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Abstract

In this work, variable stars (especially RR Lyrae) light curves and the pursuit of Intermediate Mass
Black Holes (IMBHs) within globular clusters (GCs), are explored through a data-driven approach
using interpretable machine learning (ML) techniques. We initiate the study with the development of
an inherently interpretable classifier, utilizing L1 penalization to induce simplicity through sparsity in
the model. This approach ensures a straightforward interpretation of astronomical data, providing a
transparent model that facilitates the extraction of valuable insights. This penalized classifier, which
reaches 90% sparsity in the light-curve features, with a limited trade-off in accuracy performs well
both on the Catalina Sky Survey validation set and, remarkably, also on the different ASAS/ASAS-SN
light curve test set.

Following this, we apply the Sparse Identification of Nonlinear Dynamics (SINDy) algorithm to
analyze light curves of RR Lyrae and § Scuti stars, uncovering the underlying dynamical systems
from observational light curves from the Catalina Sky Survey. This method yields a sparse and
interpretable representation. The success rate depends systematically on variable type, with possible
implications for variable star classification; however it does not obviously depend on amplitude or
period. Successful models can be reduced to the generalized Lienard equation Z+(a+bx+ci)i+x = 0.
For a, b = 0 the equation can be solved exactly, and it admits both periodic and non-periodic solutions.
We find a condition on the coefficients of the general equation for the presence of a limit cycle,
which is also observed numerically in several instances. In addition, we employ Dynamic Mode
Decomposition (DMD) to investigate the modes of variable stars within the Omega Centauri cluster.
This data-driven technique provides insights into the diverse modes of stellar variability, contributing
to our understanding of the complex dynamics of these stars.

In the context of IMBH detection in GCs, we apply two ML models: CORELS, an inherently
interpretable model, and XGBoost, a black box model elucidated post hoc using local, model-agnostic
explanation rules known as anchors. By training these models on simulated GC data and subsequently
applying them to actual observational data, we emphasize the importance of interpretability in
scientific investigations. Our results demonstrate that simpler, interpretable models can indeed attain
accuracy comparable to their more complex counterparts (for the relevant metrics), an approach of
significant importance in the field of astronomy where comprehending the model’s decision-making
process is crucial for establishing trust and facilitating further scientific exploration for domain-field
experts.

Our findings challenge the prevalent assumption that complexity is a necessary condition for
accuracy, highlighting the existence of interpretable models within the set of accurate predictive
models. In the domains of variable stars and identifying intermediate-mass black holes within
globular clusters, we demonstrate that the application of machine learning tools can be both reliable
and insightful when guided by models that are both interpretable and straightforward. This aligns
with the immediate call for transparency and human-understandability in ML applications, extending

beyond astronomy and into the broader scientific community.
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with your intuitions, or use the plots to learn about the relationships that the model
has learned between the input features and the predicted outcome. In the example we
are looking at feature:HRT and the grey area is the value for index=60 corresponding
to M10. . . . . e
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Chapter 1

Introduction

In the contemporary landscape of astronomical research, Machine Learning (ML) and Deep Learn-
ing (DL) has emerged as an indispensable tool, demonstrating its versatility across a myriad of
applications, ranging from the classification of transient astronomical events to the development of
neural network emulators for intricate cosmological simulations. The astronomical community is
currently witnessing a paradigm shift towards data-driven methodologies, propelled by the influx of
extensive observational datasets (Zwicky Transient Facility Masci et al., 2018, near future Vera C.
Rubin Observatory Ivezi¢ et al., 2019 among others), the complexity of observational biases (Razim
et al., 2021) and the advent of high-resolution simulations. This resulted in a remarkable growth of
peer-reviewed ML research in astronomy (see Fig. 1.1).

A really recent paper (Huppenkothen & Ntampaka et al., 2023) aimed at the astronomical
community, emphasizes the need for best practices in building, implementing, and reporting ML
methods in astronomy, considering the unique challenges of astronomical data. One of the key
points of the article is also the importance of interpretability, especially when ML models are less
interpretable than existing methods motivated by underlying physics.

Acknowledging the potential risks associated with uninterpretable models, this thesis focuses
on the necessity of incorporating interpretable tools within astronomical ML frameworks. Let ask
ourselves:

What is interpretability in astronomical ML problems?

In the proceedings of the TAU Symposium titled "Machine Learning in Astronomy: Possibilities

and Pitfalls," (Cabrera et al., 2022) Sungwook E. Hong articulated a perspective in response to this

question, stating:

We astronomers are automatically astrophysicists. We want to understand the nature
behind astronomical data, not just handle the data. But most ML techniques that
guarantee high predictability are very sophisticated, and so become black boxes for most
users. This means that, ironically, we now need to put additional efforts into understanding
the very tool that we introduced to understand the nature. That is probably one of
the key factors why some notable astronomers are disinclined towards applying MLs
to astronomy. While many so-called interpretable MLs have been suggested in the ML
community, I believe that we need to discuss with classical, old-fashioned astronomers
to define the interpretability in astronomical ML. Their expertise is interpreting the

astronomical data and theories — their interpretations may not always be valid, but they
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Figure 1.1: Number of refereed publications per month that include the terms “machine learning” or
“artificial intelligence” in the title (orange) or abstract (blue) in the top 25 astronomy and astrophysics-related
journals. Credits: Huppenkothen et al. (2023)

have a very high probability of being valid. Therefore, if our definition and application
of interpretability do not match with their intuition at all, it will not be accepted in the

general astronomical society, no matter how fancy it seems to be.

Echoing his sentiments, I would emphasize that our application of ML also ought to be human-
understandable. It is imperative that we prioritize interpretability over sheer predictive power. If a
model’s outcomes do not align with our intuitive understanding of the data, its predictions inevitably
become questionable. Consequently, this research aligns with an emerging trend, that advocates
the use of fully data-driven approaches, emphasizing human understandability. For me, a key part
in the response of Sungwook was the focus to work with field-domain expert, especially that our
definition of interpretability has to match with their intuition. This part was not crystal clear for
me at least at the start of the PhD, but as we can see in the second part of this work (see chapter 3)
this paradigm shift became prevalent.

As illustrated in Fig. 1.2, a preliminary scan of the ADS (Astrophysics Data System!), with-
out the intention of being systematic or comprehensive , reveals an exponential growth trend in
"Explainable/Interpretable" topics within the "AI/ML/DL" field in the last years. It is worth
noting that some papers, (including our own Pasquato et al., 2022), may utilize interpretable models
or explanations without explicitly mentioning this in the abstract. Despite this, the optimistic
exponential trend in the literature is evident, although the absolute numbers remain relatively small
compared to the vast number of papers published annually in the recent boom of Al in astronomy.

Probably by now the reader will be already confused about the terms interpreability /explain-
ability /Explainable Al/interpretable ML and so on. Do not worry, you are not alone. A lot of
papers, not only in astronomy use these words interchangeable. I do not agree: they have nuanced
differences. Since, there is not a globally agreed definition following the crystal-clear work by Molnar
(2022), T will expand on this subject and at least obtain operational definition of interpretability and

explanations.

"https://ui.adsabs.harvard.edu/



https://ui.adsabs.harvard.edu/

1.1. Interpretability versus explainability

Paper with Al/ML/DL

. 8007 mmm Paper with Explainable, interpretable
o

> 600

o]

O

£ 400

Q

(V]

% 200

O-dMNNMsSTNOM~RDOOOANMSNO~RODOOANM

sNeloleNeNeNaNeNo el o B BB B B B B B B B W W WY

00000000000 0000000000000

NANNNNNNNNANNANNNNNANSNSSSAS
Year
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"explainability", "interpretability", "XAI", "interpretable machine learning", "interpretable", "explainable"

(in blue). Only 2000-2023 period is reported. Only peer-review journals are considered.

1.1 Interpretability versus explainability

Before going on the distinction of interpretability (Interpretable AI) and explainability (XAI), I will
clarify the word black box. A black boz is a type of system that keeps its internal processes hidden.
In the realm of ML, the term black box model is used to characterize models whose workings are not
transparent or interpretable through an examination of their parameters, such as a neural network.
On the other hand, the counterpart to a black box is often termed a white box, and in this work, it
is synonymous with an interpretable model.

Interpretable Al focuses on using models that are inherently transparent and easy to understand.
The interpretability is built into the model itself. Example of white boxes are Linear Regression,
Logistic Regression, Decision Trees and Rule-Based Systems (if-then rules).

XAl instead, employs a variety of post hoc interpretation methods to explain complex models.
These post hoc interpretations are called explanations. Interesting enough, some of the possible
explanations of black box are so complex that are not "interpretable". At the same time, the use of
a white box does not automatically gives human understandability.

White boxes and good explanations should possess the following characteristics:

e Simplicity: the explanation should be simple enough for the target audience to understand
without requiring extensive background knowledge. E.g. the use of a small number of features
to explain a prediction, rather than a long list of contributing factors. Simplicity can come
from sparsity as shown in this work. When the performance is not sacrified excessively, the
sparsified model should be preferred. The classifier explained in Sec. 2.4, the model itself
presented in Sec. 2.5 and the penalization of the white box (Sec. 3.5.3) (work presented in

chapter 3) have a focus on sparsity. For a review on sparsity see Hoefler et al. (2021).

e Contrastive: humans prefer explanations that highlight the contrast between the actual outcome

3
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and the expected or alternative outcome (Lipton, 1990). In other words, why a precision is

made instead of another one.

e Selective: good explanations do not need to cover every detail but should focus on the most
important factors that contributed to the outcome. E.g. highlighting the key features that
played a significant role in a model’s prediction, rather than listing all the features used by the

model.

e Feature Importance: the explanation should provide information on the importance or contri-
bution of each feature to the model’s prediction. E.g. using techniques like LIME by Ribeiro
et al. (2016) (or even better anchors by Ribeiro et al., 2018 as explained in 3.5.2) or SHAP
(Lundberg and Lee, 2017 based on the idea in Shapley, 1951) to show how much each feature

contributed to a specific prediction.

e Consistent: the explanations should be consistent across different instances, providing stability
and reliability in the interpretations. If two similar data points are fed into the model, the
explanations for their predictions should also be similar: e.g. Su et al. (2019) demonstrates
that deep neural networks can be fooled by changing just one pixel in an image, highlighting

the vulnerability of these models to adversarial attacks.

e Causal: whenever possible, explanations should aim to capture causal relationships rather than
just correlational ones. Identifying and explaining the direct causes of a prediction, rather
than just features that are associated with the outcome. Here, our physical knowledge should

come in hand.

e Trustworthy: the explanations should accurately reflect the model’s decision-making process,
building trust in the model’s predictions. Ensuring that the explanations are derived in a way

that truly represents how the model operates, even if the model is a complex, black box model.

A key aspect: if we decide to use black boxes, we should at least explain these models. Ideally,
the next step is to shift the focus from trying to explain black box models at post hoc to developing
models that are inherently interpretable. Post hoc explanations are approximations and may not
accurately reflect the model’s decision-making process (Rudin and Ertekin, 2018). If a model is
a black box, even if we generate post hoc explanations for its predictions, there is a fundamental
lack of trust because we do not understand fully how the model is making its decisions internally.
Post hoc explanations can sometimes be misleading or incorrect, especially if the black box model is
complex. If the explanations themselves are not trustworthy, it becomes challenging to justify the
use of the black box model.

Let’s imagine that our post hoc model can explain 90% of the predictions of the black box, can
we trust the explanations? Ideally, we want explanations for 100% of the predictions. But, if we
are able to generate explanations that capture all the behavior of a black box model, it raises the
question of why we need the black box model in the first place. In such cases, it might be more
beneficial to use an interpretable model from the start, as it would provide transparency, trust, and
ease of validation.

At the same time context is fundamental: when working with complex domain data (high

dimensionality, non-linearity, noisy) like images and videos, the state of the art algorithm are always
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black boxes: in the images domain we have for classification problems (He et al., 2016, Tan and Le,
2019, Dosovitskiy et al., 2020 among others), for object detection (Ren et al., 2015, Bochkovskiy
et al., 2020, Tan et al., 2020 among others) and for image segmentation (Ronneberger et al., 2015, He
et al., 2017 and Chen et al., 2018c among others). In Fig. 1.3 we show the flexibility /interpretablity
trade-offs for different kind of models applied in astronomy. The flexibility of these powerful DL
models can not easily replaced with natively interpretable models. Although, there are some
approaches that aim to address this challenge: for example prototype-based models (Chen et al.,
2018b, Nauta et al., 2021) learn a set of prototype images or image patches that are representative of
different classes. The classification decision is based on the similarity between the input image and
the learned prototypes, providing a more interpretable decision-making process. There have been
efforts to apply White box models like decision trees and rule-based models to complex domain like
image data. For example, the Oblivious Decision Trees (Kontschieder et al., 2015) and prototype
system rule-based (if-then) models (Angelov and Gu, 2018).

I believe that even if interpretable models might not perform as well as black boxes, their
transparency and ease of understanding are crucial. It’s worth pointing out that with a good amount
of effort put into creating the right features, we can actually build interpretable models that can hold
their own and even win competitions against black boxes (Chen et al., 2018a). Even more, we can
ask ourselves a philosophical question: there is always an accurate and interpretable models across
various domains? Is it plausible to believe that nature conceals simple truths, ready to be unveiled
through machine learning? While this notion, reminiscent of Occam’s Razor, is fascinating, we can
discuss it more technically using the notion of function classes and Rashomon Sets, elaborated upon
in Semenova et al. (2022). This concept is somewhat related to flat minima, exemplified by Hand
(2006).

Let’s expand on this Rashomon Set concept: imagine a scenario where the data allows for a
plethora of accurate predictive models. Given the abundance of these models, it is likely that at
least one of them is interpretable. Hence, we have a model that is both accurate and interpretable.

To elaborate, for a specific dataset, we define the Rashomon set as the collection of reasonably
accurate predictive models, maintaining a certain level of accuracy comparable to the best model
accuracy. Given the finite nature of data, it is possible to have numerous near-optimal models
that predict differently, resulting in a substantial Rashomon set. This is a common occurrence in
practice, as various ML algorithms, despite their distinct functional forms (e.g., random forests,
neural networks, support vector machines), often exhibit similar performance on the same dataset.
If the Rashomon set is sufficiently large and diverse in its predictions, it is likely to include functions
that can be well-approximated by simpler functions, thereby also encompassing these simpler models.

Practically, data uncertainty leads to a Rashomon set, and a larger Rashomon set is likely
to contain interpretable models, suggesting that interpretable and accurate models are frequently
attainable. If this theory is valid, we should anticipate the existence of interpretable models across
different domains. Although finding these models through optimization might be challenging, there
is a theoretical basis to believe in their existence.

The presence of numerous diverse yet effective models implies that algorithms may lack stability;
a minor alteration to the algorithm or dataset could result in a completely different, yet still accurate,
model. This variability is not necessarily detrimental; in fact, the availability of diverse high quality

models provides domain experts with greater flexibility in selecting a model that they consider
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Figure 1.3: Trade-off between Model Flexibility and Interpretability in Astronomy: Highly flexible models
can achieve robust fits to complex domain training datasets, though they may be prone to overfitting, require
extensive computation time, and exhibit poor generalization, all while lacking interpretability. Conversely,
models with lower flexibility may not capture the complexity of certain tasks but are often more suitable
for many astronomical applications, particularly when simpler baselines are established. Note that the axes
in this figure are qualitative and the optimal balance depends on the specific astronomical problem. The
references in order from top left to bottom right are Li et al. (2021), Lanusse et al. (2018), Ishida et al.
(2019), Malek et al. (2013), Wadekar et al. (2023), Askar et al. (2019) and Evrard et al. (2014). Credits
Huppenkothen et al. (2023).

interpretable. If the reader is interested in the theory of Rashomon sets we refer to Semenova et al.
(2022). I discover this fascinating concept really lately in this PhD work but at least it was gratifying
to see that intuition on certain matters was underpinned by a much more solid mathematical

foundation.

1.2 Machine Learning approach

The fundamental idea behind machine learning is the building of algorithms that "learn" a mathe-
matical model of sample data, known as "training data", in order to make predictions or decisions
without being explicitly programmed to perform the task. In order to do so, we have a training set
of data, in which we know the relationship between input and output. Using this data we build a
prediction model (such as a neural network), which will enable us to predict the outcome for new
unseen objects (test set). This approach is the supervised learning one: we have the "labels" in
the training set to drive the learning process. More formally, from Mitchell (1997): "A computer
program is said to learn from experience F with respect to some class of tasks T" and performance

measure P if its performance at tasks in T, as measured by P, improves with experience E."
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1.2.1 The Task

ML tasks are usually described in terms of how the algorithm should process an example. The latter,
in ML context, is a collection of features that have been measured or are known (pixels of an image,
properties of a Globular Cluster). Since ML improved significantly with the number of examples, we
want a lot of them. We represent the i-th example as a vector z(9 where each entry xj is the j —th
feature. The most common tasks that can be solved with supervised machine learning are regression

and classification (binary or multiclass).

Regression: The task 71" in a regression problem is the prediction of a numerical value given some

input. Therefore, the ML algorithm is asked to output a function f from R" to some real value.

Classification: In this type of task, the algorithm has to find which of k£ categories some input
belongs to. In order to do so, the ML algorithm is asked to produce a function f from R" to some

set 1,..., k. The input defined by vector x is mapped to a category defined by some value .

1.2.2 The Performance measure

To measure the ability of our algorithm to perform said task 7', we must use some quantitative
measure of its performance. This performance measure P will be specific to the task T. For
classification tasks, usually we measure the accuracy of the model simply calculating the proportion
of examples for which the model produces the correct output. Vice versa, we can obtain the
proportion of examples for which the model produces an incorrect output. In general, it is not
straightforward to choose a performance measure that corresponds well to the desired behaviour of
the system. When performing a classification task, in a dataset where the classes are not equally
represented (unbalanced), a model could trivially predict the majority class for all inputs and still
achieve high accuracy, despite not having learned to correctly identify instances of the minority class.
In this case, we should focus more on the precision rather than the accuracy. Another example is
when the cost of false negatives is high we should prioritize recall rather than the accuracy (the
proportion of actual positives that were identified correctly). For the proper definition of these terms
see Sec. 1.2.8.

1.2.3 The experience

In the formal definition by Mitchell the idea is that the machine learns from some experience E.
Based on what kind of experience the machine is allowed to have during the learning process, we
can categorize learning as unsupervised or supervised. In almost all cases the learning algorithms
are allowed to experience an entire dataset containing examples with many features. The difference
is that in supervised learning the machine experiences a dataset containing features, but for each
example there is an associated label. For example, the variable stars in the first work have a label

corresponding to the class type (see Sec. 2.4).

1.2.4 Training set

Rn)(m

The simplest way to describe the dataset D is with a matrix X € where m is the number of

examples and n the number of features. Thus, ij: is the j-th feature of the i-th example. Since

7
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not all examples have the same dimensions (e.g., images with different widths and heights), we
describe the dataset as a set with m examples: (), ..., z(™)  In supervised learning, a dataset is

accompanied by its vector of labels y, with y(@ providing the label for example i.

1.2.5 Test set

Usually, we are interested in how well the machine learning algorithm performs on data that it has
not seen before, since this determines how well it will work when applied to the "real world". We
therefore evaluate these performance measures using a test set of data that is separate from the data
used for training the ML system. It is crucial that the ML algorithm never sees this dataset during

training.

1.2.6 Validation set

A fraction of the dataset composed of examples coming from the same distribution as the training
set can be used to estimate the generalization error of the ML algorithm after the learning process
has completed. It is vital that the test examples are not used in any way to make choices about
the model, including its hyperparameters. For this reason, no example from the test set can be
used in the validation set. Therefore, we construct the validation set from the training set: we split
the training set into two sets and hold out one for testing the performance of our algorithm with a
specific choice of hyperparameters during the training itself. Commonly, one uses about 80% of the
training data for training and 20% for validation. One can also divide the dataset into k distinct
subsets, training with k£ — 1 subsets and leaving one as the validation set. This process is then

repeated k — 1 times, rotating the validation set (see Fig. 1.4).

1.2.7 Deployment Dataset

After a model has been trained, validated, and tested, it is deployed to handle real-world data in
a production environment, constituting the deployment dataset. This dataset comprises actual,
practical examples the model encounters post-deployment. Contrary to the static nature of training,
validation, and test sets, the deployment dataset is dynamic, continually evolving as more real-world
data is processed. While this dataset is not used for model evaluation or training, it plays a crucial
role in monitoring the model’s performance in real-life scenarios. Insights from this dataset can be
crucial for iterative model improvements, potential re-training, or fine-tuning to ensure the model’s

robustness and adaptability over time.

1.2.8 Standard metrics

Important findings from the field of statistics confirm the existence of a statistical cost of inter-
pretability (Dziugaite et al., 2020). This "tradeoff" between performances and interpretability of a
model it is well studied (Sarkar et al., 2016, van der Veer et al., 2021, Bell et al., 2022 among others).
At the same time, as there is no unambiguous definition for interpretability, there is no canonical and
agreed quantification for this trade-off (or even the existence of this tradeoff, see also the Rashomon
Set argument in the previous section). In order to understand what is the performance of a model, I

present here some of the standard metric used in ML for classification tasks:
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Precision Precision, also known as the positive predictive value, is the ratio of correctly predicted

positive observations to the total predicted positives.

True Positives (TP)
True Positives (TP) + False Positives (FP)

Precision =
It essentially asks: "Of all the samples we labeled as positive, how many were actually positive?"

Recall (or Sensitivity or True Positive Rate) Recall is the ratio of correctly predicted positive

observations to all the observations in the actual class.

True Positives (TP)
True Positives (TP) + False Negatives (FN)

Recall =

It essentially asks: "Of all the actual positive samples, how many did we correctly label?"

F1 Score The F1 Score is the harmonic mean of precision and recall. It provides a single score

that balances the trade-off between precision and recall.

F1 Score — 2 x Precision x Recall

Precision + Recall

Specificity (or True Negative Rate) It is the ratio of correctly predicted negative observations

to all the observations in the actual negative class.

True Negatives (TN)
True Negatives (TN) + False Positives (FP)

Specificity =

False Positive Rate It is the ratio of incorrectly predicted positive observations to all the

observations in the actual negative class.

False Positive Rate (FPR) = 1 — Specificity

1.2.9 k-Fold

In order to ensure robustness and generalizability in ML rigorous validation schemes are necessary.
In k-fold, the dataset is partitioned into k equally-sized folds. Training occurs on k-1 of these, while
the remaining fold serves as a validation set. This process is iterated k times, with each fold playing
the validation role once. The final model performance is the averaged result across all iterations.
Mathematically, for a dataset D divided into k folds Dy, Dao,..., D:

Performance =

k
> Eval(D - D;, D) (1.1)
=1

| =

where Eval is the evaluation function, gauging model performance on each validation fold.

In fig. 1.4, we report a schematics of the k-fold validation.
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Figure 1.4: Simple explanation on the k-fold procedure. Credits: https://docs.cleanlab.ai/v2.0.0/
tutorials/pred_probs_cross_val.html

1.2.10 Stratification

In the work presented in Chapter 3, the population of Intermediate-Mass Black Hole (IMBH)
host and non host are not in the same proportion. We need to address this during the training.
Stratified sampling is a way to ensure that samples or subsets, mirror the characteristics of the larger
population or dataset from which they are drawn. In essence, stratification divides a population
into non-overlapping, homogeneous subgroups (or strata) based on a key attribute, ensuring that
each subgroup is adequately represented in the final sample. The overarching goal is to enhance the
precision of estimates while minimizing potential biases. When we cross-validate implementing the
use of stratified sampling, we are sure that the proportion of the feature of interest is the same across
the original data, training set and the test set. This ensures that no value is over/under-represented
in the training and test sets.

For a population P, n strata 571,59,...,5,, the representative samples from each stratum, are

denoted s1,s9,...,8,. The goal is to ensure:

S it (1.2)

for all i=1,...,n, where |s| represents the size of the combined stratified sample and |P| the size of
the entire population .

In the context of ML, stratified sampling, especially in the case of stratified k-fold cross-validation,
ensures that the train-test splits retain the same distribution of classes as the original dataset. In
Fig. 1.5, we compare 2 strata in a k-fold (k = 5) cross validation. We can see that in the unstratified

scenario the proportion of IMBH host per fold vary from 0.23 to 0.33.
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Number of Samples Number of Samples Number of Samples Number of Samples

Number of Samples

FDIM‘I (Stratified) - Proportion of "True": 0.30

Fold #1 (Unstratified) - Proportion of 'True™ 0.23

False True False True
IMBH host IMBH host
FNMZ (Stratified) - Proportion of "True': 0.30 Fold #2 (Unstratified) - Proportion of 'True™ 0.29
176
False True False True
IMBH host IMBH host
FDIM3 (Stratified) - Proportion of "True": 0.29 Fold #3 {(Unstratified) - Proportion of 'True™: 0.30
171
150 150
100 100
72 75
50 50
0 1]
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Folg_‘);#l (Stratified) - Proportion of "True': 0.29 Fold #4 (Unstratified) - Proportion of 'True: 0.31
168
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T2
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]
False True False True
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FDIM5 (Stratified) - Proportion of "True": 0.30 Fold #5 {(Unstratified) - Proportion of 'True™ 0.33
164

False True

IMBH host

False True

IMBH host

Figure 1.5: Example of stratification in our training dataset. In the left panel it can be seen that compared
to the unstratified split ( right panel) the ratio between IMBH host and non-host is kept costant in all the

folds.
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1.2. Machine Learning approach

Thesis outline

The thesis is divided in two main parts: the first part on variable stars and second part on
intermediate black holes detection. The first part, after an astrophysical introduction to variable

stars, a description of the data and the methods used, is divided in three main sections:

e Sparse logistic regression for RR Lyrae vs binaries classification: Application of gaussian
processes to variable stars lightcurve and the implementation of a native intepretable classifier,
where interpretability comes from the use of a transparent model with the help of sparsity
in order to make it more human-understandable. The model is compared then to black box

baseline predictions.

e Sparse Identification of Variable Star Dynamics: we use Sparse identification of nonlinear
dynamics (SINDy) algorithm that can find the governing equations of a non-linear system

with a focus on sparsity.

e Variable Star Light Curves in Koopman space: Finding the physical meaningful dynamic mode

of RR Lyrae stars in a data-driven approach.

