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Stellar streams as probes of dark matter : search and dynamical analysis

Dans le même temps, et seulement depuis peu, les Courants Stellaires se sont révélés être d'importants outils d'archéologie galactique qui ont le potentiel de résoudre les problèmes mentionnés précédemment. Les courants stellaires sont des structures orbitales qui se sont formées par la destruction de galaxies naines et d'amas d'étoiles par effet de marée. Dans la mesure où ces objets tracent des orbites dans le potentiel sous-jacent de la galaxie (Dehnen et al 2004), leur dynamique a de nombreuses applications en archéologie galactique. Par exemple, ils sont des traceurs sensibles à l'histoire de formation de la galaxie ainsi qu'à son potentiel gravitationnel (Eyre & Binney 2009;Law & Majewski 2010). Modéliser leur dynamique permet de sonder la distrubtion de matière noire dans la Voie Lactée (Ibata et al. 2001;Koposov et al. 2010;Newberg et al 2010, Bovy et al. 2016). Le nombre de courants stellaires pourrait également placer une limite basse sur le nombre de phénomènes d'accrétion ayant eu lieu avec notre Galaxie, quantifiant ainsi quelle fraction du halo stellaire vient de fusions hierarchiques successives, et ils peuvent même sonder les sous-halos de matière noire de faible masse prédit par ΛCDM (Erkal et al. 2016a;Carlberg et al. 2012). Plus encore, connaitre les orbites d'une partie de ces streams permettrait de reconstruire la fonction de distribution d'accrétion de halos (et donc probablement du halo en lui-même). Toutes ces analyses concernent directement les problèmes fondamentaux de "Formation Galactique". Quelques courants stellaires connus ont, par le passé, été sujet à une modélisation de leur dynamique, mais la distribution de matière noire et le potentiel gravitationnel de la Voie Lactée restent encore peu contraints. Ce problème apparait car (1) le manque de vitesse tangentielle et de mesures de distance fiables entrainent des erreurs systématiques (Gibbons et al. 2014), et l'on finit par obtenir des solutions dégénérées concernant la distribution de matière noire, mais également parce que (2) le manque d'un échantillon plus large de courants stellaires, à des distances à notre galaxies diverses, mène à la détermination de modèles de potentiels n'étant pas suffisamment contraints. La détection d'un plus grand nombre de courants stellaires est donc essentielle pour obtenir de meilleurs modèles décrivant le potentiel gravitationnel du halo de matière noire de notre Galaxie, ainsi valides jusqu'à des distances plus vii grandes, oú ce potentiel n'est globalement pas contraint par d'autres traceurs.

Ce manuscrit de thèse est dédié à la détection et à l'analyse de la dynamique des courants stellaires de la Voie Lactée. La première partie de ce manuscrit présente un nouvel algorithme de détection, appelé ❙❚|❊❆▼❋■◆❉❊|, et son application sur le catalogue ESA/Gaia DR2 (Gaia collaboration 2016, Gaia collaboration 2018), tandis que la suite montre le pouvoir que la modélisation des courants stellaires possède pour obtenir de bonnes contraintes sur le potentiel gravitationnel et les paramètres fondamentaux de notre galaxie. L'étude a mené à des résultats intéressants et, pour la première fois, a permis de produire des cartes structurelles et cinématiques des courants stellaires du halo de la Voie Lactée. Elle a également permis d'obtenir des contraintes strictes sur le halo de matière noire de la Voie Lactée, mais également un aperçu de l'exploitation de la géométrie des courants stellaires pour mesurer la vitesse galactique du Soleil.

En premier lieu, la thèse traite de l'algorithme ❙❚|❊❆▼❋■◆❉❊| (Malhan & Ibata 2018), un puissant et nouvel algorithme construit pour détecter des courants stellaires fins et dynamiquement froids dans la Voie Lactée en utilisant les données ESA/Gaia. L'algorithme est une "recette" de détection de courants stellaires qui s'appuie autant que possible sur nos connaissances àpriori de ces structures. Il peut gérer des données hétérogènes qui sont une combinaison de positions et de paramètres dynamiques, et sa particularité réside dans sa capacité à chercher des courants dans l'entièreté des données d'une façon automatique et sa capacité à détecter des courants stellaires se trouvant sur des orbites complexes. Le coeur de l'algorithme consiste à tirer des orbites théoriques tests en utilisant les paramètres actuels de l'espace des phases des étoiles observées, le tout dans un potentiel réaliste de la Voie Lactée, puis à faire des calculs multidimensionnels basés à la fois sur la population stellaire et la distribution, dans l'espace des phases, des étoiles afin de détecter des groupes d'étoiles qui correspondent à un courant. Des tests préliminaires ont été réalisés en utilisant des courants artificiels N-corps, superposés sur GUMS, un mock du catalogue Gaia [START_REF] Robin | Gaia Universe model snapshot. A statistical analysis of the expected contents of the Gaia catalogue[END_REF]) avec des paramètres dynamiques dégradés pour atteindre la qualité des données Gaia. Les résultats ont montré que cet algorithme pouvait, en principe, découvrir des courants trés faiblement lumineux (Σ G ∼ 33 mag arcsec -2 , nombre d'étoiles par courant ∼ 15) à partir du catalogue ESA/Gaia prévu en fin de mission. La conception de l'algorithme, son modus operandi et les résultats obtenus basés sur ces tests sont décrits en détails.

Ensuite, l'application de ❙❚|❊❆▼❋■◆❉❊| sur la base de données de mouvement propres de Pan-STARRSS1 (Chambers et al 2016, Magnier et al 2016) est traitée. Cette analyse faite avant la sortie des données ESA/Gaia DR2 a été essentielle pour tester la faisabilité de l'algorithme une fois appliqué à un jeu de données réaliste. L'étude a été menée dans un but comparatif entre la technique de "Match Filter" et ❙❚|❊❆▼❋■◆❉❊| en les appliquant toutes les deux sur un même sous-échantillon, limité en magnitude, des données Pan-STARRSS1 pour tenter de trouver le courant GD-1 déja connu (Grillmair & Dianatos 2006). Elle s'est soldée par la non-détection du courant en utilisant la technique de "Match Filter", alors que ❙❚|❊❆▼❋■◆❉❊|, lui, a permis de détecter le courant en question (Malhan et al 2018). De plus, l'algorithme a également trouvé un autre courant stellaire connu, PS1-E, au voisinage de GD-1. Cette analyse a permis de justifier le travail sur l'algorithme et également mettre en avant sa supériorité sur d'autres techniques de détection de courants stellaires.

La thèse se poursuit en présentant les résultats obtenus en utilisant l'algorithme ❙❚|❊❆▼❋■◆❉❊| sur le catalogue trés attendu, et publié récemment, de ESA/Gaia DR2. Cette analyse a été menée à bien afin de créer une carte panoramique des halos stellaires de la Voie Lactée. Elle a constitué viii un test de l'algorithme qui s'est concentrée sur la détection de courants dans le halo galactique à des distances au Soleil au-delà de 5 kpc, ainsi qu'à des latitudes galactiques |b| > 30 • . Un riche résau de courants stellaires entremêlés dans le halo a été trouvé, avec une cohérence en terme de cinématique souvent frappante. En plus de la détection de courants déja connus, comme GD-1 (Grillmair & Dianatos 2006), Orphan (Grillmair 2006), Indus et Jhelum [START_REF] Shipp | Stellar Streams Discovered in the Dark Energy Survey[END_REF], 5 nouveaux courants ont été découverts, et nommés Gaia -1,2,3,4 and5. Cette analyse a, pour la première fois, produit des cartes structurelles et cinématiques du halo de la Voie Lactée (Malhan, Ibata & Martin 2018). La thèse détaille également ces découvertes.

Une partie de cette thèse a e ǵalement été consacrée à la modélisation de la dynamique de ces courants stellaires afin de contraintre le potentiel du halo de matière noire de la Voie Lactée. Pour ce faire, le courant GD-1, long de 70 degrés, a été utilisé puisqu'il apparait sur nos cartes produites par ❙❚|❊❆▼❋■◆❉❊| (Malhan & Ibata 2018). Les résultats de cette analyse montrent que les solutions orbitales de GD-1 exige que la vitesse circulaire, à une distance galactique de celle du Soleil, soit de V circ (R ⊙ ) = 244 +6 -2 km s -1 , et que l'aplatissement de densité du halo a cette distance soit q ρ = 0.86 +0.04 -0.07 . La masse galactique correspondante, jusqu'à 14.5 kpc, c'est-à-dire la distance galactique moyenne de GD-1, est M MW (< 14.5 kpc) = 1.75 +0.06 -0.05 × 10 11 M ⊙ . L'analyse ainsi que les résultats y sont discutés en détail.

La fin du manuscrit est dédiée à une discussion concernant l'utilité des courants stellaires de la Voie Lactée pour mesurer la vitesse galactique du Soleil (V sun ) (Malhan & Ibata 2017). Ce projet a été réalisé vers le début de la thèse mais il est présenté en dernier. Il y est question d'explorer la façon dont, purement sur la base de leur géométrie, les courants stellaires peuvent être exploités pour estimer V sun . Cette nouvelle procédure peut être appliquées dés que quelques courants et leur astrométrie (positions, distances et vitesses) sont connues dans les données ESA/Gaia (la vitesse radiale n'est pas requise).
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ABSTRACT (EN)

The formation and evolution of the galaxies in our Universe is an enigmatic phenomenon that still remains unresolved. Several models have been prescribed to explain the formation history of our own Galaxy, but they remain under scrutiny. For e.g., it is still undetermined what fraction of the Milky Way's stellar halo population was formed ex-situ as a consequence of its pre-merging history, i.e., through accretion of other smaller galaxies and star clusters. This failure mostly stems from our lack of knowledge about the complete phase-space distribution of the stellar halo. Further, we are still lacking a reasonably good model of the Milky Way's gravitational potential, which plays a key role in the understanding of the dynamics of our Galaxy. This is caused majorly due to our inability to efficiently constrain the underlying dark matter distribution of the Milky Way.

Meanwhile, and only recently, stellar streams emerged as important Galactic archaeological tools that, to a great degree, hold the prowess to resolve the above mentioned problems. Stellar streams are orbital structures that are formed via the tidal disruption of dwarf galaxies and star clusters. Since these objects approximately delineate orbits in the underlying gravitational potential of the galaxy (Dehnen et al 2004), their dynamics can be exploited for various purposes. For example, the orbital structures of streams are sensitive tracers of the Galaxy's formation history and the underlying gravitational potential (Eyre & Binney 2009;Law & Majewski 2010), their dynamical modelling allows one to gauge the dark matter mass distribution in the Milky Way galaxy (Ibata et al. 2001;Koposov et al. 2010;Newberg et al 2010, Bovy et al. 2016), the number of stellar streams could place lower limits on the number of accretion events onto our Galaxy in the past (helping in quantifying what fraction of the stellar halo came from hierarchical merging events), and they can even probe the low mass dark matter sub-halos (Erkal et al. 2016a;Carlberg et al. 2012) predicted by ΛCDM cosmogony. Furthermore, knowing the orbits of a sample of streams can allow one to reconstruct the distribution function of halo accretions (and hence probably of the halo itself). All these analyses address directly the fundamental problems of "Galaxy formation and evolution". A few of the known streams have been subjected to dynamical modelling in the past, but the dark matter mass distribution and the Milky Way's gravitational potential still remain poorly constrained. This problem mainly arises because 1) the lack of reliable tangential velocity and distance measurements lead to systematics (Gibbons et al. 2014) and one ends up obtaining degenerate solutions of the dark matter mass distribution, and 2) the lack of a large sample of streams, probing different galactic radii, lead to the determination of the potential models that are loosely constrained. Therefore, more stream detections are essential in order to obtain better models of the dark matter halo potential which are then valid out to larger galactic radii, where the potential basically remains unconstrained by other tracers. This PhD thesis was devoted to the detection and dynamical analysis of the stellar streams of the Milky Way galaxy. The first part of the thesis presents a novel stream detection algorithm, ❙❚|❊❆▼❋■◆❉❊|, and its application on the ESA/Gaia DR2 catalogue [START_REF] Gaia Collaboration | Gaia Data Release 1. Summary of the astrometric, photometric, and survey properties[END_REF], xi Gaia collaboration 2018). This study led to some interesting results where, for the first time, all-sky structural and kinematical maps of the stellar streams of the Milky Way halo were created. The latter part of the thesis shows the power that stream modelling holds in obtaining stringent constraints over the gravitational potential and the fundamental parameters of the Milky Way galaxy.

First, the thesis discusses the ❙❚|❊❆▼❋■◆❉❊| algorithm (Malhan & Ibata 2018), which is a new powerful algorithm that is designed especially to detect thin and dynamically cold streams in the Milky Way galaxy in the ESA/Gaia dataset. The algorithm is a generic stream dectection recipe that makes use of as much as possible of our prior knowledge about stellar streams. It can handle heterogeneous datasets that are a combination of positions and kinematics and its power lies in its performance, ability to scan the entire data set for stream structures in an automated way and its capability of detecting streams that lie along complex orbital trajectories. At its heart, ❙❚|❊❆▼❋■◆❉❊| shoots trial orbits using the present epoch observed phase-space values of the stars in some realistic Milky Way potential model and then performs a multidimensional calculation based on both the stellar population and the phase-space distribution of the data stars to detect groups of stars that correspond to a stream. Some initial tests were undertaken using the artificial N-body streams superimposed on the GUMS -mock Gaia catalogue [START_REF] Robin | Gaia Universe model snapshot. A statistical analysis of the expected contents of the Gaia catalogue[END_REF] with kinematics degraded to Gaia -like quality. The results manifested that the algorithm, in principle, is capable of discovering ultra faint stream structures (Σ G ∼ 33 mag arcsec -2 , number of stars per stream ∼ 15) in the end-of-mission ESA/Gaia catalogue. The algorithm's concept, its modus operandi and the analysis based results are described in detail.

Further, the application of the ❙❚|❊❆▼❋■◆❉❊| on the Pan-STARRSS1 proper motion dataset (Chambers et al 2016, Magnier et al 2016) is presented. This analysis, that was done prior to ESA/Gaia DR2, was essential in order to test the sanity and feasibility of the algorithm when applied to a realistic astrophysical dataset. The study was undertaken as a comparison between the Match Filtering technique and the ❙❚|❊❆▼❋■◆❉❊| algorithm by applying them both onto a magnitude limited subset of the Pan-STARRSS1 data in order to detect the previously known GD-1 stream (Grillmair & Dianatos 2006). The study resulted in a null detection for the Match Filter but a positive detection of GD-1 for ❙❚|❊❆▼❋■◆❉❊| (Malhan et al 2018). In addition, the algorithm also found the previously known PS1-E stream structure [START_REF] Bernard | A Synoptic Map of Halo Substructures from the Pan-STARRS1 3π Survey[END_REF] in the neighbourhood of GD-1 stream. Overall, this analysis justified the workings of the algorithm and also marked its superiority over other stream detection techniques.

The thesis further reviews the results obtained based on the application of the ❙❚|❊❆▼❋■◆❉❊| algorithm onto the ESA/Gaia DR2 catalogue. This was a pilot run of the algorithm that concentrated on detection of the streams in the galactic halo at heliocentric distances > 5 kpc, and at Galactic latitudes |b| > 30 • . A rich network of criss-crossing streams in the halo was found, often with striking kinematic coherence (Malhan, Ibata & Martin 2018). In addition to the detection of several previously known streams, like Sagittarius [START_REF] Ibata | A dwarf satellite galaxy in Sagittarius[END_REF], GD-1 (Grillmair & Dianatos 2006), Orphan (Grillmair 2006), Indus and Jhelum [START_REF] Shipp | Stellar Streams Discovered in the Dark Energy Survey[END_REF], 5 new stream structures were also discovered that were named [START_REF] Arifyanto | Fine structure in the phase space distribution of nearby subdwarfs[END_REF][START_REF] Bahcall | The distribution of stars perpendicular to galactic disk[END_REF]4 and 5. This analysis, for the first time, produced an all-sky structural and kinematical maps of the stellar streams of the Milky Way halo. The thesis details these findings as well.

xii Furthermore, the thesis presents the power that streams hold in constraining the underlying potential of the dark matter halo of the Milky Way galaxy. For this, ESA/Gaia's astrometry along with SEGUE's radial velocities of 70 • long GD-1 stellar stream was used as it appeared on the ❙❚|❊❆▼❋■◆❉❊| maps (Malhan & Ibata 2018). It was found that orbital solutions of GD-1 require the circular velocity at the Solar radius to be V circ (R ⊙ ) = 244 +6 -2 km s -1 , and also that the density flattening of the halo is q ρ = 0.86 +0.04 -0.07 . The corresponding Galactic mass within 14.5 kpc, the mean Galactocentric distance of GD-1, is M MW (< 14.5 kpc) = 1.75 +0.06 -0.05 × 10 11 M ⊙ . The analysis and the results have been discussed in detail.

The final Chapter demonstrates the usefulness of Milky Way streams in measuring the the Sun's galactic velocity (V sun ) (Malhan & Ibata 2017). It was explored that how stream structures can be exploited, purely on the basis of geometry, to estimate the Sun's galactic velocity V sun . This novel procedure, that was tested on the basis of realistic N-body stream simulations, can be applied as soon as a few more thin streams and their astrometry (positions, distances and velocities) are identified in ESA/Gaia data (radial velocity measurement is not required).
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The recent advents in the large astronomical surveys allowed this field to flourish; currently established as an interesting avenue, it is being explored and investigated by many astrophysicists. The past two decades saw some major groundbreaking developments in this area, both observational and theoretical, yet the field of Galactic archaeology faces some severe fundamental challenges.

For long, the Milky Way galaxy was commonly represented as comprising of only three major structural components [START_REF] Churchwell | The Spitzer/GLIMPSE Surveys: A New View of the Milky Way[END_REF]. These three components comprised of a dense spheroidal bulge situated at the centre of the Galaxy, a stellar disk lying in the plane of the Galaxy, and a sparsely populated stellar halo surrounding the entire Galaxy (see top panel in Figure 1.1). It took years of star mapping through innumerable surveys along with decades worth of analysis of the corresponding data, that only recently this representation of the Milky Way galaxy was revised by the artist Jon Lomberg (see bottom panel in Figure 1.1). The bulge, the disk and the stellar halo are still there in this updated representation, however the portrait now includes some additional features. For example, in contrast to the previous image, the spiral arms [START_REF] Churchwell | The Spitzer/GLIMPSE Surveys: A New View of the Milky Way[END_REF] in the stellar disk are now defined much more confidently. Also, some other stellar structures in the halo are now lit up much more brightly, possibly as a sign of their confirmed presence. However, the real eye-catching feature of this portrait for me was the "Sagittarius stream". One does not need to look very closely to identify a very interesting stellar structure that wraps around the Galaxy, seen to be starting from towards the observer and running all over beyond the bulge. This is the venerated Sagittarius stellar stream that was discovered in 1994 [START_REF] Ibata | A dwarf satellite galaxy in Sagittarius[END_REF]. The explicit inclusion of this structure in the portrait is interesting because 1) unlike the three major components of the galaxy, this structure does not form any major constituent of the Milky Way, 2) in contrast to the depiction in the image, Sagittarius stream in reality is extremely faint in comparison to the other galactic components (the stream contributes < 0.1% by mass to the entire galactic system) and 3) there are plenty of other halo substructures, such as satellite galaxies or warps, that are luminous enough for Lomberg to have easily included in his enthralling portrait. Yet, despite all these reasons, Lomberg was somehow intrigued by this halo structure in particular and he clearly purposefully added it to his painting (by scaling up its contrast so that it becomes visible).

But is his source of excitation towards Sagittarius subjective, or Sagittarius stream indeed holds some importance to our Galaxy?

Before I go any further, let me point out that Sagittarius stream is not the only stream structure in the Milky Way galaxy. We are aware of ∼ 50 stellar streams that exist in our Galaxy (and seemingly, there are many more lurking to be found). Stellar streams have recently gained a lot of popularity in the field of Galactic archaeology. They serve as important tools in our understanding of the Galaxy formation history [START_REF] Johnston | Fossil Signatures of Ancient Accretion Events in the Halo[END_REF], in probing the gravitational potential and the mass distribution of the Galaxy [START_REF] Ibata | Uncovering cold dark matter halo substructure with tidal streams[END_REF][START_REF] Law | The Sagittarius Dwarf Galaxy: A Model for Evolution in a Triaxial Milky Way Halo[END_REF] and often prove to be useful in addressing various other relevant problems pertaining to this field [START_REF]The stellar halo of the Galaxy[END_REF]. Given their importance, it is not very hard to believe that this must be the reason why Lomberg was compelled to include Sagittarius in his portrait of the Milky Way. But what is it that makes streams so important in all of these studies?

As one said "If you don't know where you come from, how will you appreciate where you are going". For that, in order to understand the significance of streams and the prowess they hold in addressing various Galactic archaeological problems, it is first important to know the type of challenges that the astrophysicists are currently facing in this field. So now I shall restrain myself from rambling about the stellar streams (I would continue that in Chapter 2) and would take a detour to present the current scenario in the field of Galactic archaeology, with the Milky Way galaxy in context, and some of the principal challenges that it poses.

Current Paradigm and Challenges

Galactic archaeology aims at studying the structure and evolution of our Galaxy by measuring and analysing ages, chemical compositions and dynamical properties of stellar populations in different parts of the Milky Way. In general, one of the key questions that Galactic archaeology attempts at answering is the structure and galaxy formation in the Universe. Currently, the overall scenario of the structure formation in the Universe is understood as follows. In modern cosmological models, ∼ 5/6th of the mass in the Universe is made of dark matter [147]. This dark matter forms the underlying soil on which galaxies form, evolve, and dynamically interact. In the context of this well established model, fluctuations in the matter distribution were created in the first fraction of a second during an inflationary period [START_REF] Guth | Inflationary universe: A possible solution to the horizon and flatness problems[END_REF]. Gravitational instability grew these fluctuations over time. Gas and dark matter were initially well mixed; and as the Universe evolved, gas dissipated and fell to the centres of dark matter halos. For massive dark matter halos, gas cooled down and formed stars, and formed a protogalaxy [START_REF] Wechsler | The Connection between Galaxies and their Dark Matter Halos[END_REF]. The power spectrum of matter indicates that small objects should form first, and halos should grow and merge over time becoming more massive and bigger in size. Galaxies within these halos then continued forming stars (in-situ) as well as grew through merging (ex-situ), because their dark matter halos merge.

This phenomenon is famously known as hierarchical merging scenario of the Galaxies.

