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Résumé

De nombreuses études ont tenté d'éclairer la complexité de la rupture sismique de grands séismes en utilisant des techniques d'imagerie cohérente telles que la backprojection (BP). Dans une étude récente, [START_REF] Fukahata | Theoretical relationship between backprojection imaging and classical linear inverse solutions[END_REF] ont suggéré que, d'un point de vue théorique, l'image BP de la rupture sismique est liée au glissement ou à la vitesse de glissement sur la faille. Cependant, la relation quantitative entre les images BP et les propriétés physiques du processus de rupture reste encore peu connue.

Cette thèse vise à clarifier comment les images BP du champ d'ondes rayonné peuvent être utilisées pour déduire les hétérogénéités spatiales en glissement et en vitesse de rupture le long de la faille. Nous réalisons des simulations de différents processus de rupture à l'aide d'un modèle de source linéaire. Pour chaque modèle de rupture, nous calculons les sismogrammes synthétiques à trois réseaux télésismiques et nous appliquons la technique de BP afin d'identifier les sources de rayonnement haute fréquence (HF). Cette procédure permet de comparer les images BP avec le modèle de rupture originaire et d'interpréter les émissions HF en fonction des trois paramètres cinématiques: le temps de montée, la valeur du glissement final, la vitesse de rupture. Nos résultats montrent que les pics HF extraits avec l'analyse BP sont le plus étroitement associés aux hétérogénéités spatio-temporelles de l'accélération du glissement.

Nous vérifions nos observations sur deux grands séismes survenus dans la faille de Swan Islands à neuf ans d'intervalle: le séisme du 2009 (Mw 7.3) et celui du 2018 (Mw 7.5) au nord du Honduras. Les deux événements montrent une géométrie linéaire, ce qui les rend comparables à notre approche synthétique. Malgré la géométrie simple, les deux séismes sont caracterisés par un taux de glissement complexe, avec plusieurs sous-événements. Nos résultats préliminaires montrent que l'image BP des émissions HF permet d'estimer une longueur et une vitesse de rupture compatibles avec d'autres études et qu'un fort rayonnement HF pourrait correspondre aux zones de forte variabilité du taux de glissement.

En conclusion, nous utilisons une méthode de réseau de neurones afin de prédire les paramètres cinématiques d'une rupture sismique à partir de son image BP. Le réseau s'appuye sur un grand nombre de processus de rupture synthétiques et leurs images BP, dans le but d'identifier le lien statistique entre le rayonnement HF et les paramètres cinématiques. Nos résultats montrent que le réseau de neurones appliqué à l'image BP du séisme est capable de prédire les valeurs du temps de montée et de la vitesse de rupture le long de la faille, ainsi que la position moyenne de l'étérogénéité. Par contre, le reseau de néurones n'arrive pas à recuperer les valeurs du glissement final, auquel l'approche BP est relativement insensible.

Notre étude permet de mieux comprendre l'écart qui existe actuellement entre la description théorique de la génération de rayonnements HF et les observations d'émissions HF obtenues par des techniques d'imagerie cohérentes, en s'appuyant aux pistes d'action possibles et en suggérant de nouvelles perspectives.
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Abstract

Many studies have attempted to illuminate rupture complexities of large earthquakes through the use of coherent imaging techniques such as back-projection (BP). Recently, [START_REF] Fukahata | Theoretical relationship between backprojection imaging and classical linear inverse solutions[END_REF] suggested that, from a theoretical point of view, the BP image of the rupture is related to the slip motion on the fault. However, the quantitative relationship between the BP images and the physical properties of the earthquake rupture process still remains unclear.

Our work aims at clarifying how BP images of the radiated wavefield can be used to infer spatial heterogeneities in slip and rupture velocity along the fault. We simulate different rupture processes using a line source model. For each rupture model, we calculate synthetic seismograms at three teleseismic arrays and we apply the BP technique to identify the sources of high-frequency (HF) radiation. This procedure allows for the comparison of the BP images with the originating rupture model, and thus the interpretation of HF emissions in terms of along-fault variation of the three kinematic parameters: rise time, final slip, rupture velocity. Our results show that the HF peaks retrieved from BP analysis are most closely associated with space-time heterogeneities of slip acceleration.

We verify our findings on two major earthquakes that occurred 9 years apart on the strike-slip Swan Islands fault: the Mw 7.3 2009 and the Mw 7.5 2018 North of Honduras earthquakes. Both events followed a simple linear geometry, making them suitable for comparison with our synthetic approach. Despite the simple geometry, both slip-rate functions are complex, with several subevents. Our preliminary results show that the BP image of HF emissions allows to estimate a rupture length and velocity which are compatible with other studies and that strong HF radiation corresponds to the areas of large variability of the moment-rate function.

An outstanding question is whether one can use the BP image of the earthquake to retrieve the kinematic parameters along the fault. We build on the findings obtained in the synthetic examples by training a neural network model to directly predict the kinematic parameters along the fault, given an input BP image. We train the network on a large number of different synthetic rupture processes and their BP images, with the goal of identifying the statistical link between HF radiation and rupture kinematic parameters. Our results show that the neural network applied to the BP image of the earthquake is able to predict the values of rise time and rupture velocity along the fault, as well as the central position of the heterogeneity, but not the absolute slip values, to which the HF BP approach is relatively insensitive.

Our work sheds some light on the gap currently existing between the theoretical description of the generation of HF radiation and the observations of HF emissions obtained by coherent imaging techniques, tackling possible courses of action and suggesting new perspectives.

key-words: back-projection, rupture complexity, earthquake modeling

Estratto

Non pochi studi hanno cercato di evidenziare la complessità della rottura sismica di grandi terremoti attraverso l'uso di tecniche d'imaging coerente come la back-projection (BP). Recentemente, [START_REF] Fukahata | Theoretical relationship between backprojection imaging and classical linear inverse solutions[END_REF] hanno proposto un'interpretazione teorica dell'immagine di BP della rottura sismica in relazione alla variazione di slip sulla faglia. Tuttavia, la relazione quantitativa tra le immagini di BP e le proprietà fisiche del processo di rottura non é stata ancora del tutto esplorata.

Il presente lavoro di tesi ha come obiettivo quello di chiarire in che modo le immagini di BP possano essere utilizzate per risalire alla presenza di eterogeneità spaziali nello slip e nella velocità di rottura lungo la faglia. In questa tesi abbiamo simulato diversi processi di rottura adottando un modello di sorgente sismica lineare. Per ogni processo di rottura abbiamo poi calcolato i sismogrammi sintetici a tre array telesismici e abbiamo infine applicato la tecnica di BP per identificare le sorgenti di radiazione ad alta frequenza (HF). Tale procedura permette il confronto tra le immagini di BP e il modello di rottura originario, dunque ci consente di interpretare le emissioni HF in funzione dei tre parametri cinematici: rise time, final slip e velocità di rottura. I nostri risultati mostrano che i picchi HF ottenuti dall'analisi di BP sono strettamente correlati alle eterogeneità spazio temporali dell'accelerazione di slip. Al fine di verificare le nostre osservazioni su dei casi reali, abbiamo scelto due terremoti avvenuti lungo la faglia strike-slip di Swan Island, Honduras. I due terremoti si sono verificati a nove anni di distanza: il primo nel 2009 (Mw 7.3) e il secondo nel 2018 (Mw 7.5). I due eventi hanno seguito una geometria lineare, il che li rende due casi studio adeguati per testare il nostro approccio sintetico. Nonostante la semplice geometria, i due terremoti sono caretterizzati da un moment rate complesso, con numerosi sub-eventi. Dai nostri risultati preliminari possiamo notare che l'immagine di BP permette di stimare lunghezza e velocità di rottura compatbili con altri studi e che la radiazione HF corrisponde in buon accordo alle zone di forte variabilità del moment rate.

In conclusione, ci siamo interessati allo sviluppo di una rete neurale al fine di predire i parametri cinematici della rottura sismica a partire dalla sua imagine di BP. L'analisi si basa su un gran numero di processi di rottura sintetici e relative immagini di BP. L'uso di una rete neurale ci permette di individuare la relazione statistica tra le radiazioni HF e i parametri cinematici dell'evento. I nostri risultati mostrano che la rete neurale applicata all'immagine di BP riesce a predire i valori di rise time e di velocità di rottura lungo la faglia, cosi come la posizione centrale dell'eterogeneità. Tuttavia, la rete neurale non é in grado di risalire al valore dello slip, verso il quale la tecnica di BP è già di per sé insensibile.

Il presente lavoro cerca di colmare l'attuale divario tra la descrizione teorica alla base della generazione di radiazione HF e le osservazioni di emissioni HF ottenute tramite tecniche di imaging coerente, attraverso piste di azione possibili e nuove prospettive.

Introduction Preamble

Earthquakes are complex processes because they are controlled by multiple factors, involving different scales in space and time. The mechanical properties of the fault interface (frictional asperities), the fault geometry, the statistical distribution of stress and strength along the fault (barriers), the variability of temperature and fluid pore pressure in the fault zone: those are only few of the parameters coming into play when dealing with the behaviour of seismic ruptures. Quite a few authors in literature have been fascinated by the challenge of tracing the origin of such a complexity of the earthquake mechanism (e.g., [START_REF] Madariaga | High-frequency radiation from crack (stress drop) models of earthquake faulting[END_REF][START_REF] Das | Fault plane with barriers: a versatile earthquake model[END_REF][START_REF] Aki | Characterization of barriers on an earthquake fault[END_REF][START_REF] Bernard | High-frequency seismic radiation from a buried circular fault[END_REF][START_REF] Mai | Ground motion: Complexity and scaling in the near field of earthquake ruptures[END_REF][START_REF] Shi | Rupture dynamics and ground motion from 3-d rough-fault simulations[END_REF][START_REF] Scholz | The mechanics of earthquakes and faulting[END_REF], often attempting to solve the inherent link with the generation of high-frequency (HF) seismic radiation. The investigation of HF waves is at the basis of a better understanding of the earthquake source mechanism. At the same time, frequencies greater than about 1 Hz are fundamental for engineering studies in strong ground motion analysis and for the mitigation of damages to structures (e.g., [START_REF] Boore | Simulation of ground motion using the stochastic method[END_REF]. Therefore a better understanding of HF radiation in light of earthquake complexities is a shared interest between both seismologists and earthquake engineers community. In his pioneering work [START_REF] Madariaga | High-frequency radiation from crack (stress drop) models of earthquake faulting[END_REF] showed that HF seismic radiation is emitted when abrupt changes in the dislocation rate or in the rupture velocity occur during faulting. A growing body of literature has then investigated the spectral behaviour of seismic sources in relation to the earthquake complexity (e.g., [START_REF] Savage | Radiation from a realistic model of faulting[END_REF][START_REF] Aki | Scaling law of seismic spectrum[END_REF][START_REF] Brune | Tectonic stress and the spectra of seismic shear waves from earthquakes[END_REF][START_REF] Bernard | High-frequency seismic radiation from a buried circular fault[END_REF][START_REF] Spudich | Use of ray theory to calculate high-frequency radiation from earthquake sources having spatially variable rupture velocity and stress drop[END_REF][START_REF] Somerville | Characterizing crustal earthquake slip models for the prediction of strong ground motion[END_REF]). Classic approaches have been routinely performed to determine the space-time history of a rupture process through the inversion of seismic waveforms. Specifically, those methods invert recorded seismograms at the Earth's surface and require prior knowledge of the fault geometry and the rupture velocity. So far, the commonly used inversion techniques have succeeded to image the spatio-temporal history of the dislocation (slip) over the fault only at frequencies lower than two or three times the source characteristic frequency (the corner frequency). However, the details of the rupture process emerge by the analysis of HF waveforms (e.g. [START_REF] Mendoza | Aftershock patterns and main shock faulting[END_REF]Hartzell 1988, Ide 1999), i.e., at frequencies far above the corner frequency of the event. The further development of high-resolution imaging techniques, such as the back-projection (BP), has therefore become of higher priority in seismic source analysis. In the last couple of decades, the steady densification of seismic stations in array configuration and the successful result of [START_REF] Ishii | Extent, duration and speed of the 2004 sumatra-andaman earthquake imaged by the hi-net array[END_REF], who first applied the BP technique to the 2004 Sumatra-Andaman earthquake, paved the way towards an uncharted territory: the study of coherent HF waveforms as a tool to illuminate earthquake rupture complexity. The BP method, in fact, is based on the assumption that body waves, especially at teleseismic distances (that is, when the distance between the source and the receiver is larger than 2000 km), have coherence among stations of the same array independently from the complexity of the propagation. The BP method returns an image of the rupture process which is complementary to traditional finite source inversions. By applying the BP technique at teleseismic body waves of large (M>7) earthquakes, numerous recent studies have indeed been capable of illuminating over the fault zone strongest HF emission sources, which are not found in correspondence with the major slip patches retrieved by classic inversion, but they are rather located at the edges of the main dislocation areas (e.g., [START_REF] Walker | Illuminating the near-sonic rupture velocities of the intracontinental kokoxili mw 7.8 and denali fault mw 7.9 strike-slip earthquakes with global p wave back projection imaging[END_REF], Xu et al. 2009a[START_REF] Zhang | Tracking the rupture of the 2008 wenchuan earthquake by using the relative back-projection method[END_REF][START_REF] Meng | A window into the complexity of the dynamic rupture of the 2011 mw 9 tohoku-oki earthquake[END_REF][START_REF] Koper | Along-dip variation of teleseismic short-period radiation from the 11 march 2011 tohoku earthquake (mw 9.0)[END_REF], Satriano et al. 2014[START_REF] Vallée | Ten year recurrence time between two major earthquakes affecting the same fault segment[END_REF][START_REF] Grandin | Rupture process of the mw= 7.9 2015 gorkha earthquake (nepal): Insights into himalayan megathrust segmentation[END_REF]. The interpretation of BP imaging results, however, is also often compromised by several artifacts, including, i.e., the 'contamination' of later arrivals which mingle with the source emissions and the paucity of resolution depending on the source-array configuration. Bearing in mind what has been said in this paragraph, we notice that pioneering works have focused on the theoretical framework for the generation of HF radiation during earthquake faulting and that more recent studies have observed HF radiation during large events thanks to the BP analysis. However, the link between the HF emission sources illuminated by the BP analysis and the physical properties controlling the rupture complexity is still poorly understood (e.g., [START_REF] Yao | Subevent location and rupture imaging using iterative backprojection for the 2011 tohoku m w 9.0 earthquake[END_REF][START_REF] Yagi | Smooth and rapid slip near the japan trench during the 2011 tohoku-oki earthquake revealed by a hybrid back-projection method[END_REF][START_REF] Fukahata | Theoretical relationship between backprojection imaging and classical linear inverse solutions[END_REF]). Besides, considerable ambiguity exists at present with regard to what the BP image of an earthquake physically represents, curbing the potential of such a technique. BP images are indeed rapidly available within few minutes after the origin time of an event and the information on the HF radiation could be exploited to robustly retrieve the earthquake rupture parameters. That being said, multiple are the ambitions of the present study, which aims at addressing the objectives outlined in the following section.

Objectives

In this work we pursue four main lines of research devoted at:

Assessing the role of spatial heterogeneities on the earthquake rupture process and its radiated wave field. To conduct this study we rely on a synthetic approach, where we simulate different rupture processes using a simplified kinematic source model, the line source [START_REF] Lancieri | Simulated shaking maps for the 1980 irpinia earthquake, ms 6.9: Insights on the observed damage distribution[END_REF]. This choice allows us to ease the computational effort for the simulation and to describe the earthquake rupture process with few key elements: the rise time, the final slip, the rupture velocity. For each rupture model we generate synthetic seismograms at three teleseismic arrays (Alaska, Europe, Australia) and we apply the BP technique to illuminate HF emission sources in space and time. We then compare the BP image with originating rupture model and interpret the HF radiation in light of the a priori-known rupture mechanism.

The study begins with a simple case of a homogeneous rupture process, where the kinematic parameters are constant along the line source. Then, we introduce a heterogeneous segment where only one kinematic parameter at a time can vary. We are aware that the fault zone structure in nature is quite complicated and these models are very simple approximations of the rupture mechanism. However, the simplicity of this approach permits to distinctly assess how the spatial variability of each kinematic parameter contributes to the complexity of the rupture process, hence to the generation of HF radiation.

Probing the ability of BP analysis to retrieve the space-time history of the HF emissions on synthetic and real case-studies. The BP method tracks back to the fault region the seismic energy received at the recording array by looking for coherent sources in space and time. We apply the BP method at teleseismic distances in order to neglect the heterogeneity of the structure (at telesesimic distances seismic waves mostly travel into the mantel, quite homogeneous if compared with the crust). Therefore, the complexity of the propagation is removed and the coherence of the HF waveforms can be related to the complexity of the mechanism at the source. However, two main artifacts affect BP imaging results: the presence of later arrivals and the source-array geometry. Many studies have dealt with artifacts in BP images (e.g., [START_REF] Xu | Rupture imaging of the mw 7.9 12 may 2008 wenchuan earthquake from back projection of teleseismic p waves[END_REF][START_REF] Schweitzer | 1 chapter 9 seismic arrays[END_REF][START_REF] Haney | Backprojection of volcanic tremor[END_REF][START_REF] He | Rapid seismological quantification of source parameters of the 25 april 2015 nepal earthquake[END_REF][START_REF] Okuwaki | Backprojection to image slip[END_REF], implying that the BP method works better for deep earthquakes (e.g., Suzuki and Yagi 2011).

To reduce the artifacts and improve the resolution of the BP image, we resume the conventional BP method first proposed by [START_REF] Ishii | Extent, duration and speed of the 2004 sumatra-andaman earthquake imaged by the hi-net array[END_REF]) and we suggest a BP analysis following the work of [START_REF] Wang | Estimating high frequency energy radiation of large earthquakes by image deconvolution back-projection[END_REF]. We test the performance of our BP method on synthetic cases and two real events. More specifically, we investigate whether the method is able to reconstruct the entire progression of HF emission or whether it is rather sensitive to specific areas, depending on the relative position between the source and the receiver array. We illustrate the potential and the limitations of our BP approach in neglecting the contribution of later arrivals and reducing the artifacts.

Solving the intrinsic ambiguity in BP images in regard to the space-time history of the slip along the fault. The BP image of an earthquake does not represent the slip distribution over the fault area, but it rather outlines its discontinuities (e.g., [START_REF] Walker | Illuminating the near-sonic rupture velocities of the intracontinental kokoxili mw 7.8 and denali fault mw 7.9 strike-slip earthquakes with global p wave back projection imaging[END_REF], Xu et al. 2009a[START_REF] Zhang | Tracking the rupture of the 2008 wenchuan earthquake by using the relative back-projection method[END_REF][START_REF] Meng | A window into the complexity of the dynamic rupture of the 2011 mw 9 tohoku-oki earthquake[END_REF][START_REF] Koper | Along-dip variation of teleseismic short-period radiation from the 11 march 2011 tohoku earthquake (mw 9.0)[END_REF], Satriano et al. 2014[START_REF] Vallée | Ten year recurrence time between two major earthquakes affecting the same fault segment[END_REF][START_REF] Grandin | Rupture process of the mw= 7.9 2015 gorkha earthquake (nepal): Insights into himalayan megathrust segmentation[END_REF]. Several theoretical studies have attempted to clarify what the BP image of an earthquake represents (e.g., [START_REF] Yao | Subevent location and rupture imaging using iterative backprojection for the 2011 tohoku m w 9.0 earthquake[END_REF][START_REF] Yagi | Smooth and rapid slip near the japan trench during the 2011 tohoku-oki earthquake revealed by a hybrid back-projection method[END_REF][START_REF] Fukahata | Theoretical relationship between backprojection imaging and classical linear inverse solutions[END_REF]), coming to the conclusion that the BP result seems to be related to the slip motion (velocity or acceleration) over the fault. Once discussed the contribution of spatial heterogeneities to the complexity of the rupture process and cleared the contamination of artifacts on BP images, we can advance on the interpretation of the BP result. Through the application of the BP technique on the synthetic cases, as well as on the real events, we can attempt to comprehend the relation between the slip motion (whether it be slip velocity or acceleration) and the HF emission sources.

Retrieving rupture kinematic parameters from BP images of large earthquakes. After the occurrence of an earthquake, special interest is devoted to the characterization of source parameters in order to disclose the rupture mechanisms over the fault zone.

Much of our current knowledge comes from solving inverse problems, where source parameters are extracted via the inversion of recorded waveforms on the basis of certain initial assumptions, including the fault geometry and the rupture velocity.

Large uncertainties however exist in the results. We believe the information carried by the BP images, specifically the progression of HF radiation and the link between the HF peaks and the slip discontinuities, could represent an element of investigation to estimate earthquake rupture parameters. Convolutional Neural Networks (CNN), have recently become a successful tool in earthquake seismology, where they have been used as an alternative to classic regression techniques. No matter the nonlinear and complex interaction among the parameters, the CNN can return solutions to seismology problems finding the functional relationship between the input and output of a dataset. In light of this, we are interested in developping a CNN algorithm to predict the kinematic parameters of a seismic event from its BP image. At this step of the analysis, we focus on synthetic rupture models usign the line source and a conventional BP analysis. In general terms, two main concerns affect the results provided by a CNN: the robustness of the approach and the capacity of the CNN to be generalized respect to diverse data. Assessing the reliability of the algorithm and the quality of the predictions are the conclusive objective of the present work.

Implications

A gap currently exists between the theoretical description of the generation of HF radiation and the observations of HF emissions obtained by coherent imaging techniques, such as the BP. Moreover, a detailed understanding of the BP image reconstruction, together with an appropriate method to mitigate artifacts and to improve resolution, is still far to be achieved. The present work suggests several courses of action in order to address -and to attempt to solve-those issues. The implications of our study range over both seismologists and earthquake engineers community. In fact, a finer understanding of the earthquake source mechanism goes hand in hand with the exploration of HF seismic waveforms. At the same time, frequencies greater than about 1 Hz tickle the engineering interests in strong ground motion analysis and for the mitigation of damages to structures (e.g., [START_REF] Boore | Simulation of ground motion using the stochastic method[END_REF].

We therefore underline the need of a joint analysis on earthquake physics, high-frequency seismic radiation and coherent imaging techniques.

Outline

To achieve the objectives at the core of our study, we outline the manuscript in the following chapters:

Chapter 1 gives an overview of the fundamental elements and theorems of modern seismology. We begin by resuming the theoretical framework that enable us to link the observations (the seismograms) to the earthquake mechanism at the source (the source function): the representation theorem. The ingredients coming into play in the representation theorem are the Green's functions and the source function. As for the propagation of seismic waves in a realistic Earth model, we focus on body waves and, more specifically, on the P waveform. As for the source description, we rely on a dislocation model, where the fracture is represented as a displacement discontinuity across a surface. We detail different source models, starting from the simple approach first proposed by [START_REF] Haskell | Total energy and energy spectral density of elastic wave radiation from propagating faults[END_REF] and arriving to more realistic models, where the spatial and temporal complex behavior of earthquake processes is taken into account (e.g., [START_REF] Hanks | b values and ω-γ seismic source models: Implications for tectonic stress variations along active crustal fault zones and the estimation of high-frequency strong ground motion[END_REF][START_REF] Andrews | A stochastic fault model: 2. time-dependent case[END_REF][START_REF] Herrero | A kinematic self-similar rupture process for earthquakes[END_REF]. A growing body of literature has investigated the spectral behaviour of seismic sources (e.g., [START_REF] Aki | Scaling law of seismic spectrum[END_REF][START_REF] Brune | Tectonic stress and the spectra of seismic shear waves from earthquakes[END_REF][START_REF] Savage | Radiation from a realistic model of faulting[END_REF][START_REF] Bernard | High-frequency seismic radiation from a buried circular fault[END_REF][START_REF] Spudich | Use of ray theory to calculate high-frequency radiation from earthquake sources having spatially variable rupture velocity and stress drop[END_REF]. Here, we briefly resume the characteristic parameters usually determined from the low-frequency content of seismic signals and we dedicate particular attention to the high-frequency content of seismic signals, whose features are at the core of our study. We hint at the concept of classic waveform inversion and we draw the attention to the back-projection technique. In particular, we show some striking results of back-projection applied on large recent earthquakes and we discuss the excitation and propagation of high-frequency seismic radiation in comparison with the solutions obtained with classic kinematic inversions.

Chapter 2 is devoted to the description of the methodological approach we conceived to answer the questions arose in the preambule and detailed in the objectives of the present work. The methodology is composed of two parts. We first detail the forward model, where we simulate a rupture process using a simple source model, the line source, and we compute synthetic signals at three teleseismic arrays. In particular, we illustrate the effect of later arrivals (depth phases) on teleseismic synthetic signals.

The second part of the methodology concerns the imaging technique applied on synthetic traces to retrieve an image of the high-frequency emissions generated during the rupture process. We resume the conventional BP, which we refer to as the BP method first proposed by [START_REF] Ishii | Extent, duration and speed of the 2004 sumatra-andaman earthquake imaged by the hi-net array[END_REF]. We then present a variant of such a techinque, which follows the approach proposed by [START_REF] Wang | Estimating high frequency energy radiation of large earthquakes by image deconvolution back-projection[END_REF], and we illustrate its effectiveness and limitations. In particular we suggest two different methods to extract HF peaks on BP images: the time-space maxima and the deconvolution approach.

Chapter 3 is the core of our study. Here, four different rupture processes are simulated, starting from the simple case of a homogeneous rupture process, where all kinematic parameters of the rupture are set to be constant along the line source; then, we introduce a heterogeneous segment, where only one kinematic parameter at a time varies. We present the results obtained with the BP technique described in Chapter 2 and we discuss the identification of high-frequency radiation in association with the complexity of the simulated rupture process. We finally assess the capability of the BP approach in removing the artifacts and improving the resolution of the HF emission peaks.

Chapter 4 illustrates two case-studies, where the BP technique described in Chapter 2 has been applied on the M w 7.4, 2009 and the M w 7.5, 2018 earthquakes occurred nine years apart in North of Honduras on the strike-slip Swan Island fault. In this section, we investigate whether the BP is able to illuminate the spatio-temporal evolution of high-frequency radiation in relation to the complexity of a real rupture process. We also assess the capability and the limitation of the BP approach, in particular the time-space maxima and the deconvolution approach, when we deal with real events.

Chapter 5 demonstrates the applicability of a neural network approach to BP analyses in order to retrieve the kinematic parameters of a rupture process. By applying a neural network to a large set of BP images of simulated rupture processes, we show the possibility to predict the values of rise-time, rupture velocity, the value of the heterogeneity and its location -when present-and we discuss the lack of sensitivity of the method towards the final slip distribution and the length of the heterogeneous segment.

Appendix resumes the calculations of [START_REF] Fukahata | Theoretical relationship between backprojection imaging and classical linear inverse solutions[END_REF] showing the intrinsic ambiguity in BP images, it also presents step by step the images obtained by allying the BP technique on synthetic rupture processes. We begin with the conventional BP and the BP images obtained with the time correction proposed by [START_REF] Wang | Estimating high frequency energy radiation of large earthquakes by image deconvolution back-projection[END_REF]. We distinguish the simulations where no depth phases were included into the analysis and the cases where depth phases have been computed. We therefore show the images where the high-frequency peaks extraction has been performed with the time-space maxima and the deconvolution approaches. In this section we also include supplementary images related to the two case-studies explored in Chapter 4.
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Modeling earthquake complexity

An earthquake is a transient process occurring when the stress accumulated by the tectonic loading is abruptly released on one or several fractures of the Earth's crust or at plate margins. Much of the stored elastic strain energy of the source region is consumed in heating and fracturing of the rocks, but a portion is converted into seismic waves that propagate outward from the fault zone. Large earthquakes (M>6) have rupture extensions of the order of tens to hundreds of kilometers (e.g. [START_REF] Wells | New empirical relationships among magnitude, rupture length, rupture width, rupture area, and surface displacement[END_REF]. For this class of earthquakes, a point source description is clearly not adequate if we aim at reconstructing the details of the earthquake rupture within the fault region: the rupture extension and space-time history are fundamental pieces of information we need to include to describe the earthquake source process. In a dislocation model, faulting implies a relative displacement of the two sides of the rock along a fault plane (Figure 1.1). More specifically, the rupture originates at the hypocenter (or nucleation point) and expands over the plane as a rupture front, whose shape and velocity depend on the friction and on the stress extent. When reached by the rupture front, each element of the fault plane radiates energy in the form of P and S waves (body waves). Seismic waves carry the information about the source process, therefore their recording at the Earth surface is used to infer the rupture properties in terms of its space-time evolution. Recent advances in the studies of earthquake faulting reveal that the earthquake rupture process is a complex phenomenon at various scales. There are multiple factors controlling the earthquake rupture complexity, including the mechanical properties of the fault interface (frictional asperities), the fault geometry, the statistical distribution of stress and strength along the fault (barriers), the variability of temperature and fluid pore pressure in the fault zone. The spatial variability of these parameters makes the rupture propagation irregular and therefore has an impact on the radiated wave field (e.g. [START_REF] Mai | Ground motion: Complexity and scaling in the near field of earthquake ruptures[END_REF]). Many studies of large earthquakes demonstrated that the seismic radiation reflects these heterogeneities in terms of high-frequency emissions (e.g. [START_REF] Madariaga | High-frequency radiation from crack (stress drop) models of earthquake faulting[END_REF], i.e., periods shorter than the earthquake duration, which are at the origin of strong ground motion (e.g. [START_REF] Aki | Characterization of barriers on an earthquake fault[END_REF][START_REF] Ruiz | Modelling directivity of strong ground motion with a fractal, k-2, kinematic source model[END_REF]). The identification and characterization of high-frequency radiation sources, thus of rupture propagation complexities, is therefore an important problem for seismology and especially for seismic hazard assessment, in order to mitigate damages to structures. To deduce information on the kinematic and dynamic history of faulting from recorded signals at the Earth's surface is a key challenge in seismology. The problem is that, as opposed to the seismic signals, the rupture process at the source is not directly observable. We need therefore a theory capable of linking the source process to the seismic signals. 2.

