a refereed publication authored by two persons with the candidate figuring as
the second author after with his advisor. The original publication has been written in the English
language. Mgr. Miszuda has embarked on the effort of translating this work into Polish and has
adapted it to the style of the thesis - with great success, as this work is very well readable.
Anyway, in this work the author describes a way to determine the age of binary components
from fitting theoretical stellar evolutionary tracks varying different parameters like metallicity
or the amount of convective core overshooting, trying to match their observed masses, radii and
luminosities. This has been performed for 38 systems containing stars in a wide range between
2.5 and 15 solar masses. For 33 systems this method yielded acceptable results, whereas for the
remainder possible reasons for the unsatisfactory solutions obtained are discussed in depth. In
this chapter, the candidate proves his proficiency with one of the two evolutionary codes applied
in this work, shows that he understands the reasons why difficulties can occur, provides possible
solutions for them and lays the basis for the work to presented in the three following scientific
works of his doctoral dissertation.



Chapter four is not based on a publication in a refereed journal. However, in my opinion
this chapter is essential for this thesis, as it impressively demonstrates that mgr. Miszuda is
capable of performing all aspects of a seismic analysis of a pulsating star in an eclipsing binary
system located in an open cluster, observational and theoretical. He works with state of the art
astronomical measurements and theoretical tools. After a brief introduction, he uses both ground
and space based photometry of the system, which contains a 3 Cephei pulsator and is located
in an open cluster, as well as spectroscopic measurements, to first determine the parameters of
the stars forming this system. Next, he determines the frequencies of pulsation and identifies
the dominant modes of pulsation, both from photometry and spectroscopy. He continues with
computing evolutionary models to determine the system’s age, which comes out consistent with
the age of the cluster in which it is located. Then, he performs seismic modelling of the pulsations
and selects the models representing the pulsating star best and finally discusses the excitation
of the observed oscillations in comparison with theoretical models. Despite this extensive effort
that provided several interesting results, the author is not satisfied and proposes additional
observations, which in my opinion reflects the high standards he applies to himself.

Part III that is devoted to eclipsing binary stars containing components of spectral type A
starts with chapter five, the analysis of a close binary system containing a multimode § Scuti
pulsator. This chapter is also based on a publication in an international refereed journal, also
translated very well into Polish by its first author, mgr. Miszuda. The system investigated in this
work has been observed with the Kepler spacecraft which provided the best photometric data
available to date, and has observed this system extensively, essentially over four years with only
small gaps. The author starts again with analysing the eclipse light curve and determines the
basic parameters of the system, also with the aid of literature data. Remarkable in this sense is
the outcome of a physically impossible reflectivity (albedo) of the present primary component’s
atmosphere. The work continues with a determination of the frequencies of pulsation (a huge
number), and elimination of all possible signals that may not be free oscillations of the present
primary component. Then, again, the evolution of the system is being looked at, by computing a
huge number of binary evolutionary tracks and selecting those models that represent the observed
masses and radii of the present binary components best. It is concluded that some mildly non-
conservative mass transfer must have occurred. A very interesting consequence of this mass
transfer is that the pulsating star’s outer layers must be heavily enriched in Helium. The work
continues with modelling the pulsations, where it is shown that it is difficult to excite the highest
frequencies without a driving mechanism additional to the known x mechanism at work, a problem
that frequently occurs. In this chapter, the author again demonstrates his ability to analyse even
difficult binary systems and to draw meaningful conclusions about them.

The final chapter of the thesis presenting a scientific analysis is also based on a published
paper, with the candidate being the first author. It again deals with a close binary system with
a ¢ Scuti pulsator, this time based on data obtained with the TFESS mission. Ground based
multicolour photometry as well as literature results are also included. The basic structure of this
work is similar to the previous one, first an introduction to the available data, then their analysis
in terms of binary star parameters. A change of the orbital period in time and evidence for a
third, wide companion to the eclipsing binary are reported. Then, the pulsational frequencies
are determined and, as before, the independent frequencies selected. Importantly, the strongest
oscillation was identified as the radial fundamental mode. To trace the evolutionary history of the
system, this time an additional approach computing almost a million binary evolutionary tracks
is employed, out of which only 58 reproduce the present orbital period, as well as the components’




masses and radii satisfactorily. Unfortunately, these cover a rather wide range of parameter space.
The standard method, selectively choosing a grid of initial conditions, generated a set of best
models representing the observations similarly well. Finally, the 58 above mentioned models were
checked of whether they can reproduce the observed frequency of the radial fundamental mode,
and it turned out that only six can, even if taking into account theoretical uncertainties of the
radial fundamental mode frequency. In this chapter, the author again demonstrates his prolific
abilities in the analysis of pulsating stars in eclipsing systems, but he also makes a very strong
point that even if the type of only one mode of oscillation is known, how valuable this information
is to rule out many possibilities of how a given binary system may have been formed. The analysis
presented is really comprehensive and all possible observational and theoretical constraints, but
also possible sources of error, are taken into account impressively carefully.