This is merely our theoretical understanding of the formation and evolution of the galaxies. This understanding comes primarily through studies based on computer simulations, and although is also observationally motivated, but has yet not been completely accepted. This impairment comes majorly because we are unaquainted about the knowledge of the dark matter and its distribution around the galaxies. This in turn poses two principal challenges to the field of Galactic archaeology that are disussed below.

Dark matter distribution around the Galaxies

The mass density profile and spatial distribution of the dark matter halo around the Milky Way galaxy are of great astrophysical and cosmological importance. Yet, despite decades of intense efforts, our best estimates differ by more than their uncertainties [START_REF] Bland-Hawthorn | The Galaxy in Context: Structural, Kinematic, and Integrated Properties[END_REF].

Soon after the ubiquitous existence of the dark matter in the Universe was confirmed through various observational means (for e.g., analysis of the dynamics of the solar neighbourhood [START_REF] Bahcall | The distribution of stars perpendicular to galactic disk[END_REF][START_REF] Oort | Note on the determination of K z and on the mass density near the Sun[END_REF], flat rotation curves of the galaxies [START_REF] Bosma | The distribution and kinematics of neutral hydrogen in spiral galaxies of various morphological types[END_REF][START_REF] Roberts | The rotation curve and geometry of M31 at large galactocentric distances[END_REF][START_REF] Rood | Analytical examination of virial properties of groups of galaxies[END_REF][START_REF] Rubin | Rotation of the Andromeda Nebula from a Spectroscopic Survey of Emission Regions[END_REF][START_REF]Rotation of the Andromeda Nebula from a Spectroscopic Survey of Emission Regions[END_REF][START_REF] Rubin | Rotational properties of 21 SC galaxies with a large range of luminosities and radii, from NGC 4605 /R = 4kpc/ to[END_REF][START_REF] Rubin | Extended rotation curves of highluminosity spiral galaxies. IV -Systematic dynamical properties[END_REF], power spectrum of the CMB

[147], X-rays emission by hot gas [START_REF] Forman | X-ray-imaging observations of clusters of galaxies[END_REF][START_REF] Rosati | The Evolution of X-ray Clusters of Galaxies[END_REF][START_REF] Sarazin | X-ray emission from clusters of galaxies[END_REF], gravitational lensing and observations of the extra-galactic systems [START_REF] Demoulin | Observations of Galaxies with Large amounts of Dust[END_REF][START_REF] Seyfert | A Dense Group of Galaxies in Serpens[END_REF]), the ingredients were in place for detailed calculations of the evolution of the structure of the Universe from its initial generation until the formation of first nonlinear structures. This was carried out using the famous Λ Cold Dark matter (ΛCDM) N-body simulations [START_REF] Gott | N-body simulations of galaxy clustering[END_REF][START_REF] Peebles | The large-scale structure of the universe[END_REF][START_REF] Turner | III, N-body simulations of galaxy clustering[END_REF][START_REF] White | The dynamics of rich clusters of galaxies[END_REF]. To some extent, ΛCDM results confirmed our intuition about the nonlinear structure formation in an expanding Universe, but in many ways it rendered new 1.1. CURRENT PARADIGM AND CHALLENGES insights about the galaxy formation and global properties of the dark matter halos in which galaxies form and evolve. A new picture of hierarchically merging population of dark matter halos formed the basis for the galaxy formation scenario [START_REF] White | Core condensation in heavy halos -A two-stage theory for galaxy formation and clustering[END_REF], that provided the gravitational potential wells within which gas cools and condenses to form galaxies. These simulations suggested that both the dark matter mass of a galaxy and its mass distribution are intrinsically linked to the formation and growth of structure in the Universe [START_REF] Conselice | The Evolution of Galaxy Structure Over Cosmic Time[END_REF]. This gave dark matter halos a special status in cosmological context. So it was deemed that accurate determination of these parameters ( dark matter mass distribution, its velocity profile and sub-structureness) for the Milky Way should give us a clearer understanding of where our Galaxy sits in a cosmological context [START_REF] Freeman | The New Galaxy: Signatures of Its Formation[END_REF].

The cosmological simulations that model Milky Way like halo (e.g., ❱✐❛ ▲❛❝t❡❛ or ❆q✉❛r✐✉s [START_REF] Diemand | Clumps and streams in the local dark matter distribution[END_REF][START_REF] Lisanti | Lectures on Dark Matter Physics[END_REF]) were taken under investigation in order to estimate the dark matter density and its velocity distribution. Many studies found that dark matter halos in dark-matter-only simulations (where baryons are absent) are generally strongly triaxial [START_REF] Davis | The evolution of large-scale structure in a universe dominated by cold dark matter[END_REF][START_REF] Carlberg | The structure of cold dark matter halos[END_REF][START_REF] Frenk | The formation of dark halos in a universe dominated by cold dark matter[END_REF][START_REF] Jing | Triaxial Modeling of Halo Density Profiles with High-Resolution N-Body Simulations[END_REF][START_REF] Warren | Dark halos formed via dissipationless collapse. I -Shapes and alignment of angular momentum[END_REF] and appear to be well modelled by Navarro-Frenk-White (NFW) profile [START_REF] Navarro | The Structure of Cold Dark Matter Halos[END_REF][START_REF]A Universal Density Profile from Hierarchical Clustering[END_REF]:

(1.1) ρ NFW (r) = ρ o (r/r s )(1 + r/r s ) 2 ,
where r s and ρ o are characteristic radius and density, respectively. Einasto profile [START_REF] Einasto | On the Construction of a Composite Model for the Galaxy and on the Determination of the System of Galactic Parameters[END_REF] is another dark matter profile that frequently appears in the literature and is again favoured by dark-matter-only simulations:

(1.2) ρ Ein (r) = ρ o exp - 2 γ r r s γ -1 ,
where γ is a free parameter that sets the sharpness of the slope of the dark matter density profile. These two density functions suggest that halo density profiles are "cuspy", i.e., the density diverges towards the centre with a logarithmic slope. On the other hand, it may be possible that the inner profile is more "cored" ( e.g. , has a flatter slope, like observed in some of the dwarf galaxies, [START_REF] Walker | A Method for Measuring (Slopes of) the Mass Profiles of Dwarf Spheroidal Galaxies[END_REF]) than the NFW or Einasto profiles. The Burkert profile [START_REF] Burkert | The Structure of Dark Matter Halos in Dwarf Galaxies[END_REF] is one such example:

(1.3) ρ Burk (r) = ρ o (1 + r/r s )(1 + (r/r s ) 2 ) , ,
where r s is the core radius. A comparison of the NFW, Einasto, and Burkert profiles is shown in Figure 1.2. Among these dark matter density profiles, NFW profile is understood as an approximately universal dark matter halo shape, which is cosmologically motivated, but its physical origin is not well understood [40,[START_REF] White | Dark halo mergers and the formation of a universal profile[END_REF]. However, such a halo profile reflects formation through the anisotropic collapse of ellipsoidal over-densities in the initial mass distribution, and subsequent growth by accretion and mergers. N-body simulations also find evidence for substructure in the dark matter phase-space distribution. This includes localized features that arise from minor mergers between the Milky Way and other galaxies. When another dark matter subhalo falls into an orbit about the centre of the Milky Way, tidal effects strip dark matter (and possibly stars) along its orbit. This 'debris' eventually virializes with the other particles in the Milky Way's halo. However, at any given time, there is likely to be some fraction of this debris that has not come into equilibrium and which exhibits unique features that may get reflected in the observations. Examples of such substructures include clumps, stellar streams and debris flow. The bottom right panel of Figure 1.2 shows localised spikes in the tail of velocity distribution, which are assocaited with streams in ❱✐❛ ▲❛❝t❡❛ [START_REF] Diemand | Clumps and streams in the local dark matter distribution[END_REF]. These debris infall in turn also affect the density distribution of the dark matter in the host galaxy.

Anyhow, the reasons for the origin of the NFW dark matter density profile and the velocity chracteristics of the dark matter halos are only ΛCDM simulations based semi-analytical prediction that require validation through analogous observational studies.

Problem: the shape and mass of the dark matter halo

The problem is that estimates of the Milky Way's mass, that comes from the data analysis, is very sensitive to assumptions made in the modelling, and typically range from as low as ∼ 0.5×10 12 M ⊙ [START_REF] Watkins | The masses of the Milky Way and Andromeda galaxies[END_REF] to as high as 2 -3 × 10 12 M ⊙ [START_REF] Boylan-Kolchin | There's no place like home? Statistics of Milky Way-mass dark matter haloes[END_REF][START_REF] Van Der Marel | The M31 Velocity Vector. III. Future Milky Way M31-M33 Orbital Evolution[END_REF]. This seemingly unimportant uncertainty in the determination of the Milky Way's mass leads to a major difference in the efficiency of conversion of baryons into stars, puts the Milky Way's companions -Large Magellanic Cloud and the Leo I dwarf spheroidal -on unbound (if light halo) or bound (if heavy halo) orbits and can or cannot solve the Too-Big-to-Fail problem 1 ( [179], one of the challenges faced by ΛCDM framework). Accurate determination of the mass profile of the Milky Way also has implications for the understanding of the dynamical history our Galaxy, of the Local Group [START_REF] Van Der Marel | The M31 Velocity Vector. III. Future Milky Way M31-M33 Orbital Evolution[END_REF] and the Milky Way's satellite population, particularly the Sagittarius dwarf spheroidal and its impressive tidal stream [START_REF] Fardal | Connecting the Milky Way potential profile to the orbital timescales and spatial structure of the Sagittarius Stream[END_REF],

and the Magellanic Clouds [START_REF] Kallivayalil | Third-epoch Magellanic Cloud Proper Motions[END_REF]. The masses of the baryonic components of the Milky Way (the central nucleus that harbours a supermassive black hole at its heart [START_REF] Ghez | Measuring Distance and Properties of the Milky Way's Central Supermassive Black Hole with Stellar Orbits[END_REF], the bulge and the disk) are reasonably well determined [START_REF] Bland-Hawthorn | The Galaxy in Context: Structural, Kinematic, and Integrated Properties[END_REF][START_REF] Ivezi Ć | Galactic Stellar Populations in the Era of the Sloan Digital Sky Survey and Other Large Surveys[END_REF]. Its the halo that is dominated by dark matter that requires accurate mass measurement (only a few percent of the mass of the halo is baryonic [START_REF]The stellar halo of the Galaxy[END_REF]). [START_REF] Law | The Sagittarius Dwarf Galaxy: A Model for Evolution in a Triaxial Milky Way Halo[END_REF]), with the equatorial plane of the dark halo nearly coinciding with that of the stellar body (for example, galactic disk). Also, dark halos appear to be extended to at least ∼ 50 kpc with total enclosed masses that rise linearly with the galactocentric radius [START_REF] Sackett | The Shape of Dark Matter Halos[END_REF]. Whether this behaviour can be extrapolated to distances as large as 200 kpc and beyond is controversial as results at this radius are model-dependent.

Current constraints on the dark matter distribution in our Galaxy

It is our inability to detect the dark matter directly that gives rise to such an uncertainty in Milky Way's mass. However, the total gravitational potential of galaxies -its extent, radial density profile, flattening, and trixiality -strongly affects the motions and morphology of associated stellar and gaseous components. And therefore, we can infer dark matter's presence by its influence on its surroundings. Typically, this is the purview of dynamical studies. Any mass distribution gives rise to a gravitational potential that causes objects to move; and by studying measurements of the motions of the objects, we can recover the underlying gravitational potential and, thus, the underlying mass distribution. Listed below are several observational techniques that are used to infer the shape of the Milky Way's dark matter halo. While each method holds its own significance, many of their results are model-dependent; some are in apparent conflict with others.

Rotation curve

Primary constraint on the gravitational potential in the Milky Way and external galaxies alike has been the rotation curve. This analysis requires to know our distance from the Galactic centre (R ⊙ ), the local circular velocity at the Sun's position (V circ ) and the peculiar velocity of the Sun with respect to this circular velocity (V p⊙ ). Estimates of R ⊙ can vary, at the very extremes, from ∼ 6.5 kpc to ∼ 9.5 kpc, while associated measurements of the local circular velocity vary from ∼ 180 km s -1 to 300 km s -1 , all these values again being heavily model-dependent [START_REF] Mcmillan | The uncertainty in Galactic parameters[END_REF].

But rotation curves are hardly sensitive to the detailed three-dimensional shape of a mass distribution, and hence precise measurements of the shapes of galactic dark-matter halos are close to non-existent. This is an unfortunate situation because, as pointed out before, numerical simulations of the formation of dark-matter halos make strong predictions for their three-dimensional shapes.

Stellar dynamical models

With current large astrometric and kinematic surveys, such as ESA/Gaia [START_REF] De Bruijne | Science performance of Gaia, ESA's space-astrometry mission[END_REF][START_REF] Gaia Collaboration | Gaia Data Release 1. Summary of the astrometric, photometric, and survey properties[END_REF][START_REF] Collaboration | Gaia data release 2. summary of the contents and survey properties[END_REF],

RAVE [START_REF] Smith | The RAVE survey: constraining the local Galactic escape speed[END_REF], APOGEE [START_REF] Prieto | APOGEE: The Apache Point Observatory Galactic Evolution Experiment[END_REF] and GALAH [START_REF] Freeman | The HERMES Project: Reconstructing Galaxy Formation[END_REF], one way forward to determine the dark matter distribution is to construct equilibrium dynamical models, using Jeans theorem [START_REF] Bowden | Is the dark halo of the Milky Way prolate?[END_REF][START_REF] Loebman | The Milky Way Tomography with Sloan Digital Sky Survey[END_REF].

In principle, one can iterate the fits with different Galactic potentials until the best-fitting potential is found, giving access to the underlying mass distribution of the dark matter.

Estimates of the shape of the inner halo (r< 20 kpc) from these measurements remain undetermined ranging from strongly oblate (c/a ∼ 0.4, [START_REF] Loebman | The Milky Way Tomography with Sloan Digital Sky Survey[END_REF]) to prolate [START_REF] Bowden | Is the dark halo of the Milky Way prolate?[END_REF]. Nevertheless, the main caveat is the possible effects that non-axisymmetries in the Galaxy (bar, spiral arms or perturbation from the Magellanic Clouds) might have on the resulting estimates.

Milky Way's mass from hypervelocity stars

The trajectories of hypervelocity stars are also sensitive to the shape of the force field and are useful in obtaining an upper limit on the Milky Way's mass [67]. The recent studies performed based on Gaia data suggest that the Milky Way's virial mass is beginning to converge to specific values (∼ M 200 = 1.2 -1.6 × 10 12 M ⊙ [START_REF] Hattori | Old, Metal-Poor Extreme Velocity Stars in the Solar Neighborhood[END_REF][START_REF] Monari | The escape speed curve of the Galaxy obtained from Gaia DR2 implies a heavy Milky Way[END_REF]), however these values must be cross-checked with the mass estimates obtained from other methods. Also, the shape of the dark matter halo is not usefully constrained by this principal technique.

Globular clusters and dwarf galaxies as tracers

Most dynamical methods work by using tracer objects to probe the properties of the whole system, and can only estimate the mass over the distance range for which tracer data are available. Thus different families of tracers provide crucial information at different points depending on the range they cover. This is particularly crucial in the Milky Way where globular clusters tend to probe the inner regions of the halo, while satellite galaxies offer better coverage further out.

One key problem with the mass estimation via kinematics of tracer objects is that we need to know the total velocity of each tracer, but we are seldom fortunate enough to have all 3 components of motion for a large sample of tracers. Typically, we only have 1D line-of-sight velocities (v los ) and offer virtually no information about the Galactocentric tangential motions of the tracers. With only one componenet of the velocities, the masses we estimate depend very strongly on what assumptions we make for the tangential motions:

the well-known mass-anisotropy degeneracy.

This, however, now seems to change with the Gaia catalogue in our hands as Gaia has delivered proper motions for ∼ 1.3 billion stars in our Galaxy using which tangential motions of these tracer objects can be derived. Recent studies, based on this technique, seemingly suggest that the Milky Way's mass within 20 kpc lie between the values M(< [START_REF] Posti | Mass and shape of the Milky Way's dark matter halo with globular clusters from Gaia and Hubble[END_REF][START_REF] Watkins | Evidence for an Intermediate-Mass Milky Way from Gaia DR2 Halo Globular Cluster Motions[END_REF].

20 kpc) = 1.91 -2.2 × 10 11 M ⊙

Constraints from ΛCDM simulations

Dark-matter-only simulations do not take into account the effects of baryons (stars and gases) in the galaxies and therefore are insensitive to the ramifications that might be invoked due to the star formation processes, AGN feedbacks and growth of the stellar disk.

However, it has been observed that the growth of a galactic baryonic disk modifies the density profile and shape of the halo causing the halos to become more axisymmetric and aligned with the disk (in contrast to the NFW profile that is triaxial in shape), but the minor-to-major axis ratio c/a changes only by a few tenths to c/a∼ 0.7 -0.8 [START_REF] Debattista | The Causes of Halo Shape Changes Induced by Cooling Baryons: Disks versus Substructures[END_REF][START_REF] Dubinski | The effect of dissipation on the shapes of dark halos[END_REF][START_REF] Gustafsson | Baryonic pinching of galactic dark matter halos[END_REF]. The amount of sphericalization depends on the mass of the baryonic component [START_REF] Kazantzidis | The Sphericalization of Dark Matter Halos by Galaxy Disks[END_REF]. Given the generic overview of CDM halo properties as seen in the simulations, there are large halo-to-halo variations in most of the properties of the halos and their sub-halo populations.

But these regularities are of fundamental importance and prove to be useful for studies of galaxy formation.

Galaxy Formation

The theory of the formation of galaxies is one of the great outstanding problems of astrophysics and is critical in obtaining a full picture of the evolution of the Universe. Yet, we are really just starting to understand this, and the corresponding uncertainties in our measurements remain large.

Broadly, there are two main galaxy formation scenarios. Under the first scenario, given in 1962 by Eggen [START_REF] Eggen | Evidence from the motions of old stars that the Galaxy collapsed[END_REF], the metal-poor stars reside in a halo that was created during the rapid collapse of a relatively uniform, isolated protogalactic cloud shortly after it decoupled from the universal expansion. This smooth monolithic collapse of the protocloud happened at a timescale of order 10 8 years. Another scenario, that is slightly contradictory to this one that was proposed in 1978, suggested that Milky Way halo is built up over an extended period from independent fragments with masses of ∼ 10 8 M ⊙ through hierarchical merging and accretion of mass systems [START_REF] Searle | Compositions of halo clusters and the formation of the galactic halo[END_REF]. This meant that the halo instead formed in a rapid free-fall collapse. However, one thing that both these scenarios advocate for is that it should be possible to understand the formation of our Galaxy through studies based on the stellar abundances and stellar dynamics.

The current paradigm, where the observations argue for a halo that has built up over a long period from infalling debris, is a topic of debate [START_REF]The stellar halo of the Galaxy[END_REF].

Problem : Galaxy formation and evolution scenario

The stellar halo is arguably the Galactic component that contains the most useful information about the evolutionary history of our Galaxy. This is because the most metal-poor stars, and possibly the oldest ones, in the Galaxy are found here that keep the potential to provide us with a picture of the Milky Way in its early stages of evolution. These halo stars are thus fossils whose chemical abundance and motions contain information of their sites of origin. Also, the dynamical times of the halo objects are longer compared to the age of the galaxy and hence knowledge of the present energy and momenta of individual objects tells us something of the initial dynamic conditions under which they were formed.

Despite its crucial importance, our knowledge of the stellar halo is fragmentary. What we seek is a detailed physical understanding of the sequence of events which led to its formation.

Current constraints

The assembly process of a galaxy leaves imprints in the spatial, kinematical, age and chemical distribution of its stars. By studying these properties of the stellar components cumulatively, we should be able to probe the galaxy formation scenarios.

1. Spatial structure of the halo : star counts, density profile and shape

The structure of the stellar halo is intimately linked to how the Galaxy formed [START_REF] Freeman | The New Galaxy: Signatures of Its Formation[END_REF].

Different galaxy formation scenarios predict different halo shapes, stellar distribution and correlations with properties such as age and metallicity. In the simplest case, the structure of the stellar halo could also give us insights into the structure of the dark matter halo2 .

In the early 1980s, astronomers began constructing Milky Way galaxy models using star counts [START_REF] Bahcall And R | The universe at faint magnitudes. I -Models for the galaxy and the predicted star counts[END_REF], based on which they proposed a power density law (ρ ∝ r n , n<0) for the Milky Way's stellar halo [START_REF] Harris | Spatial structure of the globular cluster system and the distance to the galactic center[END_REF][START_REF] Morrison | The local density of halo giants[END_REF]. Typically RR Lyrae and blue horizontal branch stars (BHBs) are used as tracers of the halo population in order to study the stellar density of the halo because such stars are relatively bright and so they can be observed with modest telescopes upto a distance of 100 kpc from galactic centre. The density profile of the stellar halo is often parametrized in a principal axis cartesian coordinate system as :

CHAPTER 1. GALACTIC ARCHAEOLOGY AND RELEVANT PROBLEMS (1.4) ρ (x, y, z)

= ρ o x 2 + y 2 p 2 + z 2 q 2 + a 2 r n o
where n(< 0) is the power-law exponent, and q and p are the minor-to-major and intermediateto-major axis ratios (in the axisymmetric case, p = 1) and a is the scale radius [START_REF]The stellar halo of the Galaxy[END_REF]. ρ o is the stellar halo density at a given radius r o , which is generally taken to be the solar radius for obvious reasons (and referred to as the local normalization).

Over the years, different studies have led to different stellar halo profiles that yet largely remains unconstrained. These parameters have been measured as n = -2.3/2.5 and q = 0.6/0.5 (values depending on the local normalization of the halo, [START_REF] Chen | Stellar Population Studies with the SDSS. I. The Vertical Distribution of Stars in the Milky Way[END_REF]) based on the SDSS data [START_REF] Yanny | Identification of A-colored Stars and Structure in the Halo of the Milky Way from Sloan Digital Sky Survey Commissioning Data[END_REF]; n = -3.2 ± 0.3 and q = 0.65 [START_REF] Yanny | Identification of A-colored Stars and Structure in the Halo of the Milky Way from Sloan Digital Sky Survey Commissioning Data[END_REF]; n = -3.1 ± 0.1, but q varying with radius [START_REF] Vivas | The QUEST RR Lyrae Survey[END_REF] from RR Lyraes based on QUEST survey.