3.

Figure 1.1 -Sketch of the earthquake mechanism. Faulting implies a relative displacement of the two sides of the rock along a fault plane. The rupture starts from the hypocenter and propagate over the fault plane. When traversed by the rupture front, the points of the fault dislocate and radiate energy in the form of seismic waves. The seismic signal recorded at the Earth's surface stores the information about the source mechanism and the seismic wave propagation in the medium.

The representation theorem

Earthquakes generate seismic waves that travel from the source to the Earth's surface, traversing the Earth's interior. The simulation of the ground motion produced by a seismic rupture incorporates the physics of the earthquake source and the propagation of the seismic waves in the surrounding medium. Getting to a comprehensive physics-based method for simulating the ground motion can be challenging: the complexity of the earthquake source, the heterogeneities of the crustal structure and possible local site effects dramatically alter the simulation and pose a threat to a proper reconstruction of the seismic signal. In the following sections we will resume the basic theorems for studying seismic motion in the Earth. In a kinematic description of the seismic source, the n-th component of the ground displacement u n (x, t), caused by the dislocation on the fault at an observation position x and a time t is given by the following integral equation [START_REF] Aki | Quantitative seismology[END_REF]:

u n (x, t) = ∞ -∞ dτ Σ ∆s i (ξ, τ )c ijpq G np,q (x, t; ξ, τ )n j dΣ(ξ) (1.1)
where c ijpq are the elastic moduli acting in the Hooke's law, G np,q is the derivative of the Green's tensor respect to ξ q , n j is the normal to the Σ surface, ∆s i (ξ, τ ) is the component of the slip vector, or source function, which depends on the position ξ and time τ at the source. From the representation theorem we notice that the two main ingredients for the simulation of the ground shaking are the source contribution, the slip function, and the medium response, the Green's function.

The Green's tensor

The Green's function represents the propagation medium response to a unidirectional impulsive solicitation. Knowing the Green's function is problematic, since it strictly depends on the specific proprieties of the propagation medium. The only case in which the Green's function can be written explicitly is when the medium is homogeneous, isotropic and unlimited [START_REF] Aki | Quantitative seismology[END_REF]:

G ip (x, t; ξ, τ ) = 1 4πρ (3γ i γ p -δ ip ) 1 r 3 r/β r/α t δ(t -τ -t ) + 1 4πρα 2 γ i γ p 1 r δ(t -τ - r α ) + 1 4πρβ 2 (γ i γ p -δ ip ) 1 r δ(t -τ - r β ) (1.2)
where ρ is the density of the rock, α is the P-wave velocity, β is the S-wave velocity, γ is the unit vector from the source point in ξ pointing to the receiver in x, r is the distance between the receiver and the source point |x-ξ| and δ ip is the Kronecker delta. The first term is called the near field contribution to the Green's function, and it rapidly decreases with distance from the source, whereas the two terms in the box are called the far field contributions. When the distance ||r|| is larger than the fault's linear dimension, it does not depend on fault's plane coordinates, and nor do the terms γ i . We can therefore replace the far field terms of the Green's function into the representation theorem and obtain the displacement component of the P-and S-waves [START_REF] Aki | Quantitative seismology[END_REF]: 4) where (t -r α ) and (t -r β ) express the directivity effect, the term ∆s(ξ, t) is the source function. What clearly stands out from those equations is that the seismic signal recorded at the Earth's surface is not primarily related to the source function, but rather to its time derivative, the slip rate function. We will see the implications of this observation later on.

u P i (x, t) = 1 4πρα 3 Σ µ(ξ)(γ i γ j γ k )∆ ṡ(ξ, t -r α ) r dΣ(ξ) (1.3) u S i (x, t) = 1 4πρβ 3 Σ µ(ξ)(δ ij γ k -γ i γ j γ k )∆ ṡ(ξ, t -r α ) r dΣ(ξ) (1.

Regional vs Teleseismic body waves

The intrinsic character of seismograms strongly depends on the epicentral distance between the source and the recording station. At short epicentral distances, the character of seismograms is dominated by the details of the highly heterogeneous crustal structure (Figure 1.2). Under those circumstances, the P-and S-wave arrivals are typically separated by only a few seconds or a few tens of seconds. For large earthquakes, that time delay is comparable with the source duration (e.g., a typical rupture duration of a M w 7 is of the order of tens of seconds), meaning that the later part of the P-phase is contaminated by the early part of the S-phase. At large epicentral distances ( > 30°), on the contrary, P-and S-waves mostly travel through the relatively simple velocity structure of the upper mantle: direct P and S arrivals are in this case simpler, separated by several hundreds of seconds and therefore easily recognizable (Figure 1.3). Nevertheless, the overall seismogram is still complex because of the multiplicity of arrivals that traverse the mantle, mainly involving surface and core reflections (Figure 1.4). These later arrivals are called depth phases and will be detailed in Chapter 2.

Figure 1.2 -

As opposed to the mantle, the crust is highly heterogeneous. Seismic waves are reflected and refracted by the vertically layered medium, producing particularly complex signals.

In the picture we show an example of the vertical and radial components (bottom) of the Green's function for two layered media, the less heterogeneous M 2 (top left) and the more heterogeneous M 3 (top right). ρ is the density of the medium, α and β are respectively the P-and the S-wave velocity. ) is about 20 seconds The teleseismic seismogram was recorded at AT.AKUT station in Alaska, whereas the regional seismogram was recorded at JP.ASAJ station in Japan. The green window is a zoom on the first 300 seconds on the regional seismogram. At teleseismic distances, the P-and S-wave arrivals are distinct and the seismogram is dominated by the surface waves. At regional distances, on the contrary, P-and S-phase contaminate each other and are more deformed by the heterogeneous crustal structure. Picking on P, pP, S and sS phases provided by IRIS Data Services. 

Kinematic representation of the seismic source

In a purely kinematic description of the earthquake rupturing, the causes of the rupture process are not taken into account and the propagation of the rupture inside the rock can be seen as the kinematic spreading of a displacement discontinuity (slip) along the fault plane ∆s(ξ, τ ). When dealing with large-magnitude earthquakes, it would be too simplistic to assume the rupture process occurring on a single point. Conveniently, the advantage of a kinematic approach relies on the possibility to discretize the fault's ruptured area into a collection of smaller subfaults, or point sources. The point sources are distributed over the fault plane according to the geometry of the ruptured area and their collective effect in terms of seismic moment corresponds to the total seismic moment of the complete seismic event. The slip (or source function) defines the relative displacement of the two blocks of rock with respect to the fault plane (Figure 1.5). It depends on the time and the position over the fault plane as seen in the equation 1. 5.

∆s(ξ, t) = s(ξ, t) Σ + -s(ξ, t) Σ - (1.5)
The source function is matematically seen as a discontinuity in space and time and it can be represented as a step function. However, that instantaneous behaviour of the rupture process is somewhat far from what happens in reality: the dislocation is not an immediate process in time, but it rather reaches its final value in a finite time [START_REF] Heaton | Evidence for and implications of self-healing pulses of slip in earthquake rupture[END_REF]), called the rise time. Different functions can therefore simulate a more realistic dislocation process on a fault plane (Figure 1.6).

Haskell '64

The easiest way to visualize a rupture process is to assume a rectangular and infinitesimally thin fault plane of length L and width W, traversed by a unilateral rupture front that initiates from one end of the fault and propagates along its length at a constant velocity (Figure 1.7). This simple source model was first proposed by [START_REF] Haskell | Total energy and energy spectral density of elastic wave radiation from propagating faults[END_REF] and it has remained a conventional approximation of a seismic rupture propagating along a strike-slip fault1 ever since. In the Haskell model the dislocation function is represented by a linear ramp and the slip direction is constant. In the approach proposed by Haskell, once known the fault's dimension and geometry, the behaviour of earthquake faulting is described using only three kinematic parameters:

the rupture velocity, or the speed at which the rupture front moves across the surface of the fault during the earthquake rupture process;

the final slip value, or the maximum displacement reached by each point at the end of the dislocation; the rise time, or the time it takes for slip at a particular point on the fault to reach its final value.

In the Haskell's model the kinematic parameters are uniform over the fault plane and constant in time (Figure 5.1). This is undoubtedly a simplification to the truth. Real faults are far from being rectangular, plane and smooth. They show jogs, steps, branching, roughness [START_REF] Scholz | The mechanics of earthquakes and faulting[END_REF]). To make matter worse, real faults are not even embedded in infinite homogeneous rock, nor ruptures propagate unilaterally. For these reasons, despite its simplicity and applicability, the representation of the source proposed by Haskell should be treated with caution when modelling physically acceptable description of ruptures. However, the strength of the Haskell model lies in the fact that we can directly play with the parameters controlling the kinematic of the rupture. Its model can also be generzalized to simulate 'complex' scenario keeping the problem straightforward. In general, actual faulting involves complex sliding over the fault surface, meaning that each particle on the fault plane may have irregular time histories of dislocation. That implies the slip varies spatially within the rupture zone. To describe the dislocation process we therefore need the information about the distribution of the dislocation over the fault plane. If we look at the fault plane as a grid of point sources which activate, or start dislocating, once crossed by the rupture front, we can imagine how challenging the description of the dislocation field can be. Besides, that description can be computationally quite expensive. 

Spectral behaviour of seismic sources

Any signal whose amplitude is a function of time has a corresponding frequency spectrum. By looking at the frequency content of seismic signals we can reveal certain aspects of the rupture process as well as some characteristic parameters, such as the magnitude M w , the corner frequency ω c and therefore the rupture size.

Low-frequency content of seismic signals

When the characteristic wave-length λ of seismic signals is larger than the rupture major dimension L, the contributions coming from the different regions of the fault arrive in phase at the recording station and it is not possible to appreciate the details of the source process. [START_REF] Aki | Scaling law of seismic spectrum[END_REF] and [START_REF] Brune | Tectonic stress and the spectra of seismic shear waves from earthquakes[END_REF] observed that in those conditions the far-field displacement spectrum Ω(x, ω) reaches a constant value at low frequencies, as outlined in Figure 1.9:

Ω(x, ω → 0) = Σ ∆u(ξ, ω → ∞)dΣ (1.6)
That constant value is proportional to the seismic moment, a parameter which quantifies the size of the seismic rupture. The scalar seismic moment is defined through:

M 0 (t) = µ < ∆s(t) > Σ (1.7)
where µ is the shear modulus, < ∆s(t) > is the average scalar slip on the fault, Σ is the fault area. By considering the time derivative of the slip along the fault plane, the scalar moment rate can be introduced as the time derivative of the seismic moment along the fault:

Ṁ0 (t) = µ ∆s(t)Σ (1.8)
where ∆s(t) is the effective slip rate along the fault plane. The slip rate plays a crucial role in the physics of the rupture process and in the seismic waves generation, as we discussed in section 1. 1.2. In the particular case of the Haskell's source model, the seismic spectrum Ω H can be written as:

Ω H (x, ω) = M 0 sinc ωT d 2 sinc ωt r 2 e -iω(T d -tr)/2 (1.9)
where where sinc(x) = sin(x)/x; T d is the total rupture duration; t r is the rise time. In the time domain we can write the source time function of the Haskell's model as follow: .10) where the star means convolution and boxcar is a function of unit area that is zero everywhere except that in the time interval from 0 to rt. is therefore a simple trapezoid function with area M 0 and duration T d + t r (Figure 1.10). The shape of the source time function will be a crucial aspect in the following of our work. We will come back to it in Chapter 2 and Chapter 3.

s H (t) = M 0 boxcar[t, T d ] * boxcar[t, t r ] ( 1 

High-frequency content of seismic signals

High-frequency waves are sensitive to the finest structure of the fault plane and the detailed variation of the slip process in the source region. [START_REF] Savage | Radiation from a realistic model of faulting[END_REF] anticipated the notion of the fault surface as a rough region, where the rupture initiates at a point and then spreads out radially terminating at different times in different directions (a circular crack model). The Savage model overhauls the rectangular Haskell's fault model described in section 1. 1.1, where the rupture starts simultaneously everywhere along a line segment and propagates in a single direction. Haskell himself pointed out that the rectangular and deterministic model proposed in [START_REF] Haskell | Total energy and energy spectral density of elastic wave radiation from propagating faults[END_REF] was in a way unrealistic: it remains a low-frequency model that tends to average the details of the slip function over the fault plane, whereas in reality the displacement field may be fairly complex in space and time. In light of this, [START_REF] Haskell | Total energy and energy spectral density of elastic wave radiation from propagating faults. part ii. a statistical source model[END_REF] developed a model in which the source is described in statistical rather than deterministic terms. In a statistical model the earthquake is seen as an ensemble of acceleration and deceleration pulses originating from the heterogeneities in the elastic properties of the fault plane. This interpretation paved the way for ulterior works on the statistical nature of earthquake slip functions. [START_REF] Aki | Scaling law of seismic spectrum[END_REF] showed the existence of a cut-off frequency ω c , as the intersection between the low-and high-frequency asymptotes in the displacement spectrum (Figure 1.9). The value of ω c is related to the source duration T d and the fault dimension L through the rupture velocity v r , as following:

ω c = 2πf c (1.11) and f c T -1 d v r L -1
(1.12) [START_REF] Aki | Scaling law of seismic spectrum[END_REF] an [START_REF] Aki | Scaling Law of Earthquake Source Time-Function[END_REF] pointed out from observations that, for frequencies above ω c , the spectral amplitude decays with frequency by a power of 2:

u(ω) ∝ 1 1 + ( ω ω 0 ) 2 (1.13)
The Haskell's source obeys to the ω-squared model for the far-field spectrum. However, since in the Haskell model we assume a constant slip on the fault, unphysical stress singularities result at the edges of the rectangular fault. The high-frequency content in the spectrum is therefore controlled by those singularities at the starting and final edges of the fault [START_REF] Madariaga | High-frequency radiation from crack (stress drop) models of earthquake faulting[END_REF]. Such behaviour can be easily interpreted through the concept of isochrone (Bernard andMadariaga 1984, Spudich and[START_REF] Spudich | Use of ray theory to calculate high-frequency radiation from earthquake sources having spatially variable rupture velocity and stress drop[END_REF], a high-frequency (ray-theory) approximation to calculate seismic radiation from earthquake ruptures. The isochrone is the set of source points ssen by the station as radiating seismic waves at the same instant of time on the fault plane (Figure 1.11). In section 1.1.1 we introduced the representation theorem and we derived the expression for the far field displacement for a homogeneous, isotropic and infinite medium. When the dislocation on the fault is constant, such as in the Haskell model, the slip-rate term is a Dirac's delta placed along the rupture front and the integral over the surface Σ is reduced to an integral along the line, the isochrone. For a station in far field, the displacement u(t) from a Haskell source is therefore proportional to (Space-time and spectrum parameterization of seismic sources: applications to seismic risk, Herrero, A., 1994, PhD Thesis):

u(t) ∝ 1 1 -Vr c cosθ < ∆s > i sodl (1.14)
where V r is the rupture velocity, c is the seismic waves velocity, theta is the angle at which the recording station views the rupture propagation, < ∆s > is the mean slip value at the source and the integral includes the length of the isochrone (Figure (a) in 1.12).

In this formulation, the directivity of the rupture, expressed by the term 1/(1 -Vr c cosθ), plays a key role into the description of the isochrones over the fault plane. In a Haskell source model the isochrones have a very simple shape (Figure In this example, the medium is homogeneous and the rupture velocity is constant on the fault plane. For the station S0, right on top of the hypocenter, the isochrones mingle with the rupture fronts. For the stations S1 and S2, the isochrones draw near each other towards the rupture direction. Figure taken from Inversion Spatio-temporelle de la Source Sismique, Courboulex F., 1995, PhD Thesis. rupture front at one edge of the fault is seen through the isochrone as a single apparent source point. The length of the isochrone increases untill another corner is reached. At that moment, the length of the isochrone is the largest possible. It remains constant while crossing the rest of the fault plane untill the third corner is reached. There, the isochrone starts decreasing in length until it becomes zero touching the last corner. This behaviour determines the far field displacement at the station (Figure (b) in 1.12). However, not all earthquakes have source time functions as the Haskell one, neither displacement spectra as simple as the ω-squared one. In a more complex rupture model, the source contributions overlap stochastically, entailing a notable perturbation of the asymptotic decay at higher frequencies.

Chapter 1 -Earthquake Complexity and Radiated Seismic Energy 

Stochastic behaviour of seismic sources

In the previous sections we highlighted the usefulness but also the disadvantages of the deterministic dislocation models. Despite their simplicity, such models present strong singularities at the edges of the fault which are physically unacceptable. We also retraced some of the pioneering works addressing the spatial and temporal complex behavior of earthquake processes. In light of that, important modifications in the source model have been proposed, to take into account a better understanding of source complexity and generation of high-frequency radiation into the rupture process simulation. The enhancement of the high-frequency content in seismic spectra is explained by the incoherent radiation of high-frequency phases generated by irregular slip, or rupture velocity, caused in turn by the presence of heterogeneities. At high-frequencies (f > 1Hz), ground motion becomes highly stochastic, therefore it seems appropriate to describe the source in statistical rather that deterministic terms. [START_REF] Haskell | Total energy and energy spectral density of elastic wave radiation from propagating faults. part ii. a statistical source model[END_REF] proposed to describe the rupture process as a progression of acceleration and deceleration pulses over the fault plane. [START_REF] Andrews | A stochastic fault model: 2. time-dependent case[END_REF] resumed the idea of self-similar ruptures initiated by [START_REF] Hanks | b values and ω-γ seismic source models: Implications for tectonic stress variations along active crustal fault zones and the estimation of high-frequency strong ground motion[END_REF] and formulated a random model of fault motion where the slip velocity is a random self-affine function of position and time. [START_REF] Herrero | A kinematic self-similar rupture process for earthquakes[END_REF] later proposed a kinematic model, called the k -square, presenting a self-similar distribution of final slip and rise time through the radial wavenumber k. In their approach, they assumed a constant rupture velocity, a slip distribution written as a function of the radial wavenumber k and the length of the fault L, and a k-dependent rise time (Figure 1.14). In their approach, the fault plane is divided in subareas with characteristic lengths L i . When the rupture front enters the subarea, the slip starts increasing, generating an acceleration phase. After a time L i /V r , the rupture encouters the borders of the subarea and exits, generating a stopping phase that interacts with the borders of the subarea. The k-square model, with the assumption of a constant rupture velocity and a scale-dependent rise time, reproduces a kinematic model with the classical ω -2 spectral falloff. The k-square model is indeed suitable when we aim at generating realistic synthetic seismograms which could include the high-frequency -stochasticbehaviour of seismic sources. To go further, the degree of heterogeneity also affects the high-frequency seismic radiation [START_REF] Causse | New approach for coupling k-2 and empirical green's functions: application to the blind prediction of broad-band ground motion in the grenoble basin[END_REF][START_REF] Causse | Constraining the roughness degree of slip heterogeneity[END_REF]. In their studies, Causse et al. introduce the slip roughness as the amplitude of the slip heterogeneities generating the high-frequency source energy. They show that strong ground motion is controlled by slip heterogeneity (asperities) rather than the average slip over the rupture area: the higher the roughness, the larger high-frequency ground-motion amplitude (Figure 1.13). (parameter K, linked to the characteristic fault length L and the radial wave number k) and simulated accelerograms, assuming a constant rupture velocity. With a low degree of roughness, the slip distributions is obviously smooth over the fault plane and that leads to a low-amplitude ground acceleration. On the contrary, the higher the roughness over the fault plane, the more heterogeneous the slip is, resulting in a richer high-frequency ground-motion amplitude. 

Imaging the source

In a overly simplified approach, the seismic signal recorded at the Earth's surface is nothing but the signal originated at the source during the earthquake rupture process which has then travelled through the Earth's inner structure and eventually been modified by it. The recorded signal can therefore be written as the convolution between the source signal and a propagator, the Green's function. In reality, other terms fit into the recorded signal, such as the instrument response, the attenuation factor, the response of the receiving site. When an earthquake occurs, one of the main interests in seismology is to retrieve the source term through a deconvolution operation where the contribution of the medium, the instrument and the site is eliminated. To determine the extended rupture process the main approach classically used is the finite source inversion of seismic waveforms. This method is performed by inverting seismic records at the Earth's surface and it requires prior knowledge of the fault geometry and rupture velocity. The representation theorem binds the recorded signal to the impulse at the source through the equation 1.1, that we recall below:

u n (x, t) = ∞ -∞ dτ Σ ∆s i (ξ, τ )n j c ijpq G np,q (x, t; ξ, τ )dΣ(ξ) (1.15)
Two ways exist to rewrite 1.15 as a convolution between the source term and the Green's tensor. The first one is by introducing the moment density tensor as:

m pq (ξ, τ ) = ∆s i (ξ, τ )n j c ijpq (1.16)
yielding the following equation:

u n (x, t) = Σ m pq (ξ, τ ) * G np,q (x, t; ξ, τ )dΣ(ξ) (1.17)
The second way is by introducing the Green's traction as: .18) yielding to the following equation:

T G in (x, t; ξ, τ ) = c ijpq G np,q n j (1
u n (x, t) = Σ ∆s i (ξ, τ ) * T G in (x, t; ξ, τ )dΣ(ξ) (1.19)
If we subdivide the fault plane in large areas where the source parameters and the Green's tractions are assumed constant, equation 1.19 can be written as:

u n (t) = Σ k=M k=1 s k (k∆t) * T kn (t -k∆t) (1.20)
being M the number of samples and ∆t c the time range for the convolution. The goal of the inverse problem is to determine the source parameters through a number of observations at the Earth surface. The search for a numerical solution can therefore be written as: [START_REF] Bp | [END_REF] where d is the data vector, m is the parameters vector and g is the application that links the parameters space to the data space. The function g comes from the discretization of the representation theorem and it is a non linear function of the kinematic properties of the fault. However, if the rupture times, the rise time and the local direction of the slip vector are fixed on the fault's grid, the application g linearly depends on the slip amplitude [START_REF] Festa | From data to source parameters : kinematic modeling[END_REF]. We can therefore inverte for m via the inverse of g:

d = g(m) (1.
m = g -1 (d) (1.22)
In reality, the data vector (i.e., the observed seismograms) exceeds the number of parameters, hence the problem is overdetermined and the equation 1.22 does not admit a unique solution. We therefore search for a set of parameters m that minimizes:

||g(m) -d|| = minimum (1.23)
This inversion approach is highly undetermined and needs a variety of assumptions and constraints to restrict the range of possible results. As a matter of fact, in Figure 1.15 we show an example of the slip inversion solutions obtained via different inversion techniques for the 1999 Mw 7.6 İzmit earthquake [START_REF] Mai | The earthquake-source inversion validation (siv) project[END_REF]). Here we can notice the dissimilarities of the solutions, which can be «attributed to (1) differences in the data selection and slip processing;

(2) the methods used for computing the Green's functions for each dataset; (3) the assumed Earth structure, fault geometry, and other geophysical parameters; and (4) the method and parameterization for the inversion itself (linearized or fully nonlinear inversion; spatial and temporal discretization)» [START_REF] Mai | The earthquake-source inversion validation (siv) project[END_REF]). So far, the most commonly used inversion techniques succeeded to image slip distribution along the fault at relatively low frequencies (ω < 2ω c ); however, if we are interested in revealing the details of the rupture process, high-frequency waveform data must taken into account (e.g. [START_REF] Mendoza | Aftershock patterns and main shock faulting[END_REF]Hartzell 1988, Ide 1999). The problem with dealing with high-frequency waveform is that we don't know the structure of the Earth at those frequencies. As for instance, at teleseismic distances the inversion techniques are typically performed in the period range of 100 s to 5 s. In order to estimate the spatio-temporal distribution of high-frequency radiation during the rupture process, high resolution imaging techniques are required. Coherent imaging approaches, like the back projection method, can be used in this framework to reconstruct the process of high-frequency emission during the earthquake faulting. This happens because, especially at teleseismic distances, stations are very close to each other and far from the rupture, hence we can take advantage of the coherence among traces neglecting the contribution of the structure.

The back-projection technique

In recent years, a new approach has emerged based on the coherency of the high-frequency wave field recorded at dense arrays of seismic stations. This approach, called the backprojection method [START_REF] Ishii | Extent, duration and speed of the 2004 sumatra-andaman earthquake imaged by the hi-net array[END_REF], is a powerful tool to achieve a detailed space-time representation of seismic ruptures by relying on coherent imaging approaches. It is inherently high-frequency (resolution degrades at lower frequencies) and exploits the wave field coherence across a recording array of seismic stations. In this framework, the seismic network is comparable to an antenna which tracks in space and time the strongest coherent sources of high-frequency seismic energy. The BP method is based on the assumption that seismic signals, especially at teleseismic distances, have coherence among stations of the same array independently from the complexity of the propagation (Figure 1.16). The source image is constructed through the following steps, summarized in Figure 1.17.

1. A grid of potential sources location is placed on the source area The advantage of using the BP method lies in the possibility to provide a faster and computationally cheaper kinematic description of the earthquake rupture process, without being a classic kinematic inversion though. In fact, the BP technique does not require prior knowledge of fault plane parameters, nor the calculation of complete source-station Green's functions, necessarily required in standard inversion procedures. It relies on travel time estimates between the source and receiver, thus the only a priori information required is a velocity model and a hypocentral estimate. To highlight the high-frequency content of seismic signals and efficiently apply the BP method, traces are generally filtered in a range of frequencies around and beyond ω c . It is important to note that BP images are not alternative to classical kinematic modelling, but they rather provide a complementary view of the rupture process, enlightening its high-frequency behaviour. We will enter into the details of the BP approach and how we decide to apply it in our study in Chapter 2. For now, we will digress on few examples of large earthquakes (M > 7), where the application of the BP analysis has revealed a potential link between the generation of coherent short-period radiation and the complexities of the rupture process or of the fault zone. (4) shifted traces are stacked, returning a signal related to the grid point: if the shifted traces sum constructively, the stack is high meaning that the grid point is a plausible source of HF radiation; if the stack is low, on the contrary, the grid point didn't radiate HF energy during the rupture process.

Observation of rupture complexity in large earthquakes

It is already well-established that the generation of high-frequency radiation during earthquake faulting is attributable to small-scale variations or roughness in final slip, slip velocity, or rupture velocity -acceleration and deceleration-over the fault plane [START_REF] Madariaga | High-frequency radiation from crack (stress drop) models of earthquake faulting[END_REF][START_REF] Somerville | Characterizing crustal earthquake slip models for the prediction of strong ground motion[END_REF]). In their pioneering works, [START_REF] Das | Fault plane with barriers: a versatile earthquake model[END_REF], [START_REF] Aki | Asperities, barriers, characteristic earthquakes and strong motion prediction[END_REF] and [START_REF] Madariaga | High-frequency radiation from crack (stress drop) models of earthquake faulting[END_REF][START_REF] Madariaga | High frequency radiation from dynamic earthquake[END_REF] discussed the mechanism behind complex rupture processes in terms of obstacles, barriers, or asperities existing on the fault plane. The terms barrier and asperity are commonly used when speaking of areas over the fault with heterogeneities of frictional strength, material properties and stress field respect to the surrounding fault.

They are essentially patches of the fault plane that can resist or favour the fracture, determining a complex distribution of the rupture front, and consequently of the slip field.

Through numerical experiments on rupture propagation over a fault plane with distributed barriers, [START_REF] Das | Fault plane with barriers: a versatile earthquake model[END_REF] showed that the presence of heterogeneities could explain the ripples in the seismogram attributed to the source effect. [START_REF] Aki | Asperities, barriers, characteristic earthquakes and strong motion prediction[END_REF] improved the study of [START_REF] Das | Fault plane with barriers: a versatile earthquake model[END_REF] and illustrated asperities as regions unbroken during a previous earthquake and thus closer to failure (Figure 1.18). Unfortunately, up to now it is not possible from the seismic radiation to distinguish asperities and barriers [START_REF] Madariaga | High frequency radiation from dynamic earthquake[END_REF]. For this reason, in the present study we will refer to them in general terms as a heterogeneities.