The second part of this work instead is about the search for Intermediate Black Holes in Globular
Clusters. We trained both an interpretable model, namely rule-list applied via Certifiably Optimal
RulE ListS (CORELS) algorithm and a black box model providing local interpretable model-agnostic
explanations (Anchors). We compared them and applied to real Globular Cluster (GC).
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Chapter 2

Variable stars

I will now present the first case study that resulted in 3 papers (Trevisan et al., 2023, Pasquato et al.,
2022 and a paper under second review from ApJ). Firstly, I will present the astrophysical context
of variable stars, with a particular focus on RR Lyrae and what are the biggest open problems for
these stars. Secondly, I will present the different data used in the three works. Afterward, I will
present all the methods applied in the three works. Next, the main course: I present the three papers
resulted from the tackling of these problems from a data-driven interpretable perspective. Every
section here will retrace the work of the paper (introduction, data cleaning, results and discussion

and conclusion).

2.1 The astrophysical context

Astronomical objects exhibit variability across a wide range of timescales and wavelengths, driven
by various physical processes. This variability can manifest as changes in brightness, spectrum,
or position, providing crucial insights into the underlying astrophysical mechanisms. Studying
these variations allows us to probe the internal structures, evolutionary states, and immediate
environments of astronomical objects. Variable stars are a subset of astronomical objects whose
brightness fluctuates over time due to internal or external factors. Intrinsic variables undergo changes
in brightness due to physical processes occurring within the star itself, such as pulsations, eruptions,
or evolutionary changes. Examples of pulsating stars include § Scuti variables and RR Lyrae stars.
Extrinsic variables, on the other hand, exhibit variability due to external factors, such as eclipses in
binary systems or the presence of dark spots on the stellar surface. Examples of eclipsing systems
are W UMa and Algol binaries. This work will focus only intrinsic stars undergoing pulsations (RRL
and § Scuti stars) and extrinsic eclipsing systems. If the reason behind the magnitude variation due
to an eclipse is self-evident for pulsating stars the theory is more complex.

In the simplest terms, the foundational framework of the theory is established through the linear
perturbation of the hydrodynamic equations of stellar structure, encompassing the conservation
of mass, momentum, and energy, coupled with the equation of state and opacity laws. From
the perturbation we can derive the stellar pulsation equations. The solutions to these equations,
characterized by discrete eigenmodes, reveal the nature and properties of the star’s oscillatory
behavior. The adiabatic approximation, useful only to get an idea of the physics in a pulsating star,

assumes that the timescale of the pulsations is much shorter than the thermal timescale, allowing
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Figure 2.1: Hertzsprung-Russel diagram (HRD) showing the position of different classes of pulsating stars.
The borders of the classical instability strip are plotted with gray lines, while the double line represents the
zero-age main sequence (ZAMS).

for the decoupling of thermal and mechanical processes. However, to fully understand the driving
and damping mechanisms of pulsations, non-adiabatic analyses are necessary, incorporating the
effects of radiative transfer and convective motions. The x mechanism, one of the primary driving
forces behind pulsations in the instability strip (see Fig. 2.1), arises due to the dependence of opacity
on temperature and density, leading to a phase lag between the luminosity and radius variations
and resulting in a net driving of the oscillations. We can extend the theory also to non-radial
pulsations, where spherical harmonics are used to describe the angular dependence of the oscillations,
providing a richer spectrum of modes and enabling the probing of different stellar layers through
asteroseismology. Stellar pulsation theory allows us to decipher the properties of stars, such as their
mass, radius, age, and composition. For a good review on the general theory of pulsating stars, the
reader is referred to Catelan and Smith (2015).

2.1.1 RR Lyrae

RR Lyrae (RRL) are old (¢ > 10 Gyr), low-mass (M = 0.6 — 0.8 M) variable stars. They typically
pulsate in two main radial modes: fundamental and first overtone. A small fraction (5-10%) pulsates
simultaneously in both modes.

RRL obey to tight Period-Luminosity (PL) relations for wavelengths longer than the end of the
visible spectrum (Catelan et al., 2004). Moreover, the slope of the PL relation becomes steadily steeper
and the standard dispersion steadily decreases when moving from shorter to longer wavelenghts.
Near infrared PL relations provide individual distances with an outstanding accuracy of =~ 3%
(Beaton et al., 2018, Bono et al., 2003, Braga et al., 2015). Hence, they are a fundamental stepping
stone in the calibration of secondary distance indicators, in turn constraining possible systematics in
the cosmic distance scale (Beaton et al., 2016). Compared to other distance indicators and stellar

tracers, RRL have several advantages:
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2.1. The astrophysical context

e RRL are ubiquitous, having been identified both in gas-poor and in gas-rich stellar systems;
their lifetimes of the order of 10% yrs ensure that they outnumber other evolved radial variables
such as type II cepheids, anomalous cepheids, and classical cepheids (Bono, Braga, Pietrinferni,
ARA&A submitted).

e RRL cover a very broad metallicity distribution ranging from |[Fe/H|~-3.5 to super-solar iron
abundance (Crestani et al., 2021a,b, Fabrizio et al., 2021), so they can be easily identified not
only in the MW halo, but also in metal-rich stellar systems such as the MW Disk.

e Relationship with metallicity: The relation between RRL properties and metal content has
long been known (Arp, 1955, Baade, 1956, Oosterhoff, 1939), with both period and amplitude
decreasing linearly with metallicity, and the shape of the light curve (parametrized by using
Fourier coefficients) also correlating with metal content (Jurcsik and Kovacs, 1996b). Recently,
(Mullen et al., 2021, Mullen et al., 2022) provided new empirical and homogeneous calibrations
for fundamental and first overtone RRL by using spectroscopic calibrators covering a broad
range of metal abundances. RRL’s color across the phases of the near-minimun light was found
to be relatively constant, allowing us to estimate individual reddenings (Blanco, 1992, Sturch,
1966); the distance, the reddening and the metallicity of individual RRL can be estimated with

the simultaneous use of both optical and near infrared mean magnitudes (Bono et al., 2019).

e RRL as physics laboratories: Along the pulsation cycle RRL experience several nonlinear
phenomena associated with the formation and propagation of several non-linear phenomena
(shocks). Accurate and homogeneous spectroscopic investigations covering the rising branch
of the light curve found that these phenomena cause the appearance of hydrogen and helium
emission lines (Gillet and Fokin, 2014, Preston et al., 2022). These diagnostics are very
promising for quantifying the radial displacements of the outermost regions moving in opposite
directions (Preston et al., 2022).

RRL are objects fundamental for our understanding of the universe, but same of the open

problems in the field are:

e Overlap with eclipsing binaries: The main issue with relying on RRL to accurately measure
distances is due to their periods and amplitudes partially overlapping with eclipsing binaries,
leading to spurious contamination in RRL samples. In the period-amplitude plane, also called
Bailey diagram , the location of first overtone RRL overlaps with & Scuti variables and eclipsing
contact binaries (see Fig. 2.13 to see this clear overlap). Furthermore the so-called W Ursae
Majoris (W UMa) variables have sinusoidal light curves similar to RRc variables (an example
of these lightcurves is shown in Fig. 2.10), leading to overlap in diagnostics based on Fourier
parameters, especially in cases where the sampling of the light curve is either poor or the
photometry is noisy so that the typical secondary eclipse of W UMa light curve can be barely
detected. While eclipsing binaries can have similar periods and similar light curve shapes to
RR Lyrae, they obviously do not follow the same period-luminosity relation, thus degrading
the quality of the measured distances. This is the main reason why RRc variables are only

partially used in distance and in metallicity estimates (Contreras Ramos et al., 2018)

e Mode identification: the light curves of fundamental and first overtone RRL have different

shapes. The former ones when located to the blue edge (larger amplitudes) have a saw-tooth
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Figure 2.2: On the left panel an example of bailey diagram (sample of RR Lyrae from Catalina Sky Survey.
We can see that RRc are clustered in the region of period 0.2-0.4 days amplitudes of 0.2-0.6 mag, meanwhile
the RRab span bigger amplitude and have longer periods. On the top right panel we can see clearly the
saw-tooth shape of RRab lightcurve compared to the more symmetric sinusoidal behaviour of a RRc lightcurve
bottom right panel.

shape, while the latter ones when located close to the blue edge are sinusoidal (see Fig. 2.2).
However, there is a region of the instability strip, the so-called "OR" region in which they
can pulsate either in the fundamental or in the first overtone or simultaneously in the first
two radial modes (RRd, mixed mode). The reader interested in a more detailed discussion

concerning the possible occurrence of non-radial modes in RRL is referred to Smolec (2005)

e RRL secondary modulations: The current empirical evidence indicates that roughly the 40% of
RRL are affected by secondary modulations (Prudil and Skarka, 2017). The period is relatively
constant, but the amplitude can change by several tenths of a magnitude. This phenomenon
is called Blazkho effect, and we still lack a firm theoretical understanding of the physical

mechanism(s) driving its occurrence.

e RRL phasing: RRL have periods ranging from a few hours to roughly one day. This means that
they form thousands of cycles in a few years. Photometric or spectroscopic data collected over
a time interval of years or decades do require very accurate pulsation periods to be properly

phased.

Some of the methods applied in this work address these issues: the overlap with the eclipsing binaries
is addressed in Sec. 2.4, the mode identification and the characterization of the light curves both in

Sec. 2.5 and Sec. 2.6 with also hints to secondary modulations in the latter section.

0 Scuti: If we move to shorter period and low amplitudes we find § Scutis stars. These stars did
not become prevalent in my PhD work but we applied the method presented in Pasquato et al.
(2022) also to them and a short introduction is mandatory. ¢ Scutis are short period (P ~ 0.3 d)
variable stars and have amplitudes A < 1.0 mag in the V' band; they are divided into low-amplitude
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(LADS) and high-amplitude (HADS) ¢ Scutis (Alcock et al., 2000). In addition, metal-poor variables
with similar periods and old ages are usually referred to as SX Phoenicis stars (SX Phe, Nemec and
Mateo 1990). Both § Scuti and SX Phe are located where the main sequence crosses the instability
strip in the HR diagram (see Fig. 2.1). § Scutis pulsate in radial and non-radial modes and the
driving mechanism for their pulsations is similar to that of RRL stars. This mechanism is relatively
well understood, depending on the opacity and equation of state variations (the so-called kappa and

gamma mechanisms) in the partial ionization region of both Hydrogen and Helium.

2.1.2 Eclipsing Binaries

We can divide Eclipsing Binaries (EBs) based on the detachment of the 2 stars: EW if the two stars

share a common envelope and EA if they are detached:

EW (W UMa type): EW consist of two stars that share a common envelope. Their outer layers
are in physical contact, so their surfaces essentially overlap. As such, they do not show a pronounced,
separate dip in brightness for each star being eclipsed (bottom panel of Fig. 2.3). Their light curves
typically exhibits a continuous, sinusoidal variation in brightness with no flat baseline. This is
because there’s no period during which one star is completely visible without any overlap from the
other. The depth of the eclipse is influenced by the ratio of the luminosities and radii of the two

stars:
AF -~ rngLg
F WR%Ll

However, since both stars in a contact binary often have similar temperatures and are in contact,
the eclipse depth for primary and secondary eclipses is relatively similar. Such systems involve mass
exchange between stars, generally marked by similar temperatures and characteristics. The depth of
the eclipse in these systems is predominantly dictated by the geometry of the system. Yet, variations

in eclipse depth can emerge due to discrepancies in the temperatures of the component stars.

Algol Binaries (EA): EA binaries are detached, meaning the two stars are distinct and separated,
not touching each other. This leads to clear and distinct eclipses in the light curve when one star
passes in front of the other.

As top panel of Fig. 2.3 depicts, the light curve of an EA binaries typically shows distinct and
sharp dips (eclipses) separated by periods of constant brightness when the stars are not eclipsing
each other. The depth of the eclipse follows the same equation above. The primary eclipse (when the
brighter star is eclipsed) is deeper if the second star is cooler and smaller. Conversely, the secondary
eclipse (when the cooler, smaller star is eclipsed) is shallower. This differential is often pronounced
in EA systems because the stars can have different temperatures and sizes. In detached systems,
the stars can be closer or further apart, affecting the relative duration of the eclipses. However,
compared to contact binaries, the flat portions of the light curve (when neither star is eclipsed) are

generally more extended.

2.2 Data

I present here the different data utilized in the three studies.
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Figure 2.3: Light curves of eclipsing binaries from the Catalina Schmidt Survey (CSS): in the top panel a
sample lightcurve of a Algol Type binaries. In the bottom panel a sample lightcurve of a W UMa type. Note
the difference in the depth of the eclipses for the two types.

2.2.1 Catalina Sky Survey

We use time-series data from the Catalina Sky Survey (CRTS) (Drake et al., 2013a). The CRT'S
consists of three different telescopes: the Catalina Schmidt Survey (CSS), the Mt. Lemmon Survey
(MLS), and the Siding Spring Survey (SSS). The CSS and MLS are located in Tucson, Arizona while
the SSS in Australia. Overall, these telescopes scanned ~ 33000 deg? of the sky in the —75° to
+65° declination range.

The CSS is equipped with a 0.7-m Schmidt telescope and an unfiltered 4k x 4k CCD with
an 8 deg? field of view (FOV). The CSS’ exposure time is ~ 30s and it observes objects in the ~
11.5-19.5 magnitude range. The MLS survey uses a 1.5-m Cassegrain reflector telescope and an
unfiltered CCD (1.2 deg? FOV). The MLS bright and faint magnitude cut-offs are 13.0 and 21.5 mag,
respectively. Finally, the SSS is equipped with the smallest 0.5-m Schmidt telescope, an unfiltered
4k x 4k CCD, and has a 4.2 deg? FOV. It observes objects in the ~ 11.0-19.0 magnitude range.

The CRTS was originally designed to discover, track, and catalog near-Earth objects, including
potentially hazardous asteroids. At the same time, the CRTS data was used to study variable
sources and a full catalog of CRTS variable stars was published in a series of papers (e.g., Drake
et al. 2013a,b, 2014b, 2017, Torrealba et al. 2015).

To search for variable sources, the authors of the latter studies followed a systematic approach.
At first, they distinguished variable from non-variable sources using the Welch-Stetson variability
index (Iys; Welch and Stetson 1993). Then, they used the Lomb-Scargle periodogram analysis
(LS; Lomb 1976, Scargle 1982) to look for periodicity signals and they used the M-Test (Kinemuchi
et al., 2006) to measure how much time was spent by each star above or below the mean magnitudes.
They then calculated the periods of variability using different period finding algorithms including
the Analysis of Variance (AoV; Schwarzenberg-Czerny 1989) technique.
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Figure 2.4: Positions of RRab/RRc and eclipsing stars in galactic coordinates from the Catalina sample.
We can see that this sample does not include regions around the Galactic plane.

The combined catalogs of variable stars results in ~ 110,000 variable sources. Each object
was observed between ~ 25 and 600 times with an average of ~ 200 epochs. For objects brighter
than V' = 17 mag, the completeness and purity levels for RRab stars reach ~ 90% and ~ 80%,
respectively. These values decrease for fainter objects and for RRc and § Scuti variables. Finally, the
identification numbers (IDcrrs), equatorial J2000.0 right ascension (R.A.) and declination (Dec.)
coordinates, average magnitudes ((V')), periods in days (P), amplitudes (A), number of observations
(Ncrrs), and other properties are included in the published catalogs (in Fig.2.5 I report some
relevant properties for the studies divided by variable type). On our adopted sample the median
time elapsed between the first and the last observation was 2794 days for é Scuti variables, 2787,
and 2703 days respectively for RRc and RRab variables.

An issue worth noting is that Catalina data mostly do not include dense regions around the
Galactic plane (see Fig. 2.4), which might affect the generality of our results given the expected
dependency of variable star properties on metallicity. Our choice of CSS is, however, justified by its
large number of relatively homogeneous light curves, which is a crucial prerequisite for training most
machine-learning models.

We point out that CSS images were collected without filters. The conversion to the V-band was
performed by setting up a sample of comparison stars (GO-G8 dwarfs) from the 2MASS Point Source
Catalog (Skrutskie et al., 2006), converting to the JH K's bands (first step) and then to the V' band
(second step) (see Larson et al., 2003, Skrutskie et al., 2006, for details).

Different folded-lightcurves of the adopted datasets are shown in Fig. 2.10.

2.2.2 ASAS/ASAS-SN

For the test set of the classifier paper, we utilized 614 stars from the All Sky Automated Survey
data (ASAS; Pojmanski, 1997, 2002) and All-Sky Automated Survey for Supernovae (ASAS-SN;
Jayasinghe et al., 2019, Shappee et al., 2014). ASAS-SN is an extensive optical survey designed to
monitor the entire sky with a cadence of approximately 2-3 days to a depth of V' 17 mag. Since its
inception in 2014, ASAS-SN has been collecting roughly 100-500 epochs of observations per field.
The survey’s methodology involves the classification of V-band light curves for candidate variables

identified during the search for supernovae. The catalogue has 66179 new bright variable stars, which
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Figure 2.5: Initial adopted sample of CSS. Top-left panel: the boxplot of the number of data points.
Top-right panel: boxplot of the amplitudes. Bottom-left panel: boxplot for the period and finally in the

bottom-right panel the bailey diagram of the initial adopted sample.
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Figure 2.6: Bailey diagram on the left for the ASAS-ASAS-SN sample, some statistics on the period (center
panel) and amplitude right panel).

Table 2.1: Number of RRc and RRab light curves included in the w Cen initial and final dataset for each
filter. Details concerning the selection are specified below.

Filter RRcinitial RRCfinal RRabinitial RRabfinal

\Y 46 45 36 36

B 30 27 29 28

I 3 3

R 10 8 1 1
Total 89 83 70 68

includes 27479 periodic variables and 38700 irregular variables.

Some of the properties of sample adopted are shown in Fig. 2.6 This dataset differs from our CSS
dataset because it was taken by a different instrument and also displays a different class balance:
RRL are 12% of our CSS sample and 35% of our ASAS/ASAS-SN test sample. The V-band and
g-band magnitudes obtained in the ASAS/ASAS-SN catalogue are calculated in real-time using
aperture photometry, with zero-points calibrated using the APASS catalog. ASAS-SN images have
8" pixels (~15" FWHM PSF) so blending/crowding might be significant in some cases.

2.2.3 w Cen data

For the Dynamical Mode Decomposition work (see Sec.2.6), we adopted the optical (BVI-band)
photometry of the RRLs in the Globular cluster w Cen published in Braga et al. (2016, 2019a). This
data set is homogeneous in terms of photometric data reduction, even though it includes images
collected during more than 20 years from seven different 1-to-8 m class telescopes, in a sky area of
57 %56’ (see Sec.2 in Braga et al. 2016 for more details). Still, to further improve the consistency of
our analysis, we chose to adopt only the photometric data collected at the same telescope (Danish
1.5m, at La Silla), during five years (1995 to 1999), which constitutes the largest part (almost 60%)
of the original data set. The resulting Danish subset is a truly homogeneous data set, with the
exception of sporadic positional offsets in the 1998 images. As a result, the analysis is based on light
curves with 100 to over 2000 phase points in at least two of the three bands (V and B, since I-band
phase points are one order of magnitude less) for 125 variables.

This subset of the data is comprised of light curves taken from 89 RRc and 70 RRab variables.
Of these, 6 RRc and 2 RRab light curves were discarded because we failed to obtain an acceptable
interpolation, due either to outliers or phase gaps. This leaves us with 83 RRc and 68 RRab light

curves. Tab. 2.1 summarizes the number of available light curves in the various photometric bands.
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Figure 2.7: Left panel: Light curve for star V59, a typical RRab variable from w Cen sample. Observational
data points with error bars are shown in gray, our spline fit is shown as a black solid line. Right: Light curve
for star V103, a typical RRc variable.
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Figure 2.8: Adopted sample from the omega Cen sample in the period-amplitude plane, RRab and RRc
stars are respectively represented by black and red points.

Typical light curves for RRab and RRc are shown in Fig. 2.7, in the left and right panels respectively.
The Bailey diagram is shown in Fig. 2.8 instead.

2.3 Methods

I present in this section the methods applied in the different works for variable stars light curve
characterization.
2.3.1 Gaussian Processes

Given a set of points there are infinite functions that can fit these points. Gaussian Processes (GPs)

offers an elegant solution to this problem!®. I will define now what is a gaussian process and some

LGPs can be used for a lot of tasks: regression, classification, optimization, active learning, reinforcement learning
and in general every branch of ML. As we can see in Sec. 2.4 I used to fit the variable stars lightcurves so the
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properties following (Kanagawa et al., 2018) with a focus on the kernels applied to our work.

Gaussian processes: Let X be a nonempty set, &k : X x X — R be a positive definite kernel,
and m : X — R be any real-valued function. Then a random function f : X — R is said to be a
Gaussian process (GP) with mean function m and covariance kernel &, denoted by GP(m, k), if the

following holds:

For any finite set X = (z1,...,2,) C X of any size n € N, the random vector
f(@1)
fx = :

follows the multivariate normal distribution NV (mx, kxx) with covariance matrix

k(z1,z1) ... k(x1,2,)
kxx = :
k(zp,z1) ... k(xn,x,)

and mean vector
m(z1)

This definition implies that if f is a Gaussian process then there exists a mean function m : X — R
and a covariance kernel k£ : X x X — R. At the same time, it is also true that for any positive
definite kernel k£ and mean function m, there exists a corresponding Gaussian process f ~ GP(m, k)
(chapter 12 in Dudley, 2018). Therefore, there is a one-to-one correspondence between Gaussian
processes f ~ GP(m,k) and pairs (m, k) of mean function m and positive definite kernel k. In
practice, the use of a specific kernel k£ and a mean function m implicitly leads to the use of the
corresponding GP(k,m). Therefore it is practically important to understand the properties of
GP(k,m) (such as smoothness) that are induced by the specification of k£ and m. For example, if k
is a square-exponential kernel on an open set X C R?, then a sample path f ~ GP(0,m) is infinitely
continuously differentiable.

I will present now different types of kernels utilized in the work presented in Sec. 2.4 The
specification of the kernel k force properties of the distribution over functions f(x), i.e. by choosing

a specific kernel function, it is possible to set prior information on this distribution.

Exponential Sine Squared Kernel: Also known as the periodic kernel (in scikit-learn is

called ExpSineSquared) is used for modeling functions that repeat themselves exactly. It is defined

2sin?(|z; — x; D
k(xi,:cj):exp <_ ( |12 J|/ ))

as:

explanation will focus on this but GPs are not restricted to fitting
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where [ is the length scale and p the period of the kernel. This kernel can be derived as a stationary
solution to the following Stochastic Partial Differential Equation (SPDE):

<25m<l72m/p) - A)Qf(:v) —w(z), zeR

where A is the Laplacian operator and w(z) is a Gaussian white noise process.

The Matérn kernel is defined as:

v

1—
k(xiv xj) - i(y)

where v is a parameter that controls the smoothness of the resulting function, p is the length scale

() (2

and K, is a modified Bessel function of order v. This corresponds to the stationary solution to the
following SPDE
20 (at+%)/2
(h2 - A) f(z) =w(z), zeR%
where A := Ele 8‘% is the Laplacian and « corresponds to the smoothness parameter v and h in
the SPDE can sometimes be related to the length scale p from the Matérn kernel, but the exact
relationship might be context-dependent.

Usually Matern kernels forces smoothness on the resulting function allowing for better interpola-
tion. In general the length scale both in the Matern and Exponential Sine Squared Kernel controls
the smoothness of the function modeled by the Gaussian process. A smaller value of [ means that
the function values can change rapidly, indicating that the function is wiggly or has high variance
over short distances. Conversely, a larger [ implies that the function varies more slowly, indicating a
smoother function with lower variance over short distances.

Finally we have:

Gaussian noise and constant kernel: The WhiteKernel in scikit-learn generates a component
of Gaussian noise. It is defined as:

k(mi, CCj) = 0'2(51']'

where o2 is the noise level and 0;; is the Kronecker delta function. This corresponds to the SPDE:
f(@)=w(z), zeR’

where w(z) is a Gaussian white noise process with variance o2. The constant kernel instead, as its

name suggests, returns a constant value. It is defined as:
k(zi,x;) = c?

where c is the constant value.
The noise component of the kernel is fundamental when working with noisy data. A larger noise
term allows the GP to accept that observed data might be noisy and it doesn’t need to fit them

perfectly. This is particularly useful for regression problems where there is known measurement
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error in the observed outcomes. If the noise term is close to zero or very close to zero, the GP will
attempt to interpolate the data, essentially trying to pass through every point resulting in a poor
interpolation. The structure and hyperparameters of the kernel function determine the flexibility of
the GP. For instance, a very flexible kernel (or a kernel with certain hyperparameters) might try to
fit closely to the data, including the noisy fluctuations, while a less flexible kernel will provide a
smoother function that doesn’t capture the high-frequency noise

We can combine all these kernels meaning we add/multiply their respective covariance matrices
together to obtain the final covariance matrix used in Gaussian Process regression (example of this
process in Fig. 2.14).

When I fit the Gaussian process to my test data (Xyest, Yrest) (here test has a different meaning
from the training-validation-test one), the predictions made are conditioned on the data. This has
an effect on the covariance matrix. The posterior covariance matrix, after observing the data, is a

modified version of the prior covariance matrix. Specifically, it is:

Kposterior(X*a X*) = K(X*,X*) - K(X*7X)(K<X7X) + 0721]>_1K(X7 X*)
Where:
e X, are the test inputs.

o K(X.,X) is the cross-covariance matrix between the test inputs and the training inputs.

K (X, X) is the covariance matrix of the training inputs.

02 is the noise variance (given by the WhiteKernel).

e [ is the identity matrix.

This posterior covariance matrix captures the effect of the data on our uncertainty. Where we
have data, the uncertainty will be reduced, and this will be reflected in the posterior covariance

matrix and the pair (m, k).

2.3.2 (Regularized) Logistic Regression

An interpretable model not only is a native advantage being a white box but also should have aim to
have some of the following properties in order to be human-understandable: linearity, monotonicity
and not too many cross-interaction between features. A model is considered linear when the
link between its features and the target is linearly represented. When a model has monotonicity
constraints, it means the relationship between a feature and its target always remains consistent
across the feature’s full range. Specifically, when the feature value rises, it either consistently leads
to the target outcome rising or declining. Monotonicity aids in comprehending a model since it
simplifies understanding of a relation. Also we can include interactions in any type of model by
manually creating interaction features. Interactions can improve predictive performance, but too
many or too complex interactions can hurt interpretability. Logistic regression checks the box of
full transparency (not black box), monotonicity and, if not manually created, absence of interaction
between features.