Wide field surveys such as SDSS [START_REF] York | [END_REF], Pan-STARRS1 [START_REF] Kaiser | The Pan-STARRS wide-field optical/NIR imaging survey[END_REF], DES [START_REF]The Dark Energy Survey[END_REF] have imaged ∼ 10, 000-30, 000 deg 2 of Milky Way sky down to r band ∼ 22-24, yielding a truly panoramic view of the Galaxy. However, instead of simplifying the picture and providing definitive answers, they have shown that the halo is far more complex than was traditionally envisioned ([12, 99, 141, 171, 198], see Chapter 2). These observations in complimentary to velocity surveys, such as Gaia or RAVE survey, should ultimately reveal the structure of the stellar halo.

Kinematics of the halo

Velocity profile of the halo, in accompaniment of the spatial distribution, constructs a complete distribution function DF(x,v) of the stellar halo. This is truly of vital importance to understand the formation history of our Galaxy. Moreover, the use of integrals, such as energy and angular momentum, which are conserved under some conditions as the Galaxy evolves, can be a powerful tool for identifying stars with common origin and understanding their merging history [START_REF] Beers | Kinematics of Metal-poor Stars in the Galaxy. III. Formation of the Stellar Halo and Thick Disk as Revealed from a Large Sample of Nonkinematically Selected Stars[END_REF][START_REF] Helmi | Debris streams in the solar neighbourhood as relicts from the formation of the Milky Way[END_REF][START_REF] Johnston | Fossil Signatures of Ancient Accretion Events in the Halo[END_REF][START_REF] Lynden-Bell | Ghostly streams from the formation of the Galaxy's halo[END_REF].

Various studies have been done on the basis of kinematic information in order to understand the kinematical properties of the Milky Way halo. For example, local samples of halo stars show a small amount of prograde rotation V φ ∼ 30 -50 km s -1 [START_REF] Carney | A Survey of Proper Motion Stars[END_REF][START_REF] Layden | The Absolute Magnitude and Kinematics of RR Lyrae Stars Via Statistical Parallax[END_REF][START_REF] Morrison | Fashionably Late? Building Up The Milky Way[END_REF]. In some cases, the velocity ellipsoid is found to be roughly aligned with a cylindrical coordinate system, having dispersions of (σ R , σ φ , σ z ) = (141 ± 11, 106 ± 10, 94 ± 8) km s -1 [START_REF] Beers | Kinematics of Metal-poor Stars in the Galaxy. III. Formation of the Stellar Halo and Thick Disk as Revealed from a Large Sample of Nonkinematically Selected Stars[END_REF] and in other cases it was found in cartesian coordinates as (σ U , σ V , σ W ) = (168±13, 102±8, 97±7) km s -1 . This, for example, meant that the stellar halo is supported by random motions and is slightly flattened along z axis.

Until now, the catalogues that possessed relatively accurate 3D kinematics had paucity of halo stars (most of these catalogues were constructed using Hipparcos's proper motions 1.1. CURRENT PARADIGM AND CHALLENGES and radial velocities from other surveys sampling stars that typically lied within few kpc around the Sun). This impariment to a greater extent is now resolved with latest velocity surveys such as Gaia, APOGEE, RAVE and GALAH.

Substructure-ness

One of the most fundamental prediction of the ΛCDM cosmological model is that galaxies grow via mergers where a stellar halo is easily built up via the superposition of disrupted satellites [START_REF] Bullock | Tracing Galaxy Formation with Stellar Halos[END_REF][START_REF] Bullock | Hierarchical Galaxy Formation and Substructure in the Galaxy's Stellar Halo[END_REF][START_REF] Johnston | Fossil Signatures of Ancient Accretion Events in the Halo[END_REF][START_REF] Springel | The Aquarius Project: the subhaloes of galactic haloes[END_REF] (see left panel of Figure 1.4). Therefore, perhaps the most direct way of testing this paradigm is by quantifying the amount of mergers that galaxies have experienced over their lifetime. This implies finding the traces of those merger events as mergers are expected to have left large amounts of debris in the present-day components of galaxies.

This prediction became even stronger once the deeper astronomical surveys started to reveal the substructure-ness in the Milky Way halo and various studies were able to discover the evidences of disrupted dwarf galaxies and globular clusters [START_REF] Bell | The Accretion Origin of the Milky Way's Stellar Halo[END_REF][START_REF] Helmi | Debris streams in the solar neighbourhood as relicts from the formation of the Milky Way[END_REF][START_REF] Ibata | A dwarf satellite galaxy in Sagittarius[END_REF][START_REF] Yanny | Identification of A-colored Stars and Structure in the Halo of the Milky Way from Sloan Digital Sky Survey Commissioning Data[END_REF], conforming the hierarchical cosmologies (see right panels of Figure 1.4).

These results have further boosted the search for substructure in the halo of our Galaxy in recent years. If ΛCDM cosmological model is indeed the right framework, then one expects to find more of these substructures in the volume of the Milky Way halo. This again should become possible with the Gaia data. However, verified by both theoretical models and observations, such a scenario invokes challenging problem of quantification of the amount of stars in the Milky Way halo which are a result of these minor and major merging events [START_REF] Bell | The Accretion Origin of the Milky Way's Stellar Halo[END_REF][START_REF] Bullock | Tracing Galaxy Formation with Stellar Halos[END_REF].

Ages and chemical abundances of halo stars

Element abundances of metal-poor stars, along with their age estimates [START_REF] Fouesneau | Precise Ages of Field Stars from White Dwarf Companions[END_REF], is useful in constraining the formation history of our Galaxy. Currently, the local halo metallicity distribution peaks at a value [Fe/H] ∼ -1.6 dex, and extends well below [Fe/H] ∼ -3 dex [START_REF] Ryan | Extremely Metal-poor Stars. II. Elemental Abundances and the Early Chemical Enrichment of the Galaxy[END_REF]. Based on SDSS data, the idea that the halo may be described by two broadly overlapping components was revived [START_REF] Carollo | Two stellar components in the halo of the Milky Way[END_REF]. It was estimated that the inner halo peaks at [Fe/H] ∼ -1.6 dex, is flattened and slightly prograde, while the outer halo would peak around [Fe/H] ∼ -2.2 dex, is rounder and in net retrograde rotation.

The current high-resolution spectroscopic surveys, such as APOGEE [START_REF] Prieto | APOGEE: The Apache Point Observatory Galactic Evolution Experiment[END_REF], Gaia-ESO [START_REF] Gilmore | The Gaia-ESO Public Spectroscopic Survey[END_REF], RAVE [START_REF] Smith | The RAVE survey: constraining the local Galactic escape speed[END_REF] and the GALAH survey [START_REF] Freeman | The HERMES Project: Reconstructing Galaxy Formation[END_REF], complement each other in their scientific objectives, target selection, and spectral coverage. Together, they will obtain high-resolution spectra for over a million stars -an unprecedented volume of spectral data in astronomy.

With these data, the chemical evolution of our Galaxy can be unravelled. Moreover, it may be possible to chemically tag individual stars as remnants of individual proto-galaxy Figure 1.4: Substructure-ness in the Milky Way galaxy. Left panel : A simulated stellar halo built up from accreted satellites [START_REF] Bullock | Tracing Galaxy Formation with Stellar Halos[END_REF]. The color scale indicates surface brightness. Right panels : Stellar number density as a function of (R, z) for different ri bins using SDSS photometric parallaxes (the distance scale greatly varies from panel to panel) [START_REF] Juri Ć | The Milky Way Tomography with SDSS[END_REF]. Note the large overdensities in different regions of the sky. fragments. Along with Gaia's position, distances and proper motion, this would allow the reconstruction of merger history of the Milky Way in extremely fine detail. However, the crux of these interpretations will rely on the homogeneity of their spectral analyses. To infer minute chemical differences throughout the Galaxy, a homogenous analysis is essential.

Killing two birds with Stellar Streams

By all means, our own Galaxy is the best laboratory to ask and address these Galactic archaeological problems. Milky Way is a benchmark for understanding the disk galaxies, providing a unique opportunity to measure the shape of the dark matter halo, the mass of the Galaxy and its formation and evolutionary history. This is because Milky Way is the only Galaxy for which we will always be equipped with the maximum stellar information in terms of the phase-space distribution of stars and their chemistry [START_REF] Deason | The cold veil of the Milky Way stellar halo[END_REF]. Now coming back to the same point from where we started this Chapter, the significance of stellar streams lie in their promise to address many of the above mentioned problems. Thats right. And it is simply this realisation because of which streams have recently gained tremendous popularity in the astrophysical community. As described in Chapter 2, stellar streams come across as extremely useful Galactic archaeological tools in estimating the mass of the Milky Way, in probing the underlying dark matter density distribution and the gravitational potential, 1.2. KILLING TWO BIRDS WITH STELLAR STREAMS in studying the merging and the pre-merging history of our Galaxy, in quantification of the substructure-ness in the halo, and also in reconstructing the DF(x,v) of the halo accretions and possibly of the halo itself.

Stellar streams

Figure 2.1 presents the Pal 5 stream structure [START_REF] Odenkirchen | Detection of Massive Tidal Tails around the Globular Cluster Palomar 5 with Sloan Digital Sky Survey Commissioning Data[END_REF]. This ∼ 15 • long stellar arc is a consequence of the tidal disruption of the Pal 5 globular cluster [START_REF] Harris | Spatial structure of the globular cluster system and the distance to the galactic center[END_REF], that can be seen to be sitting at ] along the arc, and lies at a distance of ∼ 23.5 kpc from the Sun [START_REF] Ibata | Feeling the Pull: a Study of Natural Galactic Accelerometers. I. Photometry of the Delicate Stellar Stream of the Palomar 5 Globular Cluster[END_REF]. Pal 5 stream is a typical example of the class of stellar structures that fall under the category of tidal stellar streams.

[R.A., Dec] = [229.018 • , -0.

Mechanism of disruption

Stellar streams are stellar structures that are formed via tidal disruption of star clusters or satellite galaxies as they orbit around the host galaxy. Satellite bodies that come too close to the host's centre suffer tidal disruption -the differential gravitational force between one side of the The lagrange points are labelled as L1, L2, L3, L4, L5. Right panel : A snapshot of an N-body simulation of stream where stars can be seen escaping the potential well of the cluster from L1 and L2 points as the cluster orbits around the host system [START_REF] Bowden | Using stellar streams to probe the galactic potential[END_REF].

2.1. STELLAR STREAMS star system and the other -that rips out some of the stars from the progenitor system which then begin to orbit the host galaxy along with their progenitor. Tidal forces on stars in dwarf galaxies and star clusters pull them out of their progenitor from Lagrange points L1 and L2 (see Figure 2.2). The Lagrangian points are positions in an orbital configuration of two large bodies (say M and m, where M >> m, Figure 2.2) where a small test particle can maintain its position fixed relative to the two large bodies. These L points mark positions where the combined gravitational pull of the two masses provides precisely the centripetal force required to orbit the test particle with them. This means that this test particle placed at either of these L points will have the same time period as that of the mass m. There are five such points in a two body system, labeled from L1 -L5 in Figure 2.2, and all of them lie in the orbital plane of the two large bodies. Our focus for current discussion is only L1 and L2 -points from where the stars escape the progenitor cluster.

If M and m were stationary with respect to each other separated by the distance R, the L point would be a position where gravity between the two bodies are balanced. Such a point would lie somewhere between the masses M and m and would require

(2.1) GM (R -r t ) 2 = Gm r 2 t ,
r t being the L1 point. Knowing the masses M and m and the separation distance R would easily allow one to calculate r t . However, situation becomes complicated when one of the bodies m is orbiting around the other mass M, because of the centrifugal force that comes into the picture.

The balancing equation then gets additional terms that takes into account the centrifugal force as well. The centripetal force on the particle, in this case, would be equal to the net gravitational force coming due to both the masses M and m,

(2.2) m p v 2 p r t = Gm p M (R -r t ) 2 - Gm p m r 2 t
The time period for this particle would be

(2.3) T = 2π(R -r t ) v p ,
substituting above equation back into the main equation gives

(2.4) 4π 2 (R -r t ) 2 T 2 r t = GM (R -r t ) 2 - Gm r 2 t Now since v m = 2πR/T but also v 2 m = GM/R, substituting v m in LHS term gives (2.5) GM(1 - r t R ) 2 Rr t = GM (R -r t ) 2 - Gm r 2 t
and now doing a binomial expansion upto first order (as r << R) on both the sides gives (2.6)

GM Rr t + 2GMr t R 2 r t = Gm R 2 + 2GMr t R 3 - Gm r 2 t solving which gives (2.7) r t = m 3M 1/3

R

Considering mass M to be the mass of the Galaxy within the separation distance R and m to be the mass of the star cluster, then r t basically sets the tidal radius of the progenitor cluster.

This means, that the stellar particles lying at a distance greater than this r t value lie beyond the trap of the potential well of the cluster and will be stripped off. Consider Milky Way's mass in the inner 20 kpc to be M MW (< 20 kpc) ∼ 2 × 10 11 M ⊙ [START_REF]Constraining the Milky Way Halo Potential with the GD-1 stellar stream[END_REF], mass of some progenitor cluster situated at R = 20 kpc to be m = 6 × 10 5 M ⊙ , then this sets r t = 0.2 kpc. Note that r t is not a constant for any given cluster. The value of R(≡ R(t)) is a function of time as it changes with the orbital trajectory of the cluster (unless the cluster system is on a circular orbit). Further, M ≡ M(R), also evolves according to the progenitor's orbit. Also, m ≡ m(t)

-because as the stars strip from the cluster, cluster's mass decreases over time.

The stellar particles that are tidally stripped from the outer L2 point of the progenitor cluster (point farther from the galactic centre) receive higher energy values and higher angular momenta and form the trailing arm of the stream in comparison to the particles that are stripped from L1 point (point closer from the galactic centre) that form the leading arm of the stream. At this point when the stars are no longer trapped by the gravity of the star cluster, they begin to orbit the Milky Way however maintaining a similar orbit as that of the progenitor cluster. As the stars escaping the potential well of the cluster get launched into orbits with slightly lower and higher energies, their orbits do not exactly align along the orbit of the progenitor cluster, and therefore the leading and trailing arms of the stream do not delineate an orbit as that of the progenitor (see right panel of Figure 2.2). As the orbital period of Milky Way's satellites are ∼ 1 Gyr [START_REF] Johnston | Fossil Signatures of Ancient Accretion Events in the Halo[END_REF], the timescale over which tidal streams evolve is also Gyrs.

Physical properties of stellar streams

Past couple of decades saw a spate of stream discoveries in the halo of the Milky Way [START_REF] Grillmair | Tidal Streams in the Local Group and Beyond[END_REF]. The structural, kinematical and chemical properties of many of these streams have been studied and now we have a general idea about what type of halo substructures qualify to be stellar streams.

Structural characteristic

Stellar streams are orbital structures and therefore they appear as elongated arc-like features in the configuration space. As described previously, the elongation is a consequence of the tidal stripping of the progenitor cluster that forms the tidal arms. But different streams can have different physical lengths. The lengths of the tidal tails depend on the Notice that the leading and the trailing tails of the stream do not delineate along the orbit of the progenitor system. Bottom left panel : The discovery of the Helmi stream [START_REF] Helmi | Debris streams in the solar neighbourhood as relicts from the formation of the Milky Way[END_REF] based on the analysis of the kinematics of the stars from the Hipparcos mission. The upper panels show the kinematics of the stars and the lower panel shows the distribution in angular momentum space (J ≡ L in their notation). Since streams are orbital structures that have long dynamical times, they maintain coherence in the velocity space for several Gyrs. Bottom right panel : The color-magnitude diagram of the recently discovered Phlegethon stream [START_REF] Ibata | Phlegethon, a nearby 60 • -long retrograde stellar stream[END_REF]. Since stars in the tidal tails of a stream were once a member of the progenitor cluster, cummulatively they follow the same isochrone trend and chemical properties as that of their progenitor cluster.

mass and the scale radius of the progenitor system (that determines how easy it will be to strip the stars), their orbital path around the Milky Way (since the tidal forces on a cluster are stronger closer to galactic centre when the system is at its pericentric passage than when it is at its apocentre), and the time duration the satellite/cluster had been orbiting the Milky Way (more time duration allows stripping of more number of stars and hence longer are the tidal tails). See Figure 2.3 for descriptive understanding.

Also, observed tidal streams could have a known progenitor which still survives, despite the fact that some of its stars have been removed (for example, the Pal 5 stream [START_REF] Odenkirchen | Detection of Massive Tidal Tails around the Globular Cluster Palomar 5 with Sloan Digital Sky Survey Commissioning Data[END_REF], the Eridanus and Palomar 15 streams [START_REF] Myeong | Tidal Tails around the Outer Halo Globular Clusters Eridanus and[END_REF]). A stream might also have no associated progenitor either because the progenitor from which it formed has been completely disrupted into tidal arms, or because it has yet to be discovered (for example, it is believed that the progenitor of GD-1, if it still survived, might be lying behind the Galactic disk).

Velocity space coherence

Since stellar streams are orbit-like structures, the member stars are expected to remain coherent in the configuration as well as in the velocity space for several Gyrs. Therefore, member stars of a stream are often found with similar velocity values and they tend to occupy a tiny volume in the phase-space (see Figure 2.3). If one assumes an axisymmetric potential for the Milky Way galaxy (which is a good zeroth order approximation, see [START_REF] Koposov | Constraining the Milky Way Potential with a Six-Dimensional Phase-Space Map of the GD-1 Stellar Stream[END_REF][START_REF] Küpper | Globular Cluster Streams as Galactic High-Precision Scalesmdashthe Poster Child Palomar[END_REF][START_REF]Constraining the Milky Way Halo Potential with the GD-1 stellar stream[END_REF]), where energy E and z-component of angular momentum L z are conserved, then due to its orbital property the entire stream would appear as a dot in the E -L z space.

Photometric description

Star clusters have for long been known to follow a characteristic color-magnitude diagram (CMD) curve [START_REF] Lancon | Integrated Properties of AGB Stars in Resolved and Unresolved Stellar Populations: Simple Stellar Populations and Star Clusters[END_REF]. This isochrone curve depends on the Age and metallicty ([Fe/H]) of the stellar population. The stars that are in the tidal tails of the cluster, that were once members of the progenitor cluster, are also expected to follow the same isochrone trend (see Figure 2.3) which is another identifiable characteristic of stellar streams.

It is these physical properties of stellar streams that make them excellent tools in addressing various current problems of Galactic archaeology.

Significance of streams in Galactic archaeological studies

Stellar streams are remnants of the satellite galaxies or star clusters that were accreted by the Milky Way. Therefore, they hold important place in galactic formation and evolution. Also, since these structures orbit in the underlying potential of the galaxy, their orbital properties tend to be sensitive to the gravitational potential and the mass distribution of the host galaxy. ∼ 15 kpc [12]. The darker areas indicate higher surface densities; a few black patches are due to missing data. The main substructures are labeled.

Galaxy formation : origin of the stellar halo and substructure-ness

As explained in Chapter 1, simulations based on ΛCDM cosmogony find that the dark matter halos are not smooth and vast numbers of self-bound susbtructures ("sub-halos") swarm within them [START_REF] Ghigna | Dark matter haloes within clusters[END_REF][START_REF] Moore | Dark Matter Substructure within Galactic Halos[END_REF]. This supports the idea that a large fraction of the stellar halo formed through the accretion and disruption of low mass star groups (satellites and globular clusters) onto the host galaxy. Substructure-ness is not a sufficient but a necessary condition for hierarchical structure formation framework to be a valid theory. So if we go by this framework, the halo of the Milky Way should have been made of all of these accreted bodies. This means that if we could establish (observationally) that in fact halo is a playground of accreted structures, then this would greatly confirm the hierarchical In the past, SDSS data has shown that the substructure comprises 30% of the inner halo and increases with larger galactocentric radii, showing that accretion has occured throughout the history [START_REF] Bell | The Accretion Origin of the Milky Way's Stellar Halo[END_REF] and that accretion was in fact the dominant mechanism to build up the stellar halo. But such a global quantification would also be affected by the total number of streams in the halo. These streams may individually contribute insignificantly to the total accreted halo fraction, but the summation over all the stream structures might be non-negligible.

Various wide field astrophysical surveys have revealed a wealth of stellar streams in the Milky Way halo [10-12, 70, 72, 73, 85, 93, 105, 124, 136, 143, 171, 196], that display different morphologies (see Figure 2.4) and contribute to the substructure-ness of the stellar halo. Not only do these tidally disrupted streams confirm and advocate for a hierarchical merging scenario of the Galactic stellar halo, but their orbits can be retro-engineered in order to reconstruct the pre-merging history of our Galaxy to understand its origin and its formation history.

DF(x,v) of the halo substructures using conserved quantities

We lack the knowledge about the complete DF(x,v) for our stellar halo that is of extreme importance in order to understand its origin and evolution, and in probing the underlying gravitational potential of the halo. DF(x,v) plays crucial role in associating the accreted stars to a single progenitor system (as accreted stars might appear unassociated in the configuration space, but are strongly correlated in the 6D phases-space or (E, L z ) space).

Once the members of the associated groups are confirmed, their origin and accretion history could then be verified.

Knowledge of the complete phase-space information of the halo stars would not come even with the Gaia data1 . However, since streams are orbital structures, their orbits can be used for creating complete 6D phase-space maps of the stream stars even in the cases where one or more phase-space information is missing [START_REF] Malhan | Ghostly Tributaries to the Milky Way: Charting the Halo's Stellar Streams with the Gaia DR2 catalogue[END_REF]. Therefore, with the quality of the data that Gaia provides, it is indeed possible to obtain a reasonably well estimated complete DF(x,v) of the stars of the Milky Way that are associated with streams.

Constraining the dark matter mass distribution of the Milky Way

The mass density profile and the spatial distribution of the dark matter halo around the Milky Way galaxy are of great astrophysical and cosmological importance, and until now remains poorly constrained. Access to good potential model is needed also to understand the dynamical evolution of our Galaxy. The data-to-model comparison for the best-fit orbit through the GD-1 stream, where the orbit is shown with black curves while the data is represented by colored points accompanied with the associated error bars. Right panel : The contours of the log-likelihood space of the potential's parameters (V circ (R ⊙ ), q Φ ) obtained from the corresponding analysis.