Looking deeper into the mechanism controlling the high-frequency generation, [START_REF] Madariaga | High-frequency radiation from crack (stress drop) models of earthquake faulting[END_REF] showed that the slip rate is strongly concentrated behind the rupture front, therefore the radiation of high-frequency seismic waves is controlled by the motion and intensity of the slip rate concentrations. Madariaga continued the investigation of high-frequency emissions and showed that, when crossed by the rupture front, the spatial heterogeneities over the fault plane behave like high-frequency emitters [START_REF] Madariaga | High frequency radiation from dynamic earthquake[END_REF]). Those findings have been confirmed by numerous recent studies of large earthquakes, where the excitation of short period waves was strongly dependent on the rupture complexity due to fault heterogeneities (e.g., [START_REF] Satriano | Structural and thermal control of seismic activity and megathrust rupture dynamics in subduction zones: Lessons from the mw 9.0, 2011 tohoku earthquake[END_REF][START_REF] Vallée | Ten year recurrence time between two major earthquakes affecting the same fault segment[END_REF][START_REF] Grandin | Rupture process of the mw= 7.9 2015 gorkha earthquake (nepal): Insights into himalayan megathrust segmentation[END_REF][START_REF] Meng | A window into the complexity of the dynamic rupture of the 2011 mw 9 tohoku-oki earthquake[END_REF][START_REF] Koper | Along-dip variation of teleseismic short-period radiation from the 11 march 2011 tohoku earthquake (mw 9.0)[END_REF][START_REF] Zhang | Tracking the rupture of the 2008 wenchuan earthquake by using the relative back-projection method[END_REF][START_REF] Walker | Illuminating the near-sonic rupture velocities of the intracontinental kokoxili mw 7.8 and denali fault mw 7.9 strike-slip earthquakes with global p wave back projection imaging[END_REF], Xu et al. 2009a). We will briefly resume the main findings of the aforementioned studies to highlight the link between high-frequency emissions and spatial heterogeneities and/or slip complexities.

Tohoku earthquake

In the case of the M w 9.0, 2011 Tohoku earthquake, [START_REF] Satriano | Structural and thermal control of seismic activity and megathrust rupture dynamics in subduction zones: Lessons from the mw 9.0, 2011 tohoku earthquake[END_REF] In an 'asperity model' a relatively homogeneous fault plane incorporates stable asperities which can break in a major earthquake. In a 'barrier model' an earthquake rupture may skip highly heterogeneous patches and proceeds, leaving the unbroken barriers behind, where stress concentrates and aftershocks may occur. Figure redrawn from [START_REF] Aki | Asperities, barriers, characteristic earthquakes and strong motion prediction[END_REF].

are located updip, toward the trench for both earthquakes. The coherent high-frequency radiation, on the contrary, is mainly downdip, near the coastline.

Scotia Sea earthquake

In the study conducted by [START_REF] Vallée | Ten year recurrence time between two major earthquakes affecting the same fault segment[END_REF] on the M w 7.8, 2013 Scotia Sea earthquake (Figure (c) in 1.20), the slip profile is characterized by two main slip sub-events, which could two main rupture segments can be identified by the slip profile. The highfrequency radiation is found in corrispondence with the borders of the two sub-events and it could be associated to the starting and the stopping phases of the rupture propagation along the Scotia-and Antarctic-plate boundary.

2015 Gorkha earthquake [START_REF] Grandin | Rupture process of the mw= 7.9 2015 gorkha earthquake (nepal): Insights into himalayan megathrust segmentation[END_REF] compared the slip distribution and the back-projection analysis for the M w 7.9, 2015 Gorkha earthquake. As previously seen in the case of the Tohoku earthquake, here again the slip distribution is quite simple, with a main patch concentrated in the shallower part of the subduction zone. The high-frequency radiation is totally absent in the updip portion of the slip distribution, whereas it is rather located in corrispondence with the northen border of the slip patch, where the rupture stopped (Figure (d 

Current outstanding issues

What is clear from the examples shown before is that the BP technique is capable of illuminating the rupture complexity over the fault plane. The bad news is that, up to now, there is no link between the BP image of an earthquake and the physical properties of the rupture process. A crucial observation from the examples shown before is that the HF radiation retrieved by the BP is located in a different area respect to the slip distribution patch. This finding leads us to conclude that the BP imaging result does not represent the slip distribution over the fault plane. In fact, a huge debate still exists on what the BP image itself truly represents. In their pioneering work, [START_REF] Ishii | Extent, duration and speed of the 2004 sumatra-andaman earthquake imaged by the hi-net array[END_REF] first suggested that the BP image of the earthquake is proportional to the radiated seismic energy. [START_REF] Yao | Subevent location and rupture imaging using iterative backprojection for the 2011 tohoku m w 9.0 earthquake[END_REF] stated that the BP image, or better the stack of the normalized seismograms shifted for a certain source location x i , approximates the source time history of the source point x i . [START_REF] Fukahata | Theoretical relationship between backprojection imaging and classical linear inverse solutions[END_REF] revisit the discussion proposed by [START_REF] Yagi | Smooth and rapid slip near the japan trench during the 2011 tohoku-oki earthquake revealed by a hybrid back-projection method[END_REF], and come to the conclusion that, if the Green's function is a simple delta function, that's if depth phases are not taken into account, then the BP image is the time-evolving image of the slip motion on the fault. To better understand this conclusion, let us resume the representation theorem (1.1), which links the recorded seismogram u to the slip at the source s through the Green's function G:

u n (x, t) = t 0 dτ Σ ∆s i (ξ, τ )n j c ijpq G np,q (x, ξ, t -τ )dΣ(ξ) (1.24)
where, because of causality, the extreems of the integral in τ became [0, t]. For simplicity, we consider only one component for the recorded seismogram, so we neglect the suffixes representing the directions of deformation at the station and slip motion at the source. This yields to the following equation (rewritten from [START_REF] Fukahata | Theoretical relationship between backprojection imaging and classical linear inverse solutions[END_REF])):

u(x, t) = t 0 dτ Σ ∆s(ξ, τ )T G (x, ξ, t -τ )dΣ(ξ) (1.25)
We may replace the integral in 1.25 with a summation respect to the fault surface, as:

u k (t) = Σ l (∆s l * T G kl )(t) (1.26)
where l is the lth source grid on the fault plane, u k is the recorded seismogram at a station k, T G kl is the deformation at the receiver k generated by an impulse slip at the lth source grid on the fault plane. Under far field conditions, and considering G k l the Green's function for displacement waveform, we can interpret ∆s l as slip-velocity, if u k is displacement data, or as slip-acceleration, if u k is velocity data ( [START_REF] Fukahata | Theoretical relationship between backprojection imaging and classical linear inverse solutions[END_REF])). However, since in BP analysis the Green's function is not explicitly used, one never knows if the BP image represents slip velocity or acceleration. The complete calculations made by [START_REF] Fukahata | Theoretical relationship between backprojection imaging and classical linear inverse solutions[END_REF] have been resumed in the Appendix ??. In the next section we will present the methodological approach we outlined to solve the intrinsic ambiguity in BP analysis towards slip velocity or acceleration.

Chapter 2

Methodological Approach

2.1 Introduction . 

Introduction

The spatial arrangement of heterogeneities on the fault region plays an important role in the earthquake rupture process, determining its complexity. In Chapter 1 we saw that the slip rate function (i.e., the derivative of the source function) enters in the far field ground motion equation and affects the recorded signal at the Earth's surface. The only observable we can dispose of to retrieve information on the earthquake rupture process is the seismogram, where unfortunately the slip rate function is mingled with the Green's function. To remove the contribution of the Green's functions from seismic signals and extract the source term, classic inversion techniques are routinely performed. However, the complexity of the source manifests itself in terms of short-period seismic waves, generally higher than the corner frequency f c (e.g. Madariaga 1977, Spudich and[START_REF] Spudich | Use of ray theory to calculate high-frequency radiation from earthquake sources having spatially variable rupture velocity and stress drop[END_REF]. For those frequencies, the classic inversion techniques are no longer adequate, but high-resolution imaging techniques, such as the back projection (BP), have recently taken over, unraveling aspects of the rupture complementary to the ones supplied by the classic inversion. In our work, we first aim at exploring the role that spatial heterogeneities in the fault region have on the earthquake rupture process and its radiated wave field. In particular, we do not aim at modelling a realistic source in all its complexity. We rather prefer using a less elaborated approach, like the simple Haskell model with a spatial complexity, to draw the attention to the mere mechanism behind the generation of high-frequency radiation from spatial heterogeneities in the kinematic parameters of the rupture. Secondly, we are also interested in revealing how coherent images of the rupture process are linked to the mechanism of high-frequency (HF) generation on the fault region. Recently, the BP method has been used to track the HF radiation sources of large earthquakes and to illuminate in space and time the complexity of the rupture process. However, an unanimous consent on what the BP image truly represents has not yet been achieved. Specifically, [START_REF] Ishii | Extent, duration and speed of the 2004 sumatra-andaman earthquake imaged by the hi-net array[END_REF] suggested that the BP image of the earthquake is related to the radiated seismic energy. Both works from [START_REF] Yao | Subevent location and rupture imaging using iterative backprojection for the 2011 tohoku m w 9.0 earthquake[END_REF] and [START_REF] Fukahata | Theoretical relationship between backprojection imaging and classical linear inverse solutions[END_REF] speak of an intrinsic ambiguity in BP image towards slip velocity or slip acceleration. In light of this, our interest also lies in understanding what the BP image truly represents. To accomplish the objectives of our study, we adopt the following methodological approach:

Forward model

• We simulate a rupture process using a line source model [START_REF] Lancieri | Simulated shaking maps for the 1980 irpinia earthquake, ms 6.9: Insights on the observed damage distribution[END_REF].

This choice allows us to ease the computational effort and describe the complex earthquake rupture process in a simplified approach that seeks to represent its key elements. In this framework, the heterogeneities of the fault plane (e.g. statistical distribution of stress and strength along the fault, frictional asperities, variability of temperature and fluid pore pressure) can be translated into variabilities of the kinematic parameters, such as: the rise time, the final slip, the rupture velocity.

• We generate synthetic seismograms at three teleseismic arrays. Each array is comparable to an antenna which tracks in space and time the strongest coherent sources of HF seismic energy. The arrays are located at three complementary locations respect to the epicenter of the event, allowing therefore to obtain three different viewpoints of the same rupture process.

BP imaging

• We apply the back projection technique on the synthetics generated at the three teleseismic arrays and obtain three distinct images of the HF emitted during the same rupture process.

• We compare the resulting images among them and with the originating rupture model, to better understand not only the link between the generation of HF radiation and the complexity of the slip rate function, but also how different arrays are able to enlighten different aspects of the same rupture process.

In the section dedicated to the BP imaging technique, we recall the proceeding of the conventional BP approach, that we ascribe as the one first proposed by [START_REF] Ishii | Extent, duration and speed of the 2004 sumatra-andaman earthquake imaged by the hi-net array[END_REF].

Then, we resume the novel technique proposed by [START_REF] Wang | Estimating high frequency energy radiation of large earthquakes by image deconvolution back-projection[END_REF]. We discuss and compare two different techniques for extracting HF peaks: the first one is called time-space maxima and can be used when depth phases are not included into the analysis. The second technique is a deconvolution approach and follows the one proposed by [START_REF] Wang | Estimating high frequency energy radiation of large earthquakes by image deconvolution back-projection[END_REF].

The deconvolution method turns out to be very efficient when the contamination of depth phases on BP images must be removed. However, certain limitations exist. We draw the attention on them, show a borderline case and a possible way to overstep the limits of the method.

Forward model

Simulating a rupture process

The line source model

The line source is an intermediate approach between the point source and the extended source model [START_REF] Lancieri | Simulated shaking maps for the 1980 irpinia earthquake, ms 6.9: Insights on the observed damage distribution[END_REF]. Its advantage lies in the ability to reproduce the typical 2D-source effects on the signal, while requiring a low computational effort.

The model is built by placing a series of equally spaced point sources along a line (with length equal to the fault length), set at the hypocentral depth of the event along the strike direction of the fault. The point sources start dislocating at different subsequent activation times, related to the rupture propagation velocity along the line (Figure 2.1). Once crossed by the rupture front, the point sources remain activated for the duration of the rise time.

To describe the dislocation process of each point we use a ramp function. To use the line source model we need to set:

• the hypocentral coordinates of the seismic event

• the strike direction of the fault

• the rupture length L

• the rupture velocity V r along the line

• the discretization along the line ∆

• the activation time t 0 (l i ), or when the point must activate and start dislocating, for each point source

• the rise time t r , or the duration of the dislocation, for each point source

• the final slip value s f , reached by each point source

The ramp function of a source point l i behaves in time as follow:

s l i (t) = s f (l i ) t r (l i ) (t -t 0 (l i )) (2.1)
The time derivative, that is the slip-rate of a source point l i , is gven by:

ṡl i (t) = s f (l i ) rt(l i ) f or t 0 (l i ) < t < t 0 (l i ) + t r (l i ) (2.
2)

The slip-acceleration function of a source point l i will then be gven by:

sl i (t) = lim ∆t→0 ṡl i (t + ∆t 2 ) -ṡl i (t -∆t 2 ) ∆t = δ(t) (2.3) 
where ∆t is the infinitesimal time length and δ(t) is the Dirac's delta function. Under the line source approximation, each point has the same focal mechanism (slip vector and fault orientation) and the total seismic moment of the event is given by the sum of the seismic moments of each point source. An estimation of the fault length (L) ad width (W) is derived from the event magnitude using, e.g., the Wells and Coppersmith empirical relationships [START_REF] Wells | New empirical relationships among magnitude, rupture length, rupture width, rupture area, and surface displacement[END_REF]. To properly set the point source spacing along the line, different simulations are performed, leading to the optimal sampling assigned in table 5.1.

To avoid space-time aliasing, the contributions emitted by each elementary source must overlap in time, the duration of each elementary source, the rise time must be greater than the time the rupture takes to propagate to the next source (here called τ ), as discussed in [START_REF] Lancieri | Simulated shaking maps for the 1980 irpinia earthquake, ms 6.9: Insights on the observed damage distribution[END_REF]. In the present study we locate the earthquake simulation in China and we use the geometry of the M w = 7.5, 2001 Kunlun earthquake [START_REF] Klinger | High-resolution satellite imagery mapping of the surface rupture and slip distribution of the m w 7.8, 14 november 2001 kokoxili earthquake, kunlun fault, northern tibet, china[END_REF][START_REF] Vallée | The 14 november 2001 kokoxili (tibet) earthquake: High-frequency seismic radiation originating from the transitions between sub-rayleigh and supershear rupture velocity regimes[END_REF]) (Figure 2.3). The source models we are going to generate do not aim at reproducing the exact rupture process of the Kunlun event but they rather explore different rupture scenarios. However, our synthetic model does share the same hypocentral coordinates, seismic moment, focal mechanism and rupture propagation direction of the Mw 7.5, Kunlun earthquake, as summarized in table 5.1. Hypocentral coordinates and focal mechanism are obtained from IRIS Moment Tensor Solution. We test four rupture simulations: we begin with the simple case of a homogeneous rupture model, where the kinematic parameters are constant along the line (Figure 2.1). Afterwards, we introduce a heterogeneous segment of length L H = 30 km in the middle of the fault (Figure 2. In this example, the rise time changes from 6 s outside the heterogeneous segment to 3 s inside the segment. The final slip and the rupture velocity are constant along the line and their value is respectively 8m and 3km/s.

Modeling body waves at teleseismic distance

Synthetic seismograms are the result of the numerical simulation of ground motion, produced by a seismic rupture, expected at one or more receivers on the Earth's surface.

To generate a synthetic seismogram we need a source model and a propagation model. The interest of working at teleseismic distances lies in the possibility of investigate highfrequency emissions using only the far-field term of the Green function in the representation theorem. This approximation leads to a number of simplifications of the calculations and simple physical models of the generation of high-frequency waves. In the current study, the Green's functions are calculated in a spherically averaged Earth's structure AK135 [START_REF] Kennett | Seismological tables: ak135[END_REF]. The ground motion associated with the displacement on the fault plane is computed by considering the representation integral (eq. 1.1) in the frequency domain (Figure 2.7). In particular, here teleseismic body waves are computed by taking into account only the P-phase including its reflection and the S-wave conversion at the free Earth's surface: respectively, the pP-and the sP-waves, otherwise known as depth phases (Figure 2.8). Following [START_REF] Okal | A student's guide to teleseismic body wave amplitudes[END_REF], in a geometrical ray solution, equivalent to the Fraunhofer condition for linear optics, the displacement associated with a teleseismic P-wave can be written as:

u P (∆, φ; t) = M 0 4πρ h α 3 h • g(∆) a • [R P Ẋ(t -τ P ) +R pP Γ P P (i h ) Ẋ(t -τ pP ) +R sP • α h cosi h β h cosij h Γ SP (j h ) Ẋ(t -τ sP ) •C P (i 0 ) * Q(t, Q P , τ P ) * I(t) (2.4)
where a is the source-receiver distance, ∆ is the angular distance between the receiver and the source, φ is the azimuth to the station measured counterclockwise from the strike of the fault, g(∆) is the geometrical spreading; R is the radiation pattern of P, pP and sP waves; Ẋ(t) is the time derivative of the source function (e.g., the slip rate); τ is the travel time; α and β are the P-wave and S-wave velocity, respectively; Γ is the reflection coefficient of P, pP and sP waves at the Earth's surface; C is the response of the receiving site; Q is the quality factor due to inelastic attenuation; I(t) is the instrument response. In our study we neglect the geometrical spreading g(∆) because we normalize the traces; we also neglect the response of the receiving site C and of the recording instrument I, since we work with seismic arrays and we assume the site effects to be equal for each station. To compute the reflection coefficients Γ for pP and sP phases into the synthetic seismograms we use the calculations made by [START_REF] Aki | Quantitative seismology[END_REF], pages 134 through 136. Values for P-and S-wave velocity are shown in table 2.2.

Azimi's attenuation model

When seismic signals propagate in a medium, their amplitude decreases with increasing distance from the hypocenter. The modifications to the signal can be defined in terms of s(t) source q(t) structure frequency-dependent amplitude attenuation and velocity dispersion. In the computation for teleseismic body waves, we introduce the Earth inelastic attenuation through the Azimi's model [START_REF] Azimi | Impulse and transient characteristics of media with linear and quadratic absorption laws, izvestiya[END_REF], where the signal's amplitude A(ω, r) declines exponentially with distance r, according to an attenuation function α(ω):

A(ω, r) = A 0 (ω)e -α(ω)r = A 0 (ω)e - ωr 2c(ω)Q(ω) (2.5)
where ω is the angular frequency, A 0 (ω) is the initial amplitude at r = 0 and c(ω) is the phase velocity. In our work, we consider the quality factor Q independent from frequency. Therefore we replace Q(ω) with a constant value Q 0 equal to 730, which corresponds to a poorly attenuating medium. 

P-wave velocity S-wave velocity Attenuation

α = 5.8 km/s β = 3.46 km/s Q = 730

Description of data-set

In our study we generate synthetic displacement traces at three teleseismic arrays: Alaska (AK), Australia (AU) and Europe (EU). Each array is composed of 100 stations (black triangles in Figure 2.9), including a baricentral station (red triangle in Figure 2.9). The AK and AU arrays are located almost in the directive position respect to the rupture propagation, whereas the EU array is located almost in the antidirective position. We chose to carry out our study on two kind of data-set:

No depth phases

In a first step of the analysis, we don't include the depth phases into the synthetics. This allows us to only focus on the complexity generated by the mechanism at the source, without being misled by the contamination of later phases into the signals.

With depth phases

In a second part of the study, we include depth phases into the synthetics. In this latter case, the analysis becomes more challenging because the complexity of the source is combined with the complexity of the structure.

In order to identify high frequency pulses, the synthetic displacement traces are differentiated in time and band-pass filtered between 0.5 and 4 Hz. The filter is a 4-pole butterworth with no phase-shift, in order to return an acausal filtered signal (Figure 2.10), where the arrival time of the signal's peak is respected and no time delay is introduced. An example of teleseismic synthetic traces generated at the EU array is shown in Figure (2.11). Here we show a homogeneous rupture process (top) and a heterogeneous rupture process (bottom) without (left side) and with (right side) the inclusion of depth phases into the analysis. The detailed data-set for the four synthetic models, without and with the incluson of depth phases, is presented in Chapter 3. 

Back Projection (BP) imaging

Conventional BP

Here we call conventional BP the method for source imaging first proposed by [START_REF] Ishii | Extent, duration and speed of the 2004 sumatra-andaman earthquake imaged by the hi-net array[END_REF], where the body waves arriving at an array of recording stations are projected back to the fault plane under the ray-theory asymptotic approximation. To apply the backprojection method, one only needs to know the hypocentral coordinates of the event and to assume a velocity model to calculate theoretical travel times. The source image is constructed through the following steps (Figure 2.12):

1. A grid of potential source locations is placed over the line source To construct a BP image of the four synthetic tests presented in the previous sections, we use the method described by [START_REF] Ishii | Extent, duration and speed of the 2004 sumatra-andaman earthquake imaged by the hi-net array[END_REF]. In our study, since we are working with a line source, we consider a one dimensional grid of regularly spaced points along the strike direction that surround the nominal hypocenter. In particular, the grid is 300 km long with a grid-step of 1 km (Figure 2.13) and all grid points are placed at the hypocentral depth. This is a simplification to the standard approach in BP analysis where a two-dimensional grid is used. The reason behind this choice is to generate BP images which are easier to represent (as 2D space-time maps) and to interpret. In fact, our assumption is that at each time only one source is dominant along the strike direction. Theoretical travel times for the P-wave arrival are calculated in the ak135 velocity model [START_REF] Kennett | Seismological tables: ak135[END_REF]. Several methods exist for aligning seismic traces, as for instance the N th root stacking [START_REF] Muirhead | Eliminating false alarms when detecting seismic events automatically[END_REF]) and the F-ratio [START_REF] Melton | Multiple signal correlators[END_REF]. In our study, traces are combined via a linear stacking procedure, that is a simple shift-and-sum approach, because the linear approach provides the truest amplitudes of the signals. Mathematically, the linear stack s i (t) at the i-th potential grid point can be expressed as following:

s i (t) = Σ j u j (t -t P ij ) (2.6)
where u j (t) is the trace at the j -th station and t P ij is the theoretical P-wave travel time from the i-th source to the j -th station. Very often, the stacked signal is replaced by its squared value, the beam power. The beam can be highly noisy especially for HF filtered signals, where further peaks appear because of the filter (e.g. Figure 2.14). To further reduce the noise, the beam is smoothed using a zero-phase Gaussian filter. The Gaussian filter has an impulse response given by:

g(t) = 1 √ 2πσ e -t 2 2σ 2
(2.7)

with standard deviation σ. We tested different values of σ (Figure 2.15) and chose σ = 0.4 s, which allows us to only focus on the main energy bursts neglecting the smaller peaks coming from the filtering and stacking procedures (Figure (c) in 2.15). An example of the application of the conventional BP can be found in figure (2.16). Here the technique has been applied to AK, AU and EU arrays for a homogeneous rupture process, without (plots on the left side) and with (plots on the right side) the inclusion of depth phases.

Each figure shows the normalized beam power in space and time. The segment that ruptured during the simulation is shown in orange along the strike direction. For each figure: the marginals on the left represent the squared root of the beam power over time (in blue) and the slip rate function ṡ as a function of space (in green); the marginals at the bottom represent the squared root of the beam power over space (in blue), the slip rate functon ṡ (in green), the absolute value of the slip acceleration function |s| (in red), the absolute value of the time derivative of the slip acceleration function | ds dt | (in black). Let us notice that for a homogeneous rupture process without depth phases, the BP analysis identifies four main pulses of HF radiation: the first two correspond to the nucleation of the earthquake, whereas the second two are found in corrispondence with the stopping phase of the earthquake. When we add depth phases into the analysis, further peaks appear on the seismograms (as we saw in section 2.1.2): they are retrieved by the BP and contaminate the BP image of the rupture process. However, whether we include or not depth phases into the analysis, the HF emissions on BP images are stretched in space and tilted in time. This phenomenon is a typical artifact in BP analysis and it has been referred to as smearing or walking effect [START_REF] Ishii | Teleseismic p wave imaging of the 26 december 2004 sumatra-andaman and 28 march 2005 sumatra earthquake ruptures using the hi-net array[END_REF][START_REF] Walker | Illuminating the near-sonic rupture velocities of the intracontinental kokoxili mw 7.8 and denali fault mw 7.9 strike-slip earthquakes with global p wave back projection imaging[END_REF], Xu et al. 2009a[START_REF] Yao | Subevent location and rupture imaging using iterative backprojection for the 2011 tohoku m w 9.0 earthquake[END_REF]). We will discuss about it in the next section dedicated to the artifacts on BP images. 

Artifacts in BP analysis

The literature tells us that the resolution of the conventional BP mostly depends on two factors: the frequency range used to filter the data and the geometry of the array. As for the first factor, the higher the frequency we are looking at, the more detailed the BP image will be [START_REF] Schweitzer | 1 chapter 9 seismic arrays[END_REF]). Low-frequency P-waves are less affected by scattering and smaller scale heterogeneity, thus their stack generally returns a high coherency. However, they do not provide a good degree of detail on BP images. On the contrary, HF P-waves provide a high resolution on BP images, but at the same time their waveforms are more easily distorted by small-scale heterogeneity and scattering, determining a less coherent stack. In fact, similarity among traces breaks down as interstation distance increases (Xu et al. 2009a) (Figure 2.17). The frequency range 0.5-4 Hz is typical in BP analysis at teleseismic distances, because it is a good balance between the resolution of the BP image and the waveform coherence (Xu et al. 2009a). The geometry of the array, e.g. its aperture and position respect to the rupture direction, is another crucial factor in BP analysis [START_REF] Ishii | Extent, duration and speed of the 2004 sumatra-andaman earthquake imaged by the hi-net array[END_REF], Xu et al. 2009a). In particular, the aperture of an array defines its resolution.

In fact, a commonly used method to determine the resolution limit of an array is the Rayleigh criterion for ray optics (Figure 2.18):

R = 1.22 dλ a sin φ (2.8)
where R is the minimum resolvable distance between two emissions, d is the source-array distance, λ is the seismic wavelength (speed over frequency), a is the array aperture, φ is the array orientation with respect to the fault strike, that is the azimuth of the array). Therefore, in terms of aperture and frequency, we notice that the resolvability of a BP image increases with higher frequencies and larger apertures:

R ∝ dv af sin φ (2.9) being d the source-array distance, v the speed, f the frequency, a the aperture, φ the array's azimuth. As a matter of fact, in the BP images of the three arrays we see that the HF emissions are tilted in time depending on the relative position between the array and the rupture direction. « This happens because there is a tradeoff between the origin time and the distance from the receiving array for the stacked energy » () as shown in the sketch (2.19). Such an artifact is called 'smearing' or 'walking effect' and the main issue we can incur is to assume HF radiation to be generated at a certain instant of time from source regions that actually didn't radiate HF seismic energy. Another crucial artifact in BP images is due to the presence of HF emissions carried out by depth phases. [START_REF] Okuwaki | Backprojection to image slip[END_REF] shows that BP has a depth-dependent bias proportional to the amplitude of the Green's function. This means that for very shallow earthquakes (e.g. with focal depths less than 10 km) depth phases are very close to the first P-wave arrival and they should slightly contaminate the BP image. For deep earthquakes, on the contrary, depth phases are separated enough from the direct P-wave and they might introduce an artefact in the BP image, as further HF peaks which are not generated by the complexities of the source. A current issue in BP analysis is therefore how one can remove the smearing effect and the false contribution of the depth phases in order to obtain only the true location of the HF radiation in space and time. In the same way, the travel time curve (in green) from source A also aligns the earlier part of the signals, even though it makes the stations slightly out of phase. This phenomenon creates an apparent shift of the source location during time. Picture taken from IRIS Data Management Center.

A deconvolution approach

Several approaches have been proposed in the attempt to improve resolution and reduce the artifacts in BP images (e.g. [START_REF] Lay | Teleseismic inversion for rupture process of the 27 february 2010 chile (mw 8.8) earthquake[END_REF][START_REF] Wang | Supershear rupture on multiple faults for the mw 8.6 off northern sumatra, indonesia earthquake of april 11, 2012[END_REF][START_REF] Haney | Backprojection of volcanic tremor[END_REF][START_REF] He | Rapid seismological quantification of source parameters of the 25 april 2015 nepal earthquake[END_REF][START_REF] Nakahara | Point spread functions for earthquake source imaging: an interpretation based on seismic interferometry[END_REF], Wang and Mori 2016). In this study we use the method described in [START_REF] Wang | Estimating high frequency energy radiation of large earthquakes by image deconvolution back-projection[END_REF], where the authors propose a two-step procedure, first to correct the time tilt of HF emission patches and second to reduce the smear around the true HF energy peaks. The first step of the approach proposed by Wang et al. is performed by selecting a reference station lying in a central position within the array (Figure 2.20).