Given our dataset D represented by X € R¥™ where d is the number of features and m the

number of examples, we can express the feature vector (for example i) X' = [z},2},...,2"], as a
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Figure 2.9: Sigmoid function.

linear combination of features with the model’s coefficients is given by (let’s drop the apex ¢ from
here):
t = Po+ Pix1 + Paza + ... + Baxg

The probability that the dependent variable Y is 1 (or success) given the feature vector X is:

1

p(X)=o(t) = Tt

1
p(X) = 1+ 67(50+,81x1+ﬁ2$2+--~+5d$d)

From a probabilistic perspective:
P(Y =1|X) = p(X)

P(Y =0|X) =1 - p(X)

We can see from fig. 2.9 that the sigmoid function has a bounded y-range between 0 and 1.
The sigmoid is differentiable everywhere. This property is crucial for optimization methods such
as gradient descent. Not only, it is also monotone, a property, as I said in the introduction, really

important for interpretability. Given this, the likelihood of observing the actual data is:

m

£(81X.Y) = [Tpx) (1 = p(x)) 4=

Where m is the total number of examples in the dataset and 3 represents the vector of coefficients,

including the intercept.
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In practice, since we are adopting a ML approach, the goal during the training process is to

maximize this likelihood, which is done by minimizing the negative log-likelihood:
—UBIX,Y) = =3 [Ylog(p(XT) + (1 — Y7) log(1 — p(X)]
=1

The negative log-likelihood can be thought of as a loss function (for the single training example)
or cost function (the average of the loss functions of the entire training set). For logistic regression,
the goal of the training process is to find the coefficients § that minimize this loss function. To
minimize the negative log-likelihood, optimization algorithms are employed. One common method is

via gradient descent. The general idea is:
1. Initialize the coefficients 8 with some values, often randomly.

2. Calculate the gradient of the negative log-likelihood with respect to 5. This gradient points in

the direction of the steepest increase of the function.

3. Update § in the opposite direction of the gradient to reduce the negative log-likelihood. This

involves taking a step size, often called a learning rate, in the direction of the negative gradient.

4. Repeat steps 2 and 3 until the coeflicients converge, or until a specified number of iterations is

reached.

During training, the coefficients are updated iteratively to find the best fit for the data, such that
the model’s predicted probabilities are as close as possible to the observed outcomes Y in the dataset.
Usually, the ML packages adopt some optimizer that are more refined than the process described
above. We can regularize our logistic regression to prevent overfitting and introduce sparsity. In the
classifier paper we utilize the L1 regularization (or L1 penalty sometimes in the text). Here’s how
the L1 regularization is incorporated into the logistic regression model:

Given our negative log-likelihood J(8) = —I(5|X,Y) :

==Y [Y'log(p(X*")) + (1 - Y*)log(1 — p(X*))]
=1
The L1 penalty is the sum of the absolute values of the coefficients:
By=r)_15l
j=1

where A is the regularization strength and [; represents the j-th coefficient in the vector (.
When we incorporate the L1 regularization into the logistic regression model, our objective

function becomes:
T (B) == [Y'log(p(X")) + (1 = Y)log(1 — p(X*)] + A > _ |8l
i=1 i=1

The goal during training is to minimize Jz1(3). A larger value of A will result in more regularization:
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e When )\ = 0, the objective becomes the original negative log-likelihood, meaning no regulariza-

tion.

e As ) increases, the influence of the regularization term grows, and the model will tend to have

smaller coefficients, leading to a simpler and potentially more interpretable model.

e With L1 regularization, as A becomes very large, some coefficients might become exactly zero,

leading to a sparser model.

In scikit-learn’s LogisticRegression implementation, the inverse of regularization strength,
C, is used. C is defined as C = % Thus, smaller values of C imply more regularization. Sparsity of

the coefficients given by the L1 regularization has different benefits:

e Interpretability: A sparse model has fewer non-zero coefficients. This means that only a subset
of features significantly influence the prediction. This makes the model more interpretable, as
it is easier to explain the effect of a small number of features rather than a large set. This was
our drive for our work: we wanted a white box, but if this one has too many features (like the

100 of our dataset) it is not actually human interpretable.

e Feature Selection: Sparsity acts as an embedded feature selection mechanism. Meaning that, by
driving irrelevant feature weights to zero, it effectively selects a subset of the most informative

features for the prediction task.

e Efficiency: Finally, sparse models are computationally more efficient; they require less memory

storage

e Generalization: By reducing the model’s complexity, sparsity can help in preventing overfitting.
A model that relies on fewer features is less likely to fit the noise in the training data and is

more likely to generalize well to new, unseen data.

2.3.3 SINDY

Understanding complex dynamical systems from data is a fundamental challenge in many areas of
science and engineering. Traditional modeling techniques, like differential equations, can be hard to
determine for high-dimensional, non-linear systems from empirical data alone. The SINDy algorithm
(Brunton et al. 2016) is designed to determine sparse dynamical systems directly from data without
the need for a detailed system knowledge or guesswork.

Given the state measurements of a dynamical system, the goal is to identify the most parsimonious
dynamical system that describes the data. Parsimonious here implies a system that is described
using the fewest possible terms or functions, eliminating unnecessary complexities. Remember, the
aim is to capture the underlying dynamics with as few terms as necessary to ensure that the model
remains interpretable and avoids overfitting. Given a dynamical system, the evolution of its state

can be represented as:

dx
& )

where x(t) € R™ is the state vector of the system at time ¢.
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Figure 2.11: Schematic of the SINDy algorithm, demonstrated on the Lorenz equations. Credits to Brunton
et al. (2016)

The primary idea behind SINDy is to approximate the function f from data. In order to do this

we need to first collect data of the system state x(¢) and its time derivative Cc% over a period of time.
Then build a library of candidate functions ©(x), which includes polynomial terms, trigonometric

functions, or any other nonlinear functions of the state variable. For example:
O(x) = [1 X1 Xo X7 X1X2 X3 sin(xy) .. }
Afterwards, use sparse regression techniques to solve:

dx
— = 0O(x
=~ x)e
where £ is a coefficient vector. Sparse regression ensures that many of the coefficients in € are zero,
leading to a parsimonious representation of f.

Finally, The nonzero terms in the vector £ correspond to the active terms in the governing
equations. For instance, if only the coefficients associated with 1, x;, and x% are nonzero, then the

dynamics are approximated as:

dx

T o+ E1x1 + Eox?

In Fig. 2.11, an application on a True Lorenz System is shown. Remembering the basic least squares

problem (with no sparsity) where @ is used instead of %
min |©()€ — 13

different optimization techniques are available in PySINDy (de Silva et al., 2020) +scikit-learn:
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Sequentially Thresholded Least Squares (STLSQ): Iteratively applies a thresholding step
after least squares.
€441) = argmin |[©(2)¢ — 3

followed by:
D g g |§i(k+1)‘ -

i

where A is a threshold value. The algorithm iterates between the two steps until convergence.

LASSO (L1 Regularized Least Squares): LASSO adds a penalty to the absolute values of the
coefficients.

min [|©(z)¢ a3 + A€l

where: A is a regularization parameter (alpha in scikit-learn).
Elastic Net: Combines both L1 and L2 regularization.

min [|©(7)¢ - @[3 + M ll€ll+ A2ll€]13
where A1 and Ao are regularization parameters for the L1 and L2 penalties, respectively.

Group LASSO: Applies the L1 penalty to groups of coefficients.
min [©(2)¢ = @[3+ 2D /B lgou iz
J

where p; is the number of coefficients in the j-th group, are the coefficients in the j-th group

Laroup §
andA is a regularization parameter.

For an overview on SINDy applications, see table 1 of Dong et al. (2023) and the references
therein. For the proof of convergence of SINDy, see Zhang and Schaeffer (2019). Finally, as the
same Steve Brunton and collaborators noted in Brunton (2021), the three main challenges of SINDy
are: which variables should we use, what library of functions should we use to describe the dynamics
and finally what algorithm is better to carry out the optimization. Initially, they thought that the
optimizer would be the biggest problem during SINDy applications. However, as we discovered
during the work described in Sec. 2.5, the choice of the library is not so trivial and is the main

reason why certains stars were not modelled correctly.

2.3.4 Koopman Analysis and DMD

Dynamic Mode Decomposition (DMD) algorithm is a dimensionality reduction algorithm guaranteed
in the framework of Koopman analysis for the study of nonlinear dynamical systems. The core
principle of Koopman analysis is a non linear coordinate transformation that embeds a nonlinear
dynamical system in an equivalent linear dynamical system of observables. Mathematically, if v
is an observable function of the system’s state x, the action of the Koopman operator, U, can be

expressed as:

Ut (x0) = ¥(f(x0)) (2.1)
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Figure 2.12: Schematic of the Dynamic Mode Decomposition on a fluid flow dataset. Credits: Kutz et al.
(2016)

where f denotes the nonlinear evolution function of the system. The existence of such an embedding
is due to an intrinsic trade-off between linearity and dimension. In this framework, it is necessary to
figure out what the coordinate transformation is and what the dynamical system is turned into. For
our purpose, we are interested to do this from data in one shot. This is possible thanks to tangent
linear approximation of the system and a few arguments used in iterative methods for computing
solutions to linear eigenvalue problems, that DMD algorithm naturally encodes. More precisely, in
our case, given a discrete time series VN = {v1,...,vn}, where v; € R™ Vi € [m], it is assumed the
existence of a linear mapping A € GGL,, that associates two successive points of the time series, i.e.
vi+1 = Av;. This last relation defines a linear dynamical system that stays approximately the same
over the sampling period, formally using the language of matrices ViV = AVIN 14 re;{,_l, where
7 is the vector of residuals that encodes the behaviour not predicted by A, ey—_; is the (N — 1)th
vector of the canonical base and V;N ™! = {v1,...,ux_1} and ViV = {v,...,ox}. Now comes
the power of DMD: roughly speaking, DMD computes the eigenvalues and the eigenvectors of A.
Computing eigenvalues and eigenvectors is an elementary task for which several subroutines can be
used; commonly, DMD uses Singular Value Decomposition (SVD) algorithm. Instead of directly
dealing with the high-dimensional operator A, DMD applies SVD to the data matrices to obtain a
reduced-order representation.

Given the snapshot matrix VlN ~1. the SVD decomposes it as:
VT =Usw*

where U is an m x r orthogonal matrix containing the left singular vectors of VlN 1 isanrxr
diagonal matrix with the non-negative singular values in descending order and W* is the conjugate
transpose of an (N — 1) x r orthogonal matrix, the right singular vectors of VlN -1

With this decomposition, DMD aims to find a reduced-order representation of A in the span
of the columns of U, which provides a basis capturing the dominant spatial structures in the data.

Specifically, the reduced-order approximation A is computed as:

A=U*AU

32



2.3. Methods

where U* is the conjugate transpose of U. This A matrix is of much smaller dimension r X r
compared to the original A and captures its main dynamics.

Eigenvalues and eigenvectors of A are then computed. The eigenvalues provide information about
the temporal behavior of the modes (like frequency and growth/decay rates), while the eigenvectors,
when projected back onto the original space using U, provide spatial structures associated with each
mode. This entire process exploits the efficiency of SVD to extract meaningful dynamic information

from the data without ever explicitly computing or storing the large matrix A.

Characteristics of the eigenvector: Not only, the eigenvalues and the eigenvectors of A
completely define a set of modes each of which is associated with a fixed oscillation frequency and
decay or growth rate. If the eigenvalues lie within the unit circle (for discrete systems) or have a
negative real part (for continuous systems), the system is stable. The farther away they are from
the unit circle, the faster the system will diverge or become unstable. These modes are a natural
generalization of the global stability modes. Let’s remember that stability modes in dynamical
systems refer to the intrinsic patterns in the system or behaviors that determine how the system
responds over time, especially in relation to perturbations or disturbances. Therefore global stability
modes indicates how the entire system reacts and returns to equilibrium.

In DMD, we can say that there is a “hardness” regarding the complexity in transforming a
nonlinear system into an approximately linear one. The number of distinct eigenvectors A needed to
represent a system accurately gives an indication of this hardness. A system that requires a large
number of eigenmodes to be linearized or approximated indicates that it has complex, intertwined
behaviors that don’t lend themselves easily to linear representation. When the system is close to a
“sinusoidal silhouette” (like variable stars for example), it suggests that the dynamics can be captured
using oscillatory (sinusoidal) modes. At the same time, if transforming the system requires a high
number of eigenmodes, it indicates the system’s behavior is far from simple oscillations, and it may

involve interactions of multiple frequencies, chaotic behaviors, or other intricate patterns.

Higher order DMD: In the application of DMD in the work presented in Sec. 2.6, we deal
with a low dimensional dynamical system, for this reason, we employ the extension of DMD known
as Higher Order Dynamical Mode Decomposition (HODMD; Le Clainche and Vega, 2017). The
modification introduced by HODMD is the following: instead of assuming v;11 = Av;, we consider
an higher order Koopman assumption, i.e. that v;1q = Ajv; + A2vip1 + -+ + AgUiyq—1 where d > 1
is a tunable parameter. It is not difficult to notice that we are simply superimposing DMD on a
sliding window over the time series. The main advantage of such an approach lies in enabling the
computation of higher order modes enriching the space returned by classical DMD when considering
dimensional systems presenting low spatial complexity but a large number of hidden frequencies.
For example, in our experiments described in Sec. 2.6, the time series VlN ={v1,...,v,} is given
by the uniformly sampled value of magnitude measured at regular intervals over the interpolated
light curve described in Sec. 2.2.3 and the output of the algorithm can be interpreted as the higher
order modes that encodes the generalization of global stability modes and their underling frequencies.
Regarding the implementation, we used the library PyDMD (Demo et al., 2018), that presents
several versions of DMD already efficiently implemented in Python. We take 30 snapshots per phase
(for a total of 150 snapshots) so that enough snapshot are fed to DMD to produce a model that

33



2.4. Sparse Logistic Regression for RR Lyrae versus Binaries Classification

fits with the original data but not too much as to model certain parts of the spline that may be
due to noise. For example, a snapshot density that is low enough reduces the likelihood of having a
snapshot on parts of the spline where a non-representative spike or drop is caused by a few outliers.
In other words, it acts as prevention of overfitting and eliminates the need of outlier deletion. By the

same token, the eigenvalues found are fewer and more representative of the physics of the system.

2.4 Sparse Logistic Regression for RR Lyrae versus Binaries Classi-

fication

Based on Trevisan et al. 2023 paper.

2.4.1 Introdution

As described in the open problems in Sec. 2.1.1, accurate classification separation of RRL versus
eclipsing binary stars has strong implications for our ability to avoid biases in distance determination.
This has long been a priority in catalog building efforts, as in the work by Drake et al. (2014a),
who used a robust version of the skewness of the magnitude distribution introduced by Kinemuchi
et al. (2006) to separate the two classes in Catalina Sky Survey (CSS) data. It is thus natural
to employ machine learning methods to address this task. Since the large-scale diffusion of deep
learning, more and more classification tasks in astrophysics have been entrusted to various neural
network architectures (see e.g. Hinners et al., 2018, Lanusse et al., 2018, Gillet et al., 2019b,
Bialopetravicius et al., 2019, Trevisan et al., 2020, Chardin and Bianchini, 2021, Lalande and Trani,
2022). Unfortunately, the excellent performance of such tools is often accompanied by insufficient
theoretical guarantees as well as a lack of human interpretability. Consequently, making use of deep
networks for extracting high-reliability patterns to be interpreted as physical models is challenging.
While physics-informed deep learning (see e.g. Raissi et al., 2019, Raissi et al., 2020, Haghighat and
Juanes, 2021) holds the promise to mitigate this issue, in this work we choose to favor a statistical
foundation of the classifier that ensures its reliability. Moreover, in the context of scientific research
and astronomy in particular, the ability to interpret our classifier is crucial. Not only, as stated
in the introduction, it has recently been convincingly argued that natively interpretable models
are thus preferable to black boxes even when the latter are explained a posteriori using relevant
techniques because explanations cannot possibly be faithful everywhere or they could simply be used
in place of the underlying black box (Rudin, 2019).

Several works have already appeared in the literature attempting to address the problem of
automatic classification of variable stars, but in general the main priorities of these were different
from interpretability. In a recent investigation, Pantoja et al. (2022) computed a wide range of
features (including the Feature Analysis for Time Series (FATS features) introduced by Nun et al.,
2015) on light curve data and apply dimensionality reduction and clustering. They also leverage the
results to perform semi-supervised learning achieving a precision of 90% for main variable classes
with a support-vector machine, thus reducing the need for human assigned labels. On the other
hand,Castro et al. (2018) focussed their attention on modelling errors, so they apply Gaussian
process regression to light curves -as we do in the following- and use it as a basis for bootstrapping

and calculate FATS features, using them to train a random forest. The goal of a variety of works
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Figure 2.13: Period—amplitude plot of our CSS data set. Only the region up to 1.5 mag in amplitude and
1 day in period is shown. The stars labeled as RRc are shown in red; the eclipsing variables are shown in
different shades of gray. Substantial overlap between the two groups is readily evident.

employing a range of neural network architectures is arguably speed and accuracy of classification,
e.g. Debosscher et al. (2007), Aguirre et al. (2019), Becker et al. (2020), Becker et al. (2020),
Zhang and Bloom (2021) and Szklenar et al. (2022). Brink et al. (2013) also generated features
and trained several supervised models, including logistic regression. While the latter is certainly
more interpretable than a neural network, the usual L? loss employed does not result in sparse
coefficients and the general goal of that work was to separate real variability from bogus variability
in the Palomar Transient Factory survey. Other application of DL and ML method in variables
classification, can be found in Dubath et al. (2011) where a random forest is applied on hipparcos
variables. Debosscher et al. (2007) perform multiclass classification using neural nets and support
vector machines. These approaches often reach high classification performance but tend to be opaque
at least when compared to the method we introduce in the following, regularized logistic regression .
Other works, e.g. Richards et al. (2011) classified all variable stars, including RR Lyrae and eclipsing
binaries, using tree-based, hierarchical and pairwise classifiers. In that case more than 32 periodic
features and 20 non-periodic features were utilized. Showing that interpretability wasn’t a priority.
Moreover, as we can see by the effort of Drake et al. (2014b) on separating RRc stars from binaries
from the CRTS in the ultra-short period (periods below the 0.22 day) shows us the difficulty of this
task.

As we discussed, it is more challenging to distinguish RRc from other eclipsing binary stars
because some binary stars have a more sinusoidal light curves that are similar to those for RRc stars

and with similar period range (as we can see from Fig. 2.13).

2.4.2 Data processing

The original sample from CSS consisted in 12812 stars and is described in depth in Sec. 2.2.1. From
that dataset we selected the RRc, EW and EA stars. As remarked before, one of the flaw of this
dataset is the absence of stars in the proximity of the Galactic plane (see Fig. 2.4 to see the effect
on our sample), which in principle may introduce a bias in our results. However, the CSS selection

is justified due to its vast collection of relatively homogeneous light curves, which are essential for
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training numerous machine learning models. Furthermore, to improve the quality of our variable
star sample and remove any potential false positives, we undertook several steps: one of these steps
involved utilizing the The Gaia Renormalized Unit Weight Error (RUWE), the square root of the
normalized x? of the astrometric fit to the along-scan observation, values obtained from Gaia (Gaia
Collaboration et al., 2016). To do this, we selected a circle with a radius of 3”7, centered at the
positions provided by the CSS, and crossmatched it with the Gaia Data Release 3 database (Gaia
Collaboration et al., 2022). We then removed all stars with RUWE values greater than 1.4. This
value was chosen as a threshold as RUWE values larger than 1.4 are indicative of potential eclipsing
binaries, which are not single stars, and therefore not suitable for our RRc sample.

By implementing this methodology, we were able to eliminate potential false positives and
increase the efficiency of our variable star sample.

The final phase will be: ¢(T) = T_L’%# where T is the Modified Julian Date (MjD), P :
Period of the pulsating signal given in the dataset (nominal period found by the authors through
analysis of variance (Schwarzenberg-Czerny, 1989) and k an adjustment factor to the period (k =1
for the binaries k = 2 for the RRc). This allows us to compare the two on an equal footing because
a miscalculated period may result in misclassification. In particular, an eclipsing binary folded to
half its actual period will be much more likely to be classified as an intrinsic variable and vice versa
We repeated the resulting phased light curve three times to enforce periodicity. Afterward we fitted
our data with a GPs (see sec. 2.3.1 for insights on GPs) with the following kernel:

2sin?(7|z; — x; D
k(.’L’i,l’j):eXp <_ ( |l2 J‘/ ))

1—v

2
+

(@m’—%‘\) K, (@’f’fi—xﬂ> +0’2(5ij+C2
I'(v) p p

where we fixed the length scale [ = 2 and periodicityp = 3 for the periodic kernel, p =5 and v = 3/2
for the Matern kernel and ¢ = 5000 for the white kernel.

It is worth noting that the kernel parameters were kept constant throughout the study, and no
optimization on a single variable type was performed. This means that only one kernel function with
fixed parameters was used for all stars. We used the Python library scikit-learn (Pedregosa et al.,
2011) based on Rasmussen (2003) to fit our Gaussian-process model. The resulting interpolated
light curve is sampled at 300 equally spaced points in phase, normalized between 0 and 1. Finally,
we phase-shifted to make the maximum coincide with the beginning of the period, and then, we
selected 100 consequent points. By operating in this way, we avoided any possible edge effect that
could affect our final data set. A quick visual recap of this process on a random EW star is shown in
Fig. 2.15. Since, we aimed to utilize the same kernel for all variables, this approach meant that the
Gaussian Processes (GPs) could not perfectly fit every star. After this pre-selection, we retained
1,298 out of the original 1,500 RRc stars. For the EW type, the count reduced to 7994 from 8803.
Additionally, our process resulted in a reduction from 2509 to 2446 for the EA binaries, leading to a

loss of 63 stars. In table 2.2, we recap the number of stars at every step of the data-cleaning process.

For purposes of visualization, we calculated the first three principal components (F.R.S. 1901) of
our data set in feature space. These are shown in Fig. 2.16, where the eclipsing binaries (including
both EA and EW) and the RR Lyrae are shown in different colors. Principal components have
been calculated on normalized light curves, so they depend only on the shape of the light curve

and not on amplitude and period. Fig. 2.16 thus shows that the light curves of RRc and eclipsing
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Figure 2.14: Top-left panel: Autocorrelation plots for the different kernels. I am plotting the distance vs
the covariance for a single row of the covariance matrix. This effectively shows how the covariance between
points decreases as the distance between them increases, which is a way to visualize 1D kernel functions.
Top-right panel: we can see the spatial autocorrelation in two dimensions with the covariance values color
coded. Bottom-right panel: the covariance matrix is computed by evaluating the kernel function on pairs of
points. The range for the colormap is set to be between the 10th percentile and the 90th percentile of the
kernel values, to increase the contrast for better visualization. Bottom-left panel: 5 samples from the GP
with the combined kernel. Each sample is a possible realization of the GP over the given grid of x values.

Table 2.2: Adopted data set summary. The initial number of stars (second column) is shown broken down
by variable type (first column). The third column shows the number of stars with a successful Gaussian
process fit, and the fourth column the stars with a RUWE<1.4; only these stars were included in the final
adopted data set.

Variable Type N Ngp NruwE
All 12812 11809 11738
RRc 1500 1369 1298
EW 8803 7994 7994
EA 2509 2446 2446
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Figure 2.15: Recap of our data processing with a random EW star. Step 1: folding of the data with the
nominal period. Step 2: replicate three times our data to enforce periodicity and remove contour effects. Step
3: gaussian process with the kernel described in the text. Step 4: phase-shift our data in order to have the
maximum at the start and selection of only one "phase". Step 5: normalization in magnitude: now we have
removed information about the amplitude and period and our classifier will use only the light curve shape.
The light blue shaded area is the 95%confidence interval based on the standard deviation.
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Figure 2.16: Left Panel: Distribution of our data in principal component space. The first three components
are shown. The RRc variables are shown in orange, the eclipsing binaries in light blue. Right Panel:
Percentage of variance explained by the first 10 principal components. The first four principal components
explain 90% of the variance of the dataset.

binaries differ in shape enough that the two groups appear as clusters in principal component space.
Even though these clusters are not easily separated by eye, their degree of overlap is less than that
witnessed in the Bailey diagram in Fig. 2.13. In principle one could build a classifier by placing
a cut along one of the principal components shown in Fig. 2.16; this would result in a separating

hyperplane in feature space. These procedure is shown in table A.2 in appendix.

2.4.3 Results

We applied the logistic regression described in Sec. 2.3.2. The effect on sparsity on the validation set
is shown in Fig. 2.23.

The results obtained in the experimental analysis may seem at a first glance to be unsatisfactory
when compared to results of other machine learning methods: in fact, as a baseline comparison
we trained two black box model: a Random Forest (Ho, 1995) and the simplest neural network
in the form of a Deep Neural Multilayer Perceptron (Rosenblatt, 1958, MLP) with the default
parameters of sklearn. Finally, for a baseline comparison, we add another white-box in the form of
decision tree. A Random Forest is a black box due to the ensemble nature, randomness and depth
of trees. Predictions are made by aggregating (e.g., averaging) the predictions of each individual
tree. While a single decision tree can be visualized and interpreted, understanding the collective
decision of hundreds or thousands of trees is less intuitive. If this tree are also deep an extra-layer
of difficulty of interpretability is added. Moreover, as the name imply, Random Forest are random
meaning that two random forests trained on the same data might have different individual trees,
making interpretation less stable. MLPs have different problems in interpretability: they suffer from
complexity and non-linearity. MLPs usually have millions of parameters (even our simple "mock"
MLP with one deep layer has 10,202 parameters). Understanding how all these parameters interact
to produce a decision is challenging, moreover MLPs utilize activation functions that introduce
non-linear transformations, making it difficult to trace how the input variables are transformed into

the output. Not only, while we know the mathematical operations occurring within each neuron,

39



2.4. Sparse Logistic Regression for RR Lyrae versus Binaries Classification

Table 2.3: Different metrics for different models. The L1 Log Regression is the model that have a 90% of
the coefficients equals to zero

Model Precision (RRc) Recall (RRc) Specificity AUC F1 Score
Log Regression 0.86 0.75 0.98 0.87 0.80
L1 Logistic Regression (90% sparse ) 0.86 0.66 0.99 0.82 0.75
RandomForest 0.88 0.79 0.99 0.89 0.83
MLP 0.88 0.81 0.99 0.90 0.84
Decision Tree 0.73 0.75 0.97 0.86 0.74

understanding the "why" behind each neuron’s contribution to the final decision is elusive. If
we remember the introduction on the criteria to have an interpretable model (monotonicity, few
interactions between features, human-understandability. . .) we can see that both Random Forest
and MLPs are perfect examples of black boxes.