As pointed out in Chapter 1, various methods are often employed to constrain the mass distribution of the Milky Way galaxy. These include analyses based on the rotation curve of the Galaxy [START_REF] Sofue | Grand Rotation Curve and Dark Matter Halo in the Milky Way Galaxy[END_REF], Jeans analyses that assume dynamical equilibrium of some tracer population to constrain the gravitational force field [START_REF] Bowden | Is the dark halo of the Milky Way prolate?[END_REF][START_REF] Diakogiannis | A novel JEAnS analysis of the Fornax dwarf using evolutionary algorithms: mass follows light with signs of an off-centre merger[END_REF][START_REF] Loebman | The Milky Way Tomography with Sloan Digital Sky Survey[END_REF][START_REF] Read | How to break the density-anisotropy degeneracy in spherical stellar systems[END_REF], orbital analyses of satellites [START_REF] Fritz | Gaia DR2 Proper Motions of Dwarf Galaxies within 420 kpc: Orbits, Milky Way Mass, Tidal Influences, Planar Alignments, and Group Infall[END_REF]192], and distribution function analyses [START_REF] Posti | Mass and shape of the Milky Way's dark matter halo with globular clusters from Gaia and Hubble[END_REF]. However, many recent studies have turned to using stellar streams as dynamical probes [START_REF] Bovy | The Shape of the Inner Milky Way Halo from Observations of the Pal 5 and GD-1 Stellar Streams[END_REF][START_REF] Helmi | Is the dark halo of our Galaxy spherical?[END_REF][START_REF] Ibata | Great Circle Tidal Streams: Evidence for a Nearly Spherical Massive Dark Halo around the Milky Way[END_REF][START_REF] Koposov | Constraining the Milky Way Potential with a Six-Dimensional Phase-Space Map of the GD-1 Stellar Stream[END_REF][START_REF] Küpper | Globular Cluster Streams as Galactic High-Precision Scalesmdashthe Poster Child Palomar[END_REF][START_REF] Law | The Sagittarius Dwarf Galaxy: A Model for Evolution in a Triaxial Milky Way Halo[END_REF][START_REF]Constraining the Milky Way Halo Potential with the GD-1 stellar stream[END_REF] (see Figure 2.5). This is because orbits in a gravitational potential are powerful tracers of the matter distribution. Tidal streams in the halo have the added advantage of being far enough from the bright galactic components that the fitting is unaffected by small errors in the disk and bulge models [START_REF] Varghese | Stellar streams as probes of dark halo mass and morphology: a Bayesian reconstruction[END_REF].

Most attempts of inferring the Milky Way's potential through stream's dynamical analysis, to date, have focused on the Sagittarius stream [START_REF]Velocity Trends in the Debris of Sagittarius and the Shape of the Dark Matter Halo of Our Galaxy[END_REF][START_REF] Ibata | Great Circle Tidal Streams: Evidence for a Nearly Spherical Massive Dark Halo around the Milky Way[END_REF][START_REF] Law | The Sagittarius Dwarf Galaxy: A Model for Evolution in a Triaxial Milky Way Halo[END_REF] due to its length and the quality of available data. Recently, some other streams have also been employed for dynamical analysis [START_REF] Bovy | The Shape of the Inner Milky Way Halo from Observations of the Pal 5 and GD-1 Stellar Streams[END_REF][START_REF] Koposov | Constraining the Milky Way Potential with a Six-Dimensional Phase-Space Map of the GD-1 Stellar Stream[END_REF][START_REF] Küpper | Globular Cluster Streams as Galactic High-Precision Scalesmdashthe Poster Child Palomar[END_REF][START_REF] Newberg | The Orbit of the Orphan Stream[END_REF]. However, results from stream analysis, altogether, have consistently defied attempts to build a unified potential model [START_REF]Velocity Trends in the Debris of Sagittarius and the Shape of the Dark Matter Halo of Our Galaxy[END_REF][START_REF] Ibata | Great Circle Tidal Streams: Evidence for a Nearly Spherical Massive Dark Halo around the Milky Way[END_REF][START_REF] Johnston | A Two Micron All Sky Survey View of the Sagittarius Dwarf Galaxy. III. Constraints on the Flattening of the Galactic Halo[END_REF][START_REF] Law | A Two Micron All-Sky Survey View of the Sagittarius Dwarf Galaxy. IV. Modeling the Sagittarius Tidal Tails[END_REF][START_REF] Law | The Sagittarius Dwarf Galaxy: A Model for Evolution in a Triaxial Milky Way Halo[END_REF].

Analyses based on Sagittarius stream favour a mildly triaxial potential with potential flattening (c/a) Φ ∼ 0.72 in the disc plane and (b/a) Φ ∼ 0.99 aligned with the symmetry axis of the Galactic disc [START_REF] Law | The Sagittarius Dwarf Galaxy: A Model for Evolution in a Triaxial Milky Way Halo[END_REF]. However, such a model is dynamically unstable [START_REF] Debattista | What's up in the Milky Way? The orientation of the disc relative to the triaxial halo[END_REF], suggesting unmodelled stream complexity or incomplete data. A very recent study based on the GD-1 and the Pal 5 stream estimated the overall potential flattening as (c/a) Φ = 0.95 ± 0.04 at the location of GD-1 ([R, Z] ≈ [12.5, 6.7] kpc) and 0.94 ± 0.05 at the position of Pal 5 8.4, 16.8] kpc) suggesting a highly spherical halo [START_REF] Bovy | The Shape of the Inner Milky Way Halo from Observations of the Pal 5 and GD-1 Stellar Streams[END_REF]. However, this estimate is in tension with the numerical simulations that suggest a strongly triaxial halo (see Chapter 1). It is expected that the quality of the velocity measurements that Gaia has now provided should improve our resulting estimates.

([R, Z] ≈ [

Studying lumpiness in dark matter distribution from stream gaps

ΛCDM models predict two orders of magnitude more dark matter halos (lumps with masses > 10 7 M ⊙ ) than satellites observed around the Milky Way [START_REF] Klypin | Where Are the Missing Galactic Satellites?[END_REF][START_REF]Dark Matter Substructure within Galactic Halos[END_REF]. Solutions to this problem include self-interacting dark matter [START_REF] Spergel | Observational Evidence for Self-Interacting Cold Dark Matter[END_REF], truncated power spectra [START_REF] Liddle | The Dearth of Halo Dwarf Galaxies: Is There Power on Short Scales?[END_REF] and the restriction of gas accretion to the lowest mass dark matter halos before the epoch of reionization [START_REF] Bullock | Hierarchical Galaxy Formation and Substructure in the Galaxy's Stellar Halo[END_REF]. The first two solutions would get rid of the smallest dark matter halos entirely, while the latter would predict that only one percent of the satellite halos actually contain stars, and the others only contain dark matter -resulting into dark matter sub-halos.

Density variations along the tidal tails of stellar streams could very well be induced due to its interaction with a perturber, such as sub-halos. This provides observational means to infer the presence of the dark matter sub-halos by investigating the possible source of perturbation. The effect of the interaction of a stream with a sub-halo would be reflected in the dynamics of the ejection of stars from the progenitor or the tidal arms, and compression and expansion of a stream around an orbit (see Figure 2.6). These signatures can be used to guide us towards the physical properties of the sub-halo such as its mass and density profile [START_REF] Erkal | The number and size of subhaloinduced gaps in stellar streams[END_REF]. Further, the quantitative analysis of the number of gaps in all the streams in the Milky Way can help in creating a global consensus of the number of dark matter sub-halos streaming the halo [START_REF] Carlberg | Dark Matter Sub-halo Counts via Star Stream Crossings[END_REF]. Stellar streams lying outer in the Galactic halo are much more trustworthy for such analysis because closely lying streams can get response from the interaction with the Galactic disk, bar and spiral arms [START_REF] Malhan | STREAMFINDER II: A possible fanning structure parallel to the GD-1 stream in Pan-STARRS[END_REF][START_REF] Pearson | Tidal Stream Morphology as an Indicator of Dark Matter Halo Geometry: The Case of Palomar[END_REF].

Measuring Sun's Galactic velocity with stellar streams

Not only streams are useful in constraining the parameters of the gravitational potential (for e.g., the potential flattening q Φ , or the mass), but also in constraining the fundamental parameters of the Galaxy. Exploitation of the geometry of the stream structures can be used in order to gauge the Sun's galactic velocity (V ⊙ ) [START_REF] Ibata | Measuring the Sun's motion with stellar streams[END_REF]. This idea, that employs a simplistic procedure, is detailed in Chapter 7. In contrast to the analysis based on the other tracer objects (listed in Chapter 1), dynamical analysis of streams appear to put relatively tight constraints on the matter distribution of our Galaxy and other relevant galactic parameters. However, the solutions yet do not converge at definite values. The disparities have persisted in part due to the lack of good quality tangential velocity measurements and distance estimates of halo tracer stars. This situation now looks set to change with the excellent Gaia data along with various other velocity surveys such as APOGEE [START_REF] Prieto | APOGEE: The Apache Point Observatory Galactic Evolution Experiment[END_REF], GALAH [START_REF] Freeman | The HERMES Project: Reconstructing Galaxy Formation[END_REF] and RAVE [START_REF] Smith | The RAVE survey: constraining the local Galactic escape speed[END_REF].

But still, in order to significantly improve our estimates, more stream detections are required both in the inner and the outer halo of the galaxy in order to obtain a global solution on the Galactic mass distribution that is then valid upto to outer galatic radii. More stream detections are also needed in order to quantify the number of halo stars that are a result of the accretion events.

Conventional techniques to detect stellar streams

There exist some effective stream detection methods that have been successful in detecting the known Milky Way streams. These techniques essentially exploit the same physical properties of the stream structures that were discussed in Section 2.1.2. Discussed below are some of these conventional stream detection techniques (also summarised in Figure 2.7) and their shortcomings.

Detection of stream as an overdensity in the halo

The most straightforward technique to identify tidal streams, or any halo substructure for that matter, is to determine 3D positions of the halo stars and then look for localised [START_REF] Watkins | Substructure revealed by RRLyraes in SDSS Stripe[END_REF]. Top right : The matched filter density map of the northern footprint of the SDSS survey [START_REF] Belokurov | The Field of Streams: Sagittarius and Its Siblings[END_REF]. Many stream structures are visible and are labelled. Bottom left : Overdensity of stars in V los in RAVE data identified as the Aquarius stream [START_REF]The Dawning of the Stream of Aquarius in[END_REF] (see the region -250 < V los < -150 km s -1 ). Bottom right : The working of the pole-count procedure shown by revealing the location of the pole (ℓ = 95 • , b = 13 • ) of the orbit of the Sagittarius dwarf galaxy stream, implying detection of the stream [START_REF] Ibata | Substructure of the outer Galactic halo from the 2-Micron All-Sky Survey[END_REF].

overdensities. As this method requires the distance measurements, the stars with known absolute magnitudes (standard candles -RR Lyraes, Blue Horizontal Branch stars (BHBs) in general) must be selected (see Figure 2.7). The Sagittarius stream [START_REF] Bellazzini | Tracing the Sgr Stream with 2MASS. Detection of Stream stars around Outer Halo globular clusters[END_REF][START_REF] Bellazzini | Detection of a population gradient in the Sagittarius stream[END_REF][START_REF] Hernitschek | The Geometry of the Sagittarius Stream from Pan-STARRS1 3π RR Lyrae[END_REF][START_REF] Ibata | A dwarf satellite galaxy in Sagittarius[END_REF], the Monoceros ring [START_REF] Newberg | The Ghost of Sagittarius and Lumps in the Halo of the Milky Way[END_REF], the Pisces overdensity [START_REF] Watkins | Substructure revealed by RRLyraes in SDSS Stripe[END_REF] were all discovered and identified using this technique.

However, note that such a technique would work only for the detection of very high contrast streams that are high enough in number density to stand out significantly from the contaminating background population. Streams that are remnants of low mass progenitors would be hard to nail down using such a simplistic procedure. The matched filter technique [START_REF] Balbinot | The tidal tails of NGC[END_REF][START_REF] Rockosi | A Matched-Filter Analysis of the Tidal Tails of the Globular Cluster[END_REF] incorporates colour-magnitude weighting of stars to find structures that belong to a specific Single Stellar Population (SSP) model. It is this technique that must be thanked for rendering detections of most of the streams in the Milky Way halo. The Pal 5 stream [START_REF] Odenkirchen | Detection of Massive Tidal Tails around the Globular Cluster Palomar 5 with Sloan Digital Sky Survey Commissioning Data[END_REF], GD-1 [START_REF] Grillmair | Detection of a 63 • Cold Stellar Stream in the Sloan Digital Sky Survey[END_REF], Orphan [START_REF] Grillmair | Substructure in Tidal Streams: Tributaries in the Anticenter Stream[END_REF], Lethe, Cocytos, and Styx [START_REF]Four New Stellar Debris Streams in the Galactic Halo[END_REF], the Eridanus and Palomar 15 streams [START_REF]Tidal tails around the outer halo globular clusters Eridanus and Palomar[END_REF], PS1-A,PS1-B, PS1-C, PS1-D, PS1-E and

Matched filtering technique

Ophiuchus streams [START_REF] Bernard | Serendipitous discovery of a thin stellar stream near the Galactic bulge in the Pan-STARRS1 3π Survey[END_REF][START_REF] Bernard | A Synoptic Map of Halo Substructures from the Pan-STARRS1 3π Survey[END_REF], Indus and Jhelum streams [START_REF] Shipp | Stellar Streams Discovered in the Dark Energy Survey[END_REF], and many others were all found using the matched filtering technique.

Although, the number of streams detections justify the advantage of this method, the shortcoming of this procedure is that it does not incorporate kinematics of the stars. This means that such a procedure could also have tendency of rendering some false positives.

Also, its performance is expected to drop significantly if the structure possesses a significant distance gradient.

Detection of co-moving groups of stars

Several halo substructures were initially identified as groups of stars of similar type (e.g.

RR Lyrae, Blue Horizontal Branch Stars) that are contained within a small phase-space volume possessing similar velocities. Several streams in the Milky Way have been detected

this way (for e.g., the Aquarius stream [START_REF]The Dawning of the Stream of Aquarius in[END_REF], the Arcturus structure [START_REF] Arifyanto | Fine structure in the phase space distribution of nearby subdwarfs[END_REF] and the Virgo stream [START_REF] Duffau | Spectroscopy of QUEST RR Lyrae Variables: The New Virgo Stellar Stream[END_REF]). See, for example, the bottom left panel of Figure 2.7 that shows the detection of the Aquarius co-moving group in the line-of-sight velocity space based on RAVE survey.

Pole counts

The Pole Count technique [START_REF] Johnston | Fossil Signatures of Ancient Accretion Events in the Halo[END_REF] works by looking for overdensity of stars along the great circular paths of the Milky Way galaxy and then assigning the corresponding weight to the associated pole value. Therefore, this technique works well for identifying substructures that are on great circle paths around the Milky Way and are also of high contrast. For example, it was useful in reproducing the Sagittarius stream [START_REF] Ibata | Substructure of the outer Galactic halo from the 2-Micron All-Sky Survey[END_REF]. This method can be further improved by supplying the algorithm the available kinematic information [START_REF] Mateu | Fourteen candidate RR Lyrae star streams in the inner Galaxy[END_REF].

Nevertheless, the method is expected to reveal only those streams that lie almost along great circular paths on the sky, and the streams on rather complex orbits can go undetected.

Sate-of-the-art tool to analyse ESA/Gaia data for streams

Figure 2.8 summarises all the Milky Way stellar streams that were prior to Gaia DR2. There are > 40 streams that are visible on this map that were a result of the application of the detection mechanisms that were mentioned before.

Prior to Gaia DR2, the kinematics of majority of these streams were unknown. Even with Gaia in our hands, velocities of many of these structures might remain unaccessible due to the shallow-ness of Gaia's coverage (G Gaia limit ∼ 20.5). Therefore, along with estimating the Here is shown the Milky Way stellar stream map (minus some stellar clouds) that was created using the package [START_REF] Mateu | Fourteen candidate RR Lyrae star streams in the inner Galaxy[END_REF], transformed into polar Zenith Equal Area projections [START_REF] Malhan | Ghostly Tributaries to the Milky Way: Charting the Halo's Stellar Streams with the Gaia DR2 catalogue[END_REF]. The colour represents the Galacto-centric distances to these structures. The left and right panels show, respectively, the projection from the North and South Galactic poles. The names of a few streams are labelled to help the reader's orientation in this coordinate system. Galactic longitude increases clockwise in the north panel and counter-clockwise in the south panel, while Galactic latitude changes radially as shown. kinematics of the known streams that can be accessed in the Gaia data (that can then be used for various Galactic archaeological studies), more stream detections are needed for which we are then equipped with the complete phase-space information.

Therefore, in light of the revolutionary dataset that Gaia was to deliver, construction of a stream detection algorithm was desired that is able to use all the prior knowledge of stellar streams and as much as possible information from Gaia data in order to maximise the detection efficiency. For this, a state-of-the-art tool was built as a part of this thesis that was used to analyse Gaia for the detection of the stellar streams in the Milky Way halo. This algorithm was namedthe .

C H A P T E R 

Abstract

A new powerful algorithm was designed to detect stellar streams in an automated and systematic way. The ❙❚|❊❆▼❋■◆❉❊| algorithm is well suited for finding dynamically cold and thin stream structures that may lie along any simple or complex orbits in Galactic stellar surveys containing any combination of positional and kinematic information. This Chapter introduces the ❙❚|❊❆▼❋■◆❉❊| algorithm, lays out the ideas behind it, explains the methodology that it adapts to detect streams and details its workings by showing the results that were obtained by running it on a suite of simulations of mock Galactic survey data of similar quality to that expected from the ESA/Gaia end-of-mission survey. The results that were obtained showed that the algorithm is capable of detecting even ultra-faint stream features lying well below previous detection limits. Numerical tests revealed that ❙❚|❊❆▼❋■◆❉❊| should be able to detect distant halo stream structures > 10 • long containing as few as ∼ 15 members (Σ G ∼ 33.6 mag arcsec -2 ) in the final Gaia dataset.

❙❚|❊❆▼❋■◆❉❊|

With ESA/Gaia data [START_REF] Gaia Collaboration | Gaia Data Release 2: Observational Hertzsprung-Russell diagrams[END_REF][START_REF] Gaia Collaboration | Gaia Data Release 1. Summary of the astrometric, photometric, and survey properties[END_REF][START_REF] Collaboration | Gaia data release 2. summary of the contents and survey properties[END_REF][START_REF] Gaia Collaboration | Gaia Data Release 2: Kinematics of globular clusters and dwarf galaxies around the Milky Way[END_REF] in sight, development of a generic stream finding algorithm was desired that superseded the previously existing stream detecting algorithms in terms of performances, in its capability of handling heterogenous datasets containing any useful combination of positions and kinematics and the sort of surveys that have partial sky coverage and incomplete information on some parameters, so as to make the most of the available surveys. Since the most massive streams in the Milky Way have probably already been discovered, the ❙❚|❊❆▼❋■◆❉❊| algorithm was primarily designed to detect narrow low-mass tidal streams, that are also ideal for constraining the Galactic potential and for probing the Galactic dark matter distribution [START_REF] Lux | Constraining the Milky Way halo shape using thin streams[END_REF].

Stream Detection Concept

Consider an ideal scenario where we have a segment of an orbit (see Figure 3.1a). The red dots represent the positions of the stars (members of a hypothetical stream that perfectly delineates this orbit) along their orbital structure in 6D phase-space. Suppose we have access to perfect 6D position and velocity values (x, v) for all these stream stars and that we also know the underlying gravitational potential. Then, if one integrates a trial orbit (blue-dashed curve) using the given 6D phase-space value (x i , v i ) of one of these stream stars, then this trial orbit would sew through the remaining stars in the 6D phase-space, revealing the entire stream structure.

In reality, streams do not delineate perfect orbits (Figure 3.1b). Stars in a tidal stream have slightly different (E, L z ) values, and therefore lie along slightly different orbits [START_REF]The mechanics of tidal streams[END_REF]. The slight differences in energies and orbital trajectories of the stream stars as they are lost from their progenitor lead to a finite structural stream width in real space and velocity dispersion in velocity space.

The prescribed stream detecting method made use of the realisation that the members of a stream can be contained within a 6D hyper-dimensional tube (or hypertube) in phase-space, with width in real and velocity space similar to the size and velocity dispersion of the progenitor cluster. This meant that a way to detect streams is to construct 6D hypertubes, with plausible phase-space width and length, and then count the number of stars that are encapsulated within them. This scenario is depicted in Figure 3.1(b) where red dots represent the stream stars, and the black cylinder is the hypertube surrounding the trial orbit (blue dashed curve).

Such an analysis exploits the coherence of the stream structure by analysing the data in spatial and kinematics space (6D phase-space) simultaneously.

Orbit Sampling in ❙❚|❊❆▼❋■◆❉❊|

Building onto this conception of stream detection, it meant that the task at the disposal was simply to integrate orbits for every star in the catalogue and compare these trial orbits with the data in order to find coherently associated star groups that behave like stream structures. The red dots represent schematically the spatial positions along a segment of an orbit, part of a stream that we are interested in detecting. The dots labelled '1' and '2' mark, respectively, the beginning and the end of this orbit segment. The blue dashed curve represents the orbit integrated using the 6D phase-space value of stellar point '1' as initial conditions. This trial orbit passes close to other stream members, allowing them to be associated with the structure. (b) The red dots now represent a more realistic scenario of a stellar stream where the tidal arms and the progenitor possess slightly different energies and hence lie along different orbits. Therefore, the trial orbit (blue-dashed curve) calculated using the phase-space measurement of some stream star corresponding to some (E, L z ) value fails to fit the entire stream structure. But if the same 6D orbit is upgraded to a 6D hyper-dimensional-tube (black cylinder), then the stream becomes circumscribed within it. Now, the integration of an orbit requires a precise 6D phase-space value -the initial condition which can be integrated into a trajectory. However 1) Gaia lacks radial velocity measurements for all the stars for which G > 12, and 2) the proper motions and the parallaxes have associated errors that further causes impediment in pin-pointing a specific phase-space location of every star. This issue was circumvented by forcing to sample orbits, choosing parameter initial positions in the coordinates of the observables that are consistent with the corresponding uncertainty distributions. This uncertainty in information is illustrated here as tiny red dots around star '1' which are also the sampled phase-space positions of this star. Using these sampled phase-space positions, integrates trial orbits (cyan dashed curves) along which the streams (large red dots) are searched for in the dataset. If one uses the "observed" phase-space values directly for orbit-integration, instead of sampling phase-space, that might launch an orbit that is mis-aligned with the true trajectory of the star (black dashed curve) and hence may not yield a detection. with the highest value of L k is considered to be the best orbit, and both the corresponding L k value and the orbital trajectory are then assigned to that datum. In this way, every data points gets assigned a log-likelihood value, L k , based on how well that datum is able to coherently associate itself with the other data stars along one of the provided sampled orbits. In this way, the stars in the data that correspond to a stream receive higher L k values, in contrast to the field stars that have zero or very small number of coherently associated star members.