In the conventional BP technique, the signal is shifted by the theoretical travel time t P ij between the grid point i and the station j (equation 2.6). In the approach suggested by Wang et al., the signal recorded at a station j is shifted of the quantity ∆T , that is the difference between the travel time at the station j and the travel time at the reference station (Figure 2.20).

∆T = t P ij -t P ijr (2.10) s i (t) = Σ j u j (t -∆T ) (2.11)
where t P ijr is the travel time at the reference station j r . This procedure returns a BP image of the rupture as if it were seen by the reference station, where the HF emissions are no longer tilted in time. However, by following the 'time correction' of the approach proposed by Wang et al. we get to a BP image where the time axis is no longer the absolute time at the source, but it rather corresponds to the apparent time at the reference station. After the time correction proposed by Wang et al., the BP image of a rupture looks like the one in figure 2.21(b). Here, we present by way of example, the comparison between the BP image of a homogeneous rupture process without and with depth phases for the EU array respectively in the conventional BP and in the Wang et al. approach. If from one side the 'time correction' proposed by Wang et al. allows us to identify the HF emissions without the space-time trade-off, on the other side it transforms the absolute time at the source in the relative time of the reference station. This implies that we are looking at apparent BP images respect to the reference station. We can notice this effect in figure 2.21, where the duration between the nucleation and the stopping HF emissions in the deconvolution approach is longer than the one in the conventional approach. This happens because the EU array is located in an antidirective position respect to the rupture direction (Figure 2.9), thus the apparent duration of the rupture is enlarged in time. Once the HF emissions have been 'corrected' in time, we can proceed with the extraction of the true HF peaks. Several authors have interpreted the smear around the true HF peaks on BP images as an artifact created by the array, referred to as array response (Xu et al. 2009a[START_REF] Meng | Mitigating artifacts in back-projection source imaging with implications for frequency-dependent properties of the tohoku-oki earthquake[END_REF][START_REF] Wang | Estimating high frequency energy radiation of large earthquakes by image deconvolution back-projection[END_REF]). In particular, in their second step of the approach, Wang et al. suggest to look at the BP image of an earthquake as a convolution between the BP image of the true HF peaks and the BP image of the array response (Figure 2.22). The array response can be evaluated in different ways: theoretically (2.8), with synthetic Green's functions or with empirical Green's functions. The lattest is usually performed by applying the BP analysis to a smaller earthquake that can be assumed to be a point source. [START_REF] Wang | Estimating high frequency energy radiation of large earthquakes by image deconvolution back-projection[END_REF]. A reference station is selected within the array. For the BP analysis, the time shift applied to the signal is ∆T , that is the difference between the travel time of the grid point i at the station j and the travel time of the grid point i at the reference station.

The operation proposed by Wang et al. can also help remove the contamination of depth phases into the BP images. When depth phases are not included into the simulation, the array response function is simple and corresponds to the patch associated with the P-wave arrival. In this case, we can extract the maxima of the BP image in time and space, without the need to perform the image deconvolution operation. We call this operation 'time-space maxima': we first extract the maxima along the beam power signal in time; then, for each maximum in time we select the corresponding row in the BP matrix and we extract the maxima in space (Figure 2.24). It must be noted, however, that this technique fails to detect HF peaks if the portion of the signal around the peak has a smaller concavity (Figure 2.25). The deconvolution algorithm proposed by Wang et al. becomes instead necessary when dealing with depth phaes. In this case, the array response is composed by three patches related to the three phases P, pP and sP (Figure 2.26). In their study, Wang et al. use an aftershock as a point-spread function and a non negative least squares (NNLS) algorithm to perform the deconvolution. However, that algorithm is computationally slow, therefore in our study we use a point source activating at the hypocenter as array response (also called point spread function) and the Richardson and Lucy algorithm, hereafter R&L [START_REF] Richardson | Bayesian-based iterative method of image restoration[END_REF][START_REF] Lucy | An iterative technique for the rectification of observed distributions[END_REF]). An example of the R&L is shown in figure 2. [START_REF] R&l Algorithm | [END_REF], where we present the BP image at the EU array for a homogeneous rupture process with depth phases. Whether we are working with depth phases or not, once the HF peaks have been extracted we have to restore the time axis in the BP images from the apparent time of the reference station to the absolute time at the source. This step is done via the inversion of the Wang et al. time correction in equation 2.11 and shown in figure 2.28. A summary of the procedure used in our study is shown in the scheme 2.23. Figure 2.25 -Time-space maxima. Sketch representing the 'time-space maxima' approach to extract true HF peaks when no depth phases are included. If the concavity of the signal around the true peak is small, the technique fails to detect the peak. As for instance, in this example the method would likely fail at retrieving the peaks at t 0 and t 4 .

Green's function 

Limitation of the deconvolution approach: the case of AK array

The deconvolution approach is an effective method to remove the contamination of the depth phases on BP images and to extract the true HF peaks associated with the complexity of the source process. We have shown in the previous section an application of the R&L restoration algorithm to the EU array in the case of a homogeneous rupture process.

However, the quality of the restored image dramatically depends on the array aperture.

As for instance, in our study the AK array has the smallest spatial aperture (Figure 2.9) and largest mainlobe in space as array response (e.g. figure (a) and (b) in 2.16) respect to the other arrays. When we attempt to apply the R&L restoration algorithm, we obtain a restored BP image with a good estimate of the HF peaks in time, but an unacceptable localization of the HF peaks in space (Figure 2.29). We attribute this poor result both to the defocused HF emissions in the original BP image and the enlarged patch in the array response function. To prove that, we test the R&L algorithm on several BP images at the AK array where we vary the grid length. To obtain a good result we must consider a grid length of 900 km (Figure 2.30). On the bottom right the BP image of a homogeneous rupture process without depth phases, for comparison. We used a 900 km long grid for the BP analysis, in order to let the lobes of the array response function reduce in space.

Conclusion

This Chapter presents the description of the theory which allows us to generate synthetic rupture processes in a kinematic approach, using the simplified line source model [START_REF] Lancieri | Simulated shaking maps for the 1980 irpinia earthquake, ms 6.9: Insights on the observed damage distribution[END_REF] and to compute synthetic signals at a teleseismic array. In particular, four simulated rupture processes are at the core of our study: the first one being a homogeneous rupture process with constant kinematic parameters along the line; the next three ones being heterogeneous rupture process, where a heterogeneous segment in the middle of the line determines a change in one kinematic parameter at a time. We also have presented the construction of the data set, which will be at the basis of our back-projection imaging analysis. In the first place, we are interested in investigating the radiated seismic waveforms in the absence of reflected and converted phases (pP and sP waves): this allows us to directly link the high-frequency radiation enlightened on the signals to the source mechanism. At a later time, we also want to deepen the relation between the complexity of the source and the seismic signals, by looking at the entire generalized P-wave; here, the contribution of the depth phases makes it harder to clearly assess the relation between source complexity and high-frequency emissions. This Chapter also presents the fundamentals of the conventional back-projection technique, that we refer to as the one first proposed by [START_REF] Ishii | Extent, duration and speed of the 2004 sumatra-andaman earthquake imaged by the hi-net array[END_REF], and it describes in detail the approach proposed by [START_REF] Wang | Estimating high frequency energy radiation of large earthquakes by image deconvolution back-projection[END_REF]. This latter technique has two main advantages: (1) it reduces the smearing effect, an ever-present artifact on back-projection images, through a time correction in the formulation of the delay-and-sum approach; (2) it proposes a 'deconvolution' step, where high-frequency emission peaks are extracted. The back-projection analysis we will apply in the next chapters is founded on the two-steps method proposed by [START_REF] Wang | Estimating high frequency energy radiation of large earthquakes by image deconvolution back-projection[END_REF]. Specifically, after the time correction procedure, we show two possible ways of extracting high-frequency emission sources from back-projection images. In the absence of depth phases, the mainlobe surrounding the true energy emission source is the smeared radiation associated with the P-phase arrival at the reference station. Therefore, the high-frequency peak can be direclty extracted by seeking the maximum of the mainlobe in time and space via the time-space maxima approach. On the contrary, when we deal with depth phases, the array response (also called the point-spread function) is a three-lobes patch, where the smeared footprint of each depth phase mingle with the others. In this case, the R&L restoration algorithm is suitable for removing the 'contaminations' of depth phases on the back-projection image. However, certain limitations to the deconvolution approach proposed by [START_REF] Wang | Estimating high frequency energy radiation of large earthquakes by image deconvolution back-projection[END_REF] exist. In our study, as for instance, the Alaska array has revealed a very poor restoration capability. We attribute this lack of performance to the small aperture of the array respect to the rupture. The small aperture of an array indeed affects back-projection images as a more pronounced smearing along the space direction, implying a larger back-projection grid is needed. That has non-negligible implications both in the computing time for the back-projection performance and in the precision we can strive for when extracting the high-frequency peaks.

Chapter 3

Application to synthetic ruptures 

Introduction

In this chapter we show the BP analysis of four rupture processes. We begin our study with a simple case of a homogeneous rupture process. Then, a heterogeneous segment is introduced in the middle of the fault and one kinematic parameter at a time is set to vary. The fault zone in nature is quite complicated and these models are only simple approximations of the rupture process. However, the simplicity of this approach permits to distinctly explore the role of a sudden change in one kinematic parameter at a time on the source function. The rupture processes we will show in this chapter are:

A homogeneous rupture process A heterogeneous rupture process in rise time A heterogeneous rupture process in final slip A heterogeneous rupture process in rupture velocity

In each section, we discuss in detail the rupture mechanism at the source and how the kinematic parameters -and their sudden changes-may condition the variability of the slip function. We then show the teleseismic synthetic signals associated with each rupture process and generated at three teleseismic arrays: Alaska (AK), Australia (AU), Europe (EU). Straightaway by looking at the traces, the impact of the variability in one kinematic parameter will be evident. Finally we show the results of the BP imaging technique, where we follow the method proposed by [START_REF] Wang | Estimating high frequency energy radiation of large earthquakes by image deconvolution back-projection[END_REF] and discussed in Chapter 2:

1. A first step, that we refer to as time correction, where the BP image in space and time-at-the-source is transformed into a relative BP image in space and time-at-thestation.

2. A second step, peaks extraction, where we attempt to reduce the artifacts and the depth phases' effects on the relative BP image, in order to extract the true HF emission sources. This step can be performed following two different techniques, depending on whether depth phases are included or not into the analysis.

Specifically, in this chapter we directly show the BP images of the ruptures with the HF peaks extracted via the two methods described in Chapter 2: the time-space maxima, when depth phases are not included into the analysis and the deconvolution approach, when we have to deal with the contamination of depth phases on BP images. All steps of the BP analysis prior to the HF peaks extraction and related figures are shown in the Appendix (??) for each rupture process.

Results

Homogeneous rupture process

In a homogeneous rupture model, the rupture propagates along the line fault with constant velocity and the source points have the same value of rise time and final slip (Figure 3.1).

In this simulation, the kinematic parameters assume the following values: rupture velocity v r = 3 km/s; rise time t r = 6 s; final slip s f = 8 m. In this simple case, the kinematic parameters are constant along the line, therefore the moment-rate function is the wellknown trapezoid function described by Haskell (bottom right plot in Figure 3.1). Apart from the two abrupt changes due to the initiation and the stopping of the rupture (that is the slopes at the beginning and at the end of the moment-rate function), the remaining portion of the moment-rate function is smooth, indicating that the rupture process is constant between the nucleation and the stopping. Another interesting view of the rupture process can be seen in Figure 3.2, where we show the slip (a), the slip-rate (b) and the slip-acceleration (c, d) functions for each source point in space and time. The plot (a) in Figures 3.3, 3.4 and 3.5, shows the teleseismic synthetic traces for the homogeneous rupture process respectively at AK, AU and EU. Here we notice that:

1. without the depth phases, the displacement trace corresponds to the trapezoidal slip-rate function smoothed by the inelastic attenuation. we plot the slip acceleration function and the HF peaks retrieved by BP for a homogeneous rupture process: in Figure 3.6 we show the result for a simulation without depth phases, where the HF peaks extraction has been done using the 'time-space maxima' extraction described in Chapter 2. In Figure 3.7 we included depth phases into the simulation and we used the 'deconvolution approach' to eliminate their contamination on BP images. For both simulations, the results obtained with the time-space maxima and the deconvolution approach are comparable. The three arrays are in agreement in terms of the location of the peaks in space and time, but also in term of their intensity. Four HF peaks are indeed observed: the first two, generated at the hypocenter, correspond to the rupture nucleation and the other two, generated at the end of the rupture segment, correspond to the rupture stopping. We can see that the HF peaks appear at the discontinuities of the slip acceleration function and are therefore better associated with the time derivative of the slip-acceleration function (marginals at the bottom in Figure 3.7 and 3.7). To highlight this finding, we plot the squared root beam power signal of the EU array (green marginals on the left and at the bottom in figure), which matches the absolute value of the time derivative of the slip acceleration (marginal at the bottom, in gray). HF peaks -Homogeneous rupture process HF peaks -Homogeneous rupture process HF peaks for a homogeneous rupture process for the arrays AK, AU and EU. Depth phases were included into the analysis. HF peaks were extracted using the deconvolution approach described in 2 and their size is proportional to the intensity of the beam power. In the main plot we show the normalized slip-acceleration function.

The along strike direction is on the y-axis (in orange we plot the line source) and the time is on the x-axis. The marginals on the left are: the the slip-acceleration summed in time, sL ; the squared root of the beam power signal for the EU array. The marginal on the bottom are: the total slipacceleration function s; its time derivative in absolute value; the squared root of the beam power signal for the EU array. In a homogeneous rupture process HF peaks correspond to the nucleation and the stopping phases of the rupture. 

Heterogeneous rupture process in rise-time

In this heterogeneous case, we place a 30 km long segment in the middle of the line fault and we change the rise time value for the source points within it (Figure 2.2). The rupture propagates with constant rupture velocity (v r = 3 km/s) and the source points reach the same final slip value (s f = 8 m). The rise time, on the contrary, has an abrupt change from 6 s to 3 s, determining a faster activation of the 'heterogeneous' points (Figure 3.8). The moment rate function shows again the slopes associated with the nucleation and the stopping phases, as we previously saw in the homogeneous rupture process, but the abrupt change in the rise time value affects the rupture process and makes the moment rate function more complex (bottom right in Figure 3.8). In particular, the effect of the change in the rise time value can be seen in Figure 3.8, where a decrease in the rise time value within the heterogeneous segment determines a shorter duration of the box-car and a higher value of its amplitude. Such an abrupt change in the slip-rate functions for the central source points of the line is seen as a discontinuity in the slip-acceleration function (Figure (d) in 3.9). If we look at the plot (a) in Figures 3.10, 3.11 and 3.12, we notice that the introduction of the heterogeneity is visible on the synthetics, which show a higher complexity beyond the nucleation and the stopping of the rupture. Multiple pulses appear on the HF-filtered traces (Figure (c) in 3.10, 3.11, 3.12): they mark not only the nucleation and the stopping phases, but also all the major discontinuities in the slip-rate function. Without depth phases, the link between the HF pulses and the discontinuities of the slip-rate function can be easily recognized. However, when depth phases are added into the analysis (Figure (b) in 3.10, 3.11, 3.12), the synthetics are ulteriorly perturbated and further pulses contaminate the traces (Figure (d) in 3.10, 3.11, 3.12). In this heterogeneous rupture process, beyond the slopes associated with the nucleation and stopping of the rupture, the shape of the slip-rate function is made more complex by the introduction of an abrupt change into the rise time parameter. In Figure 3.13 and 3.14 we plot the slip acceleration function and the HF peaks retrieved by BP, respectively for a simulation without depth phases and for a simulation with depth phases. The results obtained by using the two peaks-extraction techniques, the time-space maxima and the deconvolution approach, are in this case not always comparable. In figure 3.13, the three arrays are in agreement among them in terms of the location of the peaks in space and time, but not all the arrays retrieve the same number of peaks. As previously seen in the homogeneous rupture process, HF peaks are again observed at the hypocenter, corresponding to the rupture nucleation, and at the end of the rupture segment, corresponding to the rupture stopping. Besides, HF peaks also appear at the edges of the heterogeneous segment in space (see the marginal on the left in Figure 3.13) and they seem to match the discontinuities of the slip acceleration function in time (see marginals at the bottom in 3.13). In Figure 3.14 the result of the peak extraction following the deconvolution approach is not optimal for the AK array, whereas it works better for the AU and EU arrays. As a matter of fact, we notice that no peaks are missing through the image technique and the squared-root beam power of the EU array better matches the time derivative of the slip-acceleration function. Along the strike direction, the localization of the peaks is good for the hypocenter and the end of the In terms of sliprate, each point activates as a box-car function, whose amplitude and duration are related to the ratio between the final slip and the rise time value of the source points. The cumulative seismic moment is on the top right, whereas the total moment rate function is on the bottom right. The introduction of a spatial heterogeneity, where only the rise time value changes, makes the rupture process more complex. In this case the rise time changes from 6 s outside the heterogeneous segment to 3 s inside the segment.

rupture segment, whereas the localization of the peaks generated by the presence of the heterogeneous segment is not always clear (marginal on the left in Figure 3.14).

-Results

Heterogeneous rupture process in rise time HF peaks -Heterogeneous rupture process in rise time 

Heterogeneous rupture process in final slip

In this case, the rupture propagates along the line with constant rupture velocity (v r = 3 km/s), the rise time is constant along the line (t r = 6 s), whereas the final slip has a sudden change within the heterogeneous segment from 8 m to 4 m (Figure 3.15). The decrease in the final slip value for the source points inside the heterogeneous segment determines a lower amplitude of the related box-car functions, without changing their duration, being the latter controlled by the rise time value (Figure 3.16). The effect of the decrease in the final slip value can be seen in the total moment-rate function (d) in figure 3.15. As seen in the previous heterogeneous case, the synthetics in Figures 3.17 3.17, 3.18, 3.19) and the addition of depth phases further perturbates the signals (Figure (d) in 3.17, 3.18, 3.19). Despite affecting the slip-rate function, in this heterogeneous rupture process the change in the final slip value generates a less coherent HF radiation than the nucleation and the stopping phases. In Figure 3.20 and 3.21 we plot the slip acceleration function and the HF peaks retrieved by BP, respectively for a simulation without depth phases and for a simulation with depth phases. The results obtained by using the two peaks-extraction techniques, the time-space maxima and the deconvolution approach, are in this case comparable. In Figure 3.20, we see a perfect agreement among the three arrays in terms of the location of the peaks in space and time and in terms of the intensity of the radiation. As previously seen in the homogeneous rupture process, HF peaks are again observed at the hypocenter, corresponding to the rupture nucleation, and at the end of the rupture segment, corresponding to the rupture stopping: nucleation and stopping phases were in this case stronger and summed more coherently in the BP analysis. HF peaks also appear at the edges of the heterogeneous segment in space (see the marginal on the left in Figure 3.20) and they seem to match the discontinuities of the slip acceleration function in time (see marginals at the bottom in 3.20). No peaks are missing when we don't include depth phases into the analysis and we use the 'time-space maxima' extraction. On the contrary, in Figure 3.21 the result of the peak extraction following the deconvolution approach is not optimal for the HF emissions generated by the heterogeneous segment. Along the strike direction, the localization of the peaks is good for the hypocenter and the end of the rupture segment, whereas the localization of the peaks generated by the presence of the heterogeneous segment is not always clear (marginal on the left in Figure 3.21).

Heterogeneous rupture process in final slip HF peaks -Heterogeneous rupture process in final slip HF peaks -Heterogeneous rupture process in final slip 

Heterogeneous rupture process in rupture velocity

In this case, the rise time and the final slip values are constant along the line (t r = 6 s, s f = 8 m). The rupture starts propagating along the line with a constant rupture velocity (v r = 3 km/s), but when it reaches the heterogeneous segment, the rupture velocity suddenly changes its value to 2.6 km/s. Such an abrupt change in the rupture velocity determines a different overlap of the source functions and therefore a different contribution to the total moment-rate function (Figure 3.22). In the first part of the heterogeneous segment, because of the decrease in the rupture velocity, the 'heterogeneous' source points have a higher activation time t 0 (l i ), therefore they contribute less to the total moment-rate function (Figure 3.22 and (b) in 3.23). At the end of the heterogeneous segment, the rupture velocity abruptly increases, determining a faster overlap of the box-cars, which in turn produces a higher contribution to the total moment-rate function (Figure 3.8 and (b) in 3.23). The complexity added into the signal because of the change in the rupture velocity is visible in Figures 3.24, 3.25 and 3.26. In this heterogeneous rupture process, the three arrays are in agreement in localizing strong coherent HF radiation in correspondence with the nucleation and the stopping phases and the discontinuities of the slip-acceleration function (Figure 3.27 and 3.28). The results obtained by using the two peaks-extraction techniques, the time-space maxima and the deconvolution approach, are in this case not always comparable. In Figure 3.27, we see a good agreement among the three arrays in terms of the location of the peaks in space and time and in terms of the intensity of the radiation. In Figure 3.28 the result of the peak extraction following the deconvolution approach works best for the nucleation and the stopping of the rupture, but it is not optimal for the HF emissions generated by the heterogeneous segment (marginal on the left in Figure 3.21).

Heterogeneous rupture process in rupture velocity HF peaks -Heterogeneous rupture process in rupture velocity HF peaks -Heterogeneous rupture process in final slip Figure 3.28 -HF peaks for a heterogeneous rupture process in rupture velocity for the arrays AK, AU and EU. Depth phases were included into the analysis. HF peaks were extracted using the deconvolution approach described in 2 and their size is proportional to the intensity of the beam power. In the main plot we show the normalized slip-acceleration function. The along strike direction is on the y-axis (in orange we plot the line source) and the time is on the x-axis. The marginals on the left are: the the slip-acceleration summed in time, sL ; the squared root of the beam power signal for the EU array. The marginal on the bottom are: the total slip-acceleration function s; its time derivative in absolute value; the squared root of the beam power signal for the EU array. The limitations of the deconvolution approach are visible in the case of the AK array.

In a heterogeneous rupture process, besides nucleation and stopping of the rupture, HF peaks correspond to the discontinuities in the slip-acceleration function caused by the abrupt change in the rupture velocity.

Summary of most significant results

The objective of this chapter was to investigate the link between the BP images and the variability of the kinematic parameters of the rupture. In particular, we were interested in finding the key to interpret the BP image in terms of slip velocity or slip acceleration.

For this purpose, we developed and studied four different synthetic rupture processes, starting from the simple case of a homogeneous rupture process and arriving to more complex cases, where we introduced a heterogeneous segment in the middle of the fault line. We then implemented a BP method following the approach proposed by [START_REF] Wang | Estimating high frequency energy radiation of large earthquakes by image deconvolution back-projection[END_REF]. Their method suggests to interpret the BP image of the earthquake in terms of the convolution between the BP image of the true HF emission sources and the BP image of the array response function. In this framework, to retrieve the true HF peaks, we can remove the array response from the BP image through a deconvolution approach. When we do not include depth phases into the computation, the only contribution to synthetics comes from the P-wave phase. The array response is therefore a single mainlobe directly associated with the P-wave arrival. In this case, we can easily extract the maximum of the mainlobes in the BP image of the earthquake via the 'time-space maxima' approach to obtain the true HF peaks. On the contrary, when we deal with depth phases, the array response is a three-mainlobes patch, including the P-, the pP-and the sP-phase, and the deconvolution approach is necessary. The 'time-space maxima' approach allows to identify HF peaks with good upshot, especially considering the simplicity of the method. The seek for maxima along the time axis, however, does not always work properly if the signal around the peak has a smaller concavity (Figure 2.25). This leads to a lack of actual HF peaks in the BP results. However, in the space dimension, the time-space maxima is more precise than the deconvolution approach. This is due to the fact that we directly seek the maxima along the space axis, whereas in the deconvolution approach, the location of the HF peaks in space results from the restoration algorithm based on a point spread function characterized by a three-mainlobes patch. However, the deconvolution approach is very precise in the time dimension and no HF peaks are missing. In general, whether they be obtained via the time-space maxima or the deconvolution approach, the results presented in this chapter show that the BP images correctly capture the main kinematic parameters of the rupture, i.e. the extension of the rupture segment (by looking at the nucleation and the stopping pulses), the edges of the heterogeneous segment and the rupture velocity. In particular:

For a homogeneous rupture models, only the nucleation and the stopping phases of the rupture produce coherent HF radiation. This happens because the nucleation and the stopping are the only two abrupt changes in the slip rate function.

Heterogeneous models, on the contrary, show that the excitation of short-period waves is strongly dependent on the rupture complexity due to the introduction of the heterogeneous segment. Here, the slip rate function can become highly variable and the HF peaks are found in corrispondece with the time discontinuities.

As for the efficiency of the two peaks extraction methods, we can recapitulate the following advantages and downsides:

The time-space maxima is easy to compute and does not rely on the knowledge of the array response function. Therefore, it allows the extraction of all HF peaks with no discernment between propagation and source complexity. In our study, we have limited the use of such a technique only in the cases where no depth phases were included in the analysis. The extraction of the peaks, however, is subject to the efficiency of the algorithm to identify a concave portion of the signal, which in certain cases may lead to a lack of detection. In this regards, further analysis could be carried out to better investigate the role of the gaussian smoothing on beam signals (Figure 2.15). In any case, the technique has a good spatial localization of the HF peaks, since the peak in space is dectected by local maxima extraction directly along the space axis.

The deconvolution approach is able to remove the contribution of later arrivals on BP images, allowing a better interpretation of the HF peaks in light of the complexity of the source when depth phases are present. However, it needs an array response function to be performed. This Chapter has shown the implications and limitations of such a requirement, aspects that will be further discussed in Chapter 4 in the case of real events. The deconvolution approach returns a very good localization of the peaks in time, because -even before the deconvolution-the BP images of the event and the array response function in the time correction approach of Wang et al. have a good focus of the beam in time. However, the spatial localization of the peaks can sometimes be inaccurate, because both BP images of the event and the array response are affected by smearing and the spatial extension of the array response mainlobes can affect the accuracy of the result.

Both from the results of the homogeneous and the heterogeneous cases, the analysis allowed us to solve the intrinsic ambiguity in BP images towards slip velocity or slip acceleration. The effect of the HF band-pass filter on signals prior the BP analysis behaves like a time derivative for the seismograms. When we compare the results of the HF peaks extraction on BP images with the slip rate and slip acceleration function, we notice that the beam power is more likely to be related to the time derivative of the slip acceleration function.

Conclusions

The back projection (BP) technique takes advantage of the coherency of the radiated HF wave field at dense teleseismic arrays and enhables us to reconstruct a space-time image of the HF sources activating in the fault zone. In general terms, the results presented in this Chapter show that the BP method is able to locate in space and time the HF emissions during the rupture process and the progression of the rupture is well followed along the fault segment, preserving the fault length and the duration of the simulated earthquake. However, to distinguish the causative variability of the HF radiation (whether it be due to a change in the rise time, final slip or rupture velocity) seems difficult up to this stage of the analysis. Further analysis has been done in this direction, to discern and attempt to predict rupture kinematic parameters from BP images [we will address this research topic in Chapter 5, where we will present a neural network approach applied to BP images of seismic ruptures]. In conclusion, we highlight the main result of this Chapter: in the case of a linear source with source-points located at the same depth, HF radiation is not simply associated with strong spatial or temporal variability of slip rate and rupture velocity; more specifically, the HF peaks are more likely to be associated with the absolute value of the time derivative of the slip acceleration function. Therefore the BP image could be a proxy to infer the absolute value of the slip acceleration of the rupture process over the fault area.