The results of these different models are shown in table 2.3. Immediately, it is clear that the
performances (measured by standard criteria of accuracy, precision, recall, F1 score and so on) of
the black boxes are superior. However, it should be noted that there are trade-offs between the
accuracy and interpretability of a model (Sarkar et al., 2016, van der Veer et al., 2021 and Bell et al.,
2022). As there is no unambiguous definition for interpretability, there is no canonical quantification
for this trade-off; however, important findings from the field of statistics confirm the existence of a
statistical cost of interpretability Dziugaite et al. (2020). In our investigation, we strengthen the
interpretability side, in fact we do not simply choose a classical statistical model such as regression,
but increase its sparsity. Augmenting sparsity has an interest per se, for a survey around sparsity
see Hoefler et al. (2021). Adding a sparsity-inducing penalty to the usual loss function optimized by
logistic regression allows us to increase the number of coefficients that equal zero. This makes the
classifier easier to understand and reduces the risk of overfitting. We chose to use a L' penalty, and
we varied the weight assigned to the penalty term in the resulting loss function, leading to different
regularization strengths. The effect on sparsity and on the performance of our classifier is shown in
Fig. 2.23; this figure was used to select a regularization strength around the knee of the performance
curve. Our choice resulted in a model with 90% of the coefficients equal to zero. Funnily enough,
the number of false positive is lower in the penalized logistic regression even compared to the black
boxes?.

Remember: our goal was not to construct the best classifier for this problem, but rather to

determine the simplest, fully transparent classifier achievable using only the light curve shape.

Misclassifications: Comparing misclassifications across multiple models can help identify which
data points are consistently difficult to classify and which models perform better for certain types of
data.

For each model, I identified which samples from the validation set were misclassified. Then
we can analyze misclassifications shared between the models. This can give insights into potential
"hard" samples. An important remark: building a model it is an iterative process (data processing,
data exploration, training and validate different models, maybe hyperparameter optimization). This

part of the ML process often is usually never stated in ML works. The core idea of validation itself,

2 Note: The hyperparameters have not been fine-tuned.
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Figure 2.21: Example of misclassified light curve by all the models. Everytime, I went back to fix the
gaussian processes or the parameters of models in order to address these misclassification, I had obviously a
better classifier but at the same time I was slowly overfitting my validation set.

helps identify if the model is overfitting or underfitting to the training data. Not only, looking at
misclassification during validation offers insights into potential adjustments to the model architecture
or training process and provides a way to understand patterns or specific instances the model
struggles with before final evaluation. Also, it can reveal potential wrong labels and "dirty" data
that leaked during the data-cleaning process. At the same time, due to the iterative nature of
model development, examining misclassifications during validation itself can lead to overfitting to

the validation set itself. Also hyperparameter optimization can have the same effect.

Interpretation: The qualitative interpretation of the coefficients is as follows: increasing the value
of the corresponding feature (moving one of the points in the light curve downwards) increases the
probability of being classified as a RRc if the coefficient is positive, decreases it otherwise. Most
coefficients are nonzero in the nonpenalized model, making interpretation harder. The penalized
model drastically reduces the number of nonzero coefficients, showing which parts of the curve are
actually important for the classifier. These coincide roughly with the approach toward the minima
of the light curve. This is showing that the classifier relies on the quicker rise (or fall) of the RRc
light curve. So through our sparsification approach, we are able to identify how the classifier is using
the light-curve shape to cast its prediction. The features with nonzero coefficients correspond to the
phase approaching the minima, suggesting that the steepness of the fall is used by the classifier. In
terms of physical explanation, noncontact eclipsing binaries are in fact characterized by much flatter
maxima (both the components are visible for an extended period of time) broken by steep minima
(when one of the two components is occluded). The work was not focused on decision trees but we
can see from Fig.2.24 that also the decision tree find feature 37 as the important one.

In order to see how well our model predict on an unseen data from a different catalogue, we
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Figure 2.22: Top: values of the linear coefficients of the logistic regression for the non-penalized model
(blue bars). A positive coefficient means that an increased value of the magnitude at the corresponding
phase would increase the confidence of classification as RRc. Meanwhile, a negative coefficient increase the
confidence of classification as EB. Mean light curve of all RRc in the whole data set (orange), mean light
curve of all EW (green) and EA (red) are shown as dots. Bottom: same for the L1 regularized model: the
regularization strength was chosen so that 92% of the coefficients became zero.
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Figure 2.24: Feature importance scores for the different features in the decision tree model: feature
importance scores are calculated based on the amount that each attribute split point improves the purity of
the node. The idea is to measure the effectiveness of each feature in separating the classes.
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Figure 2.25: Left: confusion matrix of our non-penalized classifier on the test dataset; right: confusion
matrix of our L1 regularized classifier on the test dataset.

Table 2.4: Performance metrics broken down by class (first column) of our non-penalized (second column)
and L1 regularized model (third column) on the test set.

Metrics Score  Scoregs
Accuracy 0.92 0.92

Recall (RRc) 0.96 0.95
Recall (EB) 0.91 0.97

Precision (RRc) 0.85 0.83
Precision (EB)  0.98 0.90

F-score (RRc)  0.90 0.89
F-score (EB) 0.94 0.93

tested both the logistic classifiers on ASAS/ASAS-SN stars. The relevant metrics are summarized in

Tab. 2.4 and the confusion matrices are shown in Fig. 2.25.

2.4.4 Conclusion

Distance determination relying on RR Lyrae stars as standard candles is negatively affected by
contamination due to eclipsing binaries. In this work, we have shown that a simple logistic regression
classifier trained on CSS light curves can separate RRc variables from eclipsing binaries reaching
0.87 precision at 0.78 recall on a validation sample of unseen CSS light curves. On ASAS/ASAS-SN
light curves recall becomes 0.96 and precision becomes 0.85, showing very good generalization
even to data taken by a different instrument. It has to be noted that the fraction of RRcs in the
ASAS/ASAS-SN sample is different from the CSS sample (12% VS 35%). Thus good generalization
is due to our deliberate choice of a simple model which is unlikely to overfit the data. Since our
features are normalized magnitudes at different phases, our classifier is making use only of the shape
of the light curve, without receiving any information about its amplitude, absolute mean magnitude,
or period. We are also able to visualize the logistic regression coeflicients corresponding to the

normalized magnitude at each phase point. Through our sparsification approach, we are able to
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identify how the classifier is using the light curve shape to cast its prediction. The features with
non-zero coefficients correspond to the phase approaching the minima, suggesting that the steepness
of the fall is used by the classifier. In terms of physical explanation, non-contact eclipsing binaries
are in fact characterized by much flatter maxima (both the components are visible for an extended
period of time) broken by steep minima (when one of the two components is occluded). We provide
a precision-recall curve for the full classifier as well as for the penalized one, which in principle allows
for a selection of the classification threshold based on the relative cost of false positives (eclipsing
binaries classified as RR Lyrae) and false negatives (vice versa). We conclude with a few caveats and
perspective improvements for the future. Our classifiers rely on turning the observed light curve,
which is sampled at irregular intervals, into an equally spaced time series by means of interpolation.
We carried out this interpolation based on Gaussian processes, which depend on several parameters
to fully specify the covariance structure in terms of a kernel function. In the work described here we
fixed those parameters once and for all, even though this resulted in a handful of bad fits which were
later discarded. There is definitive room for improvement in this preprocessing of the data, especially
if it is to be adapted to different data sets. In this context it is worth mentioning that the current
Zwicky Transient Facility and near-future Vera C. Rubin Observatory (Masci et al. 2018; Ivezié
2019) long-term variability surveys will provide well-sampled, long-baseline light curves in several
optical- and near-infrared bands (see, e.g., LSST Science Collaboration et al. 2017), thus providing
the unique opportunity to use physically rooted diagnostics (amplitude in different photometric

bands) to properly separate intrinsic from geometrical variables.

2.5 Sparse identification of variable-star dynamics

Based on Pasquato et al. 2022 paper. In this work, we applied the SINDy algorithm (see section
2.3.3) to RRab, RRc, DeltaScuti stars (described in section 2.1.1) from the Catalina Sky Survey
(details of the catalogue in section 2.2.1) to automatically learn governing equations from observed
light curves. SINDy was applied already to different numerous field (e.g. Arzani and Dawson, 2020,
Guan et al., 2020, Horrocks and Bauch, 2020) and more recently by Course and Nair (2023) but
never on variable stars data. Unlike three-dimensional hydrodynamic simulations, concise systems of
governing equations are easily interpretable, similarly to those derived by a simple physical model.
Unlike the latter, though, SINDY is entirely data driven, except for a few user choices (sparse
regression hyper-parameters and the basis of functions against which to carry out said regression).
We report several cases of striking agreement between a light curve and the solution to the governing
equations learned from it. In general, the success rate of SINDY depends on variable star type, being
much higher on RRc and § Scuti variables than on RRab variables. This is likely due to the fact that
RRab stars have unique and asymmetric light curves, while RRc stars are known for their symmetric,
nearly sinusoidal light curves. The intrinsically more complex dynamics of RRab stars could likely be
described with the use of higher order equations than those we adopted here. The learned governing
equations have a common form, which reduces to a single second order differential equation (ODE)
known as a generalized Lienard equation (see e.g. Moehlis et al., 2006, Abdullah, 2017). A typical,
well studied Lienard equation is the van der Pol oscillator (Van der Pol, 1934). Equations of this
class have previously been applied to stellar pulsation (Tanaka et al., 1990, Addo-Asah et al., 1995)
and to the Solar cycle (Nagy and Petrovay, 2013).
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Figure 2.26: Adopted sample for this study in the period-amplitude plane.

2.5.1 Data

In the following, we adopted periods from the CSS catalogs descried in Sec. 2.2.1 and phased light
curves shifted to mean zero magnitude. The light curves were fitted with a smoothing spline®. This
approach results in a smooth curve and tolerates a few outliers in the raw data, as shown e.g. in
Fig. 2.27, top left panel. Furthermore, the time derivative was easily computed by the spline fit.
The phased light curves represent the stars’ light intensity variation folded over specific periods.
Periodicity has been enforced by adding copies of the light curve at the beginning and at the end of
the interval used to fit the spline. The resulting smooth curve and its derivative were then sampled
regularly at 200 points per period. The resulting time series, identically repeated 10 times, were
provided as input to SINDY, treating the light curve and its derivative as two separate variables.

This procedure was carried out on a subsample of light curves containing 100 § Scuti variables,
1500 RRab variables, and 1500 RRc variables. The Bailey diagram for full sample is shown in
Fig. 2.26. Six light curves from this sample are shown in Fig. 2.27 with our smoothing spline
superimposed. The relevant parameters for each star in Fig. 2.27 are reported in Tab. 2.5.

In our case, the state variables are the magnitude of a given star and its time derivative. In
the following, we denote these quantities by x and y, respectively. After some experimentation, for
simplicity and ease of interpretation we chose a polynomial basis truncated to the second power,
including interaction terms. Thus the most general system of governing equations that SINDy can
learn is in the form

T = ago+ aoi + agy + ap3r? + apary + agsy?

) ) (2.2)
= ajp+ a11x + a2y + a13x° + a4y + a1zy°.

3Obtained by applying the smooth.spline function from the stats package in the R programming language (Bates
et al., 1992, R Core Team, 2019) with all the points being treated as knots.
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Figure 2.27: Raw light curves for six stars from our original catalog (gray points with error bars) with our
best fit spline superimposed (black solid curve).

Numerical ID  RA Dec Period V Npts Amp
3027046031919 102.84 —27.48 0.17 11.14 116  0.29
3055031035294 106.15 —55.24 0.19 1746 222 0.34
3021061023318 129.66 —21.69 0.63 17.24 69 0.33
3025046038291 99.42  —25.28 0.58 17.12 107  0.25
3025064006521 140.68 —26.04 0.27 14.52 251  0.22
3039073051652 186.27 —38.83 0.29 15.74 253  0.48

Table 2.5: Relevant parameters for the stars whose light curves are shown in Fig. 2.27. We report the
numerical ID (col. 1), right ascension (col. 2) and declination (col. 3), period in days (col. 4), V-band
magnitude (col. 5), number of measurements (col. 6), and amplitude (col. 7).
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2.5. Sparse identification of variable-star dynamics

We focused on autonomous governing equations, so time does not appear on the right hand side
of Egs. 2.2. Sparse regression was implemented for each light curve using the Lasso function from
scikit-learn (see section 2.3.3), with regularization parameter o« = 0.01. Increasing « forces more
terms in Eq. 2.2 to be exactly zero, resulting in more parsimonious equations, but at the extreme of
too high « the resulting dynamics may be too simple, predicting e.g. a constant magnitude. The
adopted value of o was chosen by interactive experimentation on a handful of curves, with no access
to the full data-set later used for the main analysis. The learned systems were integrated numerically
using the simulate method of PySINDy for ten periods. We computed the mean squared error (MSE)
between the solution to the governing equations and the actual light curve during the last of these
ten periods. This results in a more conservative MSE, where solutions that initially appear to follow
the data but do not do so in the long term (such as a periodic solution whose period is slightly
off with respect to the original), are penalized. In the following we are using the normalized MSE,
that is the ratio between the calculated MSE and the MSE of a constant, taken to be the median
magnitude of the light curve.

In Fig. 2.28, Fig. 2.29, and Fig. 2.30 we show a small selection of our results, obtained by applying
SINDy to the light curve of four RRab variables, eight RRc variables and six § Scuti variables
respectively. In each plot we compare the interpolated observational light curve (thick black dotted
line) with the solution to the differential equations learned by SINDy (solid red curve). Note that
this is not a fit to the curve, but the result of solving the system of differential equations in Eq. 2.2
with the coefficients learned by SINDy. Solutions start from initial conditions corresponding to the
first point (a couple of values representing magnitude and its derivative) on each light curve and are
calculated up to ten periods of the observational light curve. In each plot we show only the last such
period.

The stars presented in Fig. 2.28, Fig. 2.29, and Fig. 2.30 have been selected randomly among
those for which normalized MSE is under 0.16, which we define as an acceptable level of matching
between the original curve and the solution to the learned equation, as can be visually ascertained.
In general, in most cases in which such a result is obtained, the coefficients agg, a1, ao3, aps and
aos in Eq. 2.2 are all exactly zero, and agy is approximately one. This is expected, because we
are feeding SINDy the first derivative of magnitude together with magnitude. While we treat the
two variables as independent, the algorithm rediscovers their relationship. Typically, when a good
solution is found, also a;3 is found to equal zero (for 187 out of 197 stars for which normalized MSE

is under 0.16). The resulting equation can thus be rewritten as

& = Ay
B — Cx + Dy + Exy + Fy?

which reduces to
i =—u+ (a+bu+ci)u (2.4)
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with the substitutions

u = (Czx—B)A

Q = VAC
t = Ot
(2.5)
= 4 [+ ()
b = &
O3
¢ =

where the dots now indicate derivation with respect to ¢'. However, we will drop the prime in the
following.

In the following we will indicate the family of equations 2.4 with the symbol ¢ (Eastern Arabic
numeral for five, pronounced khamsa) due to the resemblance it bears to the phase curves of its
periodic solutions. We will call the case where all coefficients a, b, and ¢ differ from 0 the general o
form or g-o, and the particular case where a = b = 0 the simplified 0 form or s-0. For Eq. 2.3 to
reduce to the s-o0 form it is necessary and sufficient that D = E = 0. If also F' = 0 then the equation
reduces to a harmonic oscillator of frequency 2.

Eq. 2.4 immediately reveals some interesting properties: neither g-o nor s-o are conservative, as

can be seen by multiplying both sides by 1, obtaining
—— [0+ v?] = (a+ bu + ci)i? (2.6)

with the right-hand side in general being nonzero, since otherwise the phase trajectory would be
confined to the line a + bu + ¢t = 0 or to the line & = 0. Consequently, if Eq. 2.4 is capable
of producing oscillatory behaviour at all, it must be a non-conservative oscillator, with the term
a + bu + cu changing sign at least twice during a period.

The phase plane for s-o is shown in Fig. 2.32a and for g-o0 in Fig. 2.32b, for choices of the
coefficients in the range appropriate for reproducing observational light curves. In the following we
show that s-o can be fully solved analytically and find a condition for g-o to have a stable limit

cycle 4.

2.5.2 Analytical solutions for s-0

The coefficient ¢, the only one to be non-zero in the s-o form, sets the strength of the 42 perturbing
term in Eq. 2.4. While this term is quadratic in %2, it is not equivalent to a damping with quadratic
viscosity because it does not change sign with . The fact that 2 > 0, endows the s-o form with
a symmetry whereby mapping v — —u is equivalent to changing the sign of ¢. Therefore in the
following we will restrict our analysis to ¢ > 0, keeping in mind that the case ¢ < 0 will yield mirrored
phase trajectories in the u, u plane.

Another interesting property derives from the fact that the right-hand side of s-o depends only on
the square of the magnitude derivative, u. Therefore, the phase trajectory is symmetric with respect
to reflection about the u axis, a property that is not shared by the g-o form.

We solve s-0 by introducing the new variable v = %2 and observing that © = 24ii hence by the

4A limit cycle is a concept from the field of nonlinear dynamics and refers to a closed trajectory in phase space
that an oscillating system will converge to regardless of its initial conditions.
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Figure 2.28: Four light curves for stars classified as RRab (thick dotted black lines) and the respective
SINDy solution (thin solid red line). In each plot the top left panel shows the phase plane, where the
derivative of the star’s magnitude is plotted against its magnitude. A closed curve in this plane represents a
periodic evolution, and a perfect ellipse would correspond to a harmonic oscillator. The top right and the
bottom left panel show the magnitude derivative versus time and time versus the magnitude, respectively.
The name and type of the star are shown in the bottom right panel.
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Figure 2.29: Eight light curves for stars classified as RRe (thick dotted black lines) and the respective SINDy
solution (thin solid red line). In each plot the top left panel shows the phase plane, where the derivative
of the star’s magnitude is plotted against its magnitude. A closed curve in this plane represents a periodic
evolution, and a perfect ellipse would correspond to a harmonic oscillator. The top right and the bottom left
panel show the magnitude derivative versus time and time versus the magnitude, respectively. The name and
type of the star are shown in the bottom right panel.
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Figure 2.30: Six light curves for stars classified as ¢ Scuti (thick dotted black lines) and the respective
SINDy solution (thin solid red line). In each plot the top left panel shows the phase plane, where the
derivative of the star’s magnitude is plotted against its magnitude. A closed curve in this plane represents a
periodic evolution, and a perfect ellipse would correspond to a harmonic oscillator. The top right and the
bottom left panel show the magnitude derivative versus time and time versus the magnitude, respectively.
The name and type of the star are shown in the bottom right panel.
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Figure 2.31: Effects of perturbing the initial conditions of the equation learned by SINDy in two different
cases. The left panel shows star 3055031035294, which is a § Scuti variable, whose learned equation is in

the simplified o form, with a = 0 and b = 0, the right panel star 3039073051652, which is an RRc variable

described by an equation in the full ¢ form, with @ # 0 and b # 0. The dotted gray line is the solution with
unperturbed initial conditions, and the solid lines fading from gray to green (blue) correspond respectively
to perturbed initial conditions where the magnitude has been increased (decreased). In the left panel these
correspond to different, but still closed, phase curves. In the right panel they are not closed, but they evolve
slowly towards the limit cycle corresponding to the unperturbed solution. Unlike in the previous figures, here
the top right and the bottom left panels show three periods rather than one.
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Figure 2.32: Phase planes for s-0 with ¢ = 0.2 (left) and for g-o with a = —0.01, b = ¢ = 0.25 (right).
Color encodes the modulus of the vector tangent to the phase trajectory in each point.
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chain rule i = dv/2du. So s-6 becomes

1
u—iﬂ—i\/—l—ke%u—&-u, (2.7)
2¢? c

where k is a constant of integration. We thus reduced the problem to quadratures. Phase trajectories
are symmetric with respect to the u axis, as argued above. Eq. 2.7 yields two kinds of phase curves:
ones exponentially escaping to infinity (‘supernova solution’) with k& > 0 and closed periodic ones
with k& < 0.

The value of k is set by the initial conditions ug and 1. If these obey the constraint cu% — i < ug,
then k < 0 and periodic evolution follows. The coefficients found by SINDy always place the initial
conditions well within this range. This is demonstrated in the left panel of Fig. 2.31, where we alter
the initial conditions slightly for a star whose learned governing equation is in the s-o¢ form, showing
that the resulting solutions are still periodic.

We could not find closed-form solutions for the g-o form, as opposed to the s-o case. The right
panel of Fig. 2.31 shows that, in general, solutions are not periodic. Numerical integration from
slightly perturbed initial conditions reveals, however, that the solution found by PySINDy (red line
in the figure) is close to what appears to be a limit cycle, and perturbed solutions (green and blue
lines in the figure) apparently converge towards it. This is by no means a rigorous proof that the
trajectories are located within the basin of attraction of a limit cycle, nor that the limit cycle itself

exists; still, it suggests that this may be the case. A more rigorous mathematical discussion follows.

2.5.3 Limit cycle behavior of the g-0 form

The g-o form has a single critical point at the origin (u, ) = (0,0) with linearization in the local
neighborhood producing the Jacobian J with corresponding stability eigenvalues A1 2
J_[ 0 1] a _iVi—a?

Mo=—d+——— (2.8)

-1 a 2 2

The results from Eq. 2.8 suggest that the phase space dynamics locally around the origin resemble
a stable spiral for a € (—2,0) and an unstable spiral for a € (0,2). Indeed, we note that there is a
bifurcation at a = 0, whereby the origin transitions from attracting locally to repelling. To establish
the existence of limit cycles near the origin, we begin by showing that g-¢ can be written in the

Cartesian Hopf normal form

y =ay—wu+f(y,v),

i (2.9)
U =wy+av+g(y,v),

where A\ o = atiw and f(y, v) and g(y, v) are arbitrary functions to be determined by transformation

from the original g-o equation.

From the linearization eigenvalues, we construct a transformation matrix

4—a?
P = [ h ] , (2.10)

so that the matrix product ®~1.J® produces the correct coefficients in Eq. ?? to first order in (y,v),

[\JfS]
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Figure 2.33: Relation between the a, b, and ¢ coefficients for which A > 0 (green shaded area), resulting in

the existence of a limit cycle for g-o.
thereby ensuring the linear relationships necessary between (u, ) and (y,v) to change system g-o

u y(a?—2)+avv4—a?
g || = 2
’ i v ay—&—v\z/m ’

(2.11)

into the normal Hopf form

Y _ U —u+au
[ ] =o' [ . ] = [ 2u+a(u—at)
v u fA—aZ

In this case, the functions f(y,v) and g(y,v) are explicitly given by

f(y,v) =%a2 [(a® = 2) b+ ac] y* + 24 — a2 [(a® — 1) b+ ac] yv — (a® — 4) (ab + c)v?,

a(a®—=2)[(a®>=2)b+acly®> 1
9(y,v) =— ( )£(4—a3 ]y —5(2—2) [(aQ—l)vaac]yv—i-

(a* — 6a? + 8) (ab + c)v?
44 — a2 ‘
(2.12)

With these transformations into the Cartesian Hopf normal form, proof of the existence of limit
cycles automatically follows. Furthermore, we are able to derive asymptotic approximations for both
the amplitude® A and period T of these solutions, including their stability, in (y,v) space provided
a parameter regime close to the bifurcation is chosen, |a| < 1, and the trajectories remain close

to the origin (y,v) = (0,0). The reasoning is that in this regime, the nonlinearities of Eq. 7?7 are

®Note that this is not the amplitude, measured in magnitudes, of the original light curve, nor does it bear any
relation with the coefficient A introduced previously. It is the amplitude of the oscillation in the transformed Hopf
system.
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Variable type RRab RRec & Scuti All

norm. MSE < 1.00 solutions (%) 251 (16.7%) 468 (31.2%) 36 (36.0%) 755 (24.3%)
norm. MSE < 0.25 solutions (%) 12 (0.8%) 225 (15.0%) 15 (15.0%) 252 (8.1%)
norm. MSE < 0.16 solutions (%) 10 (0.7%) 179 (11.9%) 8 (8.0%) 197 (6.3%)
norm. MSE < 0.10 solutions (%) 7 (0.53%) 139 (9.3%) 8 (8.0%) 154 (5.0%)
norm. MSE < 0.01 solutions (%) 3 (0.2%) 40 (2.6%) 3 (3.0%) 46 (1.5%)
Sample size 1500 1500 100 3100

Table 2.6: Summary of SINDy results broken down by variable type (columns). The number of governing
equation solutions found to match the observed light curve to within a given normalized MSE is shown, with
percentage on the sample in parenthesis.

subdominant to the linear terms in y and v so that the results from the prototypical Hopf normal
form carry over to our system. For our system, the amplitude and period are given by (see e.g.
Glendinning, 1994):

0SS
2

16w ((fyyy + fyvv + Gyyv + gvvv)w + fyv (fyy + fvv)

—Gyv (Gyy + Gov) — fyyGyy + fvvgvv)|(y,y):(o,o) )
(ab+2c)(b+ac)

4(a?—4)
T 2 4w

~ ==

w = Vi

with the limit cycle being stable if A > 0 and unstable if A < 0. For a given value of a this
corresponds to the area delimited by two intersecting lines through the origin in the (b, c) plane, as

shown in Fig. 2.33.

2.5.4 Statistics on the full sample

Out of the 3100 stars in the sample, 755 showed an agreement with the solution to the governing
equation discovered by SINDy with a normalized MSE below 1. We also considered more stringent
criteria on MSE, as shown in Tab. 2.6. Interestingly, regardless of the threshold in MSE chosen,
RRab stars appear quite impervious to SINDy, with a consistently lower success rate than RRc and
0 Scutis. The latter two classes of variables perform similarly, with essentially identical success rate.
Very good results for RRab, with normalized MSE below 1/100, are essentially absent, and it is not
unlikely that they correspond to misclassified RRc stars.