❙❚|❊❆▼❋■◆❉❊| in action

Different scenarios of stream detection were analysed and studied in order to get convinced with the working of the algorithm (see the paper attached). For each case study, a perfect stream model was simulated in a realistic Galactic potential model. This stream model was then degraded in observational measurements consistent with what is expected from end-of-mission Gaia survey and the radial velocity information was entirely omitted. This stream model was then added into a realistic mock dataset for Gaia (for which the Gaia Universe Model Snapshot, or GUMS [START_REF] Robin | Gaia Universe model snapshot. A statistical analysis of the expected contents of the Gaia catalogue[END_REF],

was used) and only 5D astromteric solution was retained for the entire dataset. This data served as the input data for the ❙❚|❊❆▼❋■◆❉❊| algorithm that was then processed to find the underlying stream from the stellar contamination. One of the studies is highlighted in Figure 3.3.

After processing all the data stars in the manner described previously, the output of the algorithm gets summarized in a density plot such as that shown in Figure 3.3(g), where the input stream model can be clearly seen.

Luminosity function and continuity: additional

❙❚|❊❆▼❋■◆❉❊| criteria

The algorithm aims to find thin and cold stream structures. These structures are expected to be remnants of a globular cluster that are formed by their disruption and dissolution. The member stars of most star clusters follow closely stellar evolutionary models of a single age and metallicity, and although now totally disrupted, the stream stars share similar age and metallicity as that of the progenitor and hence must follow a similar isochrone track. This concept was also incorporated into the algorithm, thus making use of the photometric information of each candidate group of stars identified by it.

For this, a G-band cumulative luminosity function of the same SSP model is used as a template, that is also used to derive the distance solution during orbit sampling. For each candidate group of stars that gets encapsulated by the hypertube, ❙❚|❊❆▼❋■◆❉❊| calculates the Kolmogorov-Smirnoff Test probability (P KS,LF ) that the stars are drawn from this model luminosity function.

We further expect that stellar streams are extended structures, yet so far the criteria that have been described do not allow us to distinguish an extended stream from a small-scale localized over-density. To remedy this, an additional criterion was incorporated into the algorithm to calculate the Kolmogorov-Smirnoff Test probability (P KS,continuous ) that the member stars of a 

Results and Discussions

To some extent, ❙❚|❊❆▼❋■◆❉❊| can be regarded as a very efficient stream detection algorithm. This is because not only the algorithm essentially incorporates all the ideas that lie behind the previously existing stream finding techniques, but also 1) unlike any other previous stream detection techniques, the algorithm detects streams along orbital trajectories which is a rather much more physically motivated means of finding streams, and 2) the simultaneous multidimensional analysis based on phase-space-color-magnitude allows one to find extremely faint stream structures as well.

Various tests, based on realistic simulation study, advocated that very faint stream structures with number of stars as few as ∼ 15 (and an equivalent surface brightness of Σ G ∼ 33.6 mag arcsec -2 ) can be detected using the algorithm1 . This was very promising and meant that the application of ❙❚|❊❆▼❋■◆❉❊| onto the actual Gaia dataset could reveal the presence of ultra-faint streams.

The design of the algorithm is such that along with the stream detection, it renders other useful insights about the detected candidate structures that can be used for further analysis:

1. The primary by-product that the algorithm delivers is the orbital trajectory along which the stream lies. Radial velocities and distance information of the stars is missing for the great majority of halo stars in the Gaia DR2 catalogues, and in the subsequent Gaia data realeases. However, since the algorithm gives the possible orbital solutions for a given stream structure, it therefore provides a means to complete the 6D phase-space solutions that are possible for a given stream star.

2. The algorithm delivers a complete 6D phase-space distribution of possible orbital solutions that a given stream might be on. When executed over the entire sky, the end product would be the distribution function of stream stars in the Galactic halo. This solution could be extremely useful for re-creating the pre-merging history of the Milky Way, or to perform Schwarzschild modelling to constrain the dark matter distribution in the Galaxy.

3. The length of the structure, that can be calculated along the orbital trajctory.

4. Since the algorithm offers orbital solutions for every stream, one can easily calculate simple orbital properties of the stream structure such as the eccentricity or energy of the streams.

Related Paper

Advance Access publication 2018 April 12 

STREAMFINDER -I. A new algorithm for detecting stellar streams

A B S T R A C T

We have designed a powerful new algorithm to detect stellar streams in an automated and systematic way. The algorithm, which we call the STREAMFINDER, is well suited for finding dynamically cold and thin stream structures that may lie along any simple or complex orbits in Galactic stellar surveys containing any combination of positional and kinematic information.

In the present contribution, we introduce the algorithm, lay out the ideas behind it, explain the methodology adopted to detect streams, and detail its workings by running it on a suite of simulations of mock Galactic survey data of similar quality to that expected from the European Space Agency/Gaia mission. We show that our algorithm is able to detect even ultra-faint stream features lying well below previous detection limits. Tests show that our algorithm will be able to detect distant halo stream structures >10 • long containing as few as ∼15 members ( G ∼ 33.6 mag arcsec -2 ) in the Gaia data set.

Key words: stars: kinematics and dynamics -Galaxy: halo -Galaxy: kinematics and dynamics -Galaxy: structure.

I N T RO D U C T I O N

Stellar streams around galaxies are of great importance as their orbital structures are sensitive tracers of galaxy formation history and the underlying gravitational potential (Eyre & Binney 2009;Law & Majewski 2010). The number of streams in principle places a lower limit on the number of past accretion events, allowing one to quantify the number of stars that are a result of hierarchical merging events. Moreover, in the case of the Milky Way, where we can obtain a full phase space picture, knowing the orbits of a sample of streams can shed light on the distribution function of halo accretions (and hence probably of the halo itself). Dynamical modelling of such stellar streams is a promising avenue to constrain the dark matter distribution of the Milky Way and measure the lumpiness in its distribution (Dalal & Kochanek 2002;Ibata et al. 2002a;Johnston, Spergel & Haydn 2002;Carlberg, Grillmair & Hetherington 2012;Erkal et al. 2016;Sanders, Bovy & Erkal 2016).

Streams that are a result of tidal disruption of low-mass progenitors tend to be dynamically cold and thin and are in particular of great interest for probing the dark matter. Dynamical modelling of their well-defined and simple orbital structures is one of the best ways to constrain the dark matter distribution in the Galaxy (Koposov, Rix & Hogg 2010;Ngan & Carlberg 2014;Bovy et al. 2016). However, the general lack of reliable tangential velocities and distance measurements of the stream stars can be consistent with multiple (degenerate) solutions (see e.g. Varghese, Ibata & Lewis 2011). Dynamical modelling of the known streams using the ⋆ E-mail: kmalhan07@gmail.com quality of velocity information that will soon be made available in the second data release (DR2, scheduled for April 2018) of the European Space Agency's Gaia mission (de Bruijne 2012; Gaia Collaboration et al. 2016) can be used in combination with distance estimates (derived from Gaia photometry or other surveys like the Canada-France Imaging Survey, [START_REF] Ibata | Measuring the Sun's motion with stellar streams[END_REF] to resolve this degeneracy to some extent. But, in order to significantly improve the estimates of the Galactic mass distribution and the distribution function of the halo out to large Galactic radii, where the potential is basically unconstrained by other tracers, more stream detections are required. The present contribution aims to construct an optimized algorithm to detect stream structures.

There already exist some effective stream detection methods that have been successful in detecting the streams that we know of so far in the Milky Way. These include:

(i) Matched filter: The matched filter technique [START_REF] Rockosi | A Matched-Filter Analysis of the Tidal Tails of the Globular Cluster[END_REF][START_REF] Balbinot | The tidal tails of NGC[END_REF] incorporates colour-magnitude weighting of stars to find structures that belong to a specific Single Stellar Population (SSP) model. The Palomar 5 stream [START_REF] Odenkirchen | Detection of Massive Tidal Tails around the Globular Cluster Palomar 5 with Sloan Digital Sky Survey Commissioning Data[END_REF], GD-1 (Grillmair & Dionatos 2006), Orphan (Belokurov et al. 2006), Lethe, Cocytos, andStyx (Grillmair 2016), and most recently the Eridanus and Palomar 15 streams (Myeong et al. 2017) and the 11 new streams detected in the Dark Energy Survey (DES, [START_REF] Shipp | Stellar Streams Discovered in the Dark Energy Survey[END_REF]) were all found with this technique. However, the drawback of this method is that it does not incorporate kinematics and its performance is expected to drop significantly if the structure possesses a significant distance gradient.

(ii) Detection of comoving groups of stars: Several halo substructures were initially identified as groups of stars of similar type (e.g. RR Lyrae, Blue Horizontal Branch Stars) that are contained within a small phase space volume. Several streams in the Milky Way have been detected by employing this or a variation of this technique (Aquarius by [START_REF] Williams | The Dawning of the Stream of Aquarius in RAVE[END_REF], Arcturus by Arifyanto & Fuchs 2006 and the Virgo stream by Duffau et al. 2006). The drawback of this approach lies in the fact that it requires the stars to have complete kinematic information. This requirement will not be completely fulfilled in the Galactic halo (where the streams of interest for dark matter studies lie) even in Gaia DR2.

(iii) Pole counts: The Pole Count technique (Johnston, Hernquist & Bolte 1996) works well for identifying substructures that are on great circle paths around the Milky Way and are of high contrast (it was useful in detecting structures like the Sagittarius stream; Ibata et al. 2002b). This method can be further improved by supplying the algorithm the available kinematic information (Mateu, Read & Kawata 2017). The method is expected to reveal only those streams that lie almost along great circular paths on the sky, and the streams on rather complex orbits can again go undetected.

However, in light of the revolutionary data set that Gaia will deliver, we desired to build an algorithm that is able to use as much as possible of our prior knowledge of stellar streams to maximize the detection efficiency. In this paper, we introduce the STREAMFINDER algorithm that we have built, explain the physical motivation behind it, and demonstrate its workings by running a suite of test simulations. We find that our algorithm can detect very faint stream features in the data set of the quality that will soon be delivered by Gaia DR2.

This paper is arranged as follows. In Section 2, we present the motivation and the basic idea behind the workings of our algorithm. Section 3 gives a proof of concept of our method through the detection of a simplistic orbital stream model. Section 4 presents the success of our technique by demonstrating the detection of an N-body tidal stream structure. Section 5 exhibits the ability to detect multiple streams criss-crossing each other in a given patch of sky. In Section 6, we detail additional criteria incorporated into the algorithm that improve the contrast of the streams. We test the detection limit of our algorithm in finding extremely faint stream structures in Section 7. In Section 8, we study the effect of assuming a wrong Galactic mass model. Finally, in Section 9 we discuss the implications of our study.

STREAMFINDER

Different surveys of the Milky Way cover different sky regions, probe different depths of the sky, and deliver different combinations of phase space measurements. We sought to develop a generic algorithm that would work with any mix of data sets containing any combination of positions and kinematics. We also desired the algorithm to have the property of being able to handle data sets with partial sky coverage and incomplete information on some parameters, so as to make the most of the available surveys.

Since we suspect that the most massive star streams in the Milky Way have already been discovered, we decided to design the STREAMFINDER algorithm to detect primarily narrow low-mass tidal streams, and we expect these faint structures to lie hidden under a dominant 'background' of contaminants (in most cases the contaminants will actually be in the foreground).

Stream detection concept

The tidal disruption of low-mass progenitors leads to the formation of thin and dynamically cold streams. These streams closely delin- The red dots represent schematically the spatial positions along a segment of an orbit, part of a stream that we are interested in detecting. The dots labelled '1' and '2' mark, respectively, the beginning and the end of this orbit segment. The blue-dashed curve represents the orbit integrated using the 6D phase space value of stellar point '1' as initial conditions. This trial orbit passes close to other stream members, allowing them to be associated with the structure. (b) The red dots now represent a more realistic scenario of a stellar stream where the tidal arms and the progenitor possess slightly different energies and hence lie along different orbits. Therefore, the trial orbit (blue-dashed curve) calculated using the phase space measurement of some stream star corresponding to some (E, L z ) value fails to fit the entire stream structure. But if the same 6D orbit is upgraded to a 6D hyperdimensional tube (black cylinder), then the stream becomes circumscribed within it.

eate orbits in the underlying gravitational potential of the Galaxy (Dehnen et al. 2004).

Consider an ideal scenario where we have a segment of an orbit (Fig. 1a). The red dots represent the positions of the stars (members of a hypothetical stream that perfectly delineates this orbit) along their orbital structure in 6D phase space. Suppose we have access to perfect 6D position and velocity values (x, v) for all these stream stars and that we also know the underlying gravitational potential. Then, if one integrates a trial orbit (blue-dashed curve) using the given 6D phase space value (x i , v i ) of one of these stream stars, then this trial orbit would sew through the remaining stars in the 6D phase space, revealing the entire stream structure.

In reality, streams do not delineate perfect orbits (Fig. 1b). Stars in a tidal stream have slightly different (E, L z ) values, and therefore lie along slightly different orbits (see e.g. Eyre & Binney 2011). The slight differences in energies and orbital trajectories of the stream stars as they are lost from their progenitor lead to a finite structural stream width(s) in real space and velocity dispersion (σ v ) in velocity space.

Our method makes use of the realization that the members of a stream can be contained within a 6D hyperdimensional tube (or hypertube) in phase space, with width in real and velocity space similar to the size and velocity dispersion of the progenitor cluster. N-body disruption simulations show that the length of the stream depends on the mass distribution of the progenitor, and the orbit and time of accretion on to the host galaxy.

This suggests that a way to detect streams is to construct 6D hypertubes, with plausible phase space width and length, and then count the number of stars that are encapsulated within them. This scenario is depicted in Fig. 1b, where red dots represent the stream stars, and the black cylinder is the hypertube surrounding the trial orbit (blue-dashed curve).

O R B I TA L S T R E A M M O D E L S

We first present the algorithm applied to an idealized situation where streams follow perfect orbits. The very low contrast streams are added into a realistic mock data set for Gaia (the Gaia Universe Model Snapshot, or GUMS, [START_REF] Robin | Gaia Universe model snapshot. A statistical analysis of the expected contents of the Gaia catalogue[END_REF], and then we try to detect this faint stream feature from the stellar contamination using STREAMFINDER.

The mock stream was modelled by degrading an orbit as follows. We selected a random 6D phase space position to give the initial conditions of the orbit. This initial condition was then integrated for T = 0.1 Gyr, in the realistic Galactic potential model 1 of Dehnen & Binney (1998), to form an orbit (the value of T was chosen so that the orbit appears long enough to mimic observed streams found in the SDSS). The transformation of this orbit into the heliocentric observable frame was accomplished using Sun's Galactocentric distance of 8.5 kpc and adopting the peculiar velocity of the Sun 11.1, 12.24, 7.25) km s -1 (Schönrich, Binney & Dehnen 2010). The resulting orbit model is shown in Fig. 2.

V ⊙ = (u ⊙ , v ⊙ , w ⊙ ) = (
To give this orbit a stream-like appearance, we need to provide a structural width and a velocity dispersion. For this, we chose s = 50 pc and σ v = 2 km s -1 . These values are adopted in accordance with the values of some of the currently known dynamically cold streams (Grillmair & Carlin 2016, and references therein). To smear the data in phase space, every orbital point was then convolved with a Gaussian with dispersion equivalent to these values.

The stream stars were assigned G BP -G RP colour and G magnitude in the Gaia bands, using a Padova SSP model (Marigo et al. 2008) of metallicity [Fe/H] = -1.5 and age 10 Gyr, appropriate for a typical halo globular cluster. A lower limit of G 0 = 19 was chosen so as to mitigate against variations in extinction in the high latitude fields of interest for halo studies, which would otherwise cause variations in survey depth. Given the assigned magnitude, we generated an uncertainty in proper motion (µ l , µ b ) according to the 'End-of-mission' sky average 1 as shown in Fig. 2. The dependency of the proper motion errors on the G-band magnitude is shown in Fig. 4.

The detection limit for radial velocities in Gaia DR2 is expected to be only G = 13 mag, but even in the later data releases, most Gaia halo stars will not have measured radial velocities. Likewise, virtually no distant halo stars will have well-measured parallaxes with Gaia. We therefore omit both the radial velocity and distance information from our simulated streams, retaining only 4D astrometric information of the mock stream stars in the form of (ℓ, b, µ l , µ b ) along with the stellar photometry (G, G BP , G RP ) and associated observational errors (Figs 2 and4).

The GUMS data were degraded in proper motion based on their G-band magnitudes and once again we retained only 4D phase space information of the data in the form of (ℓ, b, µ l , µ b ) along with the photometry (G, G BP , G RP ) and the observational errors.

The GUMS data with the mock stream model added in are shown in Fig. 3. This particular orbit was chosen as its position in proper motion space lies in a region of high contamination from Galactic field stars, so that it is effectively indistinguishable from Galactic field stars. The CMD and the dependency of the proper motion errors on the G-band magnitude is shown in Fig. 4. Comparing the number of Galactic stars to those in the mock stream (n stream /n data ≈ 0.015 per cent), one can appreciate that the mock stream is an ultra-faint feature.

STREAMFINDER in action

The mock Gaia data set is fed into the algorithm to detect the ultrafaint stream model that we have introduced into the GUMS data. We now detail the steps that the algorithm takes.

Since we are interested here in identifying halo streams, we first reduce the number of disc contaminants by rejecting those sources whose parallax differs from 1/3000 arcsec at more than the 2σ level (i.e. objects that are likely to be closer than 3 kpc). This makes it natural to set 3 kpc as the lower distance limit for analysis. To avoid having to consider objects that venture arbitrarily far, we also impose an upper distance limit in our analysis of 200 kpc. These cuts removed 49 per cent of the sample.

Step 1: Assigning distances based on a stellar population model

The algorithm uses a trial SSP model of single age and metallicity to calculate the possible solutions to the absolute M G magnitude value given the 'observed' G BP -G RP colour. With old metal-poor isochrones, there are at most three absolute magnitude values (M G ) possible for a given colour value. The algorithm then estimates the possible distance values (D i , i = 1, 2, 3) of a given star based on the 'observed' apparent G magnitude value. If at least one of the possible distance values lies within the chosen distance range [D min , D max ], then this particular star is retained for further study. Table 1 lists the parameter intervals that we adopted for the purpose of our analysis. By virtue of this procedure, the data that lie outside the colour range of the selected isochrone model are thrown away (in this case, leaving 42 per cent of the initial sample). We emphasize that this procedure does not follow from the matched filter technique and was applied only to reduce the number of contaminants and so boost the signal to noise of the stream detection.

The algorithm then uses the derived distances of the given star along with its proper motion value to calculate the possible tangential velocities v t that it might have, corrected for solar reflex motion. Since we are interested in finding structures that are bound to the Galaxy, the total 3D velocity v of the member stars of the structures must be less than the escape velocity of the Milky Way (v esc ), i.e. where v r is the radial velocity of the star. Since Gaia will not give us access to the entire 3D velocity of halo stars, we require only that v t < v esc .

v 2 t + v 2 r = v < v esc , (1) 
Then for a given star, which has already satisfied the distance criterion, if the condition v t < v esc is satisfied for any distance solution D i , then this star is retained in the sample. We adopt v esc = 600 km s -1 , which corresponds to the upper limit derived by [START_REF] Smith | The RAVE survey: constraining the local Galactic escape speed[END_REF].

The sample after the application of these parameter cuts is shown in Fig. 5.

Step 2: Orbit sampling and integration

The next task that the algorithm executes is the calculation of trial orbits for each star in the sample. Integration of trial orbits requires specifying a potential as well as the precise initial 6D phase space position. For a given star, the algorithm has access to the 4D data astrometric information (ℓ, b, µ l , µ b ) along with the distance solutions D i . The algorithm is not provided any radial velocity information (although we note that it would be trivial to include any v r measurements, if they were available). The proper motions have associated errors and this also does not allow us to pinpoint a specific phase space location of each star. We circumvent this issue by sampling orbits choosing parameter initial positions in the coordinates of the observables that are consistent with the corresponding uncertainty distributions. The on-sky 2D position measurements (ℓ, b) are extremely accurate and hence are kept fixed. The same star has at most three possible distance values, giving three sampled distance values. Furthermore, every star has two proper motion components (µ l , µ b ). The corresponding measurement uncertainties force us to sample values from the proper motion space as well. So, for a given (ℓ, b, D i ) combination, the algorithm samples proper motion values between [-3σ µ , +3σ µ ]. Finally, we also sample linearly over radial velocity with a resolution of 10 km s -1 in such a way that the total velocity covers the range [-v esc , +v esc ].

In this way, for every data point we get ∼30 000 sampled values (n D (∼ 3) × n µ l (∼ 10) × n µ b (∼ 10) × n vr (∼ 100)). Thus, the uncertainty associated with the astrometric and photometric measurements, as well as the essentially completely unconstrained radial velocity, is reflected as 30 000 possible 6D positions where a given star could lie in 6D phase space. Although this may appear to be a crude sampling of phase space, we were surprised to find that it was adequate to detect the artificial streams we simulated. To check if this given data point has other associated coherent members that share a similar orbital path, we try all of the 30 000 orbits integrated using these sampled initial conditions. The procedure is sketched in Fig. 6.

The sampled phase space points are integrated using a symplectic leapfrog integrator. We model the acceleration field of the Milky Way with the flexible multipole expansion software of Dehnen & Binney (1998); for these particular tests, we again adopt their mass model 1.

Algorithm parameters

The algorithm is provided with some generic control parameters that allow one to tune the size of the hypertube in phase space according to the morphology of the stream structure that one aims to detect. These controls allow the algorithm to be tuned and are discussed below.

(i) Hypertube width: We predefine the width of the hypertubes in phase space in terms of the allowed dispersion in the velocity space (parameter σ v ) and the allowed structural width in real space (parameter σ w ). These two parameters define the morphology of the stream that the algorithm then tries to detect. To make reasonable assumptions about σ w and σ v , we refer to Grillmair & Carlin (2016) and references therein, where these properties of known cold streams are listed. Based on this, we set σ w = 100 pc and σ v = 2.0 km s -1 , which are appropriate for a stream derived from a low-mass progenitor cluster. For comparison, this value of The data are first cleaned as described in the text to remove objects with high parallaxes. Next, using the adopted SSP model to derive the distance, the algorithm rejects stars with distances and tangential velocities outside of the chosen ranges. This filtering procedure allows the algorithm to diminish the contamination from field stars, making the stream search easier. In this example, the number of stars dropped from ≈330 000 to ≈140 000. Panels (a)-(d) are identical to Fig. 3, while panel (e) shows the Gaia CMD of the contamination and stream, with the stream highlighted in blue in panel (f).