Chapter 4

Application to real cases 

Abstract

Several authors have attempted to extract information on rupture processes by investigating the progression of HF emission sources over the fault zone (e.g., [START_REF] Walker | Illuminating the near-sonic rupture velocities of the intracontinental kokoxili mw 7.8 and denali fault mw 7.9 strike-slip earthquakes with global p wave back projection imaging[END_REF][START_REF] Jian | Rupture characteristics of the 2016 meinong earthquake revealed by the back projection and directivity analysis of teleseismic broadband waveforms[END_REF][START_REF] Krabbenhoeft | Strike-slip 23 january 2018 mw 7.9 gulf of alaska rare intraplate earthquake: Complex rupture of a fracture zone system[END_REF][START_REF] Bao | Early and persistent supershear rupture of the 2018 magnitude 7.5 palu earthquake[END_REF][START_REF] Xu | Rupture imaging of the mw 7.9 12 may 2008 wenchuan earthquake from back projection of teleseismic p waves[END_REF]). In those cases the BP results have allowed a first and rapid estimate of rupture length and velocity [START_REF] Bao | Early and persistent supershear rupture of the 2018 magnitude 7.5 palu earthquake[END_REF][START_REF] Wang | Fast rupture propagation for large strike-slip earthquakes[END_REF]), besides valuable insights on the energy distribution (e.g., [START_REF] Ishii | Extent, duration and speed of the 2004 sumatra-andaman earthquake imaged by the hi-net array[END_REF][START_REF] Xu | Rupture imaging of the mw 7.9 12 may 2008 wenchuan earthquake from back projection of teleseismic p waves[END_REF]), fault segmentation and roughness (e.g., [START_REF] Walker | Illuminating the near-sonic rupture velocities of the intracontinental kokoxili mw 7.8 and denali fault mw 7.9 strike-slip earthquakes with global p wave back projection imaging[END_REF]Shearer 2009, Bao et al. 2019), and evidence for a bilateral rupture propagation (e.g., [START_REF] Uchide | Spatio-temporal distribution of fault slip and high-frequency radiation of the 2010 el mayor-cucapah, mexico earthquake[END_REF]). Other recent studies have also tackled the issue of reliability and robustness of the BP imaging result of large earthquakes by using the BP image of aftershocks, or smaller earthquakes near the mainshock, or even synthetic tests with a-priori known source models (e.g., [START_REF] Koper | Imaging short-period seismic radiation from the 27 february 2010 chile (mw 8.8) earthquake by back-projection of p, pp, and pkikp waves[END_REF], Wang et al. 2016a). The BP method we developed in Chapter 2 has been tested on synthetic cases in Chapter 3. To enhance our knowledge on the adaptability of our methodology on real scenario, we apply the BP technique to the M w 7.4, 2009 and the M w 7.5, 2018 earthquakes occurred nine years apart on the strike-slip Swan Island fault. Both events were characterized by a complex source time function, as determined by SCARDEC solution [START_REF] Vallée | A new database of source time functions (stfs) extracted from the scardec method[END_REF]), yet they followed a simple linear geometry, which makes them suitable to be tested in the framework built in Chapter 2. The scope of our study is a dual one: from one side of the analysis, we aim at highlighting the link between the complexity of the source time function and the generation of high-frequency radiation using the BP method described in Chapter 2; at the same time, we evaluate the accuracy and the limitations of the BP technique when real cases are under examination. We show that the BP technique allows to extract seismological constraints on rupture initiation, arrest and direction of progression, a first order estimate of rupture length and velocity, and evidence of HF radiation associated with complexities of the moment rate function. However, these findings are subject to some limitations, the most striking one being the challenge to perform the deconvolution approach [START_REF] Wang | Estimating high frequency energy radiation of large earthquakes by image deconvolution back-projection[END_REF] at teleseismic distances when no 6 < M w < 7 events have occurred in the sourrondings of the mainshock. In those circumstances, synthetic point-spread functions can come to the aid, but their accuracy is debatable. Future research should concentrate on this aspect, including techniques to better assess the uncertainty of the BP results and the role of the array response function in image deconvolution approaches.

Two strike-slip events, with a simple linear geometry

The M w 7.4, 2009 and the M w 7.5, 2011 earthquakes stroke the Swan Island fault following a simple linear geometry (Figure 4.1). According to the USGS, both mainshocks occurred as the result of left-lateral strike-slip faulting on a segment of the plate margin between the North America and Caribbean plates (USGS, https://earthquake.usgs.gov/ earthquakes/browse/stats.php). The moment rate functions determined by SCARDEC [START_REF] Vallée | A new database of source time functions (stfs) extracted from the scardec method[END_REF] are shown in Figure 4.2. The 2009 event shows a rupture duration of ∼ 65 seconds and consists of several subevents. The 2018 event, on the contrary, has a very short rupture duration for its magnitude, about 22 seconds, consequently it shows a more compact source time function and a higher value of moment rate 4.2. The hypocentral coordinates and focal mechanism of both events are reported in Table 4.1 and 4. 2. Graham et al. (2010) have investigated the 2009 event to estimate its distribution of slip, source time function and Coulomb stress changes. By inverting geodetic and seismic data, they found a rupture length of about 250 km and a maximum value of coseismic slip up to 1 m (Figure 4.3a). [START_REF] Wang | Preliminary results for the rupture process of jan. 10, 2018, mw7. 6 earthquake at east of great swan island, honduras[END_REF] carried out a study on the focal mechanism and the rupture process of the 2018 event. Their findings suggest a rupture length of about 100 km and a maximum slip value of about 2 m (Figure 4.3b). In the following sections we deal with the application of the BP technique described in Chapter 2 on both earthquakes and we interpret the resulting maps of HF emissions in light of the complexity of the respective moment rate function.

Hypocenter

Focal mechanism Lon = -86.24°strike = 67°L at = 16.80°dip = 79°D epth = 29km rake = -7°T 

Data Selection, Processing and Stacking Technique

In order to identify the rupture process of the M w 7. Signals were selected for polarity (we chose the polarity for which we could collect more numerous traces in the set) and visually inspected to remove possible bad traces, i.e., signals highly affected by noise or presenting lacks of recording. To investigate the coherence of the generalized P-waves, we applied a two-steps multi-channel cross-correlation procedure (VanDecar and Crosson 1990):

1. we first aligned selected raw seismograms via cross-correlation and assigned a picked t P arrival time at each trace; 2. we band-pass filtered aligned traces in a certain frequency range, chosen after several tests where we visually checked the coherence among traces. We applied again a cross-correlation on filtered traces to obtain a more precisely picked t * P arrival time.

To apply the BP technique, for both events we considered a one-dimensional grid of regurarly spaced points surrounding the nominal hypocenter. The grid is 1000 kilometers long and the grid spacing is 5 km. We implemented the method proposed by [START_REF] Wang | Estimating high frequency energy radiation of large earthquakes by image deconvolution back-projection[END_REF] and described in Chapter 2, where we first apply a 'time correction' within the stacking procedure and then move to the extraction of true HF emission sources via the time-space maxima and the deconvolution approach. In the current study, to combine traces into a beam we used a N th root stacking approach (Xu et al. 2009a):

B (t) = 1 M Σ M j=1 |b j (t)| 1 N sign[b j (t)] (4.1) 
where B (t) is an intermediate stack, b j (t) is the amplitude of the j th trace and M is the number of seismograms. The final beam power is therefore obtained as:

B(t) = |B (t)| N sign[B (t)] (4.2) 
where B(t) is the final beam power. A gaussian smooth with σ equal to 20 times the traces time-sample (from 2 to 5 Hz depending on the array) is then applied on beam signals to further reduce filtering noise. After applying the N th root stacking, we obtained the BP images for the four arrays presented in Figure 4.11 for the 2009 event and in Figure 4.24 for the 2018 event. We applied on those images the two peaks extraction methods described in Chapter 2: (1) the time-space maxima, whose strength is to correctly locate HF peaks in space and time, having however the disadvantage to keep depth phases contamination on BP images; (2) the deconvolution approach, which allows us to remove depth phases emissions on BP images and extract only the HF sources related to the source complexity. We remind that this later method needs a point-spread function to be performed. For that purpose, we selected the M w 5.8, 2011 North of Honduras earthquake, whose location has been shown in Figure 4.1, which can be considered as a point source.

Array response function: the M w 5.8, 2011 North of Honduras earthquake

The deconvolution approach has been described in Chapter 2 and applied on synthetic rupture processes in Chapter 3. To be performed, it needs to include a point-spread function, also called array response. The array response function varies depending on the array and shows different mainlobes depending on the contribution of depth phases on the BP image. When observed at teleseismic distances, M w ∼6 earthquakes can be fairly approximated as point sources and their waveforms can be used as empirical Green's functions to discriminate the source contribution from the structure in the generalized waveforms of large events (e.g. [START_REF] Denolle | Dynamics of the 2015 m7.8 nepal earthquake[END_REF][START_REF] Wei | Modeling the 2012 wharton basin earthquakes off-sumatra: Complete lithospheric failure[END_REF]). The response of the four arrays can be therefore calculated as the BP image of a smaller earthquake (preferably 6 < M w < 7), having occurred in the area surrounding the hypocenter of the earthquake of interest. In our case, no earthquakes M w > 6 have occurred since 2009 on the strikeslip Swan Island fault. Smaller earthquakes (M w < 6) are difficult to be back projected over teleseismic distances: P-phase picking is harder to carry out and coherence at higher frequencies becomes challenging (Figure 2.17). However, we could find a M w 5.8 event occurred in 2011 whose location lies in between the 2009 and the 2018 events (Figure 4.1).

To apply the BP method, we selected and pre-processed the traces of the M w 5.8, 2011 event following the same methodology described in section 4. 3. The data selection step returned a good collection of traces for the AK, EU and US array, whereas it only returned 6 stations for the SA array, making the latter unemployable for the BP analysis. As for the next step of data-processing, no picking could be found on EU traces, because of a low signal-to-noise ratio (Figure 4.4). In the end, to perform the deconvolution approach we could only count on AK and US arrays. In Figure 4.5 we show the array response function of AK and US array. Both from the aligned traces and the BP images, we notice that the AK array response function shows two intense mainlobes of coherent HF radiation within the first ten seconds from rupture initiation, preceded by a lower intense mainlobe at the nucleation time. The AK array response spreads over 300 km along the space direction, but it is quite compact and concentrated in time within the first ten seconds of rupture, with very few artifacts in space and time only in the first 20 seconds of rupture. The US array, on the contrary, shows a larger progression of HF radiation. Both from the aligned traces and the BP image, we notice a three-mainlobes patch within the first ten seconds of rupture and a second intense HF emission at about 20 seconds from rupture nucleation.

The US array response is very compact in space (it spreads over less than 100 km) but it also show several weaker HF emissions until 60 seconds from rupture initiation. In order to better understand the role of the array response function in the restoration algorithm, we also perform the deconvolution approach using a synthetic point-spread function for AK and US array (Figure 4.6). Those array responses are quite simple if compared with the empirical ones, in fact they are characterized only by a three-mainlobes patch with no further artifacts in space and time. In the next sections we will detail the common features and the discrepancies of the results obtained with a real and a synthetic array response function. 4.9 and in Figure 4.10. It has to be noted that: for SA array, a good coherence among traces could be achieved in the band-pass 0.5-4 Hz; on the contrary, coherence among traces from AK, US and EU array dramatically decreased for those shorter periods. After some tests, we concluded that stations from AK, US and EU array could be used effectively in the frequency range 0.1-0.5 Hz. 

BP imaging results

In this section we show the results of the back-projection (BP) technique applied on the 2009 North of Honduras earthquake. In Figure 4.11 we present the BP images of the event obtained at the four arrays: AK, US, EU and SA. We compare the BP images with the moment rate and the absolute value of the moment acceleration obtained from the SCARDEC database [START_REF] Vallée | A new database of source time functions (stfs) extracted from the scardec method[END_REF]. The four BP images show the rupture progressing westward for about 200 km. The duration of the rupture (about 65 seconds, estimated from the moment rate function) is well followed by the HF energy bursts. However, those BP images are the result of the 'time correction' of [START_REF] Wang | Estimating high frequency energy radiation of large earthquakes by image deconvolution back-projection[END_REF]). approach. Such a time correction implies the BP images being calculated in the reference station's relative time, where directivity effects arise. We move therefore to the two peaks extraction techniques, discussed in the following sections, to better investigate the HF peaks progression during the rupture process and potential relations with the moment rate and acceleration functions.

Time-space maxima peaks extraction

In Figure 4.12 we present the result of the time-space maxima peaks extraction for the four arrays, where the time scale has been retransformed in the absolute time at the source. We show the HF peaks extracted from the BP images and compare them with the moment rate and the absolute value of the moment acceleration (respectively, the green and the gray marginal at the bottom of Figure 4.12). Both from the aligned traces and from the BP results, the four arrays suggest that the nucleation has not generated the strongest HF emission. They also agree in tracking the most intense HF peaks in the time range 20-40 seconds from rupture initiation, where the moment acceleration function shows most of its higher discontinuities. However, the four arrays do not alway carry the same information about the progression of HF peaks, as for instance the AK array shows between 20-30 seconds from rupture nucleation a, eastward progression of HF peaks. The event occurred at a shallow depth of 29km, where depth phases arrive on seismograms very close to the P-phase. Therefore, it is difficult from this kind of plot to deduce unambiguously a possible link between HF peaks and discontinuities in the moment rate or acceleration functions. Nontheless, the progression of the HF peaks still permits to estimate a rupture length and velocity. The HF emissions cover about 200 km of length, a result that is compatible with the magnitude of the event and the estimate suggested by the study of [START_REF] Graham | Implications for stress changes along the motagua fault and other nearby faults using gps and seismic constraints on the m= 7.3 2009 swan islands earthquake[END_REF]. Three rupture velocity trends are shown on Figure 4.12 and the progression of the HF peaks seeems to suggest a rupture speed in between 3 and 4 km/s, a super-shear regime supported by the study of [START_REF] Chounet | Global catalog of earthquake rupture velocities shows anticorrelation between stress drop and rupture velocity[END_REF]. In the Appendix ?? we show the result of the time-space maxima approach for each single array.

Deconvolution approach

Further insights on the relation between HF peaks and moment complexity may be revealed from the deconvolution approach. This method has been performed with the point-spread function, or array response, of the M w 5.8, 2011 North of Honduras earthquake. After data selection, processing and filtering, only AK and US arrays returned an array response effective to perform the deconvolution approach. In Figures 4.13 and 4.14 we show the results obtained via the R&L restoration algorithm [START_REF] Richardson | Bayesian-based iterative method of image restoration[END_REF][START_REF] Lucy | An iterative technique for the rectification of observed distributions[END_REF] described in Chapter 2. The restored BP images obtained via the R&L algorithm must be reconverted in the correct time at the source. In Figure 4.15 and 4.16 we show the HF peaks progression for AK and US array in the corrected time at the source. Weak HF emissions are retrieved in the first 10 seconds from rupture initiation, whereas the strongest HF sources remain the ones appearing at 20 seconds from rupture initiation. This instant of time corresponds with the first larger segmentation of the moment rate function, between 20 and 27 seconds from the nucleation. HF emissions in correspondece with intermediate stopping and nucleation phases of a segmented rupture have already been observed in literature (e.g., [START_REF] Vallée | Ten year recurrence time between two major earthquakes affecting the same fault segment[END_REF]). Here we favour that conclusion and we attribute the HF emission to the intermediate stopping phase of the segmented rupture between 20 and 27 seconds from the nucleation. The final stopping phase of the earthquake, at around 65 seconds from rupture nucleation, is retrieved by both arrays. However, whilst the AK array sees a very energetic HF emission in association with this stopping phase, the US array returns a small HF peak. The AK and the US array are both located north respect to the rupture segment and see the rupture propagation from a lateral view (not totally directive, not totally anti-directive respect to rupture propagation). In particular, traces for AK and US arrays come from two different quadrants of the focal mechanism, having therefore a different polarity. We presume polarity of traces does not affect the BP result, since the stacking is based on coherence among traces (no matter their polarity) and the beam is calculated as the squared value of stacked traces. Therefore we speculate the differences in the results coming from the restoration algorithm might be due to the different position of the arrays respect to the rupture and to the huge differencies in the point-spread functions involved in the deconvolution. To test our supposition regarding the impact of the array response in the deconvolution approach, we carry out the restoration algorithm using a synthetic point-spread function.

A synthetic deconvolution approach

In this section we present the result of the R&L restoration algorithm performed with a synthetic point-spread function as array response of AK and US arrays. To obtain the synthetic array response, we used the hypocentral coordinates and focal mechanism of the 2011 event and simulated its rupture process as a one-source activating at the nominal hypocenter of the 2011 event, located at 35 km of depth. We included depth phases into the computation of synthetics and we followed the data processing method mentioned in section 4. 3. The results of the restoration algorithm for AK and US arrays are shown in Figures 4.17 and 4.18 respectively. In Figure 4.19 and 4.20 we present the HF peaks obtained after having applied the deconvolution apporach with a synthetic point-spread function. This figure is very similar to the one obtained with the time-space maxima peaks extraction in terms of the number and the intensity of the retrieved HF peaks. This result should come as no surprise, since a synthetic rupture might not be completely adequate to efficently reproduce a proper array response in temrs of the true structure's contribution to seismic waveforms. Therefore, in our case, the restoration method performed with a synthetic array response function could not accurately remove the effect of depth phases on BP images. However, although obtained with an imprecise point-spread function, the plot showing the HF peaks again reveals a strongest HF emission between 20 and 30 seconds from rupture nucleation. The distribution of the arrays and the focal mechanism of the 2018 event are shown in Figure 4. 21. The data-set of each array consists of: 82 stations for AK, 22 stations for EU, 17 stations for US and 28 stations for SA (Figure 4.22). Coherence among traces could be achieved in the filtering range 0.1-0.5 Hz for AK, EU and SA array, whereas the US array was effective only in a lower frequency range 0.01-0 .5 Hz (Figure 4.23). In particular, we notice that:

• AK array shows a high coherence among traces for over 50 seconds from rupture initiation.

• EU array shows a high coherence among traces in the first 20 seconds and a coherent peak at about 35 seconds from rupture initiation.

• SA array, similarly to AK array, shows high coherence among traces for over 50 seconds from rupture initiation.

• US array has been employed in a lower frequency range and coherence among traces can only be seen in the first 10 seconds from rupture initiation. 

BP imaging results

In this section we show the results of the back-projection (BP) technique applied on the 2018 North of Honduras earthquake. In Figure 4.24 we present the BP images of the 2018 Honduras earthquake obtained at the four arrays: AK, US, EU and SA. We compare the BP images with the moment rate and the absolute value of the moment acceleration obtained from the SCARDEC database [START_REF] Vallée | A new database of source time functions (stfs) extracted from the scardec method[END_REF]. What stands out from three out of the four BP images (Figure 4.24) and relative traces (Figure 4.23) is that the HF energy bursts still appear after the nominal stopping time of the rupture proposed by the SCARDEC solution. In particular:

1. AK array sees two main energetic moments: the first one between 0 and 15 seconds from rupture initiation; the second one between 20 and 40 seconds from rupture initiation.

2. EU array sees a first energy burst between 0 and 10 seconds from rupture initiation and a second emission between 30 and 40 seconds from rupture initiation.

3. SA array sees a very weak nucleation phase and strong energy bursts after the rupture has theoretically ended. 4. US array has been employed in a lower frequency range and no emissions seem to appear after the nominal stopping time of the rupture.

There is therefore a discrepancy between our BP results and the SCARDEC solution for the moment rate function. Several could be the interpretations of such inconsistency: the presence of an early aftershock, a premature cut on the duration of the source time function made by SCARDEC, a persistent effect of depth phases due to a complex bathymetry, a possible contamination of water reverberations. To check the existence of an early aftershock, we download recorded vertical component seismogram at a station located at regional distance from the event. In 

Time-space maxima peaks extraction

In Figure 4.26 we present the result of the time-space maxima peaks extraction for the four arrays, where the time scale has been retransformed in the absolute time at the source.

We show the HF peaks extracted from the BP images and compare them with the moment rate and the absolute value of the moment acceleration (respectively, the green and the gray marginal at the bottom of Figure 4.12). The progression of the HF peaks permits to estimate a rupture length of about 100 km, consistent with the study of [START_REF] Wang | Preliminary results for the rupture process of jan. 10, 2018, mw7. 6 earthquake at east of great swan island, honduras[END_REF].

As for the rupture velocity, three possible trends are shown on Figure 4.26. However, the distribution of HF peaks in space and time shows two different progressions of the rupture:

1. From 0 to 20 seconds from rupture initiation, AK, EU and SA arrays suggest a rupture progression extending over 100 km, with a rupture velocity beyond the subshear regime, reaching a value of more than 4 km/s.

2.

From 20 to 40 seconds from rupture initiation, the BP analysis suggests the rupture has not progressed beyond 100 km, but the ruptured segment seems to have emitted HF radiation long after the nominal stopping time.

In terms of intensity of the peaks, AK and SA locate the strongest non propagating HF radiation between 20-40 seconds from rupture initiation, when the rupture is actually supposed to have stopped. The presence of coherent HF radiation after the rupture stops questions the goodness of the BP analysis and the degree of reliability of the SCARDEC solution for the source duration. As a matter of fact, SCARDEC uses a criterion to determine the end of the source time function, where a threshold on seismic waveforms is imposed and late minor source emissions are neglected to reduce the contamination of structure-related effects. « This procedure limits the existence of spurious effects to some configurations where P-wave coda is strong and coherent, the most common cases being offshore strike-slip events. » (Vallée and Douet 2016). However, it also questions the reliability of the rupture duration, for which further analysis of the original P-wave signals could be necessary. To assess whether the late and persistent HF radiation is related to real source effects or rather depth phases, we move on with the deconvolution approach.

Deconvolution approach

In Figure 4.27 we show the R&L restoration applied on AK array with the array response being the BP image of the 2011 event. The time corrected HF peaks progression for AK array is shown in Figure 4.28. In principle, the deconvolution of the BP image with the array response function should enlighten the HF emissions associated with the complexity at the source, by removing the contaminations of the deth phases. In this case, after the restoration method HF peaks still appear beyond the nominal stopping time of the rupture. This result leads us to think that there might be still a complexity of the source hidden in the coda of the event, or that we are detecting an early aftershock or that water reverberations might have played a role during the propagation of seismic waves.

As a matter of fact, water reverberations may cause coherent radiation similar to the one generated by source effects, therefore it is very likely that it could have been retrieved by the BP analysis (e.g. Yue et al. 2017, Fan and[START_REF] Fan | Coherent seismic arrivals in the p wave coda of the 2012 sumatra earthquake: Water reverberations or an early aftershock?[END_REF]. Water reverberations should not generate significant S waves [START_REF] Wiens | Bathymetric effects on body waveforms from shallow subduction zone earthquakes and application to seismic processes in the kurile trench[END_REF], therefore further analysis and next steps to support or disprove the water reverberation hypothesis may come from the BP analysis applied on S waveforms. However, in section 4.4 dedicated to the 2009 event, we also put a light on the crucial role played by the shape of the array response function in the restoration approach. Therefore we conduct a synthetic test to gain an ulterior insight on the result of the deconvolution method performed with a synthetic point-spread function.

A synthetic deconvolution approach

In this section we present the result of the R&L restoration algorithm performed with a synthetic point-spread function as array response of AK arrays (Figure 4.17). In Figure 4.30 we present the HF peaks obtained after having applied the deconvolution apporach with a synthetic array response. Again, even in the case of a synthetic point-spread function, the late and persistent HF radiation is still evident. However, we cannot rely on the synthetic point-spread function since it does not accurately provide us with the realistic features of the structure near the fault. To improve our understanding of such ambiguous HF radiation, waveform modeling using realistic bathymetry model could become necessary at this stage of the analysis. different position of the arrays respect to the rupture and to the huge differencies in the point-spread functions used for the deconvolution. Therefore we carried out a restoration algorithm with a synthetic point-spread function. This figure is very similar to the one obtained with the time-space maxima peaks extraction in terms of the number and the intensity of the retrieved HF peaks. Therefore, in our case, we speculate the restoration method performed with a synthetic array response function could not accurately remove the effect of depth phases on BP images. However, although obtained with an imprecise point-spread function, the HF peaks resulting from the restoration with a synthetic pointspread function again reveal a strongest HF emission between 20 and 30 seconds from rupture nucleation.

M w 7.5, 2018 Honduras

For the 2018 event, traces were filtered between 0.1-0.5 Hz for AK, EU and SA array, whereas the US array had to be employed in a lower frequency range of 0.01-0.5 Hz. The BP images of the four arrays show the rupture progressing westward for about 100 km and the progression of the HF peaks seeems to suggest two velocity regimes: a super-shear regime, between 0 and 20 seconds from rupture initiation, where the rupture speed exceeds the value of 3 km/s; a sub-shear regime, after the nominal stopping time of the earthquake.

Our rupture length is consistent with the estimates of TEMBLOR (https://temblor.

net/earthquake-insights/m7-6-honduras-earthquake-a-near-miss-6045/amp/) and [START_REF] Wang | Preliminary results for the rupture process of jan. 10, 2018, mw7. 6 earthquake at east of great swan island, honduras[END_REF]. At our knowledge, no other studies have been yet carried out to investigate the rupture velocity of this event. The result of the BP image of AK, EU and SA arrays also shows HF energy emission appearing after the nominal stopping time of the rupture. On the contrary, from a lower frequency point of view of the rupture process, that is, from the BP image of the US array, no HF emission seems to appear after the rupture stops. The ambiguous HF radiation could be attributed to several causes: an early aftershock hidden in the coda of the mainshock; a premature cut on the duration of the source time function made by SCARDEC, a persistent effect of depth phases due to a complex bathymetry, a possible contamination of water reverberations. By looking at regional seismograms, no evident change in signal's amplitude or frequency after the nominal stopping time of the rupture could be seen. This, by the way, does not preclude the existence of an aftershock covered within the coda and further analysis in this regard are needed. In principle, the deconvolution approach has the advantage of enlightening the HF emissions associated with the complexity of the source, removing the contaminations of the depth phases. We expected this technique to provide us with a key of reeding such an ambiguous HF radiation. However, by applying the restoration method, both with a real and a synthetic smaller event, HF peaks still appear beyond the nominal stopping time of the rupture. Other approaches to detect and locate early aftershocks, as for instance the one proposed by [START_REF] Fan | Local near instantaneously dynamically triggered aftershocks of large earthquakes[END_REF], could give us a hint to better understand this unclear aspect of the rupture. Water reverberations should not generate significant S waves [START_REF] Fan | Local near instantaneously dynamically triggered aftershocks of large earthquakes[END_REF], therefore a BP method performed on S waveforms should also be considered to sustain or reject the water reverberation option (e.g., Fan andShearer 2018, Yue et al. 2017).

Limitations

Although this study confirms previous findings on the capability of the BP technique to resolve several important details of the rupture process (e.g., [START_REF] Walker | Illuminating the near-sonic rupture velocities of the intracontinental kokoxili mw 7.8 and denali fault mw 7.9 strike-slip earthquakes with global p wave back projection imaging[END_REF][START_REF] Xu | Rupture imaging of the mw 7.9 12 may 2008 wenchuan earthquake from back projection of teleseismic p waves[END_REF][START_REF] Jian | Rupture characteristics of the 2016 meinong earthquake revealed by the back projection and directivity analysis of teleseismic broadband waveforms[END_REF][START_REF] Krabbenhoeft | Strike-slip 23 january 2018 mw 7.9 gulf of alaska rare intraplate earthquake: Complex rupture of a fracture zone system[END_REF][START_REF] Bao | Early and persistent supershear rupture of the 2018 magnitude 7.5 palu earthquake[END_REF]) and contributes to our understanding of the relation between HF radiation and moment rate complexities, a number of limitations needs to be considered. We aknowledge at least three major constraints which came out during the implementation of our methodology to real events:

1. Geometry of the array. In theory, BP results have a better resolution for higher frequencies and wider aperture of the array (e.g., [START_REF] Xu | Rupture imaging of the mw 7.9 12 may 2008 wenchuan earthquake from back projection of teleseismic p waves[END_REF]). However, incoherence among traces hampers the upmost limit of the band-pass filter and the azimuthal coverage of stations within the array cannot be reshaped.

2.

Array response function. The deconvolution approach proposed by [START_REF] Wang | Estimating high frequency energy radiation of large earthquakes by image deconvolution back-projection[END_REF] is performed with an array response function, evaluated as the BP image of an event smaller than the mainshock in the surrounding areas. Higher chances to be effectively employed at teleseismic distances are generally assigned to events M w > 6, restricting therefore the range of possible choices for real point-spread functions. However, when no 6<M w <M mainshock events are found in the region of interest, we are compelled to use an even smaller event to make the deconvolution approach work. This affects the goodness of the point-spread function calculated at teleseismic distances and thus the accuracy of the restoration result.

3. Synthetic array response function. In the absence of 6<M w <M mainshock events, synthetic point-spread functions can come to the aid, but inaccuracies of the structure at higher frequencies make their employment debatable. A realistic bathymetry model could hence be a necessary step to needed, to further this part of the study.

Implications

The preliminary results presented in this Chapter are based on work in progress and have the potential for future interesting developments. The findings of this study have a number of significant implications. Despite its capability of providing first information on the main rupture kinematics, the BP image alone cannot provide us with robust seismological constraints on the rupture: deep interpretations are hindered by the presence of artifacts in the raw BP image and the uncertainity in the restored BP image. In many cases, a combination of different and independent BP images of the same event have been done to improve the identification of the main features of the rupture process (e.g., [START_REF] Xu | Rupture imaging of the mw 7.9 12 may 2008 wenchuan earthquake from back projection of teleseismic p waves[END_REF], Koper et al. 2012). However, «direct combination of images formed from data at different azimuths is generally hard to justify given the variability in source illumination and the level of imaging artifacts that are observed» [START_REF] Koper | Imaging short-period seismic radiation from the 27 february 2010 chile (mw 8.8) earthquake by back-projection of p, pp, and pkikp waves[END_REF]). In this context, further developments in the deconvolution approach with an array response function seem to be the priority. A key question still is how to chose the smaller event in order to improve the deconvolution result. Can we imagine a framework to compare and/or combine the restoration results obtained with a real and a synthetic array response function? Ulterior studies in this direction could draw out a strategy for taking into account the effects of the azimuthal dependence of depth phases and for quantifying how crucial the array response function is in the restoration approach.