In Fig. 2.34 we show the normalized MSE as a function of the light curve amplitude (top left
panel) and period (top right panel). To avoid cluttering the plots, only stars with normalized MSE
below 1/4 are shown here. There is no apparent relation with amplitude or period, but the RRab
variables that have the lowest MSE appear to have periods more similar to the RRc, suggesting that
they may be misclassified RRcs. In the other panels of Fig. 2.34 we show the Bailey diagram, with
the values of MSE, a, b, and ¢ color coded. Again no obvious patterns are apparent.

In Fig. 2.35 we plot MSE, a, b, and ¢ against each other. The only emerging regularity is that ¢

appears to anticorrelate with a for RRc variables.
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Figure 2.34: Normalized MSE as a function of the light curve amplitude (panel a) and period (panel b).
Big black circles represent RRab variables, small gray circles RRc variables, and blue circles represent ¢ Scuti
variables. Panels ¢ to f show, in order, normalized MSE, a, b, and ¢ color-coded onto the Bailey diagram.
Colors scales have been clipped to the first and last decile of each variable. The sizes of circles codify the star
type as in the first two panels.
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Figure 2.35: Scatter plots of the a, b, and ¢ coefficients versus each other and versus normalized MSE. Big
black symbols represent RRab variables, small gray symbols RRc variables, and blue symbols represent §

Scuti variables. Filled circles correspond to g-o stars and crosses to s-o stars.
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2.5.5 Conclusion

Variable stars play a fundamental role in measuring stellar distances, allowing us to build up the
cosmic distance ladder by calibrating secondary distance indicators. They can also be regarded as
laboratories to test the accuracy of input physics in stellar models and the general reliability of
such models. Detailed models of stellar interiors -including those of variable stars- typically rely
on hydrodynamical simulations. However, like many other complex systems, variable stars are also
amenable to a synthetic description based on mathematical relations aimed at capturing a simplified
version of the underlying physics.

The art of capturing complex dynamical behaviour by means of concise sets of equations is as old
as Science itself, but only recently it has become possible to learn such governing equations directly
from the data using a machine learning approach.

In this section, we have shown that simple governing equations learned from variable-star light-
curve data are able to reproduce the dynamics of RRc and § Scuti stars, while RRab variables prove
impervious to this approach at least with the modeling choices we adopted, with only a handful
of stars from our RRab sample being fit successfully. Large amplitude RRab variables are affected
by nonlinear phenomena such as shock formation and propagation. There is evidence that across
the phases approaching the maximum in luminosity the radial velocities in the outermost envelope
regions become sonic (see Gillet et al., 2019a, and references therein). This may be the underlying
physical reason for our finding. The presence of outliers in the light curves and general issues with
the quality of the data are, on the other hand, likely to affect both RRab and RRc stars similarly, so
they should not play a role in the different behaviour of the two types of variables.

At any rate, when modeling is successful, the learned equations take on a universal form which is
essentially a perturbed harmonic oscillator. The perturbing nonlinear terms however are non-trivial:
even in a simple particular case that we solved exactly, two classes of solutions emerge, only one of
which has periodic behavior. The general case, which falls within the generalized Liénard equation
class, displays a limit cycle for which we found a simple stability condition.

While variable type has a clear effect on whether effective governing equations can be discovered,
the position on the Bailey diagram appears not to. Therefore our result may have implications
for variable type classification because it reveals information on the light curve shape that is not
immediately tied to period and amplitude. A straightforward approach could be to use the coefficients
found by SINDY as features to train a simple ML model, possibly after extending our analysis to
higher order equations or higher degree polynomials on the right-hand side, thus possibly gaining
the ability to model also RRab stars. This may be valuable in light of the upcoming large scale
surveys, such as the Vera C. Rubin Observatory, and could allow us to test whether our approach

can be applied to describe more variable star physics such as e.g. the Blazhko effect.

2.6 Variable Star Light Curves in Koopman space

Based on Variable Star Light Curves in Koopman Space (ApJ under second review). In the precedent
section (based on Pasquato et al. 2022), we leveraged a data driven approach to find a non-linear,
non-conservative oscillator equation capable of describing the light curves of first overtone pulsators.
This result was based on the SINDy algorithm. The same data-driven approach failed to obtain

an equally concise equation for fundamental pulsators. While this is related to the choices of the
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basis function and regularization that we made in that work, it is an indication of the different
challenges met in trying to model the two different classes of pulsators. The most popular diagnostic
to separate RRc and RRab variables is the Bailey diagram (see Fig. 2.2), since the two groups
cluster around two different regions of this plane. However, the distinction between the two is not
very sharp, as there is a region of the instability strip, located between the regions in which RRc
(hotter) and RRab (cooler) attain a stable limit cycle, in which RRLs pulsate simultaneously in the
first two radial modes (mixed mode, RRd).

In this study, we move beyond this restriction using the DMD approach, a mathematical
framework presented by Schmid (2010) and explained in Sec. 2.3.4, and to our current understanding,
infrequently employed in astronomy thus far (Albidah et al., 2021, 2022, Darling and Widrow, 2019,
Hori et al., 2020, Linkmann and Dikpati, 2021, Linkmann et al., 2020, Widrow et al., 2020) but
rigorously utilized in several diverse scientific scenarios (such as, notably, fluid dynamics; Taira et al.,
2017). The strength of this method is that the derived dynamic modes might be intuitively perceived
as an expansion of global stability modes and might be feasibly associated to the foundational
physical dynamics inherent in the data series.

In this study we describe the temporal progression of the optical brightness of a group of
RRL stars within the globular cluster w Centauri. We opted to engage with cluster variables as
this diminishes most variances attributed to distance and absorption, given all stars reside in the
identical locale. Moreover, despite the emergence of metallicity gradients in w Centauri (Johnson
and Pilachowski, 2010, Kraft, 1994, Lee et al., 1999, Norris and Da Costa, 1995), our selection
offers a degree of chemical and environmental consistency for our star set. We systematically derive
models for nonlinear dynamical mechanisms capturing the time-evolution of the brightness of each
variable star, and validate that the predicted change aligns with the gathered data. Such models
are articulated in terms of linear frameworks in designated Koopman spaces, an eigenvector base of
which is retrieved directly by our approach. The linked eigenvalues fundamentally distill the light
curve and might, in context, be utilized as attributes for machine learning endeavors. We ascertain
that the Koopman space needed to encapsulate RRc variable dynamics is fewer relative to the one
required for representing RRab variable dynamics. This echoes the less intricate and more consistent
shapes of RRc curves and renders a direct strategy for RRab vs RRc categorization. Ultimately, we
recognize stars impacted by the Blazhko effect by contrasting the eigenvalues related to light curves

documented at different junctures in the Blazhko period.

2.6.1 Data processing

Given the high quality of data, presented in Sec. 2.2.3, the data was simply interpolated, using
the gcuvspline Python wrapper (Le Losq and Feng, 2007) of a FORTRAN package for generalized,
cross-validatory spline smoothing. We interpolate the remaining light curves repeated 5 times and
picked equidistant (in phase) snapshots from this spline with 30 points per phase which makes a
smoothed out, periodic set of 150 points from which DMD can build a model.

2.6.2 Results

The DMD reconstruction of the light curve for an example RRab is shown in Fig. 2.36 and for an

RRc in Fig. 2.37. In general, the quality of the reconstruction, determined in terms of the mean
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Figure 2.36: DMD reconstruction (orange dashed line) of the interpolated light curve (blue points) compared
with the original (red points) and time shifted (green points) raw data for RRab star V59.
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Figure 2.37: DMD reconstruction (orange dashed line) of the interpolated light curve (blue points) compared
with the original (red points) and time shifted (green points) raw data for RRc star V103.

squared error (MSE) with respect to the original data, varies with the number of eigenvalues (and of

the corresponding eigenvectors) used for the reconstruction (see Figure 2.46).

Separating RRab from RRc variables: As we vary the Koopman dimension d, which corre-
sponds to the maximum allowable number of eigenvectors, we find that DMD models from RRc
and RRab variables respond differently to increasing d. In fact, as the spatial dimension increases,
the normalized mean squared error (nMSE; the ratio between the mean squared error (MSE) of
the reconstructed light curve and the MSE of a constant fit) for models of RRc variables drops off
steadily compared to models of RRab variables which have a more or less constant nMSE until
about d = 25 where we can observe a sharp drop. This is shown in Fig. 2.38 in the left panel and,
for the number of eigenvalues, in the right panel. Note how nMSE starts decreasing immediately
with d for the RRc and keeps decreasing in a linear fashion, while it suddenly drops at about d = 25
for the RRab®. From observing this phenomenon, we can choose a nMSE threshold (the nMSE is
calculated 10 phases away from the last snapshot to promote stability of the DMD model) such that,

between RRc and RRab variables, different numbers of spatial dimensions (and different numbers of

SAt larger d MSE slightly increases again, which is somewhat puzzling. From a mathematical point of view,
increasing d allows for capturing weaker and weaker oscillations within the dynamics of the system. On real data, such
oscillations may correspond to noise due to the error intrinsic in the experimental data. When d is high enough such
sequences are amplified in the Koopman space and bring in further information affecting the quality of the final result.
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represents the median curve for the RRab stars, the red solid line for the RRc stars. The lower and upper
boundaries of the black and red shaded areas represent the first and third quartiles respectively. Right panel:
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Figure 2.39: Left panel: histogram of the minimum values of d needed to achieve nMSE = 0.45 (or below)
for the RRab (black) and the RRc variables (red). Right panel: same, but for the number of eigenvalues.

eigenvalues) are sufficient to produce models which yield an error equal or lower than the threshold.
We find that, for the nMSE to be below 0.45, models for RRc variables require between 11
and 26 spatial dimensions (d) and between 3 and 11 eigenvalues. For RRab variables, between
23 and 29 spatial dimensions (d) and between 7 and 13 eigenvalues are needed to yield an nMSE
below threshold. We notice that there is some overlap especially in the numbers of eigenvalues.
However, this distinction leads to a straightforward classification algorithm. In fact, we can find that,
most likely, a variable star is RRc if d < 24 is sufficient to yield an nMSE below 0.45 and is RRab
otherwise. The histogram of the values of d needed to achieve nMSE= 0.45 is shown in Fig. 2.39.
The relevant confusion matrix for the associated classifier with d < 24 is shown in Tab. 2.7. This is
calculated on the same data set on which the threshold d = 24 was chosen, so the associated measure
of accuracy (97%) is optimistically biased and should not be used to predict performance on unseen
data. However this is still an indication that the modes identified by DMD are naturally suited
to classification. One more point to note is that classification based on the Koopman dimension d
needed to achieve a given level of mean squared error (nMSE=0.45), which depends on the shape of
the light curve, overlaps quite well with the distinction between RRab and RRc variables in the
Bailey diagram, as shown in Fig. 2.40. Discrepancies between the two could be leveraged to single

out potentially interesting stars, among which perhaps mixed-mode oscillators. A different way
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d<24 d>24
RRab 1 67
RRc 79 4

Table 2.7: Confusion matrix for a classifier based on the minimum Koopman dimension d needed to achieve
nMSE= 0.45.
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Figure 2.40: Bailey diagram as in the right panel of Fig. 2.7, with the Koopman dimension d needed to
attain nMSE = 0.45 color coded.

to look at the data presented in Fig. 2.40 is shown in Fig. 2.41, where we plot d as a function of
the amplitude of the magnitude variation of each star (left panel) and as a function of the period
(right panel). Additionally, in Fig. 2.42 we show the number of eigenvalues as a function of the same
two quantities. Regarding the dependence on amplitude, both d and the number of eigenvalues
increase with amplitude. Since both are measures of the complexity of the light curve shape, this
is an expected result: higher amplitude oscillators become increasingly anharmonic. However, the
increase is largely driven, in both cases, by the fact that large amplitude variables are RRab and
small amplitude variables are RRc. Within each class the trend is weaker but still visible for the
RRab, and absent for the RRc. Regarding period, the general trend is again increasing for both
quantities, but it is decreasing for the RRab. This means that even though RRab stars typically have
both a longer period and a higher number of eigenvalues than RRc, within the class of the RRab
an increasing period corresponds to a lower number of eigenvalues, i.e. a simpler light curve. The

relevant correlation coefficients and p-values are reported in Tab. 2.8. This evidence fully supports

Class: RRab RRc
Parameter 1 Parameter 2 R p value R p value
Neig Amplitude 045 1.2x107* 0.13  0.26
Neig Period —0.68 2.3 x10719 —0.08 0.46

d Amplitude 045  1.0x107* 0.05  0.68

d Period —0.71 1.1x107* 0.09 041

Table 2.8: Spearman correlation coefficients (col. 3, col. 5) between the number of eigenvalues and d with
amplitude and period over each class of variable stars and the associated p-values (col. 4, col. 6).
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Figure 2.41: Left panel: Koopman space dimension d as a function of amplitude for RRab (black points)
and RRe (red points). Right panel: Koopman space dimension d as a function of period, same color coding

as the left panel.
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Figure 2.42: Left panel: number of eigenvalues as a function of amplitude for RRab (black points) and RRc
(red points). Right panel: number of eigenvalues as a function of period, same color coding as the left panel.
It is known that short period, large amplitude RRab are harder to fit with fourier and in our case they also
need more eigenvalues.

theoretical and empirical findings concerning the variation of RRab pulsation properties across the
instability strip. The RRab display a steady decrease when moving from the blue to the red edge of
the instability strip. The variation also applies to the shape of the light curves, indeed RRab close
to the blue edge display a sawtooth shape and a more sinusoidal shape approaching the red edge.
The main culprit causing this difference is convection, since it becomes more efficient when moving
from hotter (bluer) to cooler (redder) effective temperatures and eventually quenches the pulsation
activity (Bono and Stellingwerf, 1993).

In terms of physical interpretation, it is particularly interesting that the MSE drops for RRab
when d approaches 30, the number of points sampled along a period by our interpolation strategy.
Since the data we fed to HODMD repeats exactly after one period, we have that x3; = z; and
in general x3041r = xi for every k. Thus the vector to which DMD is effectively applied at ¢t + 1
is x¢41 = (22,23, ...,230,21) and at ¢ it is x; = (x1,x9, ..., T29, x30) and the matrix A such that
X¢+1 = Ax; becomes simply [esg, €1, - -, €29]. The eigenvalues of this matrix are A\, = ekim/30 for
k=0,...,29, so they are equally spaced on the unit circle and include A\g = 1. We can thus conclude
that the DMD is predicting the future evolution of the light curve by leveraging solely the periodicity

of the data and nothing else; in an intuitive sense we can claim that an important fraction of the
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Figure 2.44: Left panel: DMD eigenvalues (red points) for variable V115 calculated between Julian time
2449858.7468 and 2449869.7635, corresponding to the beginning of the observation period. The green dashed
line corresponds to the unit circle in the complex plane. Middle panel: DMD eigenvalues (blue points) for
variable V115 calculated between Julian time 2450971.5723 and 2450985.6906, corresponding to the end of
the observation period. Right panel: DMD eigenvalues that differ between the two.

RRab curves is ‘incompressible’. This is no news, since we showed in the previous work, that most

RRab curves could not be modeled with SINDy under our choice of basis.

Blazhko effect:

and first overtone pulsators is related to Blazhko effect. DMD summarizes a light curve with a

A final application of this description that goes beyond distinguishing fundamental

handful of complex numbers: do these differ over time for a Blazhko variable, and how? In Fig. 2.43
we show the DMD eigenvalues calculated during the first part of the observation period (left panel)
and during the second part (right panel). Most eigenvalues match exactly except for a very limited
number.

These eigenvalues may correspond to Koopman modes specifically associated to Blazhko evolution,
since V5 is a suspected Blazhko. In any case DMD has revealed a secular change in its light curve.
Potentially, this may be used to automatically detect Blazhko variables without the need for direct
visual inspection of the light curve. For comparison, in Fig. 2.44 and 2.45 we show the same for two

more stars that are deemed affected by the Blazhko effect.

DMD and the physics of the system Theoretical studies of Koopman operator, e.g. Bevanda
et al. (2021), show clearly that representations via the Koopman paradigm generalize the notion of
mode analysis from linear to non-linear systems allowing for amendable relevance determination of

the constituents of the full dynamics. In particular, the spectrum of the Koopman operator allows
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for a decomposition of the nonlinear system into different dynamic regimes (fast-slow dynamics)
while linearly evolving coordinates contain intrinsic information concerning regions of attraction
that are relevant for analysis. Figure 2.46 emphasizes how the dynamic is progressively defined by

eigenvalues and eigenvectors.

2.6.3 DMD vs Fourier Series:

Several experimental studies provide robust evidence supporting our claims, and a detailed exami-
nation of these can be found in the works of Fujii et al. (2020), Pan (2021), Schmid (2022). The
Dynamic Mode Decomposition (DMD) stands out due to certain distinct advantages over other

prevalent algorithms, such as those based on Fourier methods. Specifically:

e DMD’s approach, which involves trading the challenges of infinite-dimensionality for the
advantages of linearity, paves the way for the effective use of well-established linear techniques,

making the analysis more tractable.

e The inherent linear dynamics associated with the new coordinate system simplifies various
challenges. For instance, the complications that arise from numerical integration and the
non-convex nature of optimization in state dynamics become more manageable, especially

when applied to model predictive control.

e The Koopman operator paradigm offers a comprehensive system description, as opposed to a
localized one. Here, a single iteration of the Koopman operator acting on an observable mirrors
an iteration along all trajectories of the system. Importantly, this should not be misconstrued

as a mere local linearization centered around a specific operational point.

From a hands-on viewpoint, the latter point, offered by the Koopman operator paradigm, facilitates
more concise representations of dynamical systems in comparison to conventional methodologies.
This representation can be instrumental in establishing a clearer connection with the foundational
physics governing these systems. In fact, in the context of variable stars, both theoretical (Bono and
Stellingwerf, 1994) and empirical evidences (Lub, 1977) suggest that both fundamental and first
overtone RR Lyrae stars exhibit distinct secondary features on their light curves. These features

commonly manifest as bumps during the decreasing phase or dips during the ascension phase of
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the light curve. As said in the chapter introduction, nonlinear phenomena take place in RRL
stars, especially linked to the generation and movement of shocks in the star’s outermost layers, as
elaborated by (Gillet et al., 2019a, and references therein). The morphology of these light curves is
influenced by various factors including physical parameters (like stellar mass, effective temperature,
and surface gravity) and the chemical composition. However, they remain predominantly uninfluenced
by uncertainties concerning distance and reddening. Recognizing their significance, the astronomical
community has put forth considerable effort, as highlighted by (Jurcsik and Kovacs, 1996a), to
parameterize these features. While the bumps can be fit by using either Fourier series or polynomials,
the dips can only be fit with a custom base and an limited number of terms while a Fourier series

would require a much larger number of terms (Braga et al., 2019Db)..

2.6.4 Conclusions

DMD and related algorithms have recently found application to fluid dynamics and other branches of
physics that deal with high-dimensional snapshots either from observations or from simulations. In our
application to variable stars, snapshots at a given time contain at most a few values, corresponding to
magnitudes in various filters and possibly their derivatives. We thus applied the HODMD algorithm,
which essentially synthesizes a higher-dimension snapshot from delayed coordinates. This is the
first application of DMD-related methods to variable star light curves to date. This was done with
the goal of obtaining features from light curves in a principled way that could be amenable to
physical interpretation. In DMD the observed dynamics is decomposed into modes, similar to normal
modes in a coupled oscillator system; each mode corresponds to an eigenvalue, associated either to
exponential decay (or increase) or to periodic oscillations.

We obtained a reconstructed light curve as a linear combination of the individual evolution of
such modes, and compared it with the original data over a sample of 151 stars. We measured the
discrepancy between the reconstructed light curve and the original by means of the mean squared
error normalized to that of a constant fit. We are able to obtain consistently good fits (with nMSE
under 1072) if we let the number of eigenvalues increase as needed. We found that simpler light
curves, such as those of RRc variables, require only a limited number of eigenvalues. Conversely
RRab stars, which have more complex light curve shapes, require the inclusion of more eigenvalues to
be described with good accuracy. We have quantified this, finding that that the Koopman dimension
d needed to achieve a given normalized MSE in reconstructing the curve behaves differently for RRab
and RRc variables. We used this as a basis for a classifier, choosing a threshold of 0.45 normalized
MSE, to achieve which the modal RRab star requires d = 27 (resulting in a mode of 11 eigenvalues)
and the modal RRc star, d = 15 (corresponding to a mode of 7 eigenvalues). The threshold value 0.45
corresponds to the maximum (over all the light curves) of the minimum normalized MSE reached.

We found that the number of eigenvalues that needs to be included to obtain a good representation
of the curve varies with amplitude and period in accord to the fact that RRab and RRc stars occupy
distinctive loci in the period-amplitude plane.

While the DMD decomposition bears some resemblance to Fourier methods, which have been
extensively applied to time domain astronomy and variable star light curves in particular, the
advantage of DMD is to identify modes that are potentially physically meaningful. This is the case
of the long term period variability due to the Blazhko effect, where indeed a few eigenvalues found

by DMD change between the beginning and the end of the observation period for the confirmed
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Blazhko variables in our data set. Whether this is indeed an indication of DMD finding specific

modes associated to Blazhko evolution will be discussed in further detail in upcoming work.

Final Remarks

In our investigation of variable stars data using interpretable methods, we have highlighted the
practical advantages of data-driven tools in astronomy. Though the methodologies employed are
new for the field (like sindy and DMD), sometimes the results shown may not be groundbreaking,
their significance lies in the emphasis on interpretability and simplicity over traditional performance
metrics. These studies also reaffirm the importance of deriving insights from data, which is crucial

for the accurate progression of astronomical research.
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Chapter 3

Intermediate-Mass Black Hole

The second case study stems from an accepted paper (27 October 2023) and ready to be published in
the Astrophysical Journal (ApJ). This research initiative was inspired by a transformative two-month
period spent in Montreal at MILA®+Université de Montreal + CIELA organizations, collaborating
with Yashar Hezaveh and Laurence Perreault-Levasseur group. The impetus for this work was
Cynthia Rudin’s thought-provoking article, "Please Stop Explaining Black Box Models for High
Stakes Decision" (Rudin, 2019) which introduced a paradigm shift in our perception of explainable
tools.

While our study’s focus pertains to IMBH, which are not subject to high-stakes decisions like
those in the judiciary or healthcare systems, the article’s perspective and insights hold broader
relevance. Rudin’s work shows the limits of explainable tools in certain contexts and emphasizes
the primacy of interpretability over conventional metrics. Thus, exploring the implications of this
viewpoint in the IMBH domain can yield valuable lessons applicable to interpretability challenges
across various fields (more on the limits of explainable AT and the need of natively interpretable
models in Chapter 1).

The chapter is divided like this: a quick introduction on the IMBH detection problem via a
data-driven approach, afterwards I present possible evidences for IMBH, different scenarios of IMBH
formation and why star clusters are great environments for the formation and evolution of IMBH.
Next, I present the MOCCA data used to train our models and the real GCs used to deploy the
aforementioned models. Then, the different ML tools are explained, especially the interpretable model
CORELS and the model-agnostic local explanations via anchors of the black box used (XGBoost).
Finally, the models are trained and tested on the simulations and deployed on real GCs. In the end,

a discussion on the results and some conclusion of this work are presented.

3.1 Introduction

The detection of quasars at high redshift (see e.g., Mortlock et al., 2011, Schindler et al., 2023)
has sparked the need for a mechanism to rapidly assemble supermassive black holes. Bridging
the gap between stellar-mass remnants and supermassive black holes (mass range between 102 to
10° M), IMBH have emerged as potential seeds for the latter (see Woods et al., 2019, for a review).

Consequently, searches for IMBHs in the present-day universe are actively underway, with particular

!Quebec Al Institute (originally Montreal Institute for Learning Algorithms.
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focus on high-density environments such as the Galactic center (Oka et al., 2016, Ballone et al.,
2018, Takekawa et al., 2019, Takekawa et al., 2019, Takekawa et al., 2020, Kaneko et al., 2023, The
GRAVITY Collaboration et al., 2023), dwarf galaxies (Mezcua et al., 2016, 2018), and globular
clusters (Maccarone and Servillat, 2008, Farrell et al., 2009, Cseh et al., 2010, Strader et al., 2012
Bachetti et al., 2014, Kains et al., 2016, Kiziltan et al., 2017, Lin et al., 2018 Su et al., 2022 among
others). While direct IMBH detection remains challenging, indirect methods based on dynamical

effects in GCs offer promising candidate hosts for follow-up investigations:

Applying ML models to indirect IMBH detection: Applying ML models to indirect IMBH
detection presents both opportunities and challenges: handcrafted physical models offer interpretabil-
ity but may be outperformed by more flexible data-driven models. However, data-driven approaches
have drawbacks, such as high model complexity leading to black-box behavior and the reliance on

simulations, which can introduce biases into training data.

Explainability and interpretability: In this context, the distinction between explainability and
native interpretability central to this thesis becomes crucial: explainability tools like anchors (Ribeiro
et al., 2018) can shed light on the behavior of black-box models locally, providing understandable
logical rules for predictions. Meanwhile, natively interpretable models, such as CORELS (Angelino
et al., 2017), are inherently understandable by humans without requiring post hoc explanations. In
this study, we explore both approaches and assess their performance in detecting IMBH candidates
in GCs.

Training on simulations, predicting on observations: Furthermore, we address the challenge
of training ML models on simulations and predicting on observations, aiming to gauge how far
individual predictions correspond to actual observed physical systems compared to the simulated
training data. To ensure reliable predictions, we focus on measuring individual data point distances
from the training data, rather than overall generalization error. The combination of interpretability

and accurate predictions is vital in advancing our understanding of IMBHs and their role.

3.2 Intermediate Mass Black Holes

IMBH serve as the astrophysical bridge between stellar-sized and supermassive black holes, charac-
terized by a mass range of 102 — 10°Mg. Their potential role as progenitors to the supermassive
black holes observed in the early universe has garnered considerable attention, especially in light of
the discovery of high-redshift quasars (z~ 6) (Fan et al., 2001, Madau and Rees, 2001).