The dissertation finishes with a short summary of previous results. In particular, the author
points out which new results he has obtained. Very importantly, the pulsational stability of
models of stars originating from binary evolution tracks including previous mass transfer, hence
with an internal structure heavily modified from their single-star equivalents, was investigated.
The difference is that gravity modes are also excited in these models, presumably because of their
enrichment with Helium, a chemical element essential for driving pulsations in intermediate mass
stars. Further, models of stars still undergoing mass transfer were examined. It turned out that
the frequencies even of radial modes of such stars do not behave like those of single stars because
of the modifications of the stellar interior. Very importantly, a range of the sizes of convective
core overshooting but also convective mixing length in such binary components was determined,
and for the two close binary systems the rate of mass loss from the system due to mass transfer
was determined, pointing to non-conservative mass transfer in both cases.

Given the above summary of the most important new results of this work, achieved by ori-
ginal solutions the topic under study, the demonstrated theoretical knowledge of the candidate
mentioned before, and his ability to carry out scientific investigations independently, the presen-
ted dissertation fulfils all formal criteria. I would even dare to say that mgr. Miszuda is at the
forefront of research in his domain. I therefore propose that the candidate be allowed to defend
his dissertation in public.

Prof. dr Gerald Handler
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Improvement suggestions, questions and comments

Here, I would like to bring a few things to the attention of the author that he may want to
consider. There is no major criticizm.

Improvement suggestions

e Sect. 1.2, 2nd paragraph: energy production through the p-p chain and the CNO cycle, and
for which stellar masses they occur, should have been mentioned.

e Tables 4.3, 5.4 and 6.2: the values should be given to the significant digits only. There is
no value (just the opposite: it makes the tables much harder to read) in listing, e.g., seven
non-significant digits or six trailing zeroes.




Questions

Sect. 1.2, 2nd paragraph, line 3: if the main sequence phase comprises some 90% of the
total stellar life cycle, what about the white dwarf phase?

Sect. 2.4.1: why are internal gravity waves and the convective blocking (driving) mechanism
not mentioned?

Sect. 2.4.2: what is the reason for classifying stochastic excitation as “external”? - The
convective motions happen in and on the star.

Sect. 4.1.1: has it been checked whether the pulsation frequency f; is ezactly an integer
multiple of the orbital frequency?

Table 4.2: has it been checked whether third light is also required for fitting the orbital
variations in the Stromgren bands? If not, the third light must be contamination in the
TESS photometric aperture.

Sect 4.1.1, 5.2.1 and 6.1.1: for what reason was photometry made from the TESS and Kepler
target pixel files when ready-made pipeline reduced light curves are available at the same
time?

Sect. 4.2.3, 5.2.3 and 6.4: what is the reason for searching for combination frequencies of
very high, up to 20th, order? From observations of, e.g. high-amplitude § Scuti stars it
is known that when a higher order combination of two frequencies occurs, a combination
of lower order will have larger amplitude. In other words, for instance, if 5f3; — 5f9 is
identified (cf. Tab. 6.2, f37), one would expect f3; — fig, 2f31 — f19, etc. to be present as
well. Has this been checked?

Sect. 4.2.3: is there any chance that some of the weak pulsation frequencies detected in the
TESS data for V381 Car could actually be pulsations of neighbouring S Cephei stars in
that cluster (cf. comment on contamination above)?

Sect. 4.4.1: what is the expected value of Z from the metallicity of NGC 3293, the cluster
that V381 Car is located in?

Sect. 4.4.1, 2nd paragraph: for what reason was the choice of the rotational velocity of the
secondary star made as it was?

Sect. 4.4.2: why were only Z = 0.014 models considered from that point onward? In par-
ticular, Z = 0.02 should have helped to at least mitigate the problem with pulsational
excitation (Fig. 4.19).

Sect. 5.2.2: would it not be advisable to prewhiten at least the dominant pulsational signals
from the light curve before embarking on modelling the eclipse light curve? The pulsations
seem to disturb significantly, as can be been in Fig. 5.1.

Sect. 5.2.2, 4th paragraph: is there any reasonable explanation for the very high albedo
required? Does changing limb darkening have any effect on this?




Sect. 5.2.2, last sentence: is this an implication that tidally excited oscillations could be
involved?