Introduction

Characterizing earthquake finite-fault parameters, such as the rupture extent and velocity, and the spatio-temporal distribution of the slip along the fault, is fundamental to achieving a better understanding of the rupture nucleation, propagation and arrest. Earthquake parameters are ususally estimated through slip inversion techniques, which invert seismic waveforms on the basis of prior assumptions on the fault geometry and the rupture mechanism. Such techinques have succeeded to image the source parameters in a relatively low frequency range (ƒ < 2.0 -3.0 Hz) (e.g., [START_REF] Zeng | Mapping of the high-frequency source radiation for the loma prieta earthquake, california[END_REF]). However, if we are interested in revealing the details of the rupture process, high-frequency (HF) waveform data must be taken into account (e.g. [START_REF] Mendoza | Aftershock patterns and main shock faulting[END_REF]Hartzell 1988, Ide 1999). Dealing with HF waveforms incurs the difficulties of calculating the HF Green's function, and the structure of the Earth at frequencies > 1 Hz is still uncertain. High resolution imaging techniques are therefore needed in order to estimate a more detailed spatio-temporal distribution of earthquake parameters during the rupture process. Coherent imaging approaches, like the back projection (BP) method [START_REF] Ishii | Extent, duration and speed of the 2004 sumatra-andaman earthquake imaged by the hi-net array[END_REF], can be used in this framework to reconstruct the process of HF emission during the earthquake faulting. Especially when applied on teleseismic body-waves, the BP method takes advantage of the coherence of HF waveforms among traces, requiring minor a priori constraints and neglecting the contribution of the structure. BP has become a very popular method and several observational studies in recent years have highlighted the ability of the BP technique to illuminate the HF emission sources excited during the faulting (e.g., [START_REF] Walker | Illuminating the near-sonic rupture velocities of the intracontinental kokoxili mw 7.8 and denali fault mw 7.9 strike-slip earthquakes with global p wave back projection imaging[END_REF], Xu et al. 2009a[START_REF] Zhang | Tracking the rupture of the 2008 wenchuan earthquake by using the relative back-projection method[END_REF][START_REF] Meng | A window into the complexity of the dynamic rupture of the 2011 mw 9 tohoku-oki earthquake[END_REF][START_REF] Koper | Along-dip variation of teleseismic short-period radiation from the 11 march 2011 tohoku earthquake (mw 9.0)[END_REF], Satriano et al. 2014[START_REF] Vallée | Ten year recurrence time between two major earthquakes affecting the same fault segment[END_REF][START_REF] Grandin | Rupture process of the mw= 7.9 2015 gorkha earthquake (nepal): Insights into himalayan megathrust segmentation[END_REF]). On the other side, theoretical studies have attributed the generation of HF radiation during earthquake faulting to small-scale variations or roughness in final slip, slip velocity, or rupture velocity -acceleration and deceleration-over the fault plane [START_REF] Madariaga | High-frequency radiation from crack (stress drop) models of earthquake faulting[END_REF][START_REF] Andrews | A stochastic fault model: 2. time-dependent case[END_REF][START_REF] Herrero | A kinematic self-similar rupture process for earthquakes[END_REF][START_REF] Somerville | Characterizing crustal earthquake slip models for the prediction of strong ground motion[END_REF]). HF radiation is therefore a proxy to the variability of the parameters controlling the rupture process.

This study moves a first step into the possibility of extracting information on the earthquake kinematic properties from the HF radiation enhanced by the BP analysis of earthquakes. We simulate a large set of rupture processes using the 1D line source model [START_REF] Lancieri | Simulated shaking maps for the 1980 irpinia earthquake, ms 6.9: Insights on the observed damage distribution[END_REF]. This choice allows us to ease the computational effort and describe the complex earthquake rupture process in a simplified approach that seeks to represent its key elements. In this framework, the geometrical, mechanical and dynamic heterogeneities of the fault plane (e.g. statistical distribution of stress and strength along the fault, frictional asperities, variability of temperature and fluid pore pressure) can be translated into variabilities of the kinematic parameters, such as: the rise time, the final slip, the rupture velocity. Our study aims at assessing which kinematic characteristics of the rupture process, as well as the location and the extent of a spatial heterogeneity -when present-can be reliably determined from the BP image of the seismic event through a convolutional neural network (CNN) approach. In this work, we do not aim to model a realistic source in all its complexity. We instead use a less elaborated approach, such as the line source with a spatial heterogeneity, to draw the attention to the mechanism behind the generation of high-frequency radiation from spatial heterogeneities in the kinematic parameters of the rupture. This choice also simplifies the problem to overcome imaging challenges in the BP analysis. Several are in fact the artifacts in BP images of earthquake ruptures, as for instance the smearing or the walking effects (e.g., Xu et al. 2009a, Walker and[START_REF] Walker | Illuminating the near-sonic rupture velocities of the intracontinental kokoxili mw 7.8 and denali fault mw 7.9 strike-slip earthquakes with global p wave back projection imaging[END_REF], and the presence of HF emissions carried out by later arrivals, the depth phases. The smearing effect makes the beam power signal of the true HF emission source to be blurred in space, whereas the walking effect leads to a tilted energy emission in time.

Using a 1D source allows us to represent the BP image of the rupture as a 2D map where we can easily follow the HF progression in space and time. We illustrate few examples of a CNN application on BP images of simulated rupture processes, exploring the role of input and target parameters on the goodness of the CNN predictions. After a presentation of the dataset, we detail the CNN architecture and its implementation, and we discuss the results of the CNN predictions in light of the choice of input and output parameters.

Methodology Building the dataset

We simulated 40,000 rupture scenarii of a M w 7.5 strike-slip event located in China. Focal mechanism and hypocentral coordinates are shown in Table 5.1. We used a line source model [START_REF] Lancieri | Simulated shaking maps for the 1980 irpinia earthquake, ms 6.9: Insights on the observed damage distribution[END_REF], where a series of equally spaced point sources are placed along a line, extending along the strike direction of the fault. Following the [START_REF] Wells | New empirical relationships among magnitude, rupture length, rupture width, rupture area, and surface displacement[END_REF] empirical relationships, we set the rupture length equal to 100 km and we chose a space sample of 400 m in order to avoid aliasing, as discussed in [START_REF] Lancieri | Simulated shaking maps for the 1980 irpinia earthquake, ms 6.9: Insights on the observed damage distribution[END_REF]. We located the point sources at the same depth of 15 km. In a kinematic representation of the source process, once crossed by the rupture front, the point sources dislocate following a ramp function (Figure 5.1). The dislocation history of each point is then totally characterized by three kinematic parameters: the rise time t r , the final slip s f and the rupture velocity v r , represented in Figure 5.1. We introduced a heterogeneous segment, whose length L ranges from one space sample, that is 400 m, to 40 km. Within the heterogeneous segment, the rise time, the final slip and the rupture velocity assume a different value from the surrounding length. Each kinematic parameter has been randomly selected within a range of values according to the empirical relationships proposed by [START_REF] Wells | New empirical relationships among magnitude, rupture length, rupture width, rupture area, and surface displacement[END_REF][START_REF] Wells | New empirical relationships among magnitude, rupture length, rupture width, rupture area, and surface displacement[END_REF][START_REF] Geller | Scaling relations for earthquake source parameters and magnitudes[END_REF]. The ranges for each kinematic parameter are reported in Table 5.2.

We then calculated synthetic seismograms at three teleseismic arrays, Alaska (AK), Australia (AU) and Europe (EU), each consisting of 55 seismic stations (Figure 5.1). Employing teleseismic arrays allow us to focus on the complexity of the rupture process, while reducing the complexity of the propagating medium on seismic traces. In fact, for teleseismic distances, seismic ray-paths mostly travel into the mantle, which can be considered relatively homogeneous compared with the crust. For the generation of teleseismic synthetic traces, we computed the Z-component traces and only included the P-wave phase, neglecting later arrivals, such as the pP-and the sP-phase. Later arrivals, also know as depth phases, are indeed one of the major causes of artifact in BP analysis. As for instance, [START_REF] Okuwaki | Backprojection to image slip[END_REF] shows that BP has a depth-dependent bias proportional to the amplitude of the Green's function. This means that for very shallow earthquakes (e.g. with focal depths less than 10 km) depth phases are very close to the first P-wave arrival and they should slightly contaminate the BP image. Therefore, in our study we chose to ease the interpretation of the BP imaging results by suppressing the contamination of depth phases on BP images. In order to apply the BP technique, synthetic velocity traces obtained at the three arrays were band-pass filtered between 0.5 and 4 Hz. This frequency range is typical in teleseismic BP analysis for enhancing HF waveforms while keeping coherence of signals (e.g., Xu et al. 2009a). We used the BP method first proposed by [START_REF] Ishii | Extent, duration and speed of the 2004 sumatra-andaman earthquake imaged by the hi-net array[END_REF]. In this approach, a grid of possible source locations is placed over the fault; for each grid-point, predicted P-wave travel times at each station of the array are calculated; signals are then shifted according to those values of travel time and stacked ; stacked signals are usually powered by two, resulting in the so called beam power. The BP image is therefore the beam power signal of each grid point. In our study, we use a 1D grid, which allows to represent the beam power in space and time as a 2D BP image (Figure 5.2). The BP images obtained at the three complementary arrays return three different points of view of the same rupture process. The BP images are characterized by several patches of higher values of beam power, that is the strongest HF emissions generated during the rupture process, which are a proxy to a sudden variability occurred in the kinematic parameters during the rupture process.

CNN architecture

The second step of this work is to use a CNN approach on BP analysis to exploit the information carried by the HF radiation on BP images. The CNN algorithm needs an 

Hypo

Focal Mechanism Rupture geometry Sampling Lon = 90.59°strike = 78°L = 100 km ∆l = 0.4 km Lat = 35.93°dip = 61°W = 15 km ∆t = 0.02 s Depth = 13km rake = -12°hi hi hi Table 5.2 -Ranges of kinematic parameters for rupture process simulation. We call t r the rise time, s f the final slip, v r the rupture velocity, L the length of the heterogeneous segment and x c its central position. Kinematic parameters are uniformly distributed within the range listed below.

t r s f v r L x c 1 -8 s 1 -10 m 2.5 -3.460 km/s 0.4 -40 km 20 -80 km input and a target. In our study, the input is a matrix containing the BP images of the simulated rupture processes and the target is a matrix containing the kinematic parameters corresponding to those simulations. Specifically, the target vector d is defined as:

d = [t r , s f , v r , H tr , H s f , H vr , x c , L] (5.1)
where t r is the rise time, s f is the final slip, v r is the rupture velocity; H tr , H s f and H vr are the heterogeneity repsectively in the rise time, in the final slip and in the rupture velocity; x c and L are the central position and the length of the heterogeneous segment.

The objective of the CNN algorithm is to manipulate the input matrix through various operations [START_REF] Goodfellow | Deep Learning[END_REF]) in order to return an output vector containing the predictions of the target parameters described in 5.1. Various nets have been tested in our study. Our preferred one has the structure sketched in Figure 5.3, because it allowed the minor number of learnable parameters with a fast computation. Firstly, the BP image is downsampled with a max pooling operation, with equal pooling lengths of [3] w × [3] h along the image dimensions. The advantage of using such operation is to reduce the spatial size of the input matrix, thus to reduce the number of parameters and computation in the network. Once downsampled, the BP image is passed through two convolutional layers, each with a convolution, a max pooling and an activation function. The convolution operation is performed with a filter size of 5 and 10 in the first and second step of the loop, respectively. The kernel size for both steps is [5] w × [5] h . The max pooling operation is performed with a pooling lengths of [4] w × [4] h in the first step and of [3] w × [3] h in the second step of the loop. A rectified linear unit (ReLu) [START_REF] Ramachandran | Searching for activation functions[END_REF]) is used as activation function. Two fully-connected layers end the network, whose weights are updated during the learning to minimize the loss function, in our case, a mean squared error (MSE):

M SE = 1 M × Σ M n=1 (d n -y n ) 2 (5.2)
where M is the number of samples in the dataset, d n is the target vector containing the true kinematic parameters for the sample n, y n is the output vector containing the prediction of the kinematic parameters for the sample n. The Adam algorithm (Kingma and Ba 2014) is used as optimizer function.

Implementation

The original dataset composed of 40,000 simulations of rupture processes is divided into three subsets: training (70%), validation (20%) and testing (10%). We adopt a min-max normalization on target data to map them to the range 0 to 1: .3) where d * n is the normalized target. During the training, the model weights are updated of an amount equal to a parameter called learning rate. The learning rate controls how fast the model adapts to the problem: a small learning rate implies long training process; a high learning rate means an unstable training process, hence a rough set of weights. In our study, we initialize the weights and set the learning rate equal to 7.5 × 10 -5 . The network is trained for up to 500 iterations over the training dataset. For each training step, a validation step follows, during which the model's parameters are evaluated. The model's parameters for which the MSE reaches its minimum during the validation step are then selected as the best model's parameters which will be used for the testing.

d * n = d n -min(d) max(x) -min(x) ( 5 

Results

Effect of target on CNN predictions

In Figure 5.4 we present the results obtained with the design of the CNN sketched in Figure 5.3 and the target vector defined in 5.1. In a first step of our analysis, we used as input for the CNN a BP image obtained as the sum of the BP images calculated at the three arrays. Xu et al. (2009a) showed that stacking the beam power calculated at individual arrays can mitigate the artifacts in BP images, in particular the smearing effect. This happens because the sum allows the true energy peaks to be strengthened, despite the different array response functions, implying a reduced and more symmetric mainlobe (Figure 5.2). The plots show the output of the CNN versus the target values, that is the predictions of the CNN versus the true values of kinematic parameters, for the testing dataset. The regression score function R 2 is shown on each plot. This score is defined as:

R 2 = 1 - Σ n i=1 (d i -y i ) 2 Σ n i=1 (d i -d) 2
( 5.4) where d is the target vector, y is the CNN prediction and d is the mean value of the target. The best possible score is 1.0 whereas a score of 0.0 implies the model always predicts the average value of the target no matter the input features1 . The highest values of R 2 are found for the predictions of the rise time t r , the rupture velocity v r and the central position of the heterogeneous segment x c . Good predictions are also obtained for the heterogeneous values in rise time and rupture velocity, H tr and H vr . However, the length of the heterogeneous segment L is not well predicted and poor predictions are obtained for the final slip s f and its heterogeneous values H s f . We attribute this shortcoming to the inherent insensitivity of the BP approach to image the low-frequency aspects of the rupture process. We will resume such a result in the Conclusions. Difficult-to-predict parameters in the target vector slow down the loss function's convergence towards its minimum. Therefore, we define a different target vector, where we remove the final slip value and its heterogeneity and keep the following kinematic parameters:

d = [t r , v r , H tr , H vr , x c , L] (5.5) 
with t r as the rise time, v r as the rupture velocity, H tr and H vr as the heterogeneity respectively in the rise time and in the rupture velocity, x c and L as respectively the central position and the length of the heterogeneous segment. In Figure 5.5 we show the prediction versus the true values of the reduced target vector. The weights for each output channel are independent, therefore the performance on the remaining parameters does not change significantly with a different choice of target vector.

Effect of input on CNN predictions

As complementary information, we test the effect of the input parameter on the CNN results. In the previous cases, the input of the CNN was a matrix containing the BP images of the simulated rupture processes, obtained as the sum of the BP images calculated at the three arrays AK, AU and EU. Here, we test whether the combination of the three arrays or the employment of only one array at a time in the CNN approach could help us achieve better results. In Figure 5.6 we present the result of the CNN approach applied on the BP images calculated at AK, AU and EU arrays using the reduced target vector. It is instructive to notice that not all arrays perform the same. In particular, the results show an improvement in the predictions of the heterogeneous values of rise time and rupture velocity, as well as the length of the hetergeneous segment, when we use an input BP image calculated at the EU array. On the contrary, when using the AK or the AU array, the predictions of the reduced target vector do not improve respect to the test performed with an input obtained as the sum of the three BP images. We question therefore whether the smearing or the walking effect on BP images could hamper the goodness of the CNN In this test, the final slip value and its heterogeneity are not included in the target vector. The input BP image is obtained as the sum of the BP images calculated at the three arrays AK, AU and EU. We adopt a min-max normalization on target data to map them to the range 0 to 1.

predictions. The smearing effect is a typical artifact in BP analysis, for which the beam power signal of the true HF emission source is blurred in space, whereas the walking effect leads to a tilted energy emission in time (Figure 5.2). This is due to the array geometry and can be qualitatively mesured via the array response function, that is the beam power patch surrounding the HF emissions on BP images. In our case, the EU and AU array response functions are quite focused along the space direction, whereas the AK array shows a higher smearing (Figure 5.2). The EU array shows the strongest walking effect, because of its large back-azimuth, whereas the HF emissions on AK and AU BP images are not too much tilted in time. However, only the EU array allows the CNN to return the best predictions, even better than the outputs obtained with the summed BP image. On the contrary, both AK and AU arrays perform as good as the summed BP image. Even though the smearing effect could encumber the ability of the network to extract information on the BP images, we can't attribute to it the shortcomings of the CNN on AK and AU arrays.

Our supposition is that the different performances of the CNN on individual arrays could somehow be attributable to the back-azimuth of the array relative to the rupture. However, further analysis need to be done to properly understand the cause of our findings. 

Discussion and Conclusion

We have investigated the CNN approach applied on BP images of simulated rupture processes to estimate their earthquake kinematic parameters. Without any knowledge of Green's functions, nor prior assumptions on the rupture kinematics, the BP technique is able to reveal the details of the rupture process by imaging the HF emission sources excited during the faulting. So far, several studies have highlighted the possibility to extract information on the rupture length and velocity from BP images (e.g., [START_REF] Walker | Illuminating the near-sonic rupture velocities of the intracontinental kokoxili mw 7.8 and denali fault mw 7.9 strike-slip earthquakes with global p wave back projection imaging[END_REF][START_REF] Bao | Early and persistent supershear rupture of the 2018 magnitude 7.5 palu earthquake[END_REF][START_REF] Uchide | Spatio-temporal distribution of fault slip and high-frequency radiation of the 2010 el mayor-cucapah, mexico earthquake[END_REF]). However, to deduce the kinematic parameters, such as the rise time, the final slip and the presence of spatial heterogeneities, from the BP images of a seismic event has not been attempted so far. The HF radiation enhanced on BP images is associated with the variability of the parameters controlling the rupture process.

Here we used a CNN approach on BP analysis to exploit the information carried by the HF radiation illuminated on BP images in order to retrieve the kinematic parameters controlling the rupture. CNN are data-driven predictive models, whose performance depends on the definition of input and target parameters. We illustrated here few examples of a CNN application, exploring how input and target parameters affect the goodness of the CNN predictions. We built a large dataset composed of 40,000 synthetic rupture processes using a simplified line-source model, where we introduce a heterogeneous segment of variable size, and we calculated the BP image of each simulation at three arrays at complementary locations respect to the location of the simulated event.

We applied the CNN designed as in 5.3 on the input matrix composed of the BP images of the simulated events and the target matrix composed of their kinematic parameters. In a first test, we used as input BP images the sum of the three BP images calculated at the arrays, whereas we defined a target vector including: the rise time, the the final slip, the rupture velocity, the heterogeneous values in rise time, final slip and rupture velocity, the length and central potition of the heterogeneous segment. In this first case we found that the CNN is able to predict the rise time, the rupture velocity, the heterogeneous values in rise time and rupture velocity, the length and the central position of the heterogeneous segment. However, the CNN fails at predicting the final slip and its heterogeneous value.

We attribute this shortcoming of the CNN approach to the inherent insensitivity of the BP approach in enlightening the low frequency aspects of the rupture process. Several authors, in fact, have already pointed out the complementarity of the BP imaging result respect to the classic kinematic inversion: the latest works at lower frequencies and is able to return an image of the slip over the fault, whereas the BP method works on the HF radiated field and rather underlines the borders of the slip patches over the fault plane (e.g., [START_REF] Walker | Illuminating the near-sonic rupture velocities of the intracontinental kokoxili mw 7.8 and denali fault mw 7.9 strike-slip earthquakes with global p wave back projection imaging[END_REF][START_REF] Zhang | Tracking the rupture of the 2008 wenchuan earthquake by using the relative back-projection method[END_REF][START_REF] Meng | A window into the complexity of the dynamic rupture of the 2011 mw 9 tohoku-oki earthquake[END_REF][START_REF] Koper | Along-dip variation of teleseismic short-period radiation from the 11 march 2011 tohoku earthquake (mw 9.0)[END_REF], Satriano et al. 2014[START_REF] Vallée | Ten year recurrence time between two major earthquakes affecting the same fault segment[END_REF][START_REF] Grandin | Rupture process of the mw= 7.9 2015 gorkha earthquake (nepal): Insights into himalayan megathrust segmentation[END_REF]). To better clarify our interpretation regarding our study, we recall that the BP technique has been applied in our case on teleseismic velocity waveforms, which carry the information on the propagating medium, that is the Green's function related to the P-wave, and the source contribution, which, for velocity traces, is represented by the slip acceleration function. Therefore our BP technique fails at imaging the low frequency aspects of the rupture process, such as the slip distribution along the fault segment.

We then performed a second test, where we were interested in exploring the role of the input parameter in the CNN predictions. In particular, we tested whether the information coming from one single array could be thorough for the network or, on the contrary, the combination of the information coming from the three arrays could provide us with better predictions. We therefore carried out a test using the input BP image of one single array at a time. The CNN applied on input BP images of the EU array allows to achieve better predictions of the heterogeneous values in rise time and rupture velocity and of the length of the heterogeneous segment. On the contrary, no major differences can be appreciated on the predictions of the AK and the AU arrays respect to the test performed with an input BP image obtained as the sum of the three arrays. Our hypothesis is that the back-azimuth of the array relative to the rupture could play a non-negligiable role in favoring or inhibiting the CNN predictions. However, more work needs to be done in this direction to properly understand our findings. The essential conclusion of our analysis is that, from a CNN perspective, to stack multiple arrays could not always provide with the best outcome, in contrast to what literature usually sustains in the matter of BP analysis. This study deals with synthetic rupture processes and the generalization of the CNN approach applied to real events is not straightforward, because of the intrinsic data-driven nature of the CNN. However, the findings presented here create new opportunities of extracting information on the rupture kinematic properties from BP analysis of earthquakes. Even though our study does not address the question of the generalizability of the method, it does demonstrate the limitation of the BP technique, thus of the CNN approach based on that target parameter, in retrieving the final slip distribution and its strength in providing reasonably accurate predictions for the other kinematic parameters of the rupture process, which can open a field for its use.

Conclusions and Perspectives

Synopsis

Tracking down the origins of earthquake complexity is still topical, despite the valuable work carried out in the last decades within the seismology community. Starting from the the late 70's, theoretical studies on the generation of high-frequency (HF) seismic radiation have opened a prospect towards a better understanding of the earthquake source mechanism. At the same pace, earthquake engineers dipped into the investigation of HF seismic waves, in particular within the range 1 to 10 Hz, being the latter the usual range of resonance frequency of most buildings. This overarching aim of seismologists and engineers, together with recent improvements in analysis methods and computational resources, have enabled to better explore HF seismic radiation and image the earthquake source in more detail. For sometime now we have known that several physical parameters (e.g., friction, stress field, temperature, fluid-pore pressure, etc.) control the rupture process, determining its nucleation, progression and arrest. Such parameters are heterogeneously distributed over the fault zone and, when an earthquake occurs, the heterogeneous areas on the fault plane may behave like HF emitters once crossed by the rupture front. Despite the relevant information provided on the space-time history of the earthquake parameters, classic inversion approaches cannot overcome the intrinsic HF nature of rupture complexity, which has long been lying dormant. In the last decade, the densification of seismic stations in array configuration has allowed the study of coherent HF waveforms as a tool to illuminate earthquake rupture complexity. Numerous in fact have been the cases where the BP technique has been applied at teleseismic body waves of large (M>7) earthquakes returning an image of the rupture process which is complementary to the one obtained by classic slip inversion methods. In fact, classic inversion methods work at lower frequencies and are able to return an image of the slip over the fault, whereas the BP method works on the HF radiated field and rather underlines the borders of the slip patches over the fault plane. Yet, the interpretation of the BP image still remains unclear. Here we place ourselves in between the theoretical works on the generation of HF radiation during earthquake faulting and the observational studies where the BP method has revealed HF emission sources excited during large events. Four main questions have guided us throughout the development of the current research project:

What is the role of spatial heterogeneities on the earthquake rupture process and its radiated wave field?

What does the BP image represent in terms of the space-time history of the slip along the fault?

Can the BP analysis fully explore the complexity of the rupture process on synthetic and real case-studies?

Can we estimate rupture kinematic parameters from BP images of large earthquakes?

In Chapter 1 we offered the reader an overview of the fundamental elements and theorems of modern seismology. Starting from the representation theorem, we then moved to the description of the Green's functions and the slip function. We presented the framework of our study, which focuses on a dislocation model as representation of the source, and the P-waves for the seismic waves propagation. We retraced the literature investigating the spectral behaviour of seismic sources, dedicating particular attention to the HF content of seismic signals. After showing some results of back-projection analysis applied on large recent earthquakes, we posed the difficulty of apprehend the meaning of the BP imaging results.

In Chapter 2 we presented the methodological approach conceived for our study. We showed the reader how we simulated a rupture process using a line source and generated synthetic seismograms at three teleseismic arrays. Then we explained the procedure for applying the BP technique and obtaining an image of the HF radiation emitted during the rupture process. We suggested two methods to reduce the artifacts on BP images: the time-space maxima, when later arrival are not included in the simulation of synthetic traces, and the deconvolution approach when depth phases are added in the computation.

In Chapter 3 we applied the BP method on four rupture processes. We begun our study with the simple case of a homogeneous rupture process and we arrived to 'more complex' cases, where a heterogeneous segment is introduced in the middle of the fault and one kinematic parameter at a time is set to vary within it.

In Chapter 4 we applied the BP method on two strike-slip events with simple linear geometry occurred nine years apart on the Swan Island fault in North of Honduras. We explored the link between the complexity of the source time function of both events and the generation of HF radiation. In particular, we drew the attention to the accuracy and the limitations of the BP technique described in Chapter 2 when real cases are under examination.

In Chapter 5 we combined a convolutional neural network (CNN) approach with BP images of simulated rupture processes. We assessed the ability of the CNN in predicting the earthquake kinematic parameters from the progression of HF emissions in space and time retrieved by the BP analysis.

The first two questions at the core of our study have been addressed in Chapter 3. The third question has been explored both in Chapter 3 and Chapter 4, whereas the last question is the basis of Chapter 5. The findings we have achieved and their implications are presented in the following section.

Most significant achievements

Chapter 2

Apart from describing the methodological approach of our study, this Chapter also presents a comparison between the conventional BP technique, referred to as the one first proposed by [START_REF] Ishii | Extent, duration and speed of the 2004 sumatra-andaman earthquake imaged by the hi-net array[END_REF], and the BP approach proposed by [START_REF] Wang | Estimating high frequency energy radiation of large earthquakes by image deconvolution back-projection[END_REF]. Throughout the present work, we followed the latter approach. Two are the main advantages of such a method: (1) it reduces the walking effect, the typical artifact on BP images, thanks to a time correction in the formulation of the delay-and-sum approach;

(2) it makes use of a 'deconvolution' operation, which allows to remove the array response function and the contamination of later arrivals on the BP image. We have shown that, after the time correction procedure, two possible ways exist in extracting HF peaks on BP images. In the absence of depth phases, the HF peak can be direclty extracted by seeking the maximum of the mainlobe in time and space via the time-space maxima approach. However, when later arrivals 'contaminate' the BP image, the deconvolution approach is the suitable choice. The deconvolution approach has however certain limitations. As for instance, by employing the Alaska array in our study, we have noticed that the small aperture of the array respect to the rupture implies a very poor restoration capability. Specifically, the small array aperture causes a more pronounced smearing along the space direction on BP images, which is harder to get rid of during the deconvolution. Therefore a larger BP grid is needed to achieve a better restoration result. Such a shortcoming affects the computing time for the BP performance and the precision for the HF peaks extraction.