While unambiguous electromagnetic evidence for IMBHs remains elusive, several candidates
have been put forth over the past decades. Notably, the dynamics of certain globular clusters,
such as 47 Tucanae and G1, infer the presence of IMBHs at their centers (Gebhardt et al., 2005,
Kiziltan et al., 2017, among others). One of the most compelling candidates for an IMBH is the
hyperluminous X-ray source HLX-1 in the ESO 243-49 galaxy, standing out among ultra-luminous
X-ray sources (Farrell et al., 2009, Godet et al., 2014, and references therein). Additionally, the
nuclei of certain dwarf galaxies may host black holes with masses around 10° M, (Filippenko and
Sargent, 1989, Barth et al., 2004, Greene and Ho, 2004 for examples). Black holes with masses in
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the range 10* — 10° M, are also suspected to reside in high-velocity compact clouds (Tanaka, 2018,
Takekawa et al., 2019, 2020). The gravitational wave event, GW190521, associated with a binary
black hole merger resulting in a mass of approximately 150 Mg, has provided strong indications for
the existence of IMBHs (Abbott et al., 2020). This detection not only sets a precedent for future
observations with existing and forthcoming gravitational wave detectors but also reinforces the
merger formation scenario for IMBHs. Such scenarios suggest that smaller black holes, typically of
stellar origin, undergo frequent mergers in dense environments like star clusters (Coleman Miller
and Hamilton, 2002, Giersz et al., 2015, Rodriguez et al., 2019, among others). Since the data used
for this work come from the search of IMBH in star clusters (especially globular clusters), we focus
on the formation mechanism in such objects. For comprehensive reviews on IMBHs, the reader
is directed to Mezcua (2017) and Greene et al. (2020). For completeness some of the alternative

formation mechanisms explored are:

e the collapse of extremely massive metal-poor stars exceeding 230 M (Bond et al., 1984,
Woosley et al., 2002).

e potential primordial IMBH formations from gravitational instabilities in the early Universe
(Kawaguchi et al., 2008, Carr et al., 2016).

e runaway star collisions within star clusters (Colgate, 1967, Sanders, 1970, Freitag et al., 2006

among others).

SCs are great environments for the formation and evolution of IMBHs due to a variety of
astrophysical processes at play: the repeated mergers of stellar-mass black holes, as outlined by
Coleman Miller and Hamilton (2002), the birth of exceptionally massive stars during the early
evolutionary stages of the cluster, and results of runaway collisions, as indicated by Fujii and
Portegies Zwart (2013).

Crucially, the internal dynamics of SCs significantly influence the efficiency of binary black hole
(BBH) mergers. The phenomenon of core collapse in SCs amplifies dynamical interactions and fosters
the dynamical hardening of binary systems. This is supported by studies like those of Sugimoto and
Bettwieser (1983),Spitzer (1987), Goodman and Hut (1989), Trenti et al. (2007), Hurley and Shara
(2012), Beccari et al. (2019), Di Cintio et al. (2022).

A salient feature of the repeated merger mechanism is its longevity. An IMBH can continue to
evolve and expand throughout the SC’s lifespan, as suggested by Giersz et al. (2015). However, there’s
an inherent risk: should a BBH merger lead to an ejection from the SC due to gravitational-wave
recoil, the merger chain can abruptly cease.

Such kick velocities, which arise from gravitational-wave recoil, might far surpass the escape
velocity of the hosting SC, as emphasized by Merritt et al. (2004), Madau and Quataert (2004),
Favata et al. (2004), and Lousto and Zlochower (2011). Consequently, the hierarchical development
of an IMBH through recurrent BBH mergers becomes more plausible in SCs with substantial escape
velocities, notably the colossal nuclear SCs, as indicated by Antonini et al. (2019b), Fragione et al.
(2020), and Mapelli et al. (2021).
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Figure 3.1: Globular cluster, M10. Credits: Till Credner and Sven Kohle, Observatorium Hoher List.

3.3 Globular clusters

As reported in Sec. 3.2, different mechanism undergo in the rich dynamic of a SCs. Our work,
focused on Galactic GCs. In order to understand more about these objects and why we choose some
features instead of others during the training of our models, some physical description of the relevant
physical quantities is necessary. Globular Clusters (GCs) are ancient, spherical conglomerates of 103
to 106 stars. GCs are found predominantly in the halos of galaxies, orbiting their central bulges.
GGCs are characterized by a well-defined color-magnitude diagram, largely devoid of young blue
stars. Their stellar population can be approximated by a singular stellar isochrone, suggesting a
nearly-coeval formation or multiple stellar populations (multiple population phenomenon, Milone
and Marino, 2022) depending on the clusters and the host galaxy. When choosing what parameters
that characterize a GCs, we can use observational properties of the clusters. We decided to use 6 out
of the 63 parameters provided in the MOCCA simulation (see Giersz et al., 2015 for a comprehensive
description of the rest of parameters) as features for the models. In particular the half-mass relaxation
time, the central velocity dispersion, the total luminosity, the central surface brightness, the core
radius, the half-light radius. We chose few parameters aligning with the simplicity-through-sparsity
principle. Recognizing that the utilization of all 63 parameters as features could enhance the model’s
performance, our decision to focus on these six parameters was driven by a preference for simplicity

and practical applicability, especially considering their feasibility for real clusters.

Central velocity dispersion: A key parameter to characterize the dynamical state of the cluster
is the central velocitiy dispersion. The latter is a measure of the average kinetic energy of stars in
the core of the cluster. It provides insights into the gravitational potential and mass distribution
within the cluster. For a collection of stars in equilibrium, the velocities will follow a Gaussian
distribution, and the width of this distribution gives the velocity dispersion.

Mathematically, it can be defined as the root-mean-square of the velocity deviations from the

mean velocity:
o0 = V{(v = (v))?)

Where (v) is the mean velocity of the stars in the core.
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In the context of globular clusters, the central velocity dispersion holds a particular importance
because it is directly related to the total mass of the cluster. By utilizing the virial theorem and
making some assumptions about the mass distribution, one can estimate the total mass M of the
cluster from its velocity dispersion. Also, g can provide insights into the potential presence of a
central massive object, like a black hole, in the cluster. A higher-than-expected velocity dispersion
might hint at the presence of such an object. Not only, it plays an essential role in determining
the rate of various dynamical processes, such as two-body relaxation and core collapse. In order to
train the model we used a "mass-weighted" velocity dispersion The mass-weighted central velocity
dispersion, typically denoted 0o mw, takes into account the individual masses of stars when computing
the average velocity dispersion. Instead of treating every star’s velocity contribution equally, stars
with greater masses have a larger influence on the overall velocity dispersion value.

Mathematically, the mass-weighted velocity dispersion is defined as:

_ \/ziilmim — (©)m)?
00,mw .

Where m; is the mass of the " star, v; is the velocity of the ith star and (V) mw is the mass-weighted
mean velocity, given by (v)mw = %%17%

In the context of GCs, a mass-weighted velocity dispersion can provide a more refined view of
the cluster’s dynamics, especially if there’s a significant spread in stellar masses. This parameter is
particularly relevant when considering the influence of massive stars or stellar remnants (like white
dwarfs, neutron stars, or black holes) on the overall dynamics of the cluster. The mass-weighted
approach ensures that these massive objects are properly accounted for when assessing the kinetic

energy or dynamical state of the cluster.

Half-Mass relaxation time: The half-mass relaxation time (¢,5,) in globular clusters is a measure
of the time it takes for stars within the half-mass radius to establish a statistical equilibrium through
two-body interactions. This concept emerges from the virial theorem, which, in the context of
self-gravitating systems like globular clusters, relates the kinetic energy T and the potential energy
W

2I+w =20

Two-body encounters cause stars to exchange energy, leading to a spread in velocities over time.
This process drives the system toward energy equipartition, where more massive stars sink to the
cluster center while lighter stars gain energy and move outward. The half-mass relaxation time is
given by:
018N _ R)?
SNy VG,
Where N is the number of stars, Ry, is the half-mass radius (the radius within which half of the

total mass of the system is contained), M, is the total mass within R, and G is the gravitational

constant. t,, is crucial in globular cluster dynamics because it determines the rate of core collapse,

binary formation, and other key evolutionary processes.
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King profile: The King profile is a mathematical empirical function introduced by King (1962) to
describe the surface brightness profiles of star clusters. The King profile is given by:

g\ —1 o\ —172
r 2 r 2
1+ — — 1+

e [(r) is the surface brightness at a radial distance r from the cluster center.

I(r)=k

Where:

e 7. is the core radius (sometimes R. below).
e 1, is the tidal (or truncation) radius.
e £k is a normalization constant.

The core radius, 7., characterizes the central, dense region of the cluster where the star density
or surface brightness is relatively flat. Beyond the core radius, the density or brightness drops off
more rapidly. The tidal radius r; defines the outer boundary of a globular cluster. Beyond this
radius, stars are unbound from the cluster due to gravitational tidal forces from the host galaxy.
Essentially, it marks the limit where the external gravitational field of the host galaxy begins to
dominate over the cluster’s internal gravity, stripping stars away from the cluster. We can combine

these two parameters defining a concentration parameter c as:

Tt
c = log <>
Te

Effectively, to determine the core radius 7. for a specific globular cluster, we should fit the
observed surface brightness or star density profile of that cluster to the King profile and then derive
re (and other parameters) from the fit.

Finally, we can derive the half-light radius for a King profile: if we integrate the profile from the

center outwards and find the radius at which the integrated luminosity is half the total luminosity.

3.4 Data

We used simulations for training, validation and testing from the MOCCA-Survey simulations and
for deployment and generalization 161 Milky Way GCs from Baumgardt and Hilker (2018).

3.4.1 Training, validation, and test datasets

To construct a training and validation sample for our ML models, and to assess their performance,
we utilized findings from the MOCCA-Survey Database I simulations, described in detail by Askar
et al. (2017b). (however, also refer to Arca Sedda et al., 2018, Askar et al., 2017a, Belloni et al.,
2016, 2017a,b, 2018, Samsing et al., 2017). The MOCCA-Survey Database encompasses almost 2000
star cluster simulations with diverse initial parameters that were conducted using the MOCCA
code (Giersz et al., 2013, Hypki and Giersz, 2013), which relies on the Monte Carlo algorithm (see
the seminal papers by Hénon, 1971, Stodolkiewicz, 1982, 1986) to model the long-term evolution of

star clusters. The orbit-averaged Monte Carlo method combines a statistical approach to address
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distant two-body interactions that drive the dynamical evolution of a star cluster with the particle-
based approach of N-body methods. This technique enables the simulation of star cluster models
containing numerous stars, ranging from hundreds of thousands to millions, within a few days to
weeks. MOCCA incorporates prescriptions for stellar and binary evolution based on the SSE/BSE
codes (Hurley et al., 2000, 2002). To compute the outcome of close dynamical interactions between
binary-single stars and binary-binary stars, MOCCA employs the FEWBODY code (Fregeau et al.,
2004), a direct N-body integrator for small-N gravitational dynamics. MOCCA also implements a
realistic treatment of escape processes in tidally limited clusters, following the approach by Fukushige
and Heggie (2000). In order to model the Galactic potential, MOCCA adopts a straightforward
point-mass approximation. The handling of escapers from the tidally limited GC models is based on
Fukushige and Heggie (2000). MOCCA has been thoroughly tested and compared with results from
direct N-body codes (see, for instance, Giersz et al., 2013, 2019, Heggie, 2014, Madrid et al., 2017,
Wang et al., 2016).

The star clusters models simulated in the MOCCA-Survey Database I encompass a broad range
of initial parameters with varying number of objects, metallicity, binary fraction and parameter dis-
tribution, central concentration, tidal and half-mass radii, as well as different natal kick prescriptions
for stellar-mass BHs (see Table 1 in Askar et al., 2017b). Initial stellar masses in each cluster model
were sampled using the Kroupa (2001) initial mass function with minimum and maximum stellar
masses of 0.08 My and 100.0 Mg. The most densely populated (p. > 10 Mgypce=3) GC models
form an IMBH (> 500 M) within a few hundred Myr of dynamical evolution through collisions,
mergers, and mass transfer onto a seed BH that typically forms from a merger between a BH and a
very massive main-sequence star (> 50 Mg). The latter form via the runaway merger of stars in the
early evolution of these clusters.

In other less dense models (10* Mape™ < pe < 105 Mope™2), the IMBH forms after a few Gyr
of dynamical evolution from mergers during binary interactions involving a stellar-mass BH. Both
the fast and slow IMBH formation mechanisms in the MOCCA GC models have been discussed
extensively in Giersz et al. (2015). In most of these simulated cluster models, for mergers involving a
BH and a star, it is assumed that the BH accretes the entirety of the mass of the star that it merges
with (Askar et al., 2021, Hong et al., 2020). Additionally, gravitational wave recoil kick following
the merger of two stars is also not implemented (Maliszewski et al., 2022, Morawski et al., 2018).
Both these assumptions facilitate the formation and growth of IMBH in these cluster models. It is
good to know that our knowledge of real star clusters is not perfect: recent evidence suggests that
exploring a wide range of mass-to-light ratios (see Fig. 3.3) may indeed be a feature rather than a
bug, given the possibility of, for example, hypercompact star clusters (Greene et al., 2021). The
crucial safeguard is to take into account and appropriately mitigate the potential lack of realism of
the simulations used to train a ML model, as discussed in Sec. 3.4.2 and 3.5.4.

From the 1298 GC models that evolved up to at least 12 Gyr in the MOCCA-Survey Database
I, 388 hosted an IMBH more massive than 500 My ; in the following, we adopted a more inclusive
definition of IMBH, extending the range to 100 M and above: this choice makes the classification
problem more challenging and therefore more conservative. In the end, 30% of the clusters have an
IMBH. Similar to the approach taken in Askar et al. (2019), we used the simulation snapshot at 12
Gyr for each GC model to determine the following features: Spitzer Jr (2014) half-mass relaxation

time corresponding to the half-mass radius 7, (HRT), total luminosity of the cluster in units of
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Figure 3.2: Pair plot showing our star cluster simulations in feature space. IMBH hosts are shown as orange
points and non-hosts as blue points. In order, the axis are: Half-mass relaxation time (HRT), total luminosity
(TVL), central velocity dispersion (CVD), central surface brightness (CSB), Core radius (OCR) and finally
half-light radius (OHLR). All the reported values are at 12 Gyr.

solar luminosity L (TVL), mass-weighted central velocity dispersion in units of km/s (CVD), central
surface brightness Iy = I(0) in units of L /pc? from King (1962) fitting of the cumulative luminosity
profile I(r) (CSB), core radius R, in pc? obtained from King (1962) (OCR), and Half-light radius
R}, obtained from King (1962) fitting in pc (OHLR).

The physical meaning of these features is explained in more depth in Sec 3.3.

The simulation data was partitioned into a train-validation dataset, where we used k-fold cross-
validation as described below, and an internal test dataset comprising 10% of the initial sample.
This was stratified with respect to the label, i.e. each subset was forced to contain approximately the
same proportion of IMBH hosts as the whole sample (see Fig. 1.5). Why we need to cross validate,
stratify our dataset is explained more in Sec. 1.2.9 and in Sec. 1.2.10.

The features distribution divided between IMBH host and IMBH non-host is shown in Fig.3.2

3.4.2 Deployment Dataset and Data Drift considerations

In ML, the representativeness of a test set to real-world data is crucial for model validity. Within
high-dimensional spaces, this evaluation hinges on understanding interpolation and extrapolation.
Interpolation involves making predictions within the range of the training data, relying on known
patterns to fill gaps. Extrapolation, conversely, projects beyond this known range, making it
inherently more uncertain in higher dimensions. The challenge intensifies as the dimensionality
increases, with data sparsity becoming prevalent.

Training on simulations and testing on real-world data further amplifies challenges, as simula-
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Figure 3.3: Mass-to-light ratio of the simulated clusters color-coded (IMBH hosts are shown in orange and
non-hosts in blue)

tions might not capture all complexities inherent in empirical observations (Chattopadhyay and
Chattopadhyay, 2014). Additionally, ML, while powerful, is not infallible; models might overfit
to specific patterns in training data or falter when encountering novel scenarios, underscoring the
importance of robust validation and testing practices (Ng, 2016).

After calibrating our models with simulated data, we applied them to detect IMBHs in real star
clusters. We drew upon the observational data from Baumgardt and Hilker (2018), incorporating
features from 161 Milky Way globular clusters. The dataset is accessible at https://people.smp.
uq.edu.au/HolgerBaumgardt/globular/parameter.html. The relevant features of the deployment
dataset for this work are shown in comparison with the test set in Fig. 3.8 and in the top panel of
Fig. 3.9.

It is essential to note that the catalogue is regularly updated due to improved observations. As
a result, the application of the same methods to the same catalogue may yield different outcomes.
This data drift issue is a common challenge in real-world ML applications. For a detailed discussion
on managing model deployments in the face of changing data, we refer readers to the comprehensive
review by Lu et al. (2018). The last data extraction was carried out in April 2023.

In summary, we used simulated data from the MOCCA-Survey I for both our training (with
cross-validation) and testing sets. For the deployment phase, however, we switched to using real-world
data.

3.5 Methods

I present here, some of the methods applied in our analysis with a focus on the black box model
(XGBoost) with its post hoc explanations (Anchors) and the white box (CORELs). Finally, I provide
insight on Kernel Density Estimation (KDE).

3.5.1 XGBoost Classifier

XGBoost (Chen and Guestrin, 2016) is a ensemble machine learning algorithm that builds upon
the principles of gradient boosting. The idea behind gradient boosting is to iteratively add trees to

the ensemble where each new tree tries to correct the errors made by the existing ensemble of trees.
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Mathematically, if f(x) is the prediction of the ensemble, and y is the true value, the algorithm tries

to add a tree h(z) to minimize the loss function L:

L(y, f(x) + h(z))

The objective function that XGBoost aims to minimize consists of a loss function and a reg-
ularization term. The loss function L measures the difference between the predicted values and
the actual values. The regularization term €2 penalizes the complexity of the model to prevent

overfitting:
K

m
Obj = L(yi, i) + Y _ Q)
i=1 k=1
where m is the number of samples, K is the number of trees, y; is the true value for the i-th sample,
; is the predicted value for the i-th sample, and f is the k-th tree. The regularization term 2 is
defined as:
1 L
Q(f) =~T + §Azw§
j=1

where T is the number of leaves in the tree, w are the leaf weights, v is a parameter that controls the
penalty for the number of leaves, and A is a parameter that controls the penalty on the leaf weights.
In XGBoost, each fj, represents an individual decision tree that is part of the ensemble. Each tree is
a series of decision rules based on the input features that split the data into branches, leading to the
final predictions at the leaves (T). The leaves of a tree are the end nodes where predictions are made.
T represents the number of leaves in a given tree. The structure of the tree is such that it partitions
the input space into 1" disjoint regions, and each region corresponds to a leaf. The prediction for
any instance that falls into a given region is determined by the value associated with that leaf. The
leaf weights, denoted before by w, are the values at the leaves that provide the final prediction for
the data points that end up in the corresponding leaf after passing through the decision rules of the
tree. In classification tasks, it can be transformed into a probability for a certain class. The leaf
weight is learned during the training process, and it’s the output that minimizes the loss function
for the data points in that leaf.

XGBoost uses a gradient-based optimization algorithm to minimize the objective function. The
model is trained iteratively, and in each iteration, a tree is added to the ensemble to minimize the
objective function.

The gradient and hessian of the loss function with respect to the predictions are calculated, and
these are used to determine the optimal weights for the leaves of the new tree. The tree structure is

determined by greedily adding splits that result in the maximum reduction in the objective function.

Lack of Interpretability: The strength of XGBoost in capturing complex patterns and making
accurate predictions comes at the cost of interpretability. The ensemble of multiple decision trees,
each correcting the previous ones’ errors, results in a highly complex model. This complexity is
further compounded by the algorithm’s ability to capture intricate, non-linear relationships and
interactions between features in high-dimensional space. Unlike simpler models such as a single
decision tree, where one can trace a clear decision path from the root to a leaf, XGBoost’s ensemble

nature obscures such paths, making it challenging to understand how input features collectively
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influence the output. The mathematical intricacies of gradient boosting and regularization add
another layer of complexity, making the model’s decision-making process less intuitive. While post
hoc interpretation techniques like SHAP and Anchors (see next section) can provide insights into
individual predictions, they fall short of offering a comprehensive global understanding of the model’s

behavior, leaving XGBoost as a powerful yet opaque tool in ML2,

3.5.2 Anchors

In the realm of XAI, a crucial metric emerges: human precision. This refers to the proportion of
instances wherein human analysts can accurately predict a model’s behavior. Human precision
quantifies how often humans are correct in their predictions about a model’s outcomes. The
significance of high human precision cannot be understated; it becomes a cornerstone for genuine
explainability. To genuinely claim an understanding of a model, it is imperative that when humans
believe they grasp its behavior, they are predominantly correct in their assertions. This is the core
value of explanations in the form of if-then rules named anchors presented by Ribeiro et al. (2018).

These anchors provide high-precision, model-agnostic explanations, designed to anchor predictions
locally and ensure stability in the prediction despite changes in other feature values. This approach
addresses the limitations of existing local explanation methods, particularly the often unclear

coverage, which can lead to low precision from the users’ perspective.

About local vs global, model-agnostic vs model specific:

e Local explanations aim to provide insight into the model’s behavior for an individual prediction
or a small group of instances. They answer the question, "Why did the model make a specific
prediction for this instance? Global explanations, instead, provide an overall understanding of
the model’s behavior across the entire dataset. They seek to answer, "How does the model
behave in general?" Local explanations are particularly useful when you need to understand
critical decisions on a case-by-case basis instead global explanations are particularly useful when
we want to understand the general mechanisms in the data or debug a model. The emphasis
on local explanations is not merely a matter of preference but a substantive requirement in
the pursuit of good interpretability. It is a safeguard against the fallacy of believing that one
understands the model comprehensively when, in fact, the understanding is cursory at best.
This is so important, that even the European Union’s General Data Protection Regulation
and the Al act (Hacker and Passoth, 2020), which underscores the necessity for transparency,

in a section asks for explanations at the individual decision level.

e Model-agnostic vs model-specific explanations: Model-agnostic explanations are XAl techniques
that can be applied to any machine learning model, regardless of its internal workings. They
treat the model as a black box and do not require access to its internal structure. On the
contrary, model-specific explanatins are designed to explain a particular type of model and rely
on the internal structure and parameters of the model. They can often provide more detailed

insights but are limited to specific model types.

2In Appendix C, I address the fact that even using a full explainer dashboard to interact with the model, XGBoost
lacks human understandability.

82



3.5. Methods

Figure 3.4: LIME vs. Anchors: A Toy Visualization LIME solely learns a linear decision boundary and
produces local surrogate models. LIME has a problem of instability of the explanations in addition to the
difficult to define the neighbourhood of an explanation. Figure from Ribeiro et al. (2018).

Let’s imagine that for a given instance z and its associated black-box prediction f(x), the
objective of an anchor is to identify a if-then rule A. This rule, grounded in the feature space of z,
aims to encapsulate the reasoning behind f(z). The formal criterion for an anchor A is such that,

within a localized perturbation region D(z) z:
P(f(') = f(2),],A(2') = 1,2’ € D(z)) = 7 (3.1)

Here, 2’ represents instances perturbed from x. The user-defined precision threshold 7 ensures that
the rule A is robust and reliable within the local region D(z).

The authors emphasize the users’ preference for a comprehensive set of explanations that cover
most of the model with minimal effort required on their part. To address this, they propose a
submodular procedure to select an optimal set of explanations, ensuring that the chosen explanations
provide a broad understanding of the model’s behavior.

Interesting enough, a user study involving 26 participants with a background in machine learning
was conducted to validate the effectiveness of anchors. Utilizing two datasets and a multiple-choice
Visual Question Answering (Antol et al., 2015) system on two images, participants were tasked
with predicting the behavior of the classifier on unseen instances, both before and after being
provided with explanations. The results from this study indicated that anchors not only provide
better coverage but also enhance the accuracy of predictions made by users, outperforming random
explanations. Also anchors are model-agnostic, meaning they can be applied to any ML model
without requiring access to its internal workings. This is a significant advantage, as it provides
flexibility and applicability to a wide range of models. However, model-agnostic methods might not
be able to leverage specific characteristics of certain models, potentially leading to less accurate or
less informative explanations compared to model-specific methods.

While anchors provide a robust and explanations, they are not without their challenges and
limitations: anchors can sometimes be too specific, especially for predictions near the decision
boundary of a model or for very rare classes. This specificity can lead to complex and low-coverage
explanations, which might not generalize well to other instances. For example, a very specific
anchor might communicate the conditions necessary for a particular prediction accurately, but its
applicability might be limited due to its narrowness. Also in practical applications, there might be
situations where two or more anchors with different predictions apply to the same test instance.

The unlikelihood of this is addressed in the paper due to the high-probability precision guarantee of
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anchors and the submodular objective in the selection procedure, but it is a possibility that needs to

be considered when we apply these model explanations to our data.

3.5.3 CORELS

I present here, the white box model used in the work. The primary goal of CORELS (Angelino

et al., 2017) is to find a decision list, d, that optimizes an objective function, represented as:
R(d,z,y) = {(d,z,y) + \K

The decision list is defined by d = (d,, dp, qo, /) where:

e d, represents the predicates of the decision list. Predicates are essentially the conditions or
rules that are checked in sequence. In the context of the CORELS algorithm, a predicate can

be thought of as a simple "if" condition.

e 0, These are the decisions or predictions associated with each predicate. For every predicate

, . S
dp, there’s a corresponding decision in 9.

e qo This is the default prediction. It is the prediction that’s made if none of the predicates in d,

are satisfied.

e K This represents the length of the decision list, i.e., the number of predicates in the list. In
the context of interpretability, a shorter list (smaller K) is usually preferable because it is

easier to understand and explain.

e /(d,x,y) is the loss function. It calculates the difference between the predictions made by the
decision list d and the true labels y for the given training data x. The specific form of the
loss function can vary depending on the problem. For classification problems, this could be a

simple count of misclassifications.
e ) is a regularization parameter.

CORELS employs a branch-and-bound strategy to search for the optimal decision list. Instead
of searching through all possible decision lists, which would be computationally prohibitive, the
algorithm leverages the structure of the problem to explore the space efficiently. It starts with an
empty list and builds on it, branching on possible rules to add. By bounding the best possible
score that can be achieved by extensions of a current partial rule list, CORELS can discard many
potential candidates without explicitly evaluating them, significantly speeding up the search. In
depth: for each prefix (partial rule list), the algorithm computes both a lower and upper bound on
the objective value of the best possible completion of that prefix. If the lower bound of a prefix
exceeds the upper bound of the current best solution, the prefix and its extensions can be safely
discarded. These bounds are computed using optimistic and pessimistic estimates of the loss and
the number of rules in the completed list.