Sect. 5.2.3: were periodograms indeed computed up to 200d~! for the LC data, i.e. eight
times the Nyquist frequency? If so, why?

Fig. 5.5: the formal error of the determination of the amplitude of a periodic signal in noisy
data is o(m)+/(2/N) (Montgomery & O’Donoghue 1999, Delta Scuti Star Newsletter 13,
28), where o(m) is the rms scatter of the light curve and N the number of data points.
Since both o(m) and NV should be the same for each bin plotted here, and for each mode,
the error bars should all be similar. But they are by far not - why?

Fig. 6.4, panel f): similar question as above, just the other way around: since the bins
plotted here are not all the same size, NV should be smaller at the phases of primary and
secondary minimum, hence the error bars should be larger at those phases. But they seem
all very similar. Why?

Comments

p. 7: “Wstep” - “Streszczenie” is probably more appropriate.

Sect. 1.4.2.2: some references should be given concerning the confirmation of the existence
of gravitational waves, and from where Eq. 1.46 was taken (just as it was done for mass
loss and magnetic braking to follow).

Sect. 2.5: mode identification by period ratios should be mentioned — as it is even being
used in the thesis later.

Sect. 2.6, 2nd paragraph: some references should be given for Z-bump driving.

Sect. 4.2.3, 5.2.3 and 6.4: it is known that the Breger et al. S/N > 4 criterion is overoptimi-
stic for the detection of coherent signals in high quality and high cadence space photometry
(e.g., Baran et al. 2015, MNRAS 448, L16; Baran & Koen 2021, Acta Astr. 71, 113). This
is presumably the reason why so many apparent pulsation frequencies were found in the
target stars.

Sect. 4.2.3: the nomenclature of the apparent g-mode frequency is confusing. It is f; in the
v filter data, but f5 in the TESS data.

Fig. 4.10: it is interesting to note that the more realistic NLTE TLUSTY atmospheres also
give lover x? in all cases.

Sect. 4.5, at the very end: I am pessimistic that new spectroscopy would help much. The
luminosity ratio of those two stars is about a factor of 300, so the secondary would be
completely outshone even in the best S/N spectra that could possibly be obtained.

Sect. 5.2.3: T am not sure I agree with the interpretation of the amplitude variation of f;
over the orbit. This looks like the spatial filtering effect, but smoothed out because the size
of the bins used for Fig. 5.5 is comparable to the FWHM of the eclipses in a phase diagram
(Fig. 5.2). Repeating the analysis with a smaller bin size would help.




e Sect. 6.4, 3rd paragraph: there is a large gap in the TESS data for this star. Hence, whilst the
formal frequency resolution of the data set is correctly stated, there are strong aliases around
the Fourier peaks that could interfere with close-by frequencies. Therefore, the criterion for
frequency resolution should rather be based on the resolution of the two consecutive sectors
of data and not on the full time base.

e Sect. 6.4, 3rd paragraph: frequency f7 is close to the inverse of the length of one TESS orbit.
There are often slow drifts in magnitude at that time scale in TESS data. I hence doubt
that this is a frequency that arises from the target object, and frequency combinations
including it are likely not meaningful.

e Sect. 6.4, 3rd paragraph: with the exception of the main oscillation mode, all the pulsational
signals discussed by Rodriguez et al. have amplitudes very close to the detection level and
the frequencies themselves are not very well determined. There is probably little use in
discussing them in depth.

Typographical errors etc.
e Fq. 1.21: the mass function of a binary system usually is written as f(m), not f;
e paragraph after Eq. 1.22, 4 lines from bottom: “z punktu widzenia”
e caption to Fig. 1.2, penultimate line: “Mcc ins = 8.0 Mg oraz Popini = 12d”
e p. 25, reakcje jadrowe, first line: “wymagajg”’ should be “wymaga”
e one line above Eq. 1.48: “Venbunta” should be “Verbunta”
e Sect. 2.6, 2nd paragraph, line 2: “gdy w Frost” should be “gdy Frost”
e p. 65, discussion of V906 Sco, line 7: “Sesita” should be “Sestita”
e p. 65, discussion of V906 Sco, line 9: “Y = 0.33 £ 0.2” should be “Y = 0.33 £ 0.02”
e p. 72, 2nd paragraph, line 1: “Tkachenke” should be “Tkachenka”
e p.88, two lines above Eq. 4.1: “ubvy” should be “uvby”
e Sect. 5.2.2, paragraph 1, 2 and 3: “JTKEBOP” should be “JKTEBOP”
e Sect. 5.2.2, end of 3rd paragraph: “Dodatkowo,” is superfluous

e Sect. 5.3, 4th paragraph, line 13: “samum” should be “samym”