Chapter 3

In this Chapter we tested the performance of the BP method described in Chapter 2 on synthetic rupture processes. We applied the BP technique at teleseismic distances in order to neglect the complexity of the structure and only focus on the complexity of the source. We found that the time-space maxima approach identifies HF peaks with good upshot, especially considering the simplicity of the method: the seek for maxima along the time axis can sometimes fail, missing the extraction of true HF peaks; however, in the space dimension, the technique is more precise than the deconvolution approach. As for the deconvolution approach, we found a very good precision in the time dimension such that no HF peaks are missing. This Chapter shows that: in a homogeneous rupture model, only the nucleation and the stopping phases of the rupture produce coherent HF radiation; whereas, in heterogeneous models, short-period waves are excited by the introduction of the heterogeneous segment. Finally, the results presented in this chapter (both from the homogeneous and the heterogeneous cases) show that, in the simple case of a line source, the beam power is more likely to be related to the time derivative of the slip acceleration function.

Chapter 4

Motivated by the findings of Chapter 3, we applied the BP method on two real events with simple linear geometry. Our study on the 2009 and 2018 North of Honduras earthquakes confirmed the capability of the BP technique to resolve important details of the rupture process, such as the rupture length and velocity, and contributed to our understanding of the relation between HF radiation and moment rate complexities. Nevertheless, we were confronted with a number of limitations. The major constraints that affected our study were the geometry of the arrays and the array response functions. The first factor affected the coherence of traces, which could only be achieved for a lower frequency range (0.1-0.5) respect to the one generally used in teleseismic BP analysis (0.5-4 Hz). For the second factor, we had to perform the deconvolution approach using a M w 5 event, since no 6<M w <M mainshock events were found in the region of interest. This affected the goodness of the point-spread function calculated at teleseismic distances and thus the accuracy of the restoration result. We also used synthetic point-spread functions, but the inaccuracies of the structure made their employment debatable. Regarding the 2018 North of Honduras earthquake, the HF radiation retrieved by the BP analysis was ambiguously long compared to the moment rate function of the event. The presence of HF radiation after the nominal stopping of the rupture could be attributable to several causes: an early aftershock hidden in the coda of the mainshock; a premature cut on the duration of the source time function made by SCARDEC, a persistent effect of depth phases due to a complex bathymetry, a possible contamination of water reverberations. Ulterior studies are therefore needed to have an insight of such event.

Chapter 5

The aim of this study was to retrieve the kinematic parameters controlling the rupture from its BP image. Therefore, in this Chapter we used a CNN approach on BP analysis to exploit the information carried by the HF radiation illuminated on BP images. We showed that the CNN is able to predict the kinematic parameters of rise time, rupture velocity and the central position and length of a heterogeneous segment -when present-but it is insensitive towards the final slip value. This happens because the BP technique itself fails at imaging the low frequency aspects of the rupture process, such as the slip distribution along the fault segment. It is instructive to notice that using a CNN on an input BP image obtained as the sum of the BP images calculated at different and complementary arrays did not necessarily improve the output predictions of the net. These findings seem to be in contrast to what literature usually sustains in the matter of BP analysis. Therefore further analysis are currently being performed to better understand the role of the individual array on CNN predictions. Finally, we are aware that CNN are data-driven predictive models and our study only focused on simulated events. We did not address the generalizability of the method to real cases, but we did offer a prospect of extracting information on the rupture kinematic properties from BP analysis of earthquakes via a CNN approach.

The achievements outlined before fulfil the objectives of our project. However, unresolved issues remain and will be the elements of our conclusive section.

Outstanding questions and ideas for future investigations

Depth dependence in BP images -In Chapter 3 we neglected the width dimension of the extended fault and placed a line source at a certain depth related to the event's hypocentral depth. We generated synthetic signals by computing the contribution of both the source points placed at the same hypocentral depth and their respective Green's functions. The 2D fault case is more complicated, since the Green's functions vary with depth.

Besides adding an ulterior complexity on the synthetic traces, the arrival of later phases introduced by the depth dimension also affects the BP analysis. As a matter of fact, [START_REF] Okuwaki | Backprojection to image slip[END_REF] showed that, since the Green's functions vary with depth and contribute to the signal intensity in BP analysis, the beam power intensity on BP images is inherently depth dependent. We foster this finding and aim at better investigating the effect of depth phases on BP images, hence we are currently working on a 2D kinematic source model. In Figure 5.7 we show the first and last seconds of a homogeneous rupture process on the 2D fault used in our study. The rupture nucleates on the left edge and propagates at constant rupture velocity towards the strike direction of the fault. In Figure 5.8 we show an example of synthetic signal recorded at the AK array for the homogeneous rupture process. Here, even in the simple case of a homogeneous rupture model, the nucleation generates a more intense HF emission respect to the stopping phase. This effect could be explained by the crossing of the rupture front at the edges of the fault. This crossing is more pronounced at the starting edge of the fault, since the rupture front is circular, and less evident at the stopping edge of the fault, where the rupture front becomes almost plane (see screenshots in Figure 5.7). In this manuscript we showed that, in the simple case of a line source model, the beam power signal is associated with the absolute value of the time derivative of the slip acceleration function. However, in light of what has been said in the matter of depth dependence of BP image, the relation we have found between the beam power and the slip acceleration is likely going to be distorted in the case of a 2D fault, and the introduction of the rupture isochrones in the 2D-study could help us achieve a wider perspective on the subject. Insights on 2018 North of Honduras earthquake -In Chapter 4 we have applied the BP technique on the 2018 Honduras event assuming, because its linear geometry, that it has been propagating along the strike direction of the fault. One of the acknowledged limitations of this study is that it focused on a 1D BP-grid where we neglected the depth dimension of the problem. The findings we obtained showed an ambiguous HF emission after the nominal stopping of the rupture. For a more comprehensive understanding of the findings presented in this section, we could perform an analysis on the effect of the band-pass HF filter on the BP image. In particular we could investigate whether a different choice of frequency range could lead to different results in BP analysis. As for instance, in Figure 5.9 we present the comparison between the frequency range chosen in Chapter 4 and an alternative HF band-pass filter between 0.2 to 0.5 Hz. In Figure 5.10 we show the comparison between the BP image obtained in Chapter 4 and the BP image obtained with the new choice of filter. To gain insights we could also introduce a 2D BP-grid to better locate the HF radiation sources along both the dip and the strike direction of the fault.

Finally, it should be noted that this study was also deprived of efficient arrays to image the rupture process via the 'deconvolution' approach. Therefore, when lacking accessible data, an approach alternative to the deconvolution method is of highest priority in order to achieve better outcomes for real events. In light of this, further work is needed to explore in detail the presence of HF radiation after the nominal stop of the rupture in the case of the 2018 event. A sub-array CNN approach -In Chapter 5 we have noticed that the use of an individual array for the CNN perspective can often help achieve better prediction results respect to predictions made with a combined use of more sub-arrays. This finding is non-trivial and probably highlights the need of a clever strategy for the CNN approach to combining multiple sub-arrays respect to our original approach. In terms of physical interpretation, it's not obvious why the predictions of the kinematic parameters (more specifically, the heterogeneous ones) are better for EU array than for AK and AU arrays. Different smearing might affect the ultimate ability of the CNN to resolve the source parameters. Our findings suggest that, for the CNN, certain azimuth are able to image the heterogeneity better, even if in a subtle way. This is pretty common in seismology, for a given earthquake some stations are often in a nodal blind spot because of the radiation pattern. However, the implication of the azimuth and the array geometry in favoring or weakening the CNN predictions has never been tested before. To clarify our findings, a test could be performed to evaluate the performance of the CNN as a function of azimuth: one possible way to do so is to rotate the source around in a circle and plot the CNN predictions as a function of azimuth for a single array. Another strategy to take the most of the individual-array potential is to modify the current CNN architecture and build a sub-array CNN algorithm.

In Figure 5.11 we show the original architecture designed in 5 and what we are currently implementing. Right now (on the left in Figure 5.11), we add the three BP images from each sub-array together before passing into network, and computing the result. It would be interesting to verify whether, in the CNN domain, combining the BP images is suboptimal compared to first processing them each separately in a unique CNN, then combining. As an example, on the right in Figure 5.11 we show our suggestion for a better CNN approach on BP images. Here, each sub-array BP image is computed separately first, then combined. An even clever architecture might be like the one presented on the right in Figure 5.11, but where the sub-network outputs are combined slightly before the end of the full network. This way, the information of the BP images can be combined without interfering throughout the CNN layers, but in the end the information is combined to the very last output. 

  Figure 1.2 -As opposed to the mantle, the crust is highly heterogeneous. Seismic waves are reflected and refracted by the vertically layered medium, producing particularly complex signals.In the picture we show an example of the vertical and radial components (bottom) of the Green's function for two layered media, the less heterogeneous M 2 (top left) and the more heterogeneous M 3 (top right). ρ is the density of the medium, α and β are respectively the P-and the S-wave velocity. Figure taken from Udías et al. (2014).
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 13 Figure 1.3 -Comparison between 30 minutes of recording of a teleseismic (top) and a regional (bottom) Z-component signal for a M w 7.3 foreshock preceeding the 2011 M w 9.1 Tohoku-Oki earthquake. The source duration determined by SCARDEC (Vallée and Douet2016) is about 20 seconds The teleseismic seismogram was recorded at AT.AKUT station in Alaska, whereas the regional seismogram was recorded at JP.ASAJ station in Japan. The green window is a zoom on the first 300 seconds on the regional seismogram. At teleseismic distances, the P-and S-wave arrivals are distinct and the seismogram is dominated by the surface waves. At regional distances, on the contrary, P-and S-phase contaminate each other and are more deformed by the heterogeneous crustal structure. Picking on P, pP, S and sS phases provided by IRIS Data Services.
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 14 Figure 1.4 -Teleseismic body waves and their surface and core reflection. At teleseismic distances the ray path lies almost entirely in the mantle, thus it is less affected by the highly heterogeneous crustal structure. Figure taken from Stein and Wysession (2009).
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 1516 Figure 1.5 -An elastic body with volume V and external surface S is home to a dislocation where one block of rock slips respect to the other.
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 17 Figure 1.7 -In a 'Haskell source model', the fault plane is embedded in an infinite homogeneous medium.For large strike-slip earthquakes, the fault's length L is assumed to be horizontal and larger than the fault's width W because of the limited thickness of the seismogenic zone of the upper lithosphere -the fault's width usually ranges between 10 and 25 km-where brittle fracturing is possible. This is the reason why the Haskell source model is adequate for modelling strike-slip faults. In the Haskell model the slip is a ramp function and its direction over the fault plane is constant.
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 18 Figure1.8 -In a purely kinematic description of the rupture process, the earthquake is described assigning the fault's dimension and geometry, the rupture velocity, the rise time and the final slip value for each elementary source.
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 19110 Figure 1.9 -Simplified form of the displacement spectrum of seismic waves from a finite source, with the corner frequency ω c dividing the low-frequency content from the high-frequency content.

  Figure1.11 -Sketch representing the isochrones for three stations located above a horizontal fault plane. In this example, the medium is homogeneous and the rupture velocity is constant on the fault plane. For the station S0, right on top of the hypocenter, the isochrones mingle with the rupture fronts. For the stations S1 and S2, the isochrones draw near each other towards the rupture direction. Figure taken from Inversion Spatio-temporelle de la Source Sismique, CourboulexF., 1995, PhD Thesis. 
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 112 Figure1.12 -Schematic representation of the concept of isochrones in case of an instantaneous dislocation. (a) For a station in far field the fault is viewed though the angle θ, therefore the direction of the isochrones is tilted respect to the rupture direction. (b) Source spectrum, on the left, and the 'trapezoidal' shaped displacement at the recording station, on the right. Figure redrawn from Space-time and spectrum parameterization of seismic sources: applications to seismic risk,Herrero, A., 1994, PhD Thesis. 
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 113 Figure 1.13 -Example of slip distributions over a fault plane with increased values of 'roughness'(parameter K, linked to the characteristic fault length L and the radial wave number k) and simulated accelerograms, assuming a constant rupture velocity. With a low degree of roughness, the slip distributions is obviously smooth over the fault plane and that leads to a low-amplitude ground acceleration. On the contrary, the higher the roughness over the fault plane, the more heterogeneous the slip is, resulting in a richer high-frequency ground-motion amplitude. Figure taken from Causse et al. (2010).

  Figure 1.13 -Example of slip distributions over a fault plane with increased values of 'roughness'(parameter K, linked to the characteristic fault length L and the radial wave number k) and simulated accelerograms, assuming a constant rupture velocity. With a low degree of roughness, the slip distributions is obviously smooth over the fault plane and that leads to a low-amplitude ground acceleration. On the contrary, the higher the roughness over the fault plane, the more heterogeneous the slip is, resulting in a richer high-frequency ground-motion amplitude. Figure taken from Causse et al. (2010).
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 1 Figure 1.14 -In a k-square model, the slip distribution over the fault . The slip distribution is tapered at the edge of the fault, and the negative values are set to zero. The phase of the lowest wavenumbers is calculated in order to concentrate the slip near the center of the rectangular fault. At higher wavenumbers, the phase is stochastic. Figure taken from Herrero and Bernard (1994).
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 115 Figure 1.15 -Four slip models for the 1999 Mw 7.6 İzmit earthquake (Turkey) resulting from different inversion approaches and datasets by (a) Bouchon et al. (2002), (b) Sekiguchi and Iwata (2002), (c) Delouis et al. (2002), and (d) Yagi and Kikuchi (2000). The hypocenter is marked with a black star. Figure taken from Mai et al. (2016).
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 116 Figure 1.16 -Example of coherency of seismic traces at a teleseismic array. The picture shows unfiltered vertical component P waveforms of the 2008 Wenchuan earthquake. Traces were aligned and normalized using a multichannel cross-correlation technique. Figure taken from Xu et al. (2012).

  Figure 1.17 -To perform the BP technique (1) a grid of potential sources location is placed over the fault area; (2) for each grid-point, theoretical P-wave travel times are calculated at each station of the array; (3) seismograms are shifted according to the values of predicted travel times;(4) shifted traces are stacked, returning a signal related to the grid point: if the shifted traces sum constructively, the stack is high meaning that the grid point is a plausible source of HF radiation; if the stack is low, on the contrary, the grid point didn't radiate HF energy during the rupture process.

  Figure1.18 -The barrier model and asperity models, respectively, for the aftershock and foreshock processes. In an 'asperity model' a relatively homogeneous fault plane incorporates stable asperities which can break in a major earthquake. In a 'barrier model' an earthquake rupture may skip highly heterogeneous patches and proceeds, leaving the unbroken barriers behind, where stress concentrates and aftershocks may occur. Figure redrawn from[START_REF] Aki | Asperities, barriers, characteristic earthquakes and strong motion prediction[END_REF].

  ) in 1.20). 2010 Maule, Chile earthquake Lay et al. (2012) compared the coseismic slip distributions, determined from high-rate GPS recordings, with the position and timing of coherent high-frequency emissions, in the bandpass indicated in the panel, for the 2010 Maule, Chile earthquake. The regions with large slip values are located updip, toward the trench for both earthquakes. The coherent high-frequency radiation, on the contrary, is mainly downdip, near the coastline (Figure (d) in 1.20).
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 119 Figure 1.19 -Slip distribution and high-frequency emissions for the 2011 Tohoku Earthquake. (a) Fault slip area is colored from yellow to red; high-frequency radiation (0.2-0.5 Hz) is represented by circles in a time-colored scale from blue to red. Figure taken from Satriano et al. (2014) (b) Coseismic slip distribution (red patch) and high-frequency emissions (coloured circles). Epicentral distance is represented with the white star. The vectors indicate the slip direction retrieved by GPS. Figure taken from Lay et al. (2012).

Figure 1

 1 Figure 1.20 -(c) 2013 Scotia Sea earthquake. Fault slip profile is shown in red; high-frequency (0.5-1.0 Hz) radiation sources are shown with green and red squares for the 2003 and 2013 earthquakes, respectively; aftershocks are shown with green and red circles.Figure taken from Vallée and Satriano (2014). (d) 2015 Gorkha earthquake. Slip distribution is shown in a blu to red colorscale; high-frequency radiation is shown in yellow symbols. Grey circles are M>4.5 aftershocks. Figure taken from Grandin et al. (2015). (e) 2010 Maule, Chile, earthquake. Coseismic slip distribution (red patch) and high-frequency emissions (coloured circles). Epicentral distance is represented with the white star. The vectors indicate the slip direction retrieved by GPS. Figure taken from Lay et al. (2012).
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 2122 Figure 2.1 -Sketch of the line source approximation used in this work. A series of equally spaced point sources x i is placed along the strike direction of the fault. Each point source is allowed to dislocate at time t 0 (x i ), called the activation time, related to the rupture velocity. In this example, rt, fs and v r are constant along the line. Hypo Focal Mechanism Rupture geometry Sampling Lon = 90.59°strike = 78°L = 100 km ∆l = 0.4 km Lat = 35.93°dip = 61°W = 15 km ∆t = 0.01 s Depth = 13km rake = -12°hi hi
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 23242526 Figure 2.3 -Qinghai region. The red star is the hypocenter of our simulations. The rupture segment is 100 km long and is shown in black. The rupture propagates eastward. The strike is equal to the strike of the 2001 Kunlun earthquake.
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 27 Figure 2.7 -Sketch showing the contributions to the generation of a synthetic seismogram. In the frequency domain, the ground motion is computed by convolving the source function ṡ(t) and the Green's function including attenuation terms q(t).
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 28 Figure 2.8 -Teleseismic arrival from a shallow source usually includes the reflected phases, which follow the P-wave arrival on synthetics. Two examples of the combination of P-, pP and sP phases into the generalized P-wave for a thrust fault and a vertical dip-slip focal mechanism. For both focal mechanisms, a small window show the stick seismogram (the Green's function of the P-, pPand sP-waves) on the top, and the generalized P-waveform on the bottom.Figure taken from Okal (1992).

  Figure 2.8 -Teleseismic arrival from a shallow source usually includes the reflected phases, which follow the P-wave arrival on synthetics. Two examples of the combination of P-, pP and sP phases into the generalized P-wave for a thrust fault and a vertical dip-slip focal mechanism. For both focal mechanisms, a small window show the stick seismogram (the Green's function of the P-, pPand sP-waves) on the top, and the generalized P-waveform on the bottom.Figure taken from Okal (1992).
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 29 Figure 2.9 -Alaskan (AK), Australian (AU) and European (EU) arrays used in the present study. Each array is composed of 100 seismic stations (black trangles). A reference station is shown in red. The yellow star represents the epicentral location of the synthetic simulations.
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 2211 Figure 2.10 -Example of the effect of a causal and an acausal filter. The unfiltered trace is shown at the top. The trace was band-pass filtered between 0.5-4 Hz using a 4-poles butterworth, with a phase-shift (causal, in the middle) and a zero phase-shift (acausal, bottom). A causal filter introduce a time delay (green strip) respect to the peak's arrival time. An acausal filter respects the peaks's arrival time.
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 212 Figure2.12 -Sketch showing the steps to follow when applying the BP technique. In our study, since we are working with a line source, we place a linear grid over the source region. For each point of the grid we calculate the predicted P-wave travel times at each station of the array. We shift traces according to those values of travel time and then we stack them, obtaining a signal related to each grid point.
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 2 Figure 2.13 -Map of the source area and a sketch representing the grid used in our study. The grid is placed along the strike direction and is centered on the fault line. The length of the grid is 300 km and the length of each grid point is 1 km.
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 214 Figure 2.14 -Example of HF band-passed signal with a 4-pole butterworth filter used in our study.In green the velocity trace of a homogeneous rupture model with no depth phases. In gray its HF filtered trace.

  Figure 2.16 -Conventional BP approach for a homogeneous rupture process at AK, AU and EU arrays. On the left, no depth phases; on the right, with depth phases.

Figure 2 .

 2 Figure 2.17 -Coherence of the Wenchuan P-waves for four virtual array configurations: the entire global array, the Alaska subarray, the Australia subarray, and the Europe subarray. In each panel, black is unfiltered, red is band-passed around 0.2 Hz, green is band-passed around 0.5 Hz, and blue is band-passed around 1 Hz. Figure taken from Xu et al. (2009a).
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 2 Figure 2.18 -Sketch representing the array aperture respect to the rupture propagation. The aperture of an array defines the resolution of the array for small wavenumbers: an array with a wider aperture can measure smaller wavenumbers.

Figure 2 .

 2 Figure 2.19 -Sketch representing the smearing artifact in BP analysis. At a correct time and location, the travel time curve (in red) from the true source location B provides a maximum stack and the beam gives the correct estimate of the true location of the HF emission. However, the travel time curve (in blue) from the source location C still aligns the signals, albeit with a lower amplitude. In the same way, the travel time curve (in green) from source A also aligns the earlier part of the signals, even though it makes the stations slightly out of phase. This phenomenon creates an apparent shift of the source location during time. Picture taken from IRIS Data Management Center.
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 220 Figure 2.20 -Sketch representing the time correction proposed by[START_REF] Wang | Estimating high frequency energy radiation of large earthquakes by image deconvolution back-projection[END_REF]. A reference station is selected within the array. For the BP analysis, the time shift applied to the signal is ∆T , that is the difference between the travel time of the grid point i at the station j and the travel time of the grid point i at the reference station.
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 a221 Figure 2.21 -Comparison between the BP image of a homogeneous rupture process without (top) and with (bottom) depth phases for the EU array respectively in the conventional BP (a) and in the Wang et al. approach (b). The conventional BP technique produce artifacts on the rupture image, as the smear around the true HF emission peaks and the 'walking effect' in time. In the first step of the Wang et al. approach, the walking effect is corrected by introducing a reference station into the analysis and by calculating the time shifts respect to it. The 'time correction' proposed by Wang et al. transforms the absolute time at the source in the apparent time at the reference station: notice the longer duration between the nucleation and the stopping HF emissions in the Wang BP image respect to the one in the conventional approach.
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 222 Figure 2.22 -Sketch representing the interpretation suggested by[START_REF] Wang | Estimating high frequency energy radiation of large earthquakes by image deconvolution back-projection[END_REF] to extract the true HF energy peaks, neglecting the smearing effect. The HF energy peaks can be obtained as a deconvolution between the BP image of the earthquake and the array response.
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 223 Figure 2.23 -The two HF peaks extraction techniques used in our study. When depth phases are not added into the synthetics the time-space maxima is used to extract the true HF peaks. When depth phases are included, we use the R&L algorithm.
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 2 Figure2.24 -Time-space maxima. Sketch representing the 'time-space maxima' approach to extract true HF peaks when no depth phases are included. First we search for maxima in time along √ bp t , then for each maximum in time we search for maxima in space.

Figure 2 . 26 -

 226 Figure 2.26 -Array response for AK, AU and EU array. On the top, the Green's function with the three phases P, pP and sP. On the bottom, the BP image of a point source with depth phases.
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 227 Figure 2.27 -R&L algorithm. R&L algorithm for HF peaks extraction. On the top left, the BP image of a homogeneous rupture process with depth phases at EU array. On the bottom left the psf used in the operation. On the top right the result of the restoration algorithm. On the bottom right the BP image of a homogeneous rupture process without depth phases, for comparison.
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 228 Figure 2.28 -Time ricorrection after applying the Wang et al. approach and the R&L algorithm for peaks extraction. On the top, the BP image obtained with the R&L restoration in apparent time. On the bottom, the BP image in the absolute time at the source.
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 2 Figure 2.29 -R&L algorithm for the AK array. On the top left, the BP image of a heterogeneous rupture process in rise time with depth phases at AK array. On the bottom left the psf used in the operation. On the top right the result of the restoration algorithm. On the bottom right the BP image of a homogeneous rupture process without depth phases, for comparison. The AK array has a small aperture respect to the rupture, therefore the BP images of the event and of the array response function are characterized by very enlarged lobes in space. This results in a poor resolution capability of the AK array.
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 2 Figure 2.30 -R&L algorithm for the AK array with a larger BP grid. On the top left, the BP image of a heterogeneous rupture process in rise time with depth phases at AK array. On the bottom left the psf used in the operation. On the top right the result of the restoration algorithm.On the bottom right the BP image of a homogeneous rupture process without depth phases, for comparison. We used a 900 km long grid for the BP analysis, in order to let the lobes of the array response function reduce in space.
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 231 Figure 3.1 -Homogeneous rupture process. Each source point dislocates following the same ramp function, which in terms of slip-rate becomes a box-car function. Slip (top left) and slip-rate (bottom left) functions over time for 13 source points as example. The cumulative seismic moment is shown on the top right, whereas the total moment-rate function is shown on the bottom right.
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 3233 Figure 3.2 -Homogeneous rupture process. Slip (a), slip-rate (b) and slip-acceleration (c) functions in space and time for a homogeneous rupture process. (d) normalized slip-acceleration function after a convolution with a gaussian to enhance the visibility of the plot. The along strike direction is shown on the y-axis (in orange, the segment that ruptured during the simulation) and the time is shown on the x-axis. Each source point dislocates following a ramp function, with a rise time of 6 s, a final slip of 8 m and a rupture velocity of 3 km/s.
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 3435 Figure 3.4 -Homogeneous rupture process. Trace example without (a) and with (b) depth phases. In each figure, on the top we show the displacement trace, in the middle the velocity trace, at the bottom the band-pass filtered velocity trace. Collection of synthetic traces sorted by back-azimuth without (c) and with (d) depth phases. For the AU array we can recognize the effect of the depth phases on the traces.
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 36 Figure 3.6 -Homogeneous rupture process.HF peaks for a homogeneous rupture process for the arrays AK, AU and EU. Depth phases were not included into the analysis. HF peaks were extracted using the time-space maxima extraction described in 2 and their size is proportional to the intensity of the beam power. In the main plot we show the normalized slip-acceleration function. The along strike direction is on the y-axis (in orange we plot the line source) and the time is on the x-axis. The marginals on the left are: the the slip-acceleration summed in time, sL ; the squared root of the beam power signal for the EU array. The marginal on the bottom are: the total slip-acceleration function s; its time derivative in absolute value; the squared root of the beam power signal for the EU array. In a homogeneous rupture process HF peaks correspond to the nucleation and the stoppin phases of the rupture.
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 37 Figure 3.7 -Homogeneous rupture process.HF peaks for a homogeneous rupture process for the arrays AK, AU and EU. Depth phases were included into the analysis. HF peaks were extracted using the deconvolution approach described in 2 and their size is proportional to the intensity of the beam power. In the main plot we show the normalized slip-acceleration function.The along strike direction is on the y-axis (in orange we plot the line source) and the time is on the x-axis. The marginals on the left are: the the slip-acceleration summed in time, sL ; the squared root of the beam power signal for the EU array. The marginal on the bottom are: the total slipacceleration function s; its time derivative in absolute value; the squared root of the beam power signal for the EU array. In a homogeneous rupture process HF peaks correspond to the nucleation and the stopping phases of the rupture.
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 38 Figure 3.8 -Heterogeneous rupture process in the rise time value. Slip (top left) and slip-rate (bottom left) functions for 13 source points as example. Each source point dislocates following a ramp function built on the kinematic parameters set along the line.In terms of sliprate, each point activates as a box-car function, whose amplitude and duration are related to the ratio between the final slip and the rise time value of the source points. The cumulative seismic moment is on the top right, whereas the total moment rate function is on the bottom right. The introduction of a spatial heterogeneity, where only the rise time value changes, makes the rupture process more complex. In this case the rise time changes from 6 s outside the heterogeneous segment to 3 s inside the segment.
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 39310 Figure 3.9 -Heterogeneous rupture process in the rise time value. Slip (a), slip-rate (b) and slip-acceleration (c) functions in space and time for a heterogeneous rupture process in rise time. (d) smoothed slip-acceleration after a convolution with a gaussian function to enhance the visibility of the plot. The along strike direction is shown on the y-axis (in orange, the segment that ruptured during the simulation) and the time is shown on the x-axis. Each source point dislocates following a ramp function, with a final slip of 8 m and a rupture velocity of 3 km/s. The rise time is 6 s outside the heterogeneous segment, whereas it is 3 s inside the segment.
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 311312 Figure 3.11 -Heterogeneous rupture process in the rise time value. Trace example without (a) and with (b) depth phases. In each figure, on the top we show the displacement trace, in the middle the velocity trace, at the bottom the band-pass filtered velocity trace. Collection of synthetic traces sorted by back-azimuth without (c) and with (d) depth phases.
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 313 Figure3.13 -Heterogeneous rupture process in the rise time value. HF peaks for a heterogeneous rupture process in rise time for the arrays AK, AU and EU. Depth phases were not included into the analysis. HF peaks were extracted using the time-space maxima extraction described in 2 and their size is proportional to the intensity of the beam power. In the main plot we show the normalized slip-acceleration function. The along strike direction is on the y-axis (in orange we plot the line source) and the time is on the x-axis. The marginals on the left are: the the slip-acceleration summed in time, sL ; the squared root of the beam power signal for the AK array. The marginal on the bottom are: the total slip-acceleration function s; its time derivative in absolute value; the squared root of the beam power signal for the AK array. In a heterogeneous rupture process, besides the nucleation and the stopping of the rupture, HF peaks also correspond to the discontinuities in the slip-acceleration function caused by the abrupt change in the rise time value.
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 3 18 and 3.19 show a higher complexity beyond the nucleation and the stopping phases of the rupture, because of the introduction of a heterogeneity in the final slip value. Multiple pulses appear on the HF-filtered traces (Figure (c) in
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 315 Figure 3.15 -Heterogeneous rupture process in the final slip value. Slip (top left) and slip-rate (bottom left) functions for 13 source points as example. Each source point dislocates following a ramp function with constant rise time of 6 s. The rupture velocity is constant along the line and equal to 3 km/s. The source points outside the heterogeneous segment reach a final slip value of 8 m, whereas inside the segment they reach a final slip value of 4 m. We show the cumulative seismic moment on the top right and the total moment rate function on the bottom right.