To ensure the algorithm doesn’t waste time exploring rule lists that are essentially the same,
CORELS uses a "symmetry-aware map." This data structure stores the best objective value known

for any rule list that has the same set of predicates, regardless of their order. If the algorithm
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encounters a rule list with a set of predicates it has seen before and the new list’s objective value is
not better than the stored value, the algorithm can disregard this new list.

One of the key contributions of CORELS is its ability to provide an optimality certificate. When
the algorithm concludes, this certificate verifies that the decision list found is indeed optimal for the
given objective function. The optimality is confirmed when the objective value of the best complete
rule list is less than or equal to the lower bound on any remaining prefixes in the priority queue.

Down below, a schematic view of how CORELs algorithm works: Where in this pseudo code:

Algorithm 1 CORELs

0: Input: Dataset D, Binarized features F', Labels L
0: Output: Optimal decision list M*
0: procedure CORELS(D, F, L)
0: R <+ GenerateCandidateRules(F, L) {Generate all possible rules}
M* < () {Initialize best model as empty}
V* < Evaluate(M*, D, L) {Evaluate the initial model}
Q@ <« InitializeQueue() {Initialize priority queue}
Q.enqueue(M™)
while () is not empty do
M «+ @Q.dequeue()
V <« Evaluate(M, D, L)
if V < V* then
M* «— M
ViV
end if
for each rule r € R do
M’ + M U {r} {Add rule to model}
V' + Bound(M’, D, L) {Calculate bound}
if V/ < V* then
Q.enqueue(M’)
end if
end for
end while
M* « Simplify(M*, D, L) {Simplify the model}
return M*
: end procedure=0

S PR RLRLLILRLILRLIIIER

GenerateCandidateRules generates all possible rules based on the binarized features.

Evaluate evaluates the performance of a decision list on the dataset.

InitializeQueue initializes a priority queue to store models to be evaluated.

Bound calculates a bound on the best objective value that can be achieved with a given model.

Simplify simplifies the decision list if possible without hurting its performance.

Effectively, when we implemented CORELS we had to specify also these parameters:

1. max_card:Refers to the maximum cardinality or length of the rules generated. In sim-

ple terms, this parameter sets the maximum number of conditions that a rule can have.
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For example, if max_card=2, the rules generated can have at most two conditions, like

(Conditionl AND Condition2) => Outcome.

2. c: This is the regularization parameter A. It is a non-negative value that balances the rule’s
complexity with its accuracy. The higher the value of ¢, the more the algorithm penalizes
rule length, favoring shorter, more interpretable rules at the possible expense of accuracy. For
instance, if you have two rules with similar accuracy, the one with fewer conditions might be

preferred if c is high, as the algorithm will try to minimize the number of conditions used.

3. min_support: Specifies the minimum fraction of the training data a rule must cover to be
considered. If a rule only applies to a tiny fraction of the data (less than min_support), then
it is discarded. This parameter ensures that the generated rules are relevant to a reasonable

portion of the data, filtering out rules that might only apply to very specific or rare cases.

CORELS shines in scenarios demanding transparency in decision-making. We are happy to

introduce it in astrophysics for the first time.

3.5.4 Kernel Density Estimation

Kernel Density Estimation (KDE) stands as a non-parametric approach to approximate the proba-
bility density function of a random variable. Unlike the simplicity of histograms, KDE overcomes
issues of binning choice and discontinuities, delivering a smooth estimate.

At its core, KDE sums up the contributions from a kernel function K centered at each data

point. The estimator for a univariate dataset x1, z9, ...z, is given by:

f@)_nlfziz:;[((x;%) (3.2)

where h is the bandwidth, a crucial parameter determining the smoothness of the density estimate.

The kernel function K satisfies:
/K(u)du =1 and K(u)=~0 for |u| — oo (3.3)

The bandwidth h strikes a balance between bias and variance: a smaller h captures intricate
details but is noisy, while a larger h is smoother but may obscure genuine features. It can be

optimized through cross-validation or heuristic methods, like Silverman’s rule:

1
45\ 5
h=|— 3.4
(%) (3.0
where o is the standard deviation of the data.
KDE, while robust in the univariate setting, encounters challenges as we venture into higher-
dimensional spaces.
For a dataset in d-dimensions, the kernel function K also becomes d-dimensional, and we need a

d x d bandwidth matrix H (as opposed to a single bandwidth value h in the univariate case). This

bandwidth matrix helps in controlling the smoothness of the density estimate in every dimension.
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Table 3.1: Rules found by CORELS during training in 5-fold cross-validation. The first column reports the
number of folds in which a given rule was found. The corresponding rule is reported in the second column.

Number of folds Rule

4 T, < 2000 and Rp, < 3.0 and both L > 10000 and R./Ry, > 0.2
1 T, < 5000 and Iy > 1000 and L > 10000 and R./Rj, > 0.2

The estimator for a d-dimensional dataset x1,Xa, ..., X,, (where each x; is a d-dimensional vector)

is:

o1 S )

where |H| is the determinant of the matrix H, H~/? is a matrix square root (the concept
analogous to the square root for scalars, but applied to matrices) and K (H -1/ 2(x — xz)) is the
multivariate kernel function.

A big problem raises here known as the "curse of dimensionality". Essentially, as the number of
dimensions increases, the volume of the space increases so rapidly that the available data becomes
sparse. This sparsity makes it difficult to get a good density estimate because the data points are too
spread out. The bandwidth matrix H can help to some extent, but it also introduces complexities
because it now has to be a d x d matrix, which is harder to optimize than a single bandwidth value
h.

The core idea behind multivariate KDE is similar to the univariate case, but the complexities arise
from the need to deal with multiple dimensions simultaneously. The kernel function and bandwidth
need to be adapted to this multivariate setting, introducing more complexity and challenges, especially

as the number of dimensions grows.

3.6 Results

We trained CORELS with the following parameters: max_card=4, ¢ = 0.04, min_support=0.01 (for
the description of these parameters see Sec. 3.5.3). CORELSs does not work with smooth features
but with binary features. As reference with histograms like Fig.3.5, we binned our feature space
in conditions d,: practically for every example x; there are 72 features of the type: HRT< 500,
HRT< 750..., OHLR< 5.0. Every examples 2° of our dataset fills of boolean values these binary
features.

In Fig 3.6 we show the precision-recall curve of XGBoost on each of the five cross validation folds.
On each fold we also trained a CORELS model. Both the performance of XGBoost and CORELS
change across folds, but in the case of CORELS it is immediately evident why. The only fold in
which CORELS learned a different rule from the others (corresponding to the blue dot in Fig 3.6)
achieves a much greater recall at the cost of a lowered precision. We show below that the rule learned
by CORELS in this case is less strict in weeding out star clusters that have a longer relaxation time.

It is also quite evident from Fig 3.6 that the folds on which XGBoost performs best (green and
black solid lines respectively), see also a higher performance by CORELS, which achieves the best

(green dot) and second best (black dot) precision in each of them.
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Figure 3.5: Histograms of features for the training dataset. The acronyms are: half-mass relaxation time
(HRT), total luminosity (TVL), central velocity dispersion (CVD), central surface brightness (CSB), Core
radius (OCR) and finally half-light radius (OHLR). All the reported values are at 12 Gyr. We used the
percentile to create the CORELS features.

Table 3.2: Sub-rules for 7, < 2000 Myr and R;, < 3.0 pc and L > 10*Ls and R./R;, > 0.2 and the
corresponding precision-recall

Conditions Precision Recall
T, < 2000 Myr 0.441558  0.521472
Ry, < 3.0 pc 0.396161 0.696319
L >10*Lg 0.417355  0.929448
Re/Ry > 0.2 0.378641  0.957055
T, < 2000 Myr and Ry, < 3.0 pc 0.480597  0.493865
T, < 2000 Myr and L > 10* L, 0.802083  0.472393
T, < 2000 Myr and R./Ry > 0.2 0.632184 0.506135
Ry, < 3.0 pc and L > 10*Lg, 0.558376  0.674847
Ry, < 3.0 pc and R./Ry > 0.2 0.536946 0.668712
L > 10*Le and R./Ry, > 0.2 0.468498  0.889571
T, < 2000 Myr and Ry < 3.0 pc and L > 104Lg, 0.814815 0.472393
T, < 2000 Myr and Ry, < 3.0 pc and R./Rj, > 0.2 0.672414  0.478528
T, < 2000 Myr and L > 10*L¢, and R./R;, > 0.2 0.867052 0.460123
Ry, < 3.0 pcand L > 10*Le and R./R;, > 0.2 0.636637  0.650307

T, < 2000 Myr and Ry, < 3.0 pc and L > 10*Lg, and R./Rj, > 0.2  0.882353 0.460123
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Table 3.3: Sub-rules for7, < 5000 and Iy > 1000 Ly /pc? and L > 10000 and R./Rj > 0.2 and the

corresponding precision-recall

Conditions Precision Recall
T, < 2000 Myr 0.338750 0.831288
Iy > 1000L@/pc2 0.442982  0.929448
L> 104L® 0.417355 0.929448
R./Ry > 0.2 0.378641 0.957055
T, < 2000 Myr and Iy > IOOOL@/p02 0.485493 0.769939
T, < 2000 Myr and L > 104L® 0.548458 0.763804
T, < 2000 Myr and R./Rp > 0.2 0.474453 0.797546
Iy > IOOOL@/pc2 and L > 104L@ 0.505922 0.917178
Iy > 1000L@/p02 and R./Rp, > 0.2 0.567515 0.889571
L> 104L@ and R./Ry, > 0.2 0.468498 0.889571
T, < 2000 Myr and Iy > 1000L¢ /pc? and L > 10* L, 0.582547  0.757669
T, < 2000 Myr and Iy > 1000L@/pc2 and R./Rp > 0.2 0.654891 0.739264
T, < 2000 Myr and L > 104L@ and R./Ry, > 0.2 0.635638 0.733129
Iy > 1000L, /pc® and L > 10*Lg and R./Rj, > 0.2 0.583333  0.880368
T, < 2000 Myr and I > 1OOOL@/pc2 and L > 104L@ and R./R;, > 0.2 0.681948 0.730061
1.0 1.0
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Figure 3.6: Left-hand panel: precision recall curve for our XGBoost classifier on each cross-validation fold
(solid lines). The dots represent the recall and precision achieved by a CORELS classifier trained on the
same fold. The colours identify the fold for both XGBoost and CORELS. Right-hand panel: Precision recall
curve for our XGBoost classifier on the test set. The red dot represents the recall and precision achieved by

the CORELS classifier on the same test set.
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The rules found by CORELS are reported in Tab. 3.1 and shown graphically (in projection on
relevant feature planes) in Fig 3.7. They were learned on one of the cross-validation folds each.
Remarkably, an identical rule is learned on four folds out of five. The rule learned on the remaining
fold is still quite similar to it. All rules stipulate that an IMBH candidate must have an inflated core,
in particular requiring that R./Rj, > 0.2. Let’s remember what we have learn in the IMBH section:
a large core is produced by dynamical heating due to a binary containing the IMBH. The IMBH has
a high probability of ending up in a binary system in the first place, because its large mass ensures
that exchange interactions are favoured in IMBH-binary encounters. In addition, mass segregation
makes it likely that the secondary is a stellar-mass black hole. The resulting binary system hardens
through interactions with the other objects in the core, releasing energy that ultimately results in a
bigger core.

All rules also demand that the total luminosity of a potential candidate exceeds 10* L. This
is a very low bar for GCs, whose typical luminosity is about one order of magnitude larger. This
rule thus filters out star clusters that are likely too small to be able to assemble an IMBH, either
because they do not have a high enough density to trigger runaway mergers or because their escape
velocity is too small to confine dark remnants that may eventually merge to form an IMBH.

High density is also a criterion for all rules, but it is enforced in one fold by a direct cutoff in
central surface brightness, and in the other four by a condition on the half mass radius, i.e. R, < 3.0.
As shown in 3.7 this combines with the luminosity constraint common to all rules to select high
density star clusters.

Finally, all rules require that the relaxation time be short, but the cutoffs differ, being set to
either 2 Gyr (in four folds out of five) or to 5 Gyr (in the remaining one). This is likely the reason
for the higher recall in the corresponding fold, as shown in Fig. 3.6. A short initial relaxation time
corresponds to higher interaction frequency between stars, which results in faster mass segregation
and makes both runaway mergers and stellar-mass black hole coalescences more likely. Relaxation
times observed at 12 Gyr are essentially a proxy for initial relaxation times, which are unobservable.
Additionally, the swelling of the core due to an IMBH binary, is observable only if the system is
relaxed, because the associated dynamical heating requires time to take place. Thus a swollen core
in the absence of a short relaxation time is an unreliable indicator of IMBH presence.

As discussed before, if we look only at performances (without considering transparency, human
readability, debug, domain-field applicability) there is always a trade-off between interpretability
and performance as shown in Sec. 2.4 (7, among others)Sarkar et al., 2016, van der Veer et al.,
2021, van der Veer et al., 2021 among others). But as the physical discussion before shown, we were
able to interpret the results (even fold by fold) of CORELS easily; instead the results of XGBoost
without explanations are only a product of a powerful model. We provide below explanations in the

form of anchors (see Sec. 3.5.2) for XGBoost prediction on real GCs.

3.6.1 Kernel Density Estimate and real data

There is a potential mismatch between our simulated training data and actual star clusters, which
can lead to biased predictions. As we can see in Fig. 3.8, the data on which our models were tested
and the real clusters are not perfectly matched. It is thus crucial to assess how far out-of-distribution
the star clusters we cast predictions for are with respect to the training data. A multitude of

out-of-distribution detection approaches have been discussed in the ML literature (see Yang et al.,
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Figure 3.7: The rules found by CORELS, displayed on the planes corresponding each to the relevant couple
of features. The white area corresponds to the region that respects the rule. The red points correspond to
simulated star clusters in the training set that host an IMBH and the blue points correspond to non-hosts.
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Figure 3.8: Pair plot showing test data (a representative sample of the simulations, shown in blue) versus
real star cluster data (orange). In order, the axis are: Half relaxation time (HRT), total Luminosity (TVL),
central velocity dispersion (CVD), central surface brightness (CSB), Core radius (OCR) and finally half-light
radius (OHLR).

2021, for a recent review). In our case, we stuck to a simple density-based approach, which is
generally recognized as effective in low-dimensional feature spaces. For this reason we utilized a
Kernel Density estimation (KDE). KDE is a non-parametric technique for estimating the probability
density function (PDF) of a random variable from independent, identically distributed samples.
The basic idea behind KDE is to place a smooth, symmetric kernel function at each data point,
and then sum these kernel functions to estimate the underlying PDF (to see more on KDE see Sec.
3.5.4). While other approaches to density estimation exits, such as e.g. Gaussian mixture models
(McLachlan and Basford, 1988), mixture density networks (Bishop, 1994), and autoregressive flows
(Huang et al., 2018), KDE is a simple and time tested method that works well in low dimension. We
used a simple Gaussian kernel KDE relying on the scikit-learn package (Pedregosa et al., 2011). We
fitted the density estimation on the training set and evaluated on both the test set and the real data
set. The distributions of the KDE score are shown in Fig. 3.8. Low KDE score corresponds to weird
-i.e. unlikely, out of distribution- data points with respect to the training set. We calculated the
KDE scores for the points in our test set (randomly extracted from the simulation data set) and
used its first decile as a cutoff to reject the out-of-distribution data points among the actual star
clusters. This way we remove from the pool of IMBH host candidates those whose prediction would
require us to trust our models in regions where the data on which they were trained is scarce.
Lastly, we present a table of GCs that are predicted to be IMBH hosts both by CORELS and
by XGBoost and also are in-distribution based on our KDE criterion. This is shown in Tab. 3.4
alongside with the upper limits on IMBH mass obtained for each candidate by T18 (if any are
present) and with any reference we found presenting evidence of IMBH presence or absence in the

candidate. Candidate selection for this table is summarized by Figs. 3.10 and 3.11.
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Figure 3.9: Upper panel: violin plot for the relevant features. We can see that the central surface brightness
span more order of magnitudes. Lower panel: Distribution of the KDE score for test data (orange) and actual
star cluster data (blue). The vertical line is the cutoff adopted for inclusion in the final sample of candidates,
which corresponds to the first decile of the KDE score for test data.
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Figure 3.10: Euler-Venn diagram summarizing the inclusion rules for GCs in the final candidate list. The
dark gray set includes all GCs who fall in-distribution with respect to the simulations according to the
criterion based on KDE we discussed in the text (112 in total); the light gray set includes the XGBoost
candidates (88 in total); and the brown set the CORELS candidates (29 in total). The clusters in the mutual
intersection of all three sets are included in the final candidate list (24 in total).

Table 3.4: Final table of IMBH candidate hosts. The first column reports the cluster name, columns 3-8
report the (rounded, log) values of the relevant features. Columns 9-11 show the classification prediction by
XGBoost, CORELS and the in-distribution criterion based on KDE and column 12 shows the confidence of
the classification by XGBoost, based on which the rows are ordered in decreasing order. Column 13 reports
the IMBH upper mass limit based on radio observations by T18. The last column lists any previous claims or
other relevant literature discussing IMBHs in the cluster. The full table, including non-hosts, is presented in
Appendix B.1.

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Cluster ID Other ID HRT TVL CVD CSB OCR OHLR CORELS XGB KDE Pred. proba T18 upper limit References

NGC 6569 3.06 502 0.86 3.68 0.04 041 True True True 0.9999

Pal 6 2.67 479 072 3.64 -0.02 0.35 True True True 0.9998

NGC 6638 249 49 0.84 421 -0.34 027 True True True 0.9998

NGC 6333 M9 322 518 092 39 -0.04 044 True True True 0.9996 1030M¢, Miocchi (2007)

NGC 6712 273 478 071 354 0.03 04 True True True 0.9988 1150M¢, Miocchi (2007)
Liitzgendorf et al. (2013)

NGC 6254 M10 325 504 079 365 0.02 047 True True True 0.9985 T40Me Beccari et al. (2010)
Umbreit and Rasio (2013)

FSR 1735 2.63 4.69 0.67 3.83 -0.29 0.33 True True True 0.9969

NGC 2298 2.65 447 059 3,55 -0.28 0.38 True True True 0.9955 Pasquato et al. (2009)

NGC 5986 325 524 091 383 0.07 044 True True True 0.9954

NGC 6218 M12 294 475 0.68 3.34 0.08 045 True True True 0.9947 800 M Sollima et al. (2016)

NGC 6316 327 509 091 404 -022 047 True True True 0.9913

VVV-CL001 2.75 454 081 365 -0.27 0.34 True True True 0.9889

Ton 2 3.01 451 053 3.04 0.06 0.46 True True True 0.9889

NGC 6352 2.96 447 054 3.06 0.05 0.46 True True True 0.9871

NGC 6779 M56 317 503 078 359 0.07 047 True True True 0.9845

NGC 6171 M107 2.87 453 0.61 3.32 -0.08 0.46 True True True 0.9843 990 M

NGC 6553 326 495 088 3.67 -0.06 0.37 True True True 0.9837 Kains et al. (2016)

NGC 6934 326 495 0.68 346 0.09 047 True True True 0.9815

NGC 6637 M69 295 495 079 3.76 -0.07 0.38 True True True 0.9724 Miocchi (2007)

UKS 1 2.85 4.63 0.62 329 0.04 0.46 True True True 0.9518

Ter 1 254 494 091 444 -049 0.18 True True True 0.9502

NGC 6342 2.22 436 0.64 385 -047 017 True True True 0.9288

HP 1 289 458 0.72 318 0.1 0.46 True True True 0.8894

NGC 6401 286 4.65 0.81 3.73 -0.28 0.39 True True True 0.5381

94



3.6. Results

— 80 .
© %-
= ss w &
> LS
3 50 ° "%
n i
3 o iy o
£ s ‘e Sl »
= YR UL
o .
3 40 o
© . %
5 ®
== *
o 30
o
.
— 25
®
20
. .
I . ®
-E * . .
T 15 ‘e .,
= ° ® ce®
g) 1o » ®. .c®.
o ~teo M of ] - d."‘.'-'
© . e o 2.0 %0 e
I os ® =, ° o % G0 08,8 0
) bt ® - . . :iﬂ.. .
= "t % P LT .
[e] Ehgbngd T i o LA °
© oo BRI AL .
o ¢
(]
—
05
15 . s *e training data
'6‘ - @ Corels Cand
o 125 . .. . ® XGB Cand
) o 3ok S EL L] Y . o ® XGB and Corels Cand.
3> 100 * . + Baumgardt et al. 2018
o ®
o] . o 2 Py Y. |
o 075 e g *.
= . o 0" “en:tee **
ERRY Y gy ] .
£ oo o - e .
2 e A N SR T
“_—I 025 ® : ? “.f' ¢ . ic’ . .’
© :, ’ L] = D ®
I . . o e
o 000 L] L] ° ®
S
025

1 2 3 4 3 4 5 6 -05 0.0 0.5 10 15 20
Log Relaxation Time [Myr] Log Total Luminosity [Le] Log core/Half-light radius

Figure 3.11: Candidate selection shown in the space of relaxation time, total luminosity, log half-light
radius, and log core- over half-light radius. The gray squares represent the training data set, the black dots
the data from actual star clusters compiled by Baumgardt and Hilker (2018). Star clusters selected as IMBH
host candidates only by XGBoost (CORELS) are shown in blue (red), and candidates selected by both models
are shown in purple. Units are shown in square brackets except for dimensionless quantities.
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3.7. Discussion and conclusion

3.6.2 Physical interpretation of the CORELS rule list and of the anchors

To be classified as an IMBH host by CORELS, a GC has to meet the following conditions: T, < 2
Gyr, R, < 3.0 pc, L > 10* My, and R./Rj, > 0.2. The first rule selects dynamically relaxed GCs.
The second and third rules, in combination, correspond to a condition on cluster density. The last
rule selects GCs whose core is inflated with respect to the overall size of the cluster. All of these
rules can be understood in terms of IMBH formation physics: mass segregation (which brings heavy
stars and compact remnants to the cluster centre where they can merge to give rise to an IMBH)
happens on a timescale proportional to the two-body relaxation time. The typical age of a GC is
of the order of ~ 12 Gyr, so clusters with relaxation times of 2 Gyr or shorter had ample time to
undergo mass segregation.

High density (captured by the requirement to have a small radius for a minimum mass) is
instrumental in increasing the frequency of close encounters that can result in IMBH formation.
Finally, a dynamically puffed-up core was identified as a sign of IMBH presence early on (Baumgardt
et al., 2005, Heggie et al., 2007, Hurley, 2007), as IMBHs tend to undergo dynamical exchange
reactions with stellar-mass black hole (BH) binaries, forming an IMBH-BH binary that is confined
to the core by its heavy mass and releases energy in the core through close encounters, heating it
up. Additionally, close interactions with the IMBH can also result in stars merging with it, or they
can also get ejected out of the central part of the cluster due to strong encounters. These effects
contribute in depleting stars from the central part of the cluster.

There is some overlap between the CORELS rules and the anchors listed in Tab. 3.5, suggesting
that the latter may also have a similar physical interpretation. However, the anchors explaining
the behavior of XGBoost often include a large number of features (even all of them at times)
and a disparate array of cutoffs, making a straightforward interpretation harder. These are still a
potentially useful tool for investigating a specific candidate in the process of planning a follow-up
observation.

For more post hoc explanations, I implemented an interactive dashboard? that shows feature
importance, SHAP values, individual prediction analysis, what if, feature dependence. Screenshot of
this dashboard are shown in appendix C. We preferred anchors for the human-understandability and
the fact that no prior knowledge of ML tools (SHAP values for example) is necessary in order to
understand if-then rules. In any case, as stressed in the introduction and in the introduction of this
chapter: we want to shift towards natively interpretable models. Black box models can give us a

false sense of security especially when we place too much trust on the explanations.

3.7 Discussion and conclusion

In the recent years, we witnessed an explosion of ML tools in astronomy. Still, most contributions
avoid or only briefly touch upon the issue of interpretability and explainability of the models they
adopt. In this part, we distinguish between the two approaches, with interpretability meaning that a
model is natively simple enough that a human can understand its inner workings and explainability
meaning that a complex or otherwise opaque model is explained post hoc in terms that a human can

understand. This is a terminological distinction that has not yet been received by the astronomical

310.5281/zenodo . 6407091.
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3.7. Discussion and conclusion

Table 3.5: Anchors explaining XGBoost decision for real GCs. The first column reports the GC name, the
second column the anchor as a list of conditions (each feature has been given a different colour for ease of
comparison), the third column reports the anchor’s precision (different from the model precision) and the
fourth column its coverage.