σ w when projected on the sky gives an angular width of the stream of 0.30 • at 20 kpc. For example, the GD1 stream has an angular width of 0.5 • at a distance of ∼9 kpc, implying a width of 70 pc (Carlberg & Grillmair 2013).

(ii) Hypertube length: Stellar streams that are detected in Milky Way surveys have different lengths that depend on the detailed structure and mass of the progenitor, its orbit, and merging history. We therefore did not fix the orbits to a particular length, but rather we integrated them until they moved out of the chosen sky window under study.

Step 3: Stream finding

For every trial hypertube, the algorithm tests all survey data points to establish those that are compatible with this trajectory. The orbit compatibility test is done in a 5D parameter space. Four of these dimensions come directly from the astrometry of the data in the form (ℓ, b, µ l , µ b ). The remaining dimension is one of the distance solutions D i , as derived from the photometry. In practice, the algorithm uses distance moduli DM to encode the distance information, in order to account easily for Gaussian uncertainties in photometry.

We model the stream as a structure that has a Gaussian distribution perpendicular to the orbit, in each of the observed dimensions of the data, and convolve this model with the corresponding observational uncertainties. For a given data point j, STREAMFINDER calculates the closest point k along the trial orbit as

ω sky = cos 2 (b j d )(ℓ j d -ℓ k o ) 2 + (b j d -b k o ) 2 , (2) 
where the ℓ and b are Galactic coordinate values and the d subscript denotes 'data', while the o subscript denotes the calculated 'orbit'. If this angular distance is greater than the chosen angular model hypertube width, then this data point is considered to be incompatible with the given orbit and deemed to be a contamination star. If the datum satisfies the angular width criteria, then for the given datum Due to measurement uncertainties and the missing phase space information of the stars, their current 6D phase space position cannot be pinned down precisely. This uncertainty in information is illustrated here as tiny red dots around star '1' which are also the sampled phase space positions of this star. Using these sampled phase space positions, we integrate trial orbits (cyan-dashed curves) along which the streams (large red dots) are searched for in the data set. If we had used the 'observed' phase space values directly for orbit integration, instead of sampling phase space, that might launch an orbit that is misaligned with the true trajectory of the star (black-dashed curve) and hence may not yield a detection.

j and closest orbital point k, the algorithm calculates the following statistic, based on kinematics and structure: While we have constructed our statistic deliberately to resemble the logarithm of the likelihood of a model, we stress that L kinematics is not a likelihood, as that would require one to model properly the contaminating field-star population. Such modelling would be computationally very costly and hence impractical for the present purpose of finding streams.

L kinematics = -ln(σ sky σ µ l σ µ b σ DM ) - 1 2 ω 2 sky σ 2 sky + (µ j l,d -µ k l,o ) 2 σ 2 µ l + (µ j b,d -µ k b,o ) 2 σ 2 µ b + (DM j d -DM k o ) 2 σ 2 DM , (3) 
If L kinematics is found to be greater than the floor value L kinematics, floor (a parameter of the algorithm), then this data point j is considered to be compatible with the orbit and hence qualifies as a candidate member. The same orbit is compared to all the other stars in the data set to find all the compatible stars. If q stars out of a total of n d in the survey are retained as members of the orbit, we derive the total statistic (based on the kinematics and structure) as

L k = (n d -q) × L kinematics, floor + q L kinematics . (4) 
The first term on the RHS is designed to allow streams with different numbers of encapsulated stars to be compared. This procedure is carried out for all the trial orbits through datum j. The trial orbit with the highest value of L k is considered to be the best orbit, and is then assigned to datum j.

After processing all the data stars in this manner, the output of the algorithm can be summarized in a density plot such as that shown in Fig. 7, where the input stream model can be clearly seen. This means that despite the fact that the stream model was an ultra-faint feature, the multidimensional analysis done by STREAMFINDER allows it to detect even extremely low contrast objects. This procedure using orbital models as streams gives us a proof of concept of our algorithm.

N-B O DY S I M U L AT E D S T R E A M M O D E L

In reality, star streams do not follow perfect orbits. So, we next test whether our hypertube search algorithm works well with more plausible structures derived from the tidal disruption of low-mass clusters. To this end, we decided to produce N-body models of streams for which we used the GyrafalcON N-body integrator (Dehnen 2000) from the NEMO software package (Teuben 1995).

Although we have tested our algorithm on various mock N-body streams, we decided to present here a structure on an orbit similar to that of the Palomar 5 globular cluster stream [START_REF] Odenkirchen | Detection of Massive Tidal Tails around the Globular Cluster Palomar 5 with Sloan Digital Sky Survey Commissioning Data[END_REF][START_REF] Rockosi | A Matched-Filter Analysis of the Tidal Tails of the Globular Cluster[END_REF]. This feature is a 'poster child' case (Küpper et al. 2015) of a thin cold stream of the type that STREAMFINDER aims at detecting.

The mock stream was created by choosing an initial phase space point for the progenitor cluster such that the resulting stream matches the current position, distance, and extension of the Pal 5 stream. The progenitor was built using a King model (King 1966), with mass, tidal radius, and ratio between central potential and velocity dispersion of M sat = 2 × 10 4 M ⊙ , r t = 50 pc, and W sat = 2.5, respectively (Thomas et al. 2016). Once the progenitor was initialized in phase space, it was then evolved forwards for 3.0 Gyr in the adopted Galactic mass model. In order to make the detection more challenging, at the end of the simulation we removed the stars within 50 pc from the progenitor remnant from the sample. Our N-body stream closely follows the structure and kinematics of the true Pal 5 stream, though we stress that the purpose here is not to make a quantitative comparison with the real stellar structure.

A similar procedure as before was followed to assign Gaia-like proper motion uncertainties and Gaia colour-magnitude values to the N-body particles. The degraded version of the simulated stream was immersed in the same degraded contamination (GUMS) model as used previously in Section 3. The simulated data with the mock N-body stream immersed in it is shown in Fig. 8. We chose to incorporate only 50 stream stars in this test (<4 per cent of the probable 2 × 10 4 M ⊙ progenitor of Pal 5), which amounts to 0.015 per cent of the sample. The equivalent surface brightness of the mock stream candidate is G ∼ 32.5 mag arcsec -2 .

This data was then fed to the STREAMFINDER algorithm to detect this ultra-faint stream feature following exactly the same procedure and analysis as described in Section 3. The output of the algorithm is the map of the stream L k statistic shown on the bottom panels of Fig. 8. The stream members can be clearly identified above the contamination in this map.

This case study demonstrates the success of our algorithm in detecting realistic and extremely faint stream features in a Gaialike data set.

M U LT I P L E S T R E A M S

In the hierarchical picture of galaxy formation, galaxies like the Milky Way grow by repeated merging and accretion of their satellites. Some of the disrupted satellites will have contained star clusters [START_REF] Bellazzini | Tracing the Sgr Stream with 2MASS. Detection of Stream stars around Outer Halo globular clusters[END_REF], which themselves will even- tually tidally disrupt to form long streams in the Galactic halo. The 'Field-of-Streams' image presented by [START_REF] Belokurov | The Field of Streams: Sagittarius and Its Siblings[END_REF] and the halo substructures map created by [START_REF] Bernard | A Synoptic Map of Halo Substructures from the Pan-STARRS1 3π Survey[END_REF] show a Galactic sky full of stream-like substructures. These images, along with the many other detections of streams over the past few years, strongly suggest that a significant fraction of the stellar halo population is a result of hierarchical merging. As the time-scales for phase mixing are extremely long, it may turn out the Milky Way halo is a patchwork of criss-crossing streams. This may be verified once Gaia DR2 delivers its excellent astrometric solutions for the stars over the entire sky.

Therefore, we also test the ability of our algorithm to make detections in this much more interesting case where a patch of sky contains multiple streams laid over each other. For this test, we again use the Dehnen & Binney (1998) mass model 1 and the Gy-rafalcOn N-body integrator to produce mock streams. We chose to model three such structures. We keep the same (Palomar 5-like) mock stream as previously, and add two new random streams.

The initial phase space distribution of the three progenitors of the streams was selected as follows. The initial position of each satellite was drawn at a random direction as seen from the Galactic Centre, and with a uniform probability of lying in the Galactocentric distance range of kpc. The mean velocity of each satellite was selected randomly from an isotropic Gaussian distribution with (1D) dispersion of 100 km s -1 (Harris 1976). At these phase space positions, each progenitor was constructed using a King model (King 1966). The mass, tidal radius, and ratio between central potential and velocity dispersion were sampled uniformly between the ranges pc, and W sat = [START_REF] Arifyanto | Fine structure in the phase space distribution of nearby subdwarfs[END_REF][START_REF] Bahcall | The distribution of stars perpendicular to galactic disk[END_REF][START_REF] Bahcall And R | The universe at faint magnitudes. I -Models for the galaxy and the predicted star counts[END_REF].

M sat = [2-4] × 10 4 M ⊙ , r t =
Once the progenitors were initialized in phase space, they were then evolved independently over a time period between [START_REF] Arifyanto | Fine structure in the phase space distribution of nearby subdwarfs[END_REF][START_REF] Bahcall | The distribution of stars perpendicular to galactic disk[END_REF][START_REF] Bahcall And R | The universe at faint magnitudes. I -Models for the galaxy and the predicted star counts[END_REF][START_REF] Balbinot | The tidal tails of NGC[END_REF][START_REF] Bell | The Accretion Origin of the Milky Way's Stellar Halo[END_REF] Gyr in the same Galactic mass model mentioned above. We resampled the initial conditions of those progenitors that did not disrupt or did not fall into the chosen sky region. Each of the three streams was assigned an SSP isochrone model of age and metallicity (10 Gyr, -1.28), (10 Gyr,, and (10 Gyr, -2.28), which cover plausible values for halo globular clusters. These streams were degraded in their astrometric measurements and were introduced into a common contamination model in the same manner as in Section 3. The data provided to the algorithm is shown in Fig. 9.

The algorithm was rerun three times with these data, each time using one of the three isochrone models to assign distances to the stream stars. Fig. 10 shows the resulting stream maps, where the first row uses the correct stellar populations model for stream m1, the middle row for stream m2, and the third row for stream m3.

This shows that the procedure needs to use the correct trial SSP model to successfully detect the input streams. With the real Gaia data, it will be necessary to run the algorithm over a grid in metallicity and age (our tests suggest that intervals of 0.1 dex and ∼1 Gyr are appropriate).

L U M I N O S I T Y F U N C T I O N A N D C O N T I N U I T Y: A D D I T I O N A L STREAMFINDER C R I T E R I A

So far, we have discussed searching for subgroups of stars in a sample whose kinematic and spatial properties mirror a plausible orbit. We will now also include two additional criteria that will help improve further the contrast of faint structures.

Our algorithm aims to find thin and cold stream structures. These structures are expected to be remnants of a globular cluster and are formed by their disruption and dissolution. The member stars of most star clusters follow closely stellar evolutionary models of a single age and metallicity, and although now totally disrupted, the stream stars share similar age and metallicity as that of the progenitor and hence must follow a similar isochrone track. We incorporate this concept into our algorithm, thus making use of the photometric information of each candidate group of stars identified by the algorithm.

To this end, we use as a template the G-band cumulative luminosity function of the same SSP model as was used to derive the distance solution with the hypertube technique. For each candidate group of stars, we calculate the Kolmogorov-Smirnoff Test prob- show the GUMS data with the three streams immersed. The bottom panels show the colour-magnitude distribution of these data: (e) shows the data along with the streams within it, while in (f) the stream is highlighted in blue. We chose three isochrone models appropriate for halo globular clusters with age and [Fe/H] = (10 Gyr, -1.28), (10 Gyr,, and (10 Gyr, -2.28) for, respectively, models m1, m2, and m3. Though not explicitly shown here, the streams probe distances between 10 and 28 kpc. Each stream possesses 50 stars, and has an equivalent surface brightness of G ∼ 32.5 mag arcsec -2 . ability P KS,LF that the stars are drawn from this model luminosity function.

We further expect that stellar streams are extended structures, yet so far the criteria that have been described do not allow us to distinguish an extended stream from a small-scale localized overdensity. To remedy this, we incorporated an additional criterion into the algorithm to calculate the Kolmogorov-Smirnoff Test probability P KS,continuous that the member stars of a candidate structure are uniformly distributed along the orbit segment contained within the sky window under study.

The final statistic we use is then L = L k + ln(P KS,LF ) + ln(P KS,continuous ). ( 5) Fig. 11 is an improved version of Fig. 10 after incorporating the luminosity function and the continuity criteria into the L statistic used by the algorithm. As can be seen by comparing the colour axes of the two figures, the additional criteria improve the contrast of the detection.

T E S T I N G T H E D E T E C T I O N L I M I T

It is useful to gauge the faintest stream structure (in terms of number of stream stars) the algorithm can detect. To this end, we reran our algorithm over the m1 mock data set, which shares the orbital properties of the Palomar 5 globular cluster. We reran the algorithm, removing one star at a time from the stream to see at what point the structure becomes lost in the noise. We found that with an initial stream containing 15 stars, 10 were recovered with values of the L statistic higher than 1 in 150 000 among the contaminating population (i.e. ∼4.3σ ). The corresponding stream has an equivalent surface brightness of G ∼ 33.6 mag arcsec -2 over this >10 • region, and is shown in Fig. 12. This is very promising and means that the application of our algorithm on to the actual Gaia data set could reveal the presence of ultra-faint streams.

We must point out that this limit depends on the number of contaminants, the observational errors, and on the morphology of the structures that are present in the halo. However, the test case that we simulated here shares the orbit of the real Palomar 5 (albeit with a much lower surface brightness), and so we think it provides a useful preview of the detectability of a very tenuous stream at an advanced stage of tidal disruption.

E F F E C T O F A D O P T I N G A W RO N G G A L AC T I C P OT E N T I A L

Hitherto, we have presented test cases where the trial orbits were integrated in the same Galactic potential model in which the mock streams were originally simulated. Although the Dehnen & Binney (1998) mass model 1 we have employed here was a reasonable fit to available data in 1998, the Milky Way potential may in reality be fairly different.

To gauge the effect of adopting a wrong mass model, we reran the STREAMFINDER on exactly the same stream as shown previously in Section 4, but this time we incorporated the Dehnen & Binney (1998) mass model 4 in the detection algorithm. The resulting distribution of the statistic L is shown in Fig. 13, which can be seen to be similar to the counterpart in Fig. 8.

We suspect that by iterating over different mass models, it should be possible to find the potential that maximizes the contrast of stellar streams in the Milky Way. However, we would like to stress that the STREAMFINDER is intended as an initial detection tool. Once a sample of streams have been found, we intend to use other more accurate methods (e.g. N-body simulations) to model them. 

D I S C U S S I O N A N D C O N C L U S I O N S

In this contribution, we have presented the STREAMFINDER, a new algorithm that aims to efficiently detect stellar stream-like features. It has been optimized to identify very faint structures using data of the quality that will soon be delivered by Gaia DR2. At its heart, STREAMFINDER shoots trial orbits within a realistic Galactic potential, using the astrometric and photometric measurements of the stars to select initial conditions for the orbits. These orbits are then adjusted to find the local maxima in star counts that are compatible with the trial orbit in 2D position and 2D kinematics (nevertheless, the algorithm can be easily modified to explore the full 6D phase space information available for any subsample of the data).

Every star is assigned a likelihood value based on how coherent it is with an extended stellar stream. Our tests using N-body simulated streams superimposed on the GUMS data set with kinematics degraded to Gaia DR2-like quality and precision show that the algorithm can detect structures lying well below previous detection limits. Because our method relies on detecting stream candidates along orbits, the algorithm can detect structures that lie along radial or other complex trajectories.

The algorithm returns a statistic that is similar to a likelihood, which must be calibrated locally to determine the structure significance, as it depends on the (varying) 'background' population. The expected distribution of the statistic in the absence of a stream structure may be estimated via the application of the STREAMFINDER to artificial data (such as the GUMS simulation) or completely empirically via the examination of the behaviour of the statistic in neighbouring regions of sky.

The design of the algorithm is such that along with the stream detection, it renders other useful insights about the detected candidate structures that can be used for further analysis.

(i) The algorithm delivers the orbital structure along which the stream lies: This is the primary by-product that the algorithm naturally returns and gives the possible set of orbital solutions that the stream might lie along. Radial velocities and distance information of the stars will be missing for the great majority of halo stars in the Gaia DR2 (and later) catalogues. However, since the algorithm gives the possible orbital solutions for a given stream structure, it therefore provides a means to complete the 6D phase space solutions that are possible for a given stream star.

(ii) Phase space distribution of streams: The algorithm delivers a complete 6D phase space distribution of possible orbital solutions that a given stream might be on. When executed over the entire sky, the end product would be the distribution function of stream stars in the Galactic halo. This solution could be extremely useful for recreating the pre-merging history of the Milky Way, or to perform Schwarzschild modelling to constrain the dark matter distribution in the Galaxy.

(iii) The SSP test is intrinsically incorporated into the algorithm: Most of the coherence-based detection schemes do not always take into account the best-suited stellar population model for the candidate stream structure. However, our algorithm calculates the likelihood of every stream candidate based on SSP models; thus, our approach also returns a possible set of SSP models that the stream might correspond to. This can be viewed as a low-resolution 'chemical tagging' approach, where stars can be tagged based on their age and metallicities giving an orbit-age-metallicity distribution of stars in the Milky Way halo.

(iv) Length of the structure: The algorithm also allows us to estimate the linear length of the candidate structures simply by summing along the orbit until some lower detection threshold is reached. Through subsequent modelling, this can be converted into an estimate of the minimum age since the disruption of the progenitor.

(v) Calculating orbital properties: Since the algorithm offers orbital solutions for every stream, one can easily calculate simple orbital properties of the stream structure such as the eccentricity or energy of the streams.

Motivated by these results, and to test the machinery on real data, we have applied it to the Pan-STARRS1 data set (Kaiser et al. 2002;Chambers et al. 2016a,b), the results of which will be presented in the next contribution in this series (Malhan et al. in preparation).
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Introduction

Motivated by the stream detection results obtained from the studies based on simulations (presented in Chapter 3), and to test the reliability of the ❙❚|❊❆▼❋■◆❉❊|'s machinery on a real dataset, the algorithm was applied to the Pan-STARRS1 survey. For this, the algorithm was applied to the region containing the so called "GD-1" stream. The GD-1 stream [START_REF] Grillmair | Detection of a 63 • Cold Stellar Stream in the Sloan Digital Sky Survey[END_REF] is a quintessential example of a dynamically cold and narrow stream structure that extends over 80 • in length over the sky [START_REF] Price-Whelan | Off the beaten path: Gaia reveals GD-1 stars outside of the main stream[END_REF] and is devoid of any significant internal velocity dispersion or distortions [START_REF]Constraining the Milky Way Halo Potential with the GD-1 stellar stream[END_REF]. Therefore, GD-1 stream served as a perfect example of the class of stream structure that ❙❚|❊❆▼❋■◆❉❊| was constructed to find.

Data

Prior to Gaia DR2, the Pan-STARRS1 (PS1) proper motion dataset [27,[START_REF] Kaiser | The Pan-STARRS wide-field optical/NIR imaging survey[END_REF][START_REF] Magnier | Pan-STARRS Photometric and Astrometric Calibration[END_REF][START_REF] Tonry | The Pan-STARRS1 Photometric System[END_REF] was the only astrophysical dataset that provided proper motion measurements (along with the positions and the photometry) of the stars for a major volume of the Galactic halo down to r P1 ∼ 22.0 mag. Therefore, this dataset provided the test bed to verify the implementation of the algorithm onto a realistic astrophysical catalogue.

For this, a rectangular patch of PS1 sky with 130 • < α < 220 • and 15 • < δ < 70 • was selected. This region corresponded to the region where GD-1 stream lies (shown in Figure 4.1).

Comparison between ❙❚|❊❆▼❋■◆❉❊| and Matched Filter

It was deemed most useful to compare the ❙❚|❊❆▼❋■◆❉❊| algorithm with the Matched Filtering (MF) technique [START_REF] Balbinot | The tidal tails of NGC[END_REF][START_REF] Rockosi | A Matched-Filter Analysis of the Tidal Tails of the Globular Cluster[END_REF]. The major reason for challenging MF was that most of the known Milky Way streams, like the Pal-5 stream [START_REF] Odenkirchen | Detection of Massive Tidal Tails around the Globular Cluster Palomar 5 with Sloan Digital Sky Survey Commissioning Data[END_REF], the NGC 5466 structure [START_REF] Grillmair | The Detection of a 45 • Tidal Stream Associated with the Globular Cluster NGC 5466[END_REF], the Orphan stream [START_REF] Belokurov | The Field of Streams: Sagittarius and Its Siblings[END_REF][START_REF] Grillmair | Substructure in Tidal Streams: Tributaries in the Anticenter Stream[END_REF], Lethe, Cocytos, and Styx [START_REF]Four New Stellar Debris Streams in the Galactic Halo[END_REF], Indus, Ravi, Jhelum, Chenab [START_REF]Stellar Streams Discovered in the Dark Energy Survey[END_REF] and others, along with GD-1 itself, were detected via through MF technique, that shows the power it holds over other stream detection methods.

For this comparison making, only those stars in the PS1 dataset were selected that were brighter than r P1 = 18.5 and followed the criterion 0.15 < g P1 -r P1 < 0.30. The magnitude cut was done both to challenge the MF algorithm (explained in the paper attached) and in order to retain stars with useful proper motion information (as shown in Figure 4.1, uncertainties in PS1 proper motions become substantially large from 19 mag onwards). The colour-cut was done in order to discard the local M dwarfs of the disk [START_REF] Koposov | Constraining the Milky Way Potential with a Six-Dimensional Phase-Space Map of the GD-1 Stellar Stream[END_REF].

First, the MF technique was executed. GD-1 did not appear with a very strong detection significance, a nearly non-detection with a significance of ≈ 2.5σ (see upper panel in Figure 4.2). This was not surprising as most of the stars which lied at the Main Sequence Turn Off and below in GD-1, the CMD region where the power of the MF lies, were discarded while making the magnitude selection in the dataset. The stars that received higher weights based on the MF weighting scheme were thence less in number and the contrast of the GD-1 structure in the density plot was much diminished.