Figure 3 . 16 -Figure 3 . 17 -

 316317 Figure 3.16 -Heterogeneous rupture process in the final slip value. Slip (a), slip-rate (b) and slip-acceleration (c) functions in space and time for a heterogeneous rupture process in final slip. (d) smoothed slip-acceleration after a convolution with a gaussian function to enhance the visibility of the plot. The along strike direction is shown on the y-axis (in orange, the segment that ruptured during the simulation) and the time is shown on the x-axis. Each source point dislocates following a ramp function, with a rise time of 6 s and a rupture velocity of 3 km/s. The final slip is 8 m outside the heterogeneous segment, whereas it is 4 m inside the segment.

Figure 3 . 18 -Figure 3 . 19 -

 318319 Figure 3.18 -Heterogeneous rupture process in the final slip value. Trace example without (a) and with (b) depth phases. In each figure, on the top we show the displacement trace, in the middle the velocity trace, at the bottom the band-pass filtered velocity trace. Collection of synthetic traces sorted by back-azimuth without (c) and with (d) depth phases.
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 320 Figure3.20 -Heterogeneous rupture process in the final slip value. HF peaks for a heterogeneous rupture process in final slip for the arrays AK, AU and EU. Depth phases were not included into the analysis. HF peaks were extracted using the time-space maxima extraction described in 2 and their size is proportional to the intensity of the beam power. In the main plot we show the normalized slip-acceleration function. The along strike direction is on the y-axis (in orange we plot the line source) and the time is on the x-axis. The marginals on the left are: the the slip-acceleration summed in time, sL ; the squared root of the beam power signal for the AK array. The marginal on the bottom are: the total slip-acceleration function s; its time derivative in absolute value; the squared root of the beam power signal for the AK array. In a heterogeneous rupture process, besides the nucleation and the stopping of the rupture, HF peaks also correspond to the discontinuities in the slip-acceleration function caused by the abrupt change in the final slip value.
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 321 Figure 3.21 -Heterogeneous rupture process in the final slip value.HF peaks for a heterogeneous rupture process in final slip for the arrays AK, AU and EU. Depth phases were included into the analysis. HF peaks were extracted using the deconvolution approach described in 2 and their size is proportional to the intensity of the beam power. In the main plot we show the normalized slip-acceleration function. The along strike direction is on the y-axis (in orange we plot the line source) and the time is on the x-axis. The marginals on the left are: the the slip-acceleration summed in time, sL ; the squared root of the beam power signal for the EU array. The marginal on the bottom are: the total slip-acceleration function s; its time derivative in absolute value; the squared root of the beam power signal for the EU array. The limitations of the deconvolution approach are visible in the case of the AK array. In a heterogeneous rupture process, besides nucleation and stopping of the rupture, HF peaks correspond to the discontinuities in the slip-acceleration function caused by the abrupt change in the final slip value.
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 322 Figure 3.22 -Heterogeneous rupture process in rupture velocity. Slip (top left) and sliprate (bottom left) functions of 13 source points as example. The rise time and the final slip values are constant along the line and equal to 6 s and 8 m respectively. The rupture velocity starts at a speed of 3 km/s and then decreases tll 2.6 km/s when entering the heterogeneous segment. The cumulative seismic moment and the total moment-rate function are shown on the top right and on the bottom right respectively.
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 323324 Figure 3.23 -Slip (a), slip-rate (b) and slip-acceleration (c) functions in space and time for a heterogeneous rupture process in final slip. (d) smoothed slip-acceleration after a convolution with a gaussian function to enhance the visibility of the plot. The along strike direction is shown on the y-axis (in orange, the segment that ruptured during the simulation) and the time is shown on the x-axis. Each source point dislocates following a ramp function, with a rise time of 6 s and a final slip of 8 m. The rupture velocity is 3 km/s outside the heterogeneous segment, whereas it is 2.6 km/s inside the segment.
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 325326 Figure 3.25 -Trace example without (a) and with (b) depth phases. In each figure, on the top we show the displacement trace, in the middle the velocity trace, at the bottom the band-pass filtered velocity trace. Collection of synthetic traces sorted by back-azimuth without (c) and with (d) depth phases.

Figure 3 . 27 -

 327 Figure3.27 -HF peaks for a heterogeneous rupture process in rupture velocity for the arrays AK, AU and EU. Depth phases were not included into the analysis. HF peaks were extracted using the time-space maxima extraction described in 2 and their size is proportional to the intensity of the beam power. In the main plot we show the normalized slip-acceleration function. The along strike direction is on the y-axis (in orange we plot the line source) and the time is on the x-axis. The marginals on the left are: the the slip-acceleration summed in time, sL ; the squared root of the beam power signal for the AK array. The marginal on the bottom are: the total slip-acceleration function s; its time derivative in absolute value; the squared root of the beam power signal for the AK array. In a heterogeneous rupture process, besides the nucleation and the stopping of the rupture, HF peaks also correspond to the discontinuities in the slip-acceleration function caused by the abrupt change in the rupture velocity.
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 4142 Hypocentral location and focal mechanism of the M w 7.4, 2009 Honduras earthquake. Hypocentral location and focal mechanism of the M w 7.5, 2018 Honduras earthquake.

  4, 2009 and the M w 7.5, 2018 North of Honduras earthquakes, we collected openly available seismograms from IRIS Data Services (https://www.iris.edu/hq/) at four teleseismic arrays: Alaska (AK), North America (US) 1 , Europe (EU), Chile (SA) (Figure 4.1). The distribution of the arrays and the focal mechanism of the 2009 event are shown in Figure 4.7 for the 2009 event and in Figure 4.21 for the 2018 event. The data-set of each array consists of Z-component broad-band traces.

Figure 4 . 1 -

 41 Figure 4.1 -Map of the study area. The inset shows the regional scale-setting of the North of Honduras region. In a yellow, cyan and orange beach-ball are shown the location and focal mechanism respectively of the M w 7.4, 2009, the M w 5.8, 2011 and the M w 7.5, 2018 earthquakes. The strike-slip Swan Island fault is drawn in magenta. Red dots in the small globe show the location of the arrays used in the present study: Alaska, North America, Europe, Chile.

Figure 4 . 2 -

 42 Figure 4.2 -Moment rate function of the (a) M w 7.4, 2009 and (b) M w 7.5, 2018 North of Honduras earthquakes obtained by SCARDEC database[START_REF] Vallée | A new database of source time functions (stfs) extracted from the scardec method[END_REF]. Moment rate functions are normalized respect to the maximum value between the two events. Both moment rate functions show several sub-events. The 2009 earthquake is a large rupture, propagating for 65 secondsa rupture duration compatible with a M w 7.4 event. The 2018 earthquake, on the contrary, is very compact: it shows a short rupture duration of about 22 seconds, therefore it carries a higher energetic content.

  (a) M w 7.4, 2009 North of Honduras (b) M w 7.5, 2018 North of Honduras

Figure 4 . 3 -

 43 Figure 4.3 -(a) GPS-based best-fitting slip distribution for the M w 7.4, 2009 North of Honduras earthquake. White circles denote locations of aftershocks recorded by a local seismic array. Figure taken from Graham et al. (2010). (b) Slip distribution of the M w 7.5, 2018 North of Honduras earthquake. The hypocenter location is denoted by a star. Contours show the times of rupture front in seconds. Surface projection and a 3D view of the fault model are shown at the top.Figure taken from Wang et al. (2018).
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 44 Figure 4.4 -M w 5.8, 2011 North of Honduras earthquake. Normalized filtered vertical component of selected seismograms, aligned by cross-correlation. Band-pass filter ranges are indicated for each array. No good alignement of traces could be found for the EU array.

Figure 4 . 5 -

 45 Figure 4.5 -Array response function of AK and US obtained using the M w 5.8, 2011 North of Honduras earthquake.

Figure 4 . 6 -

 46 Figure 4.6 -Synthetic array response function of AK and US obtained using a simulation of the M w 5.8, 2011 North of Honduras earthquake.

  The distribution of the arrays and the focal mechanism of the 2009 event are shown in Figure 4.7. After polarity selection, visual inspection and a test with different band-pass filters for cross-correlation, the data-set for the 2009 event is finally composed of: 39 stations for AK, 219 stations for US, 28 stations for EU, 19 stations for SA. The verticalcomponent signals of the selected stations for each array are shown in Figure 4.8 and sorted by back-azimuth. Aligned filtered traces according to t * P arrival time are shown in Figure

Figure 4 . 7 -

 47 Figure 4.7 -Array distribution for the 2009 North of Honduras earthquake. Alaskan (AK), North American (US), European (EU) and Chilean (SA) arrays are used in the present study. A reference station is shown in magenta. The yellow beach ball represents the epicentral location and the focal mechanism of the 2009 event.
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 48 Figure 4.8 -M w 7.4, 2009 North of Honduras earthquake. Normalized unfiltered vertical component of the seismograms recorded by the stations used in this study, sorted by back-azimuth.

Figure 4 .

 4 Figure 4.9 -M w 7.4, 2009 North of Honduras earthquake. Normalized filtered vertical component of selected seismograms, aligned by cross-correlation and sorted by back-azimuth. Band-pass filter extrems are indicated for each array.

Figure 4 .

 4 Figure 4.10 -M w 7.4, 2009 North of Honduras earthquake. Normalized filtered vertical component of selected seismograms, aligned by cross-correlation. Band-pass filter extrems are indicated for each array.

Figure 4 .

 4 Figure 4.11 -BP images in the reference station relative time for the 2009 Honduras earthquake. For each plot, the time is shown on the y axis, whereas the along strike direction is shown along the x axis. Red star denotes the nucleation in time and space. For each plot, the bottom marginal shows the beam power summed in time (b t in light blue); the left marginals are respectively: the beam power summed in space (b s in light blue), the moment rate function as retrieved from SCARDEC (M r in green), the moment acceleration function obtained as time derivative of the SCARDEC moment rate (|M a | in magenta). AK, US and EU seismograms have been band-pass filtered in the range 0.1-0.5 Hz; SA traces have been band-pass filtered in the range 0.5-4 Hz.
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 412 Figure 4.12 -Time-space maxima on 2009 Honduras. Time-space maxima peaks extraction applied on the 2009 North of Honduras earthquake. Time is shown along the x axis, whereas the along strike direction is shown on the y axis. Red star denotes the grid point corresponding to the hypocenter. Peaks from AK, US, EU and SA are shown in coloured circles, whose size is proportional to the beam intensity. At the bottom we show the moment rate function (M r ), the ansolute value of the moment acceleration function (|M a |), the absolute value of the time derivative of the moment acceleration function (| dMa dt |) derived from SCARDEC database. Rupture velocity trends are shown for comparison with the progression of the peaks in space and time.
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 415 Figure 4.15 -Deconvolution approach on AK array for 2009 Honduras. HF peaks extraction via the deconvolution approach for the 2009 North of Honduras earthquake. Time is shown along the x axis, whereas the along strike direction is shown on the y axis. Red star denotes the grid point corresponding to the hypocenter. Peaks from AK array are shown in coloured circles, whose size is proportional to the beam intensity. At the bottom we show the moment rate function (M r ), the absolute value of the moment acceleration function (|M a |) and the absolute value of the time derivative of the moment acceleration function (| dMa dt |) derived from SCARDEC database. The last marginal at the bottom show the squared value of the beam power signal. Rupture velocity trends are shown for comparison with the progression of the peaks in space and time.

Figure 4 . 16 -

 416 Figure 4.16 -Deconvolution approach on US array for 2009 Honduras. HF peaks extraction via the deconvolution approach for the 2009 North of Honduras earthquake. Time is shown along the x axis, whereas the along strike direction is shown on the y axis. Red star denotes the grid point corresponding to the hypocenter. Peaks from US array are shown in coloured circles, whose size is proportional to the beam intensity. At the bottom we show the moment rate function (M r ), the absolute value of the moment acceleration function (|M a |) and the absolute value of the time derivative of the moment acceleration function (| dMa dt |) derived from SCARDEC database. The last marginal at the bottom show the squared value of the beam power signal. Rupture velocity trends are shown for comparison with the progression of the peaks in space and time.
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 419 Figure 4.19 -Synthetic deconvolution approach on AK array for 2009 Honduras. HF peaks extraction via the deconvolution approach for the 2009 North of Honduras earthquake with a synthetic point-spread function. Time is shown along the x axis, whereas the along strike direction is shown on the y axis. Red star denotes the grid point corresponding to the hypocenter. Peaks from AK array are shown in coloured circles, whose size is proportional to the beam intensity. At the bottom we show the moment rate function (M r ), the absolute value of the moment acceleration function (|M a |) and the absolute value of the time derivative of the moment acceleration function (| dMa dt |)derived from SCARDEC database. The last marginal at the bottom show the squared value of the beam power signal. Rupture velocity trends are shown for comparison with the progression of the peaks in space and time.
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 420 Figure 4.20 -Synthetic deconvolution approach on US array for 2009 Honduras. HF peaks extraction via the deconvolution approach for the 2009 North of Honduras earthquake with a synthetic point-spread function. Time is shown along the x axis, whereas the along strike direction is shown on the y axis. Red star denotes the grid point corresponding to the hypocenter. Peaks from US array are shown in coloured circles, whose size is proportional to the beam intensity. At the bottom we show the moment rate function (M r ), the absolute value of the moment acceleration function (|M a |) and the absolute value of the time derivative of the moment acceleration function (| dMa dt |)derived from SCARDEC database. The last marginal at the bottom show the squared value of the beam power signal. Rupture velocity trends are shown for comparison with the progression of the peaks in space and time.

Figure 4 . 21 -

 421 Figure 4.21 -Array distribution for the 2018 North of Honduras earthquake. Alaskan (AK), North American (US), European (EU) and Chilean (SA) arrays are used in the present study. A reference station is shown in magenta. The yellow beach ball represents the epicentral location and the focal mechanism of the 2018 event.

Figure 4 .

 4 Figure 4.22 -M w 7.5, 2018 North of Honduras earthquake. Normalized unfiltered vertical component of the seismograms recorded by the stations used in this study, sorted by back-azimuth.

Figure 4 . 23 -

 423 Figure 4.23 -M w 7.5, 2018 North of Honduras earthquake. Normalized filtered vertical component of selected seismograms, aligned by cross-correlation. Band-pass filter extrems are indicated for each array.

Figure 4 .

 4 25 we show three examples of regional recorded seismograms at stations in New Mexico (a), Mexico (b) and Martinique (c) for the 2018 event. Raw data have been further band-pass filtered in different ranges of frequencies (from top to bottom): 0.1-0.5 Hz; 0.5-4 Hz; 1-5 Hz). No evident change in amplitude or frequency after the nominal stopping time of the rupture can be seen on traces, as shown in Figure4.25. Therefore, only by looking at those regional seismograms we cannot be certain an early aftershock occurred in the coda of the mainshock. Further analysis are needed in this direction to verify whether the strong HF emissions beyond the stopping time of the rupture indeed belong to an early aftershock. Ulterior keys to reading the BP results in light of the other assumptions we have proposed may therefore come from the HF peaks extraction.

Figure 4 .Figure 4 .

 44 Figure 4.24 -BP images in the reference station relative time for the 2018 Honduras earthquake. For each plot, the time is shown on the y axis, whereas the along strike direction is shown along the x axis. Red star denotes the nucleation in time and space. For each plot, the bottom marginal shows the beam power summed in time (b t in light blue); the left marginals are respectively: the beam power summed in space (b s in light blue), the moment rate function as retrieved from SCARDEC (M r in green), the moment acceleration function obtained as time derivative of the SCARDEC moment rate (|M a | in magenta). AK, SA and EU seismograms have been band-pass filtered in the range 0.1-0.5 Hz; US traces have been band-pass filtered in the range 0.01-0.5 Hz.

Figure 4 .

 4 Figure 4.26 -Time-space maxima on 2018 Honduras. Time-space maxima peaks extraction applied on the 2018 North of Honduras earthquake. Time is shown along the x axis, whereas the along strike direction is shown on the y axis. Red star denotes the grid point corresponding to the hypocenter. Peaks from AK, US, EU and SA are shown in coloured circles, whose size is proportional to the beam intensity. At the bottom we show the moment rate function (M r ) and the moment acceleration function (M a ) derived from SCARDEC database. Rupture velocity trends are shown for comparison with the progression of the peaks in space and time.

Figure 4 . 28 -

 428 Figure 4.28 -Deconvolution approach on AK array for 2018 Honduras. HF peaks extraction via the deconvolution approach for the 2018 North of Honduras earthquake. Time is shown along the x axis, whereas the along strike direction is shown on the y axis. Red star denotes the grid point corresponding to the hypocenter. Peaks from AK array are shown in yellow circles, whose size is proportional to the beam intensity. At the bottom we show the moment rate function (M r ) and the moment acceleration function (M a ) derived from SCARDEC database. Rupture velocity trends are shown for comparison with the progression of the peaks in space and time.
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 430 Figure 4.30 -Synthetic deconvolution approach on AK array for 2018 Honduras. HF peaks extraction via the deconvolution approach for the 2018 North of Honduras earthquake with a synthetic point-spread function. Time is shown along the x axis, whereas the along strike direction is shown on the y axis. Red star denotes the grid point corresponding to the hypocenter. Peaks from AK array are shown in yellow circles, whose size is proportional to the beam intensity. At the bottom we show the moment rate function (M r ) and the moment acceleration function (M a ) derived from SCARDEC database. Rupture velocity trends are shown for comparison with the progression of the peaks in space and time.
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 51 Figure 5.1 -Sketch illustrating the building of the dataset used in our study. On the left, the line source model is shown in orange. The rupture length is 100 km with a space sample of 400 m. The heterogeneous segment is shown in gray and its length L varies depending on the simulation. The central position of the heterogeneity is called x c . Each point source activates with a ramp function, ∆u, described by the values of rise time t r and final slip s f , accordingly to the rupture velocity v r . On the right, the location and focal mechanism of the simulated event and the AK, AU and EU arrays. An example of velocity traces calculated at AU array is shown in the small window.
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 52 Figure 5.2 -On the top, three examples of conventional BP images obtained at AK, AU and EU arrays. On the bottom, their sum. The BP images are 2D maps in space and time where the yellowish patches represent the HF emission sources excited during the rupture process.
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 53 Figure 5.3 -Network Architecture. Sketch illustrating the design of the CNN used in the present study.The input is the BP image of a simulated rupture process, whereas the output is a vector containing the predictions of the kinematic parameters described in 5.1. The first operation is a max pooling. Then, once downsampled, the BP image is passed through two convolutional layers, each with a convolution (conv), pooling and activation (ReLu) operation. The network ends with a two fully-connected layers (f c).

Figure 5 . 4 -

 54 Figure 5.4 -Complete target vector. Predictions of the CNN versus true values of kinematic parameters, for the testing dataset. The regression score function R 2 is shown on each subplot.The input BP image is obtained as the sum of the BP images calculated at the three arrays AK, AU and EU. We adopt a min-max normalization on target data to map them to the range 0 to 1.
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 55 Figure 5.5 -Reduced target vector. Predictions of the CNN versus true values of kinematic parameters, for the testing dataset. The regression score function R 2 is shown on each subplot.In this test, the final slip value and its heterogeneity are not included in the target vector. The input BP image is obtained as the sum of the BP images calculated at the three arrays AK, AU and EU. We adopt a min-max normalization on target data to map them to the range 0 to 1.
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 56 Figure 5.6 -Reduced target vector and input BP image at AK, AU, EU arrays. Predictions of the CNN versus true values of kinematic parameters, for the testing dataset. The regression score function R 2 is shown on each subplot. In this test, the final slip value and its heterogeneity are not included in the target vector. The input BP image is the BP image of the single array.
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 58 Figure 5.8 -Homogeneous rupture process in 2D. Trace example without (top) and with (bottom) depth phases using a 2D source model.
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 59 Figure 5.9 -M w 7.5, 2018 North of Honduras earthquake. Normalized filtered vertical component of selected seismograms, aligned by cross-correlation. Band-pass filter extrems are indicated for each array.

Figure 5 .

 5 Figure 5.10 -BP images in the reference station relative time for the 2018 Honduras earthquake. For each plot, the time is shown on the y axis, whereas the along strike direction is shown along the x axis. Red star denotes the nucleation in time and space. For each plot, the bottom marginal shows the beam power summed in time (b t in light blue); the left marginals are respectively: the beam power summed in space (b s in light blue), the moment rate function as retrieved from SCARDEC (M r in green), the moment acceleration function obtained as time derivative of the SCARDEC moment rate (|M a | in magenta). On the top: seismograms have been band-pass filtered in the range 0.1-0.5 Hz; on the bottom: traces have been band-pass filtered in the range 0.2-0.5 Hz.

Figure 5 .

 5 Figure 5.11 -On the left, original CNN architecture used in 5. Here, the three BP images from each sub-array are stacked together before passing into network. On the right, our suggestion for a better CNN architecture, where each sub-array BP image is computed separately first, then combined.
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2 -P-and S-wave velocities and quality factor used in the present study.
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1 -Hypocentral coordinates and focal mechanism of the simulated event.

1.1 -Modeling earthquake complexity

also called transcurrent, wrench or lateral, strike-slip faults are vertical (or nearly vertical) fractures where the blocks of rock mostly move horizontally.

It should be noted that we refer to the array of stations collected in North America as US array, despite it not being the real US array

It should be noted that the score may also assume negative values, since the model can in principle be worse than a mean-value prediction.
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HF peaks -Heterogeneous rupture process in rise time Figure 3.14 -Heterogeneous rupture process in the rise time value. HF peaks for a heterogeneous rupture process in rise time for the arrays AK, AU and EU. Depth phases were included into the analysis. HF peaks were extracted using the deconvolution approach described in 2 and their size is proportional to the intensity of the beam power. In the main plot we show the normalized slip-acceleration function. The along strike direction is on the y-axis (in orange we plot the line source) and the time is on the x-axis. The marginals on the left are: the the slip-acceleration summed in time, sL ; the squared root of the beam power signal for the EU array. The marginal on the bottom are: the total slip-acceleration function s; its time derivative in absolute value; the squared root of the beam power signal for the EU array. The limitations of the deconvolution approach are visible in the case of the AK array. In a heterogeneous rupture process, besides nucleation and stopping of the rupture, HF peaks correspond to the discontinuities in the slip-acceleration function caused by the abrupt change in the rise time value. 

Conclusions

In this Chapter we have dealt with the application of the BP technique described in Chapter 2 on two real events occurred nine years apart on the strike-slip Swan Island fault: the M w 7.4, 2009 and the M w 7.5, 2018 North of Honduras earthquakes. Two aspects attracted our interest for the present study: the simple linear geometry for both events during the rupture propagation and their complex moment rate function, characterized by several subevents.

In this Chapter we detailed the setting and the main characteristics of the events of interest.

We then described the methodology adopted for the data selection, the data processing and the stacking technique. For each event, we presented the composition of the data-set and the BP imaging results. To extract HF peaks, we used the time-space maxima and the deconvolution approach described in Chapter 2 and previously applied to synthetic cases in Chapter 3. More specifically, to perform the deconvolution approach we used as point-spread function a smaller event (M w 5.8) occurred on the Swan Island strike-slip fault in 2011. We also tested the deconvolution approach with a synthetic point-spread function and compared the restoration results with the ones obtained by using the M w 5.8, 2011 event. In the following sections we resume the most significant achievements obtained by using the BP technique on the two real cases; we illustrate the limitations of the methodology; we finally explore ideas for future investigations.

Summary of most significant results

In this Chapter we attempted to extract from the BP results of two case studies reliable seismological constraints on rupture initiation, arrest and direction of progression, a first order estimate of rupture length and velocity, and an observation of HF emissions in terms of complexities of the moment rate function. In particular:

4, 2009 Honduras

For the 2009 event, stations from SA array were filtered between 0.5-4 Hz, whereas stations from AK, US and EU array were filtered between 0.1-0.5 Hz. The BP images of the four arrays show the rupture progressing westward for about 200 km and the progression of the HF peaks seeems to suggest a rupture speed between 3 and 4 km/s. Our findings are consistent with the rupture velocity estimated by [START_REF] Chounet | Global catalog of earthquake rupture velocities shows anticorrelation between stress drop and rupture velocity[END_REF] and the GPS and aftershock study of [START_REF] Graham | Implications for stress changes along the motagua fault and other nearby faults using gps and seismic constraints on the m= 7.3 2009 swan islands earthquake[END_REF]. From the time-space maxima, that is, without removing depth phases from the BP images, the strongest HF emission seems to appear between 20 to 30 seconds from rupture initiation, when the moment rate function has most of its large variability. The deconvolution approach could be performed only with AK and US arrays. From the restoration result with a point-spread function being the M w 5.8, 2011 event, we still notice strong HF radiation at 20 seconds from rupture initiation. This instant of time corresponds to the first larger segmentation of the moment rate function, between 20 and 27 seconds from the nucleation. We hence attribute this HF emission to an intermediate stopping phase of the segmented rupture. As for the rupture stopping phase, whilst the AK array sees a very energetic HF emission, the US array returns a small HF peak. We speculated the differences in the results be due to the . . 181 Discussion and Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186 Data & Resources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187 
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The material presented in this Chapter relies on an international collaboration with the Geophysics group at the Los Alamaos National Laboratory (LANL), New Mexico, USA. The project started in January 2019 and benefited a research visit at the LANL which I undertook from January to February 2019. This project was made possible thanks to the financial aid provided by the Doctoral School of the Institut de Physique du Globe de Paris (FR). The study presented in this Chapter, carried out together with Ian McBrearty (now at Stanford University), Daniel T.Trugman and Paul A.Johnson, will lead to a publication targeted at Seismological Research Letters. The article is currently in preparation and will integrate material from Chapter 2 and Chapter 5 of the present manuscript.

A convolutional neural network approach to estimate earthquake kinematic parameters from back-projection images

Corradini M. 

Abstract

To retrieve earthquake kinematic parameters after the occurrence of an earthquake is a crucial operation in observational seismology. Routinely used inversion techniques are challenged by limited data coverage and computational effort, besides being subject to a variety of assumptions and constraints to restrict the range of possible solutions. Backprojection (BP) imaging techniques do not need prior knowledge on the rupture extent and propagation, nevertheless they are able to track the high-frequency (HF) radiation emitted during the earthquake rupture process. The BP analysis returns a complementary information compared to the results obtained with classic inversion methods: such methods work at lower frequencies and are able to return an image of the slip over the fault, whereas the BP method works on the HF radiated field and rather underlines the borders of the slip patches over the fault plane. HF seismic radiation has been proved to be associated with spatial and temporal complexity of the rupture process. However, despite the extensive supply of BP images in nowadays seismological studies, the information carried by the HF radiation in BP images has not been entirely exploited yet in the attempt to infer the kinematic parameters of the rupture process. Here we use a convolutional neural network (CNN) approach applied on BP images of a large set of simulated 1D rupture processes to assess the ability of the network to retrieve from the progression of HF emissions in space and time the kinematic parameters of the rupture (rise time, final slip, rupture velocity).

We use a simplified line source model where we introduce a heterogeneous segment, whose size is variable and within which the parameters of rise time, final slip and rupture velocity changes from the surroundings. We locate the simulations in China and calculate the BP images of the events at three complementary teleseismic arrays (Alaska, Australia, Europe). We show that the CNN trained on 40,000 pairs of BP images and kinematic parameters returns excellent predictions of the rise time and the rupture velocity along the fault, as well as good predictions of the central location and length of the heterogeneous segment. However, our results also show that the network is insensitive towards the final slip value. 

Future directions

This project focused on evaluating the impact of spatial heterogeneities on simulated rupture processes, applying the BP imaging technique on those simulations and on strike-slip events and, finally, combining the CNN approach with the BP analysis. Nevertheless, other potentially fruitful areas for further research emerged from our work. Future studies may refer to:

1. test the BP analysis on a super-shear synthetic rupture using a line-source model;

2. test the CNN approach on BP images of simulated rupture processes with depth phases included into the computation of synthetic waveforms;

3. extend the BP analysis, previously done using a 1D grid, to the case of a 2D BP-grid, which could in turn lead to perform: a test where we introduce a complexity in the geometry of the fault, such as a kink along the strike direction; a rupture on a 2D source with spatial heterogeneities in the kinematic parameters;

We are currently building on the findings presented in this manuscript and envision a follow on the applications and implications of our work covering one or more of these themes.