Cluster Anchor Precision  Coverage
NGC 2298 'HRT < 741.31", "CSB > 458.30", ’0.39 < OCR < 1.05’, 'OHLR < 3.15",’ > 26722.22°)° < 5.107 0.992 0.019
NGC 5986 |’ > 139719.63’, "OHLR < 3.15", "OCR > 1.05'] 1.000 0.006
NGC 6171 'HRT < 741.31", "CSB > 458.30", 'OCR > 0.39’, '2.37 < OHLR < 3.15",’ <5.10°,° > 2672222 1.000 0.025
NGC 6218 'HRT < 1513.56", 'CSB > 458.30", 'OCR > 1.05", 'OHLR < 3.15| 0.990 0.056
FSR 1735 [HRT < 741.: CSB > 4371.877, ’0.39 < OCR < 1.05’, 'OHLR < 2.37°,”° > 26722.22°,° < 5.107] 0.995 0.006

NGC 6254 [ > 61963.19", "OHLR < 3.15", "CSB < 16864.96’, ’5.10 < < 7.607] 1.000 0.050
NGC 6316 [ > 61963.19’, 'OHLR < 3.15", *CSB < 16864.96", "HRT > 1513.56'| 0.984 0.068
NGC 6333 [ > 139719.63", "OHLR < 3.15", "CSB < 16864.96", "HRT > 1513.56] 1.000 0.037
NGC 6342  [HRT < 741.31", *4371.87 < CSB < 16864.96", ’ > 3.10°, "OCR < 2.157] 0.870 0.074
NGC 6352  [HRT < 1513.56", 0.39 < OCR < 2.15",° > 26722.22", 'OHLR < 3.15", < 5.10] 1.000 0.056
HP 1 [HRT < 1513.56", ° > 5.10°, '0.39 < OCR < 2.15’, '2.37 < OHLR < 4.54’, "CSB > 458.30'| 0.970 0.056
Ter 1 [HRT < 741.31°, " > 7.60°, '61963.19 < < 139719.63, "OCR < 1.05’, 'OHLR < 3.15", "CSB > 16864.96'] 0.936 0.019
Ton 2 [HRT < 1513.56", "OCR > 1.05", "OHLR < 3.15'| 0.984 0.056
NGC 6401  [HRT < 741.31°, ’5.10 < < 7.60°,°0.39 < OCR < 1.05", "OHLR < 4.54’, *4371.87 < CSB < 16864.96", ’ > 26722.22']  0.969 0.019
Pal 6 [HRT < 741.31°, ’5.10 < < 7.60°,°0.39 < OCR < 1.05", "OHLR < 2.37", "CSB > 458.30", ’ > 26722.22]] 0.982 0.019
UKS 1 [HRT < 741.31’, 3.10 < < 7.607,70.39 < OCR < 2.15",° > 26722.22", 'CSB > 458.30'] 0.945 0.062
VVV-CL001 [HRT < 741.31’, ’5.10 < < 7.60°, 'OCR > 0.39’, "CSB > 4371.87] 0.981 0.025
NGC 6553 [ > 61963.19’, "OHLR < 2.37’, "CSB < 16864.96'| 1.000 0.012
NGC 6569  [HRT < 1513.56, ° > 5.10°, 'OHLR > 2.37’, "CSB > 4371.87", "OCR > 1.05'] 0.992 0.006
NGC 6637  [HRT < 1513.56", 5.10 < < 7.60,° > 61963.197, "CSB > 4371.87", "OHLR > 2.37| 0.993 0.031
NGC 6638  [HRT < 741.31’, > 5.10°, "OCR > 0.39’, "OHLR < 2.37] 0.983 0.025
NGC 6712 [HRT < 741.31°, °3.10 < < 5.10°,°0.39 < OCR < 2.15’, 'OHLR < 3.15,’ > 26722.22]] 1.000 0.031
NGC 6779  [HRT < 1513.56", ’5.10 < < 7.60", 'OCR > 0.39, "OHLR < 3.15", > 61963.19'] 1.000 0.037
NGC 6934 [ > 61963.19’, "OHLR < 3.15", "OCR > 1.05'] 1.000 0.031

community, and the trickle of works that address this issue at some level of depth often conflates the
two, using interpretability as an umbrella term.

With this in mind, in the present work, we have applied both kinds of techniques, comparing a
natively interpretable model (CORELs) with a black box-+explanation model (XGBoost explained
using the local model agnostic explanation rules known as anchors) on the problem of IMBH
detection in GCs. We trained and validated both models on features measured on GC simulations,
and deployed the models in prediction on actual GCs. The features we selected are standard, easily
measurable characteristics of GCs and are in fact readily available in multiple catalogues. The
meaning of each feature is clearly understood in theoretical terms by astronomers.

We produced a list of GCs that are likely to contain an IMBH according to both models,
presenting for each one the anchor rule, the confidence score from XGBoost, and a measure of how
far out of distribution each actual GC is with respect to the training data. We compare the rule
list learned from the intepretable CORELS model to the anchor rules and conclude that there is a
qualitative resemblance but the latter are usually more complex. Moreover, the rule list learned by
CORELS has an immediate physical interpretation, some aspects of which are shared with a subset
of the anchor rules.

We evaluated the performance of both CORELS and XGBoost on a test set comprised of
simulations not seen in training. We find that the CORELS model we learned, based on a rule list
comprised of four rules, achieves 90% precision at ~ 50% recall, whereas the precision achieved by
XGBoost at the same recall is nominally perfect (100%). However, this comes at the cost of relying
on a black box, which is only moderately mitigated by post hoc explanations.

Despite the simulator’s best efforts, our training data and actual GCs are characterized by
distributions that do not perfectly overlap in feature space. This raises the issue of whether we
can trust the predictions of models trained on simulations and deployed on observational data. In
this context, understanding the inner workings of a model provides a crucial advantage: we can

decide whether to trust it based on how its behavior matches our subject-matter knowledge, i.e. the
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physics of IMBH formation. Still, as an additional safeguard, we removed from our final candidate
list GCs that were too far out of distribution with respect to the training data. This was achieved
by estimating the density of training data in feature space with KDE and placing a relevant cutoff.
This procedure also implicitly yields a measure of the realism of the simulations we considered, with
respect to the actual observational data, and taken as a whole. The predictions cast by our models
with respect to actual GCs cannot be directly tested, since we do not know which GCs host an
IMBH. However, they can be used as guidance for further investigation, knowing that they are based

on an interpretable model which is not working in extrapolation.
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Chapter 4
Conclusion and final words

The overarching narrative of this thesis has been the deliberate and thoughtful application of
native interpretable machine learning models with a clear focus on simplicity through sparsity. The
journey through variable stars and the search for IMBHs in GCs has underscored the importance of
choosing models that are not just powerful, but also transparent and understandable. By adopting a
novel perspective on a remarkably straightforward model (logistic regression), and placing a strong
emphasis on interpretability we have managed to classify variable stars, provide the governing
equations (SINDy) and the dynamical mode starting from the light curves of RR Lyrae stars and
finally searching for IMBH in GCs.

The classifier study demonstrates that a simple logistic regression classifier, trained on CSS light
curves, can effectively distinguish RRc variables from eclipsing binaries, achieving 0.87 precision and
0.78 recall with unseen CSS light curves. The classifier also performs well on ASAS/ASAS-SN light
curves, with increased recall of 0.96 and precision of 0.85, indicating strong generalization to data
from different instruments. This is notable given the different proportions of RRes in the CSS (35%)
and ASAS/ASAS-SN (12%) samples, suggesting the model’s simplicity helps prevent overfitting. The
classifier operates solely on the shape of the light curve, as it uses normalized magnitudes at various
phases without information on amplitude, absolute mean magnitude, or period. Visualization of the
logistic regression coefficients reveals that the classifier relies on the phase near the light curve’s
minima, using the steepness of the descent to make predictions. This is physically meaningful since
non-contact eclipsing binaries typically have flatter maxima and steeper minima due to the visibility
and occlusion of the components, respectively. Precision-recall curves are provided for both the full
and penalized classifiers, allowing for threshold adjustment based on the cost of false positives and
negatives. The study also acknowledges limitations, such as the reliance on interpolating irregularly
sampled light curves into regular time series using Gaussian processes with fixed parameters, which
resulted in some poor fits that were excluded from the analysis

The application of SINDY algorithm on RRab, RRc and § Scuti stars demonstrates that while
simple equations derived from light-curve data can replicate the dynamics of RRc and Scuti stars,
they fail to do so for RRab stars, with only a few from the sample fitting successfully. This difficulty
with RRab stars may be due to nonlinear effects like shock waves, particularly as radial velocities
become sonic near peak luminosity. The quality of data and outliers in light curves likely affect both
RRab and RRe stars equally, so these factors don’t explain the different responses to the modeling

approach. When the modeling does work, the successful models are distilled into the generalized
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Liénard equation, expressed as & + (a + bz + c&)z + x = 0. When a and b are set to zero, this
equation is solvable exactly and allows for both periodic and non-periodic solutions. A condition has
been identified for the general equation’s coefficients that must be met for a limit cycle to exist, and
this behavior has also been confirmed through numerical observations in various cases. the resulting
equations resemble a perturbed harmonic oscillator with complex nonlinear terms. In a specific
case that was solved, two solution types were found, but only one exhibited periodic behavior. The
success of finding effective governing equations seems independent of a star’s position on the Bailey
diagram, suggesting that the method could provide new insights into variable star classification by
revealing aspects of light curve shapes not directly related to period and amplitude.

The HODMD algorithm was used to analyze variable star light curves, marking the first time
DMD-based methods have been applied in this context. The aim was to extract features from the
light curves that could be physically interpreted. In this process, dynamics are broken down into
modes, each linked to an eigenvalue indicating either growth, decay, or oscillation. A sample of
151 stars was studied, reconstructing their light curves from these modes and comparing them to
original data using the mean squared error normalized against a constant fit. Good fits with nMSE
below 0.01 were achieved by adjusting the number of eigenvalues. Simpler RRc variable stars needed
fewer eigenvalues, while more complex RRab stars required more for accurate representation. The
Koopman dimension necessary for a given nMSE varied between RRab and RRc stars, leading to
a classification threshold of 0.45 nMSE. To meet this threshold, a typical RRab star needed 27
eigenvalues (with a mode of 11), while a typical RRc star required 15 (with a mode of 7). This
threshold was set based on the highest minimum nMSE across all curves. It was also noted that the
number of eigenvalues for an accurate curve representation changes with the star’s amplitude and
period, reflecting the distinct positions of RRab and RRc stars in the period-amplitude plane.

The novel application of CORELS for the detection of IMBHs in GCs has further entrenched the
thesis’s dedication to interpretable machine learning. The transparent and succinct rules generated
by CORELS highlight the strength of simplicity and the capability of interpretable models to
yield reliable and intelligible results in complex astrophysical settings. The rule list learned by
CORELS has an immediate physical interpretation in the theory of cluster dynamics. Not only,
the discrepancy between the distributions of our training data and the actual Globular Clusters
(GCs) in the feature space when working in a full transparent framework can be addressed: this
discrepancy rightly brings into question the reliability of models that are trained on simulated data
but are applied to observational data. Also, the simulations may exhibit a predisposition towards
the formation of IMBHs, and this bias could influence the outcomes of the algorithms: the significant
number of identified hosts, contrasted with a smaller fraction having corresponding observational
claims of IMBH presence, raises considerations about the generalization of the results. This bias
underscores the importance of interpreting the algorithmic outcomes with caution, recognizing the
distinction between identified hosts and cluster with real observational claims. Furthermore, while
the performances of CORELS and XGBoost are noteworthy, it is essential to provide a nuanced
perspective. The interpretability of CORELS and the domain-specific understanding contribute
to their utility, allowing for rejection of spurious claims. Precision and recall metrics, although
commendable, should be evaluated within the context of the field’s expertise. In these circumstances,
gaining insights into the workings of a model becomes vitally important. We can decide whether to

trust it based on how its behavior matches our subject-matter knowledge, i.e. the physics of IMBH
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formation. This was also the case for the the featuers of the interpretable classifier on variable stars.

This, in my opinion, answer the initial question: what is interpretability in astronomical ML
problems? Our definition of interpretability should match the intuition of astronomers (and in
particular field-domain experts: variable stars, IMBH formation in my case).

This thesis has also innovatively (at least for the astronomy community) addressed the nuanced
difference between native interpretability and post hoc explanations, a distinction often blurred in
existing literature. By demonstrating the effectiveness of models that are intrinsically interpretable,
this work hopes to contribute to the burgeoning of a trend that values transparency from the onset,
rather than relying on post hoc explanations of black boxes.

In reflecting on this journey, I am optimistic about the evolving synergy between machine learning
and astrophysics, anticipating mutual advancements in both disciplines. My commitment to clarity
and interpretability in this work stems from the belief that these principles are integral for meaningful
scientific progress. Looking ahead, I see opportunities to build upon the foundations laid in this
thesis. Future endeavors may involve the use of more refined set of simulations for globular clusters
with intermediate-mass black holes or the development of updated models for variable stars. By
staying engaged in these pursuits, I aim to contribute to the ongoing intersection of machine learning
and astrophysics, ensuring that the scientific imperative for clarity remains a guiding force in my

own research.
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Appendix A

Appendix A: Other results from the

penalized classifier work

A.1 Performance with principal components

Table A.1: Different metrics for different models trained on the first 4 principal components. The L1 Log
Regression is the model that have C=0.056.

Model Precision (RRc) Recall (RRc) Specificity AUC  F1 Score
Logistic Regression 0.82 0.71 0.98 0.85 0.76
L1 Logistic Regression 0.82 0.70 0.98 0.84 0.75
RandomForest 0.79 0.75 0.98 0.86 0.77
MLP 0.77 0.80 0.97  0.89 0.79
Decision Tree 0.68 0.74 0.96 0.85 0.71
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Figure A.1: Precision-recall curve colorcoded for the different models with principal components as training
data for both the RRc and EB classes respectively on the left and right panel. When working with unbalanced
dataset a precision-recall curve is preferred to a ROC curve.
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A.1. Performance with principal components
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Figure A.2: Confusion matrix for the different models trained on the first 4 principal components. The
results are referring to the validation dataset.
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Figure A.3: Confusion matrix for the penalized logistic regression trained on the first 4 principal components.
The results are referring to the validation dataset.
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A.2. Performances with information on period and amplitude

PCA are also good for classification but since they are built from a linear combination of all

features, even if we are classifying with a single PCA we are not gaining a lot of interpretability.

A.2 Performances with information on period and amplitude

Table A.2: Different metrics for different models with the additional information about amplitude and
period. The L1 Log Regression model have the same light-curve features as the ones described in the text with
the addition of period and amplitude features. We can see that we have a small increment in performance
likely due to the stars not in the critical region shown in Fig.2.13.

Model Precision (RRc) Recall (RRc) Specificity AUC F1 Score
Logistic Regression 0.92 0.79 0.99 0.89 0.85
L1 Logistic Regression 0.90 0.67 0.99 0.83 0.77
RandomForest 0.93 0.82 099 091 0.87
MLP 0.93 0.83 0.99 091 0.88
Decision Tree 0.80 0.84 0.97 091 0.82
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Figure A.4: Precision-recall curve colorcoded for the different models, denoted in the subplot titles, with
principal components as training data for both the RRc and EB classes respectively on the left and right
panel. When working with unbalanced dataset a precision-recall curve is preferred to a ROC curve.
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A.2. Performances with information on period and amplitude
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Figure A.5: Confusion matrix for the different models denoted in the subplot titles. with period and
amplitude as features as well. The results are referring to the validation dataset.
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Figure A.6: Confusion matrix for the penalized logistic regression with period and amplitude as features as
well. The results are referring to the validation dataset.
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Appendix B

Appendix B: Globular Clusters

B.1 Full list of candidates

Table A1: Whole sample of star clusters including deemed non-hosts. The ordering of the star clusters in the

table is decreasing with ‘final score’ (column 2). This is the XGBoost predicted probability for the star
clusters that were classified as hosts by CORELS (column 9) and XGBoost (column 10) and were deemed
in-distribution based on our KDE criterion (column 11). We also report cluster features (columns 3-8).

Cluster Final score HRT TVL CVD CSB OCR OHLR CORELS XGB KDE Pred. prob.
NGC_ 6569 0.9999 3.06 5.02 0.86 3.68 0.04 0.41 True True True 0.9999
Pal_6 0.9998 2.67 4.79 0.72 3.64 -0.02 0.35 True True True 0.9998
NGC_6638 0.9998 2.49 4.9 0.84 4.21 -0.34 0.27 True True True 0.9998
NGC_6333 0.9996 3.22 5.18 0.92 3.9 -0.04 0.44 True True True 0.9996
NGC_6712 0.9988 2.73 4.78 0.71 3.54 0.03 0.4 True True True 0.9988
NGC_6254 0.9985 3.25 5.04 0.79 3.65 0.02 0.47 True True True 0.9985
FSR_ 1735 0.9969 2.63 4.69 0.67 3.83 -0.29 0.33 True True True 0.9969
NGC_ 2298 0.9955 2.65 4.47 0.59 3.55 -0.28 0.38 True True True 0.9955
NGC_ 5986 0.9954 3.25 5.24 0.91 3.83 0.07 0.44 True True True 0.9954
NGC_6218 0.9947 2.94 4.75 0.68 3.34 0.08 0.45 True True True 0.9947
NGC_6316 0.9913 3.27 5.09 0.91 4.04 -0.22 0.47 True True True 0.9913
VVV-CL001 0.9889 2.75 4.54 0.81 3.65 -0.27 0.34 True True True 0.9889
Ton_ 2 0.9889 3.01 4.51 0.53 3.04 0.06 0.46 True True True 0.9889
NGC_6352 0.9871 2.96 4.47 0.54 3.06 0.05 0.46 True True True 0.9871
NGC_6779 0.9845 3.17 5.03 0.78 3.59 0.07 0.47 True True True 0.9845
NGC_6171 0.9843 2.87 4.53 0.61 3.32 -0.08 0.46 True True True 0.9843
NGC_6553 0.9837 3.26 4.95 0.88 3.67 -0.06 0.37 True True True 0.9837
NGC_6934 0.9815 3.26 4.95 0.68 3.46 0.09 0.47 True True True 0.9815
NGC_6637 0.9724 2.95 4.95 0.79 3.76 -0.07 0.38 True True True 0.9724
UKS_1 0.9518 2.85 4.63 0.62 3.29 0.04 0.46 True True True 0.9518
Ter 1 0.9502 2.54 4.94 0.91 4.44 -0.49 0.18 True True True 0.9502
NGC_6342 0.9288 2.22 4.36 0.64 3.85 -0.47 0.17 True True True 0.9288
HP_ 1 0.8894 2.89 4.58 0.72 3.18 0.1 0.46 True True True 0.8894
NGC_ 6401 0.5381 2.86 4.65 0.81 3.73 -0.28 0.39 True True True 0.5381
NGC_ 6440 0 2.78 5.5 1.16 4.96 -0.46 0.1 True False False 0.1708
Djor_2 0 3.03 4.54 0.63 3.04 0.08 0.63 False True True 0.9951
NGC_6539 0 3.22 5.04 0.77 3.46 0.18 0.57 False True True 0.9998
NGC_6535 0 2.54 3.92 0.43 3.88 -1.1 0.43 False False True 0.0253
NGC_6388 0 3.49 5.76 1.24 4.96 -0.38 0.41 False True False 0.6810
NGC_ 7006 0 3.46 4.93 0.61 3.19 0.2 0.63 False True True 0.6639
NGC_ 6528 0 2.46 4.5 0.67 3.93 -0.48 0.28 False True True 0.9979
Laevens_ 3 0 2.86 3.07 -0.4 0.95 0.43 0.85 False False False 0.1948
NGC_6522 0 2.85 4.94 0.91 4.19 -0.38 0.39 False False True 0.0972
Djor_1 0 3.11 4.64 0.56 3.22 -0.01 0.61 False True True 0.9980
NGC_7078 0 3.47 5.6 1.12 5.85 -1.4 0.31 False False False 0.0020
Ter__10 0 3.22 4.74 0.94 4.1 -0.59 0.54 False False True 0.2129
NGC_6517 0 2.64 4.92 1 4.85 -0.89 0.23 False True False 0.9365
Ter_9 0 2.38 4.57 0.89 4.23 -0.6 0.2 False False True 0.1856
NGC_ 6402 0 3.49 5.45 1 3.67 0.33 0.55 False False True 0.0021
NGC_6397 0 2.94 4.76 0.72 5.07 -1.4 0.33 False True False 0.9645
Pal_13 0 3.26 3.19 -0.4 1.02 0.29 1.11 False False False 0.4264
NGC_ 6496 0 3.18 4.63 0.48 2.69 0.4 0.64 False False True 0.0069
NGC_7089 0 3.44 5.55 1.04 4.34 -0.11 0.48 False True True 0.9914
NGC_ 6540 0 3.09 4.39 0.4 4.23 -1.22 0.42 False False True 0.0212
NGC_ 6453 0 3 5.05 0.86 4.94 -1 0.44 False True False 0.9967
NGC_ 7099 0 3.28 4.87 0.75 4.8 -1.22 0.4 False False False 0.0417
Ter_6 0 2.07 4.77 0.92 4.45 -0.51 0.01 True True False 0.6464
Pal_12 0 3.11 3.69 -0.15 1.36 0.59 0.84 False True False 0.8911
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B.1. Full list of candidates
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0.9385
0.6577
0.3450
0.5992
0.0020
0.0202
0.9550
0.9987
0.0800
0.0298
0.0003
0.0008
0.9994
0.0005
0.0000
0.0127
0.9363
0.4562
0.7439
0.0001
0.9919
0.8416
0.0000
0.9533
0.0002
0.0562
0.0000
0.1473
0.7864
0.5067
0.8986
0.9337
0.1989
0.3368
0.1936
0.6323
0.8813
0.0000
0.0135
0.8892
0.9953
0.0008
0.0182
0.0028
0.6028
0.1790
0.9919
0.9988
0.7655
0.4187
0.7501
0.3542
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B.1. Full list of candidates

NGC_6341
NGC_6355
NGC_6356
IC_ 1257
Ter_ 2
Ter_ 4
NGC_ 288
FSR_ 1758
NGC_6362
NGC_6366
NGC_6273
Pal 15
NGC_ 5927
NGC_6256
NGC_ 5946
FSR_1716
Pal_14
Lynga_7
NGC_6093
RLGC_1
NGC_6101
NGC_6121
NGC_6139
NGC_6144
Ter_3
ESO_452-SC11
NGC_ 6205
NGC_ 6229
NGC_ 6235
NGC_ 7492

[=NelelololBoBolcBol=RoloBolo o BolcNol=RohoB ool s Bol=Nol oo o)

3.39
2.86
3.72
2.85
3.03
3.43
3.47
4.41
3.42
2.99

3.3

4.1
3.31
3.15
2.59
3.01

4.1
2.99
2.86

3.9
4.04
2.87
2.79
3.01
3.17
2.41
3.52
3.21
3.09
3.29

5.21
4.79
5.34
4.16
4.78
4.85
4.64

5.6
4.83
4.34
5.49
4.16
5.23
4.77
4.77
3.84
4.05
4.68
5.21
5.22
4.84
4.74
5.27

4.5
4.36
3.53
5.37
5.17
4.62
4.29

0.92
0.74
0.94
0.23
0.76
0.74
0.49
0.76
0.59
0.38
1.08
0.11
0.83
0.73
0.78
0.52
-0.15
0.56
1.04
0.66
0.52
0.68
1.06
0.57
0.34
0.15
0.97
0.88
0.64
0.18

4.01
4.34
3.64
2.66
3.95
3.67
2.43
2.63
2.78
2.58
4.19
0.86
3.68

4.9
4.22
2.13
0.55
2.91
4.53

2.21
3.96
4.87
2.88
2.32
2.42
3.66

3.8
3.15
1.89

-0.11
-0.68
0.17
0.06
-0.38
-0.24
0.56
1.03
0.46
0.29

1.16
0.15
-1.4
-0.51
0.28
1.21
0.33
-0.39
0.45
0.77
-0.41
-0.57
0.21
0.47
-0.14
0.28
0.02
0.08
0.67

0.38
0.37
0.59
0.61
0.39
0.54
0.77

1.1
0.71
0.58

0.5

1.3
0.54
0.47
0.29
0.56
1.44
0.61
0.25

0.9
0.98

0.4
0.27
0.56
0.67

0.4
0.54
0.49
0.52
0.88

False
False
False
False
False
False
False
False
False
False
False
False
False
False
False
False
False
False
True
False
False
False
False
False
False
False
False
False
False
False

True
False
True
True
True
False
False
False
False
False
True
False
True

True
False
False
False
False
False
False
True
True
True
True
False
False
True
True
True

True
True
True
True
True
True
True
False
True
True
True
False
True
False
True
True
False
True
True
True
True
True
False
True
True
True
True
True
True
True

0.6153
0.0326
0.5412
0.7621
0.8764
0.4998
0.0024
0.0000
0.0010
0.0010
0.9990
0.0003
0.6543
0.8825
0.9940
0.0063
0.0006
0.2345
0.4276
0.0000
0.0000
0.6485
0.8153
0.7837
0.5244
0.2605
0.0004
0.9999
0.9363
0.8244

132



Appendix C

Appendix C: Explainer Dashboard for
XGBoost

During my PhD period, I experimented with both the developing and the use of dashboard with
Dash +Plotly: Plotly (Inc., 2015) is the library we use to plot and Dash! is the framework we use
to generate interactive dashboards from those plots. Thesere were used both for data exploration
and for model comprehension. Sadly, interactive plots do not transfer well to static plots for
standard literature. As remarked by Molnar (2022), human friendly explanations should also be
interactive. For example, we want to easily understand what happen to the predictions if I change
some value of the features: partial dependence plot (Greenwell et al., 2018) and SHAP values
(SHapley Additive exPlanations i.e. what is the contributions of each feature to each individual
prediction?) by Lundberg and Lee (2017) are good tools to explain individual predictions and get a
feeling of the inner working of a model. This can be done by interacting with these explanation
in a dynamic way. In the end, in the main work, we decided to opt for anchors for the immediate
human-understandability and anchors produce if-then rules that were also the main ingredient for
the natively interpretable model (CORELSs).

"https://dash.plotly.com/.
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Chapter C. Appendix C: Explainer Dashboard for XGBoost

Positive class:

Model Explainer

Download ~

Feature Importances Classification Stats Individual Predictions What f. Feature Dependence Decision Trees

Shap Summary Shap Dependence

Ordering features by shap value Relationship between feature value and SHAP value

Depth: Summary Type Feature: Color feature: Index

~ | Aggregate v HRT v HRT v 60

Average impact on predicted pred_xgb

Dependence plot for HRT
mean absolute SHAP value

of | #'e. 4000
. .
0. J as00

T H
- X 3000

R S
R L I
. ~
.S @

SHAP value

- 2000
02 o

1500

1000

s00 1000 1500 2000 2500 3000 3500 4000 4s00

[Popout ]

@D Remove

outliers

Figure C.1: Screenshots from the explainer dashboard applied to XGBoost model to the real clusters:
as we can see we can see the dashboard have different sections such as feature importances, classification
stats, individual predictions, what if, feature dependence and also decision tree. Shap summary (left): shows
summarizes the shap values per feature. Can be either sorted by absolute SHAP value (average absolute
impact of the feature on final prediction) or by permutation importance (how much does the model get worse
when you shuffle this feature, rendering it useless?). Instead SHAP dependence (right) shows the relation
between feature values and SHAP values. This allows to investigate the general relationship between feature
value and impact on the prediction. In the dashboard you can check whether the model uses features in line
with your intuitions, or use the plots to learn about the relationships that the model has learned between the
input features and the predicted outcome. In the example we are looking at feature:HRT and the grey area is
the value for index=60 corresponding to M10.
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