For the ❙❚|❊❆▼❋■◆❉❊| case, a similar analysis was followed as presented in Chapter 3. The orbits were integrated within a realistic Galactic potential model [START_REF] Dehnen | Mass models of the Milky Way[END_REF], and these orbits were then projected into the heliocentric frame of observables. Moreover, the algorithm used a pre-selected isochrone model with metallicity [Fe/H] = -1.4 and Age = 9 Gyr, that essentially corresponded to the proposed SSP of the GD-1 stream2 . The output of the ❙❚|❊❆▼❋■◆❉❊| algorithm was summarised in density plots that are displayed in the lower panels of Figure 4.2. Unlike MF, the simultaneous kinematical, spatial and photometric analysis of the data points allowed the algorithm to detect GD-1 stream. Along with it, another stream alongside GD-1 also gets detected.

Significance of this structure was found to be comparable to that of GD-1, appearing at a detection level of > 4.4σ. This parallel sequence to GD-1 was PS1-E stream [START_REF] Bernard | A Synoptic Map of Halo Substructures from the Pan-STARRS1 3π Survey[END_REF]. 

V circ = 220 km s -1
). The agreement of the orbital solutions with the observations illustrates the power of the algorithm in predicting the missing phase-space information of stream stars.

Retrieving missing phase-space information for GD-1 stream

As integrates orbits in order to detect stream structures, the primary by-product that the algorithm naturally returns are the possible set of orbital solutions along which the stream might lie. The power of this by-product was also highlighted by comparing the possible set of radial velocity solutions of the highest likelihood GD-1 stars with the observations. This comparison is shown in Figure 4.3 that displays the agreement between the predicted and the observed radial velocity measurements. This analysis showed that the algorithm has potential not only for detecting streams, but also for predicting the missing phase-space information of the stream stars.

Radial velocity and distance information will be missing for the great majority of halo stars in the Gaia DR2 (and successive Gaia catalogues). However, since the algorithm gives the possible orbital solutions for the detected stream structures, it therefore provides a means to complete the 6D phase-space solutions that are possible for a given stream star.

Results and Discussions

The ). Therefore, both stream-detection and stream dynamical analysis are currently hot fields of astrophysics and small-scale cosmology.

In the past two decades, several stellar streams have been detected around the Milky Way galaxy (Ibata et al. 2001;[START_REF] Odenkirchen | Detection of Massive Tidal Tails around the Globular Cluster Palomar 5 with Sloan Digital Sky Survey Commissioning Data[END_REF][START_REF] Belokurov | The Field of Streams: Sagittarius and Its Siblings[END_REF]Grillmair & Dionatos 2006;Grillmair & Johnson 2006;Grillmair 2009;Williams et al. 2011a;[START_REF] Bernard | Serendipitous discovery of a thin stellar stream near the Galactic bulge in the Pan-STARRS1 3π Survey[END_REF]Koposov et al. 2014;Martin et al. 2014;[START_REF] Bernard | A Synoptic Map of Halo Substructures from the Pan-STARRS1 3π Survey[END_REF]Grillmair 2017;Helmi et al. 2017;Jethwa et al. 2017;Li et al. 2017;Mateu, Read & Kawata 2017;Myeong et al. 2017a,b; Shipp ⋆ E-mail: kmalhan07@gmail.com et al. 2018a; see also Grillmair & Carlin (2016) and [START_REF] Smith | Tidal Streams in the Local Group and Beyond[END_REF] for recent reviews). Most streams were detected in large area surveys such as SDSS (York et al. 2000), Pan-STARRS1 (Chambers et al. 2016;Kaiser et al. 2002), and DES (Shipp et al. 2018a), and a few by radial velocity surveys like RAVE [START_REF] Steinmetz | [END_REF]) and TGAS (Gaia Collaboration et al. 2016;Lindegren et al. 2016). The much larger number of streams found in the photometric surveys is simply a consequence of much better statistics. However, this handicap of the kinematic surveys will soon be overcome because of the ESA/Gaia mission (de Bruijne 2012; Gaia Collaboration et al. 2016[START_REF] Collaboration | Gaia data release 2. summary of the contents and survey properties[END_REF], whose second data release (DR2) is scheduled for the 2018 April 25. 1 It is likely that the Milky Way contains a large number of hitherto undetected stellar streams. With the exceptional quality of the data expected in Gaia DR2, it is clearly worthwhile to devote effort to design new and better stream detection schemes.

Existing stream detection techniques employ data analysis methodologies that exploit only a subset of the information that we will soon have on large numbers of stars in the Milky Way. For example, the Pole Count technique (Johnston et al. 1996;Ibata et al. 2002b) utilizes only the positions of the stars, whereas the Matched-Filter technique [START_REF] Rockosi | A Matched-Filter Analysis of the Tidal Tails of the Globular Cluster[END_REF][START_REF] Balbinot | The tidal tails of NGC[END_REF]) employs only the positions and the photometry of the stars. Most of the detections of co-moving groups have been made on the basis of structural coherence by looking for clumping of stars only in velocity space (Duffau et al. 2006;Williams et al. 2011b;Helmi et al. 2017). Stream detection techniques engaging all the stellar information (positions, kinematics, and photometry) simultaneously should definitely improve the scope and the significance of stream detection. It has been long suggested that the right set of coordinates to identify substructures is the space of the integrals of motion, but that requires complete knowledge of the 6D phase-space distribution of the stars, something that even Gaia will only deliver for bright and nearby objects (a very small subset of the full Gaia sample, see [START_REF] Ibata | Measuring the Sun's motion with stellar streams[END_REF]. Therefore, stream search methods using integrals of motion will not be very useful for detecting streams that exist in the distant halo of the Milky Way.

Given the quality of the data that shall soon become available from Gaia DR2, and what we perceived as the shortcomings of the existing stream detection techniques, we decided to build a new stream detecting algorithm (the STREAMFINDER; Malhan & Ibata 2018, hereafter Paper I). The main purpose of STREAMFINDER is to detect cold and narrow tidal stellar streams of the type produced by the tidal disruption of globular clusters or very low-mass galaxies. The algorithm incorporates our prior knowledge of stellar streams and analyses data in position, kinematics, and photometry space simultaneously to maximize the stream detection efficiency. Our algorithm makes use of the realization that the members of a stream can be contained within a 6D hyper-dimensional tube (or hypertube) that coils much like an orbit in phase-space, with width in real and velocity space similar to the size and velocity dispersion of the progenitor cluster. For each star (with acceptable proper motion measurements), the algorithm shoots orbits using the phase-space information of the data, as observed today, in a realistic Milky Way potential. These orbits are transformed into hypertubes within the algorithm, with plausible phase-space width and length. The number of stars that get encapsulated within these hypertubes are then counted. After processing all the survey stars in this manner, the output of the algorithm can be summarized in a density plot where the likelihood of every star corresponds to how well a star is coherently compatible with other stars in the data to form a stream like structure (see fig. 7 of Paper I).

In Paper I, we introduced the STREAMFINDER algorithm that we have built, explained the physical motivation behind it and demonstrated its workings. Our analysis, based on a mock dataset of the quality Gaia will deliver, suggested that the algorithm is capable of detecting even ultra-faint stream features lying well below previous detection limits. Our tests showed that the algorithm will be able to detect distant halo stream structures >10 • long containing as few as ∼15 members ( G ∼ 33.6 mag arcsec -2 ) in the Gaia dataset.

Motivated by these results, and to test the reliability of the machinery that we have built on a real dataset, we apply it here to the Pan-STARRS1 survey, in a region containing the so-called 'GD-1' stream. The GD-1 stream is a quintessential example of a dynamically cold and narrow stream structure extending over 60 • on the sky and devoid of any significant internal velocity dispersion or distortion (Grillmair & Dionatos 2006;Carlberg & Grillmair 2013). It is a perfect example of the class of stream structure STREAMFINDER is constructed to find.

This paper is arranged as follows. In Section 2 we briefly describe the data used. Section 3 shows the detection of the GD-1 stream using the Matched Filter (MF) technique. In Section 4 we make the comparison between our algorithm STREAMFINDER and the MF. In Section 5 we discuss the discovery of a new structure that we have found in the neighbourhood of GD-1. In Section 6 we present additional power that our algorithm holds in predicting the missing phase-space information of the detected stream structures. Finally, in Section 7 we discuss our results.

DATA A N A LY S I S

We use the Pan-STARRS1 (PS1) proper motion dataset (Kaiser et al. 2002[START_REF] Kaiser | Ground-based and Airborne Telescopes III[END_REF]Tonry et al. 2012;Chambers et al. 2016;Magnier et al. 2016) in all of the present analysis. In terms of astrometry, PS1 delivers 2D positions and 2D proper motions of the stars along with photometry in five bands ( g P1 , r P1 , i P1 , z P1 , y P1 ) with a 5σ single epoch depth of (23.3, 23.2, 23.1, 22.3, 21.4). At present, the PS1 survey is the only dataset that delivers proper motions for all stars with δ > -30 • down to r P1 ∼ 23.0. In terms of kinematic quality, this dataset will soon be superseded by Gaia DR2 (for those stars with G o < 21), nevertheless, the dataset provides us a unique opportunity to test the functionality and feasibility of our algorithm on an actual astrophysical catalogue before Gaia DR2 becomes available. But even after the Gaia release, this dataset will still remain highly useful for analysing stars fainter than the Gaia detection limit.

Each image of PS1 is calibrated against the Gaia DR1 position. To this end, the Gaia position of the astrometric reference stars are propagated back to the PS1 image epoch, using a model describing the Galactic rotation and the Solar motion and using the photometric distance to the reference stars; see Green et al. (2015) and Magnier et al. (2016), respectively. If that model were a perfect description of the motions of the Galaxy and the Sun, the resulting PS1 proper motions and parallaxes obtained by fitting the PS1, 2MASS, and Gaia (if available) positions would be inertial and extragalactic objects would have null proper motions and parallaxes. To confirm this, we first selected a sample of galaxies using both the light profiles of the objects, and their colours. Specifically, we required that the difference m PSFm aperture be larger than 0.2 mag on average for the four filters g, r, i, and z and be all smaller than 0.5 mag, with a signal-to-noise ratio larger than 20. In addition, we required an infrared colour of J-W1 > 1.7 mag where W1 is the WISE 3.4-µm magnitude, limited to the 12.0-15.2-mag range, and J is the UKIDSS two-arcsec-radius aperture magnitude if available (SNR > 7), or the 2MASS J magnitude otherwise (SNR > 4) (Kovács & Szapudi 2015). Finally, for each equatorial hemisphere, we calculated on a 1024x1024 grid the 3-σ -clipped mean (iterated three times) of the galaxies' proper motions over a box of 6 • on a side.

Over the area of interest to this study, about 90 galaxies were used for each grid point. The corrections for µ α and µ δ vary smoothly from -0.5 to +2.4 mas yr -1 and from +2.0 to +3.4 mas yr -1 , respectively. For each catalogue entry, we subtracted the values taken at the nearest grid point from the measured proper motions to obtain inertial proper motions.

We select the rectangular patch of PS1 sky with 130 • < α < 220 • and 15 • < δ < 70 • , which corresponds to the region where GD-1 stream lies. The stars in this selected part of the sky were corrected for foreground reddening using the 3D extinction map provided by Green et al. (2015) . 2 The de-reddended and proper motion corrected data is shown in Fig. 1. 

D E T E C T I O N O F G D -1 U S I N G A M AT C H E D F I LT E R

We first present the detection of the GD-1 stream using the MF technique, the method originally used for its detection (Grillmair & Dionatos 2006). MF [START_REF] Rockosi | A Matched-Filter Analysis of the Tidal Tails of the Globular Cluster[END_REF][START_REF] Balbinot | The tidal tails of NGC[END_REF]) is an optimal contrast adjusting technique that relies on the colourmagnitude information of the stars. The technique works by selecting a suitable colour-magnitude diagram (CMD) single stellar population (SSP) template model that represents the stellar stream members to be detected. For many halo streams the discriminating power of the MF resides mainly at the main-sequence turnoff (MSTO) and below where the stellar density rapidly increases and where it also lies blueward of the contaminating foreground population. The GD-1 stream was initially discovered in the density plot that was obtained as a result of the MF prepared using the CMD of the M13 globular cluster.

To reproduce the GD-1 detection with the MF method, we first impose CMD cuts to retain the upper main-sequence region 0.1 ≤ g P1r P1 ≤ 0.6, and trim the data below r P1 ∼ 21.5. We call the resulting subset Dataset 1.

We created an MF following the procedure described in [START_REF] Balbinot | The tidal tails of NGC[END_REF], and using the CMD of M13 globular cluster as the target template (similar to Grillmair & Dionatos 2006). We divided the CMD into bins of 0.01 mag in colour, and 0.1 in magnitude as well as 0.1 • spatially on the sky. The resulting weighted image was then smoothed with a Gaussian kernel with σ = 0.2 • .

The spatial density map thus obtained is shown in Fig. 2a. Since it is convenient to work in the spherical coordinate that is aligned with the GD-1 stream, we made use of the rotation matrix provided by Koposov, Rix & Hogg (2010) to make a transformation of coordinates from equatorial to these new spherical coordinates. A similar MF density plot is also shown in this new rotated spherical system in Fig. 2d. Note that the GD-1 stream is visible as a high-contrast stream feature at a detection level of ≈6.5σ .

C O M PA R I S O N B E T W E E N STREAMFINDER A N D M AT C H E D F I LT E R

We deem it most useful to compare the STREAMFINDER to the MF technique. This is because, first of all, the GD-1 stream is too faint to be detected by a simple pole count. Secondly, the proper motion uncertainties in the PS1 dataset are too large for the GD-1 stream to be detected by using analyses that only incorporate the stellar velocity information. Moreover, most of the known Milky Way streams, such as the Pal-5 stream [START_REF] Odenkirchen | Detection of Massive Tidal Tails around the Globular Cluster Palomar 5 with Sloan Digital Sky Survey Commissioning Data[END_REF], the NGC 5466 structure (Grillmair & Johnson 2006), the Orphan stream (Grillmair 2006;[START_REF] Belokurov | The Field of Streams: Sagittarius and Its Siblings[END_REF]), Lethe, Cocytos, and Styx (Grillmair 2009), Indus, Ravi, Jhelum, Chenab (Shipp The MF technique is expected to fail in detecting streams broadly in two cases, [START_REF] Prieto | APOGEE: The Apache Point Observatory Galactic Evolution Experiment[END_REF] if the stream happens to be elongated along the line of sight, or (2) if the stream is too low in contrast. The first case depends on the nature of the stream, however the second case is what can be examined here to compare the MF to STREAMFINDER. A stream could be observed to be low in contrast because [START_REF] Prieto | APOGEE: The Apache Point Observatory Galactic Evolution Experiment[END_REF] it is an ancient structure that is now very spread out spatially, or (2) it is distant in the halo and hence its MSTO, where the majority of stream stars are expected to lie, lies below the photometric limit of the survey. Indeed, there could be many faint Milky Way stellar streams that exist in the halo but that have remained undetected by MF-based weighting techniques due to the above-mentioned reasons. STREAMFINDER combats this low-density problem by performing a multidimensional analysis of the stars, incorporating all the stellar information in terms of positions, kinematics, and photometry that in turn improves the stream detection efficiency.

While we cannot alter the physical structure of GD-1, we can legitimately simulate making it harder to detect by artificially re-ducing the limiting magnitude of the survey. To this end, we select only those stars in Dataset 1 that are brighter than r P1 = 18.5 and follow the criterion 0.15 < g P1r P1 < 0.30. The colour cut follows the selection made by Koposov et al. (2010). We refer to this truncated sample as Dataset 2, which is shown in Fig. 3. While a redder colour cut would have included some GD-1 sub-giants, it would also have given rise to a greater contamination fraction, lowering the significance of the detection.

Matched Filter -once again

We execute the MF technique once again using Dataset 2. The resulting density plot is shown in Fig. 4. GD-1 does not appear with a very strong detection significance, a nearly non-detection with a significance of ≈2.5σ . This is not surprising as most of the stars that lie at the MSTO and below in GD-1 were discarded while constructing the Dataset 2. The stars that received higher weights based on the MF weighting scheme are now less in number and the contrast of the GD-1 structure in the density plot is much diminished.

Positive detection of GD-1 in Dataset 2 with STREAMFINDER

We now feed the very same Dataset 2 to STREAMFINDER. The algorithm uses the positions and proper motions of the stars to sample orbits. For the purpose of integrating these orbits, we use only those stars for which σ µα < 3.0 mas yr -1 and σ µ δ < 3.0 mas yr -1 ,

(1) so that the obtained orbital solutions can be trusted. A proper motion of σ µ = 3 mas yr -1 at a distance of 10 kpc corresponds to an uncertainty in the transverse velocity of ∼150 km s -1 , which is already a huge uncertainty compared to expected relative motion of the stream and the contaminating population. However, once the hypertubes are calculated, we use the full Dataset 2 sample to count the number of stars that lie within the hypertubes, and to calculate the corresponding likelihood values.

The orbits are integrated within the Galactic potential model 1 of Dehnen & Binney (1998), and these orbits are then projected into the heliocentric frame of observables. For this, we assume a Galactocentric distance of the Sun of 8.5 kpc and adopt the peculiar velocity of the Sun V ⊙ = (u ⊙ , v ⊙ , w ⊙ ) = (11.1, 12.24, 7.25) km s -1 (Schönrich, Binney & Dehnen 2010). Moreover, our algorithm uses a pre-selected isochrone model in order to sample orbits in distance space, as explained in Paper I. The selected isochrone model essentially corresponds to the proposed SSP of the stream. For this, we choose an isochrone with metallicity [Fe/H] = -1.4 and age 9 Gyr (Koposov et al. 2010) from the Padova stellar population models (Marigo et al. 2008). This isochrone model matches well the CMD of M13 cluster and hence that of GD-1. Other parameter ranges used to integrate orbits in the Galaxy were identical to those detailed in Paper I.

The spatial distribution of stream likelihood calculated by the STREAMFINDER is shown in Fig. 5. Unlike the MF result from the same sample (Dataset 2), one can now vividly see the GD-1 structure, which is detected at the ≈4.4σ level of confidence. This means that the multidimensional analysis done by STREAMFINDER easily allows it to detect stream structures that would otherwise be lost with an MF search. This detection of an extremely low-contrast stream shows the power of our algorithm over the MF and hence over many other stream-detection techniques. Moreover, our algorithm makes sure that the detected structure is in fact stream-likespatially extended and coherent in velocity space (as can be seen in Fig. 5).

The candidate members of the GD-1 stream identified by the STREAMFINDER are listed in Table 1. 

P RO BA B L E FA N N I N G O F T H E G D -1 S T R E A M

The likelihood distribution plot shown in Fig. 5 reveals another stream-like feature alongside GD-1. We find that the significance of this structure is comparable to that of GD-1, appearing at a detection level of >4.4σ . Grillmair & Dionatos (2006) mention in passing that 'There may be a second, more diffuse feature with 174 • < α < 200 • about 3 • to the north of [GD-1]'. Here we confirm the detection of the feature at a level of significance sufficient to confirm its discovery. The structure appears to be extended over a length of ∼40

• from 155

• < α < 195 • .
In Fig. 6, we show possible orbital solutions for both GD-1 and this additional structure that we obtain as a by-product of STREAMFINDER (see Paper I). Although the two features appear as clearly distinguishable stream-like structures on the sky (Fig. 6a), interestingly, their orbits seem to overlap in distance and velocity space.

At the distance of GD-1, the PS1 proper motion uncertainties correspond to a typical uncertainty on the transverse motion of >50 km s -1 . This, together with the absence of radial velocity measurements, makes it hard to speculate on the orbital properties of the system at this stage. The possible candidate members of the structure parallel to GD-1 are listed in Table 2.

R E T R I E V I N G M I S S I N G P H A S E -S PAC E I N F O R M AT I O N F RO M STREAMFINDER

As STREAMFINDER integrates orbits in order to detect stream structures, the primary by-product that the algorithm naturally returns is the possible set of orbital solutions along which the stream might lie. We highlight the power of this by-product by comparing the possible set of radial velocity solutions of the highest likelihood GD-1 stars we obtain from STRAMFINDER with the radial velocities of possible GD-1 members listed in table1 of Koposov et al. (2010). The comparison is shown in Fig. 7 that displays the Figure 6. Orbital solutions of GD-1 and the parallel structure. The 27 stars with highest likelihood are plotted here in red dots (for GD-1) and yellow (for the feature to the north). We use their orbital solutions, obtained as a by-product from STREAMFINDER, to make a comparison with the observations. The top left (bottom left) plot compares the orbits with these data points in position (proper motion) space. The orbits obtained from GD-1 and the parallel structure candidate members are shown in black and cyan colours, respectively. The top right (bottom right) plot shows the behaviour of the orbits of the two streams in distance (radial velocity) space. Note the overlapping of the orbits at (α, δ) ∼ ( 152• , 38

• ).

Table 2. As Table 1, but for the highest likelihood stars obtained by the STREAMFINDER selected along the structure that appears parallel to GD- agreement between the predicted and the observed stellar velocity measurements. This analysis shows that our algorithm has potential not only for detecting streams, but also for predicting the missing phase-space information of the stream stars.

Radial velocity and distance information will be missing for the great majority of halo stars in the Gaia DR2 (and successive Gaia catalogues). However, since our algorithm gives the possible orbital solutions for the detected stream structures, it therefore provides a means to complete the 6D phase-space solutions that are possible for a given stream star. ). The STREAMFINDER sampled orbits in radial velocity space at intervals of 10 km s -1 (which effectively causes an uncertainty of 10 km s -1 on the red dots). The agreement with the observations illustrates the power of our algorithm in predicting the missing phase-space information of stream stars.

D I S C U S S I O N A N D C O N C L U S I O N S

In this contribution, we have presented the application of our STREAMFINDER algorithm onto the PS1 proper motion dataset in order to detect the GD-1 stream. We chose to analyse a magnitudelimited sample with r P1 < 18.5 which removes most of the MSTO stars of the GD-1 stream, while still containing the stars with wellmeasured proper motions. While this trimmed sample leads to what is effectively a non-detection with an MF search, the application of STREAMFINDER onto the very same data readily shows up the stream at a significance level of >4.4σ . This both validates our algorithm and the proper motion measurements in the PS1 catalogue.

In addition, we also confirm the presence of a parallel streamlike structure that appears in the neighbouring region of GD-1 at a significance level comparable to that of GD-1, initially suggested by Grillmair & Dionatos (2006). The similarities in the distance and kinematic properties of GD-1 and the parallel stream are striking, and indeed, they currently appear to be converging towards α ∼ 154 • , δ ∼ 40 • . It will be interesting to compare the metallicity of GD-1 and the parallel feature, and to study their orbits in detail with proper motions from Gaia DR2 together with accurate radial velocities.

In a very recent paper, Price-Whelan & Bonaca (2018) suggested that the progenitor of GD-1 lies at ϕ 1 = -15 • , based on the overdensity of stars that they obtain in that region (see their Figure 1). To some extent, the evidence presented here also advocates a similar position for the GD-1's progenitor (see the kink feature in Fig. 2 d and the overdensity of GD-1 stars in Fig. 5 at ϕ 1 ∼ -18 • ). This seems to make the stream-fanning origin for the parallel structure somewhat less plausible as the fanning is expected to cause a spreading of the tidal arms at locations along the stream away from the progenitor (Pearson et al. 2015). However in another recent study, de Boer et al. (2018) suggested that the GD-1 progenitor is located at the position of an underdensity in their MF map at ϕ 1 = -45 • (α ∼ 146 • , δ ∼ 32 • , our coordinate conversion) which is surrounded by overdense stream segments on either side. If their interpretation is correct, the region displayed in Fig. 5 is fully occupied by the trailing stream. Given the similar distances, orbits, and stellar populations of GD-1 and the parallel structure, the spatial configuration shown in Fig. 5 d is therefore highly suggestive of stream-fanning (Pearson et al. 2015, cf. their Figure 4). The fanning-out of the orbits of the stream could be provoked by the triaxiality of the bar; it will be interesting in future work to simulate the dynamical evolution of the GD-1 progenitor given these new observational constraints. However, at the present time we cannot rule out the alternative possibility that the parallel structure is a new stellar stream formed from a different progenitor than that of GD-1.

The positive detection of GD-1 in this PS1 proper motion sample with the STREAMFINDER suggests that it will be possible to find other similar structures in Gaia DR2, where the proper motion uncertainties of stars will be a factor of ∼5 better in each proper motion dimension (yielding a ∼25 times better-resolved phasespace volume). Later Gaia releases are expected to further improve the astrometric accuracy by more than a factor of 5.

Our algorithm naturally delivers the possible set of orbital solutions of the detected stream structures. Our analysis here shows good agreement between the radial velocities of the GD-1 stars obtained as a by-product from STREAMFINDER and from spectroscopic observations. This missing phase-space information that the algorithm provides may be used to estimate the distribution function of Milky Way streams to some extent, and hence probe the nature and formation history of these star streams and the Galactic halo that together they span.

Note added in proof. It has been brought to our attention that the parallel sequence to GD-1 was previously reported by [START_REF] Bernard | A Synoptic Map of Halo Substructures from the Pan-STARRS1 3π Survey[END_REF], who named it PS1-E.
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CHARTING THE MILKY WAY HALO'S STELLAR STREAMS WITH

ESA/GAIA DR2

For me, it is far better to grasp the Universe as it really is than to persist in delusion, however satisfying and reassuring-Carl Sagan 

Abstract

A panoramic map of the stellar streams of the Milky Way was created based upon astrometric and photometric measurements from the Gaia DR2 catalogue using the ❙❚|❊❆▼❋■◆❉❊|. For the pilot run of the algorithm, the concentration was made on the halo at heliocentric distances beyond 5 kpc, and at Galactic latitudes |b| > 30 • to detect structures along plausible orbits that were consistent with the Gaia proper motion measurements. A rich network of criss-crossing streams was found in the halo, often with striking kinematic coherence. Some of the structures that were detected were previously-known streams (GD-1, Sagittarius, Indus, Jhelum and Orphan) and several others were reported as new discoveries. This was the first time an all-sky map of the stellar streams of the Milky Way halo was made based on kinematic measurements.

Data

Gaia DR2 [START_REF] Collaboration | Gaia data release 2. summary of the contents and survey properties[END_REF][START_REF] Helmi | Gaia data release 2. kinematics of globular clusters and dwarf galaxies around the milky way[END_REF] was published on 25 th April 2018. Along with the Gaia broad-band photometry in the G, G BP , G RP pass-bands, this dataset provided positions, parallaxes and proper motions (a 5D astrometric solution) for over 1.3 billion stars down to G ∼ 20.7 in our Galaxy. The application of ❙❚|❊❆▼❋■◆❉❊| onto Gaia DR2 was the first attempt to use the Gaia dataset in order to create all-sky structural and kinematical maps of the stellar streams of the Milky Way halo.

After extensive tests of the ❙❚|❊❆▼❋■◆❉❊| using the Gaia Universe Model Snapshot (GUMS, [START_REF] Robin | Gaia Universe model snapshot. A statistical analysis of the expected contents of the Gaia catalogue[END_REF]) and Pan-STARRS1 proper motion data [27,[START_REF] Kaiser | The Pan-STARRS wide-field optical/NIR imaging survey[END_REF][START_REF] Magnier | Pan-STARRS Photometric and Astrometric Calibration[END_REF][START_REF] Tonry | The Pan-STARRS1 Photometric System[END_REF], the Gaia data sample was limited to |b| > 30 • and G < 19.5. The chosen magnitude limit mitigates against the effect of completeness variations due to inhomogenous extinction, while also reducing the number of sources that need to be examined. Likewise, the Galactic latitude constraint also greatly diminishes the size of the sample. This was important as algorithm takes longer to compute high density regions of the sky where the number of field stars and the possible candidates is large. Only those sources in the catalogue were retained that had a full 5-parameter astrometric solution, along with valid magnitudes in all three photometric bands. For this pilot run of the algorithm, the concentration was directed towards the outer halo distances that lied beyond 5 kpc, as the algorithm takes longer to compute the inner regions of the sky where, again, the number of sources are large.

All the Galactic globular clusters [START_REF]A New Catalog of Globular Clusters in the Milky Way[END_REF] (to within their 2 tidal radii) and all the Galactic dwarf satellites [START_REF] Mcconnachie | The Observed Properties of Dwarf Galaxies in and around the Local Group[END_REF] (to within 7 half-light radii) were omitted from the dataset. This was implemented so as to avoid creating spurious stream detections that might be caused by the presence of a compact over-density of stars in a given region of phase-space rather than an actual extended stream of stars.

Contamination Model

Though the original ❙❚|❊❆▼❋■◆❉❊| concept (described in Chapter 3) worked well at high Galactic latitudes, in regions of relatively uniform contamination; its shortcomings became evident when probing regions closer to the Galactic plane. There, the strong gradient in the background produced a large population of false positives. Therefore, the algorithm was updated to undertake a full likelihood analysis based on the Galaxy's contamination via smooth background modelling.

The log-likelihood function simply becomes where θ is the stream fitting parameters, P signal is the most likely stream model (as presented in Chapter 3), η is the corresponding stream fraction that maximizes lnL and the probability density function P contamination is a model of the "contamiantion" from non-stream stars. By and proper motion µ α , µ δ , was fitted with a Gaussian Mixture Model (GMM), with 100 Gaussian components, using the ❆r♠❛❞✐••♦ C++ library [START_REF] Sanderson | gmmdiag and gmmfull: C++ classes for multi-threaded gaussian mixture models and expectation-maximisation[END_REF]. Together, the density maps and the GMM fitted maps allowed to estimate the smoothed probability of finding a star in the Galaxy in the 6-D parameter space of α, δ, G BP -G RP , G, µ α , µ δ .

❙❚|❊❆▼❋■◆❉❊| Analysis

Mostly, the data-filtering and the detection scheme remained similar to as described in Chapter 3. Only this time, several Padova SSP models [START_REF] Marigo | Evolution of asymptotic giant branch stars. II. Optical to far-infrared isochrones with improved TP-AGB models[END_REF] were employed with the age 10 Gyr and metallicity values ranging between [Fe/H] = -2.2 to [Fe/H] = -1.0 (spaced at 0.2 dex intervals).

These isochrone models covered plausible values for the Milky Way halo globular clusters (from which stellar streams are ultimately derived). The candidate model streams were selected to have a Gaussian width of 100pc, and to be 10 • long on the sky. Other parameter ranges used to integrate orbits in the Galaxy were identical to those detailed in Chapter 3.

Results and Discussions

Several stream maps were created for different heliocentric distances, ranging from 5 -15 kpc (inner halo), 15-30 kpc (intermediate halo) and 20-100 kpc (outer halo). Summary of these maps is shown in Figure 5.1. It was found that ❙❚|❊❆▼❋■◆❉❊| was succesfully able to reproduce 5 of the previously known stream structures. These streams were Sagittarius stream [START_REF] Ibata | A dwarf satellite galaxy in Sagittarius[END_REF], GD-1 [START_REF] Grillmair | Detection of a 63 • Cold Stellar Stream in the Sloan Digital Sky Survey[END_REF],

Orphan [START_REF] Belokurov | An Orphan in the "Field of Streams[END_REF], Indus and Jhelum [START_REF]Stellar Streams Discovered in the Dark Energy Survey[END_REF]. The detection of these known streams was reassuring as it meant that the algorithm was working as desired (the positions, distance solutions and proper motions of these streams have been discussed in the paper attached).

In this first exploration, five good streams were selected from the stream maps and were named Gaia-1,2,3,4 and 5. The reason for choosing only five streams was to showcase the primary results of the algorithm's application on Gaia DR2. Many other candidates yet require careful

INTRODUCTION

The central position that stellar streams hold for Galactic Archeology studies motivates conducting a thorough census of such structures in the Milky Way. Besides testing the hierarchical merging scenario of Galaxy formation (Johnston et al. 1996;Helmi & White 1999), the number of stellar streams can, in principle, be used to put a lower limit on past accretion events into the Galactic halo, their orbital structures can be used to probe the mass distribution and shape of the Milky Way dark matter halo (Johnston et al. 1999;Ibata et al. 2001;Eyre & Binney 2009;Koposov et al. 2010;Law & Majewski 2010;Küpper et al. 2015;Bovy et al. 2016), stream-gaps can provide indirect evidence for the existence of dark matter sub-halos (Johnston et al. 2002;Carlberg et al. 2012;Erkal et al. 2016;Sanders et al. 2016), and these structures can also be used to constrain the models of the formation and evolution of globular clusters (Balbinot & Gieles 2018). Furthermore, analyses based on the quantity and the collective phase-space distribution of stellar streams hold great promise in addressing some small-scale ΛCDM problems (such as the "missing satellite problem" and the "plane-of-satellites" problem, see, e.g. Bullock & Boylan-Kolchin 2017). Such considerations have motivated many previous ⋆ E-mail: khyati.malhan@astro.unistra.fr † E-mail: rodrigo.ibata@astro.unistra.fr ‡ E-mail: nicolas.martin@astro.unistra.fr studies to detect and analyse stellar streams in our Galaxy. Notable efforts in the past include the "Field-of-streams" map [START_REF] Belokurov | The Field of Streams: Sagittarius and Its Siblings[END_REF] The regions of sky covered by presently-known streams have been conveniently compiled in the GALSTREAMS python package (Mateu et al. 2018), which we reproduce in Figure 1 for comparison to our results.

Given the arrival of all-sky data of unprecedented astrometric quality from the ESA/Gaia survey (de Bruijne 2012; Gaia Collaboration et al. 2016), we built a streamfinding algorithm (the STREAMFINDER, Malhan & Ibata 2018, hereafter Paper I) to make use of the kinematic information that Gaia provides. The idea that we incorporated in the STREAMFINDER algorithm is that stellar streams can be found more efficiently by searching along possible orbital trajectories in the underlying gravitational potential of the Galaxy. In Paper I, our tests, based on a suite of N-body simulations embedded in a mock Galactic survey, showed that c 2018 The Authors

Malhan, Ibata & Martin

the algorithm is able to detect distant halo stream structures containing as few as ∼ 15 members (or equivalently with a surface brightness as low as ΣG ∼ 33.6 mag arcsec -2 ) in the End-of-mission Gaia dataset. The detection limit depends on various factors, such as the stream structure itself and its location in phase-space with respect to the contaminating background. For instance, in Ibata et al. (2018) we reported the discovery of the (high contrast) Phlegethon stream in Gaia DR2 with a surface brightness of ΣG ∼ 34.6 mag arcsec -2 .

The purpose of this contribution is to present an updated stellar stream map of the halo of the Milky Way (at D⊙ > 5 kpc) obtained via the application of our STREAMFINDER algorithm onto the recently published Gaia Data Release 2 (DR2) (Gaia [START_REF] Collaboration | Gaia data release 2. summary of the contents and survey properties[END_REF]Lindegren, L. et al. 2018;Luri, Xavier et al. 2018;Evans, D. W. et al. 2018;Helmi, A. et al. 2018). In this first analysis, we restrict ourselves to analysing the outer halo at distances beyond 5 kpc as our algorithm takes longer to compute in inner regions where the density of both the field stars and the possible candidates is large (as is the case when considering closer structures or indeed in the vicinity of the Galactic Plane).

The paper is organized as follows: Section 2 details the selections made on the Gaia data; Section 3 explains how we built a model of the contaminating populations of the Milky Way; the analysis using our STREAMFINDER algorithm is detailed in Section 4; the results are presented in Section 5; finally we discuss these findings and draw our conclusions in Section 6.

DATA AND STREAM SEARCH ANALYSIS

We use the Gaia DR2 catalogue for all of our present analysis. This dataset provides positions, parallaxes and proper motions (a 5D astrometric solution) for over 1.3 billion stars down to G ∼ 20.7 in our Galaxy, along with the Gaia broadband photometry in the G, GBP, GRP pass-bands. The information that is useful for our purpose are the stellar positions (α, δ), parallaxes (π), proper motions (µα, µ δ ), magnitudes (G, GBP, GRP) and the associated observational uncertainties.

We correct all Gaia sources from extinction using the Schlegel et al. (1998) maps, assuming AG/AV = 0.85926, ABP/AV = 1.06794, ARP/AV = 0.651991 . Doing so, we naturally assume that the extinction is entirely in the foreground of the studied stars, which is likely a good assumption for the halos stars we analyse here. Henceforth, all magnitudes will refer to the extinction-corrected values.

The Gaia DR2 is based on only 22 months of observations, and not all areas of sky have been observed to uniform depth. Gaia scans the sky while spinning, and this naturally imprints great circles into the depth map. In Figure 2 we show the result of applying an unsharp-mask to all data at Galactic latitudes |b| > 10 • and with G < 20. A large number of stripy residuals can be seen, which could in principle masquerade as streams. Any structures following this pattern are almost certainly artefacts.

After extensive tests of the STREAMFINDER using the Gaia Universe Model Snapshot (GUMS, [START_REF] Robin | Gaia Universe model snapshot. A statistical analysis of the expected contents of the Gaia catalogue[END_REF], we decided to limit the sample for the present contribution to |b| > 30 • and G < 19.5. The chosen magnitude limit mitigates against the effect of completeness variations due to inhomogenous extinction, while also reducing the number of sources that need to be examined. Likewise, the Galactic latitude constraint also greatly diminishes the size of the sample. We retained only those sources that had a full 5parameter astrometric solution, along with valid magnitudes in all three photometric bands.

We further omitted all Gaia DR2 catalogue stars within two tidal radii of the Galactic globular clusters listed in the compilation by Harris (2010), as well as all the stars within 7 half-light radii around Galactic dwarf satellite galaxies (as compiled by McConnachie 2012). This was implemented so as to avoid creating spurious stream detections that might be caused by the presence of a compact over-density of stars in a given region of phase-space rather than an actual extended stream of stars.

As described in Paper I, it is convenient to reject disk contaminants based on parallax information since we are interested in finding halo structures. The number of these potential nearby contaminants was reduced by removing those sources whose parallax is greater than 1/3000 arcsec at more than the 3σ level (i.e. objects that are likely to be closer than 3 kpc).

We feed this filtered data to the STREAMFINDER.

CONTAMINATION MODEL

Before running the STREAMFINDER, we first calculate an empirical smooth model of the Milky Way "contamination" (i.e. a model of the smoothly-varying population of stars that lie both in the foreground and the background of the streamlike structures of interest). This contamination model is used as a global probability density function estimate to calculate the likelihood function for identifying substructures. The procedure will be more fully explained in a future contribution (Ibata et al. 2018, in prep.), but briefly, we construct a library of number-density maps of the Galaxy as a function of GBP -GRP colour and G magnitude in polar Zenithal Equal Area projection with a pixel scale of 1 • .4 × 1 • .4, which are smoothed on a spatial scale of 2 • . Furthermore, over spatial regions of 5 • .6 × 5 • .6 (also in polar ZEA projection), we fit the four-dimensional distribution of GBP -GRP colour, G magnitude, and proper motion µα, µ δ , with a Gaussian Mixture Model (GMM), with 100 Gaussian components, using the Armadillo C++ library (Sanderson & Curtin 2017). Together, the density maps and the GMM fitted maps allow one to estimate the smoothed probability of finding a star in the Galaxy in the 6-D parameter space of α, δ, GBP -GRP, G, µα, µ δ .

STREAMFINDER ANALYSIS

The STREAMFINDER algorithm is built to detect dynamically cold and narrow tidal stellar streams that are possible remnants of globular clusters or very low-mass galaxies. At the position of every star in the dataset, the algorithm finds the 240 km s -1 and in addition we adopt the Sun's peculiar velocity to be V⊙ = (u⊙, v⊙, w⊙) = (9.0, 15.2, 7.0) km s -1 [START_REF] Reid | Trigonometric Parallaxes of High Mass Star Forming Regions: The Structure and Kinematics of the Milky Way[END_REF]Schönrich et al. 2010). As explained in Paper I, STREAMFINDER uses pre-selected isochrone models in order to sample orbits in distance space. The selected isochrone model(s) essentially correspond to the proposed Single Stellar Population (SSP) model of the stream. Here, we chose to work with Padova SSP models (Marigo et al. 2008) The candidate model streams were selected to have a Gaussian width of 100 pc, and to be 10 • long on the sky. Other parameter ranges used to integrate orbits in the Galaxy were identical to those detailed in Paper I.

In Paper 1, our analysis was restricted to a small and relatively high latitude patch of sky (∼ 100 deg2 ) in which the background stellar distribution (the halo) could be approximated as a uniform distribution. In the present case, where we are analysing vast regions of sky that have a nonuniform stellar distribution, it is important to consider the background model of the Galaxy. Therefore, in contrast to Paper I, the likelihood function that we use here takes the Galaxy into consideration via the smooth contamination model discussed above. Our log-likelihood function is simply:

lnL = data ln (ηP signal (θ) + (1 -η) Pcontamination) , (1) 
where θ are the stream fitting parameters, Pcontamination is the probability density function of the smooth contamination model that we obtain as explained in Section 3, and η is the fraction of the stream model compared to the contamination. The adopted stream probability density function P signal is extremely simple: we take the trial orbit under consideration and make it fuzzy by convolving it with a Gaussian in each observed dimension. The Gaussian dispersions are: σ sky representing the thickness of the stream, σµ α , σµ δ representing the dispersions in proper motion, and σDM representing the dispersion in distance modulus (and hence in photometry). All these dispersions are the convolution of the intrinsic Gaussian dispersion of the stream model together with the observational uncertainty on each star in the Gaia DR2 catalogue.

RESULTS

In Figure 3 we show, for two representative metallicity values, the spatial distribution of the stars in the processed sample that have a high-likelihood of belonging to a stream structure. These data are selected as having lnLmax/lnLη=0 > 15, where Lη=0 is the model likelihood when no stream is present, and Lmax is the maximum likelihood stream solution found by the algorithm. Thus, our criterion corresponds to > 5σ when the noise distributions are Gaussian. We would like to point out that the lnLmax/lnLη=0 likelihood ratio is calculated for every star in the (filtered) catalogue, yet in the maps presented here we only show those stars where this value exceeds 15. Many other neighbouring stars may partake in a given stream structure, contributing to the high lnLmax/lnLη=0 valuedpoints marked in the figure, yet they may not themselves pass the criterion and so are not shown. A given stream-like structure seen in the figure is thus composed of many > 5σ points. However, the points are not statistically independent, as by construction information is correlated over the chosen 10 • trial stream length. We further stress that the aim of the STREAMFINDER algorithm is to enable the detection of streams; a complete characterization and statistical analysis of a given detection should be accomplished with other tools, for instance, by careful modelling with N-body simulations.

The left and right panels of Figure 3 show, respectively, the projection from the North and South poles. The distance solutions displayed here are the ones obtained by the algorithm and span the inner halo range D⊙ = [START_REF] Balbinot | The tidal tails of NGC[END_REF][START_REF] Bosma | The distribution and kinematics of neutral hydrogen in spiral galaxies of various morphological types[END_REF] kpc. The most visible feature in the northern hemisphere is the GD-1 stellar stream (Grillmair & Dionatos 2006;de Boer et al. 2018), which appears as a > 60 • stream in these spatial density maps of candidate stream members. It is possible that it continues to lower Galactic latitude, where we have not yet run the algorithm. Other notable detections are the Jhelum and Indus streams [START_REF] Shipp | Stellar Streams Discovered in the Dark Energy Survey[END_REF] seen in the Southern hemisphere in the more metal-poor map. As a demonstration of the power of the algorithm, we display the properties of GD-1, Jhelum and Indus, as recovered by the STREAMFINDER, in Figure 4. Note that the distance solutions to these streams that we obtain from STREAMFINDER match closely the distance values that have been previously derived for these streams (as explained in Figure 4). The scatter in the distance solutions that is notably seen for individual streams could be a combination of the true intrinsic dispersion of the stream and errors from mismatches with the isochrone template model (from which the distance solutions are derived, see Paper I). We summarize some of the properties of these structures in Table 1, providing, for the first time, the proper motion values for the Jhelum and Indus streams.

The recovery of known stellar streams provides validation of our algorithm. Many other stream-like features can also be seen in this map, but these structures require detailed kinematic analysis for their confirmation (which is beyond of the scope of this paper). In the present contribution we will discuss the most obvious stream structures that not only have coherent phase-space properties (consistent with the template model and the data uncertainties) but that also stand out significantly from the background. These new streams, that are named Gaia-1,2,3,4, are shaded in grey in Figure 3 and their phase-space properties are presented in Figure 9.

Figure 5 shows the results at intermediate distances in the halo in the range D⊙ = [START_REF] Bosma | The distribution and kinematics of neutral hydrogen in spiral galaxies of various morphological types[END_REF][START_REF] Churchwell | The Spitzer/GLIMPSE Surveys: A New View of the Milky Way[END_REF] kpc (again selecting lnLmax/lnLη=0 > 15). Unlike Figure 3 that exhibits clearly distinguishable stream-like strings of stars, these maps produced at intermediate distances are rather fuzzy and only seldom show thin stream-like features. Some of these stream features become apparent in the regions |b| > 45 • where the density of contaminating stars is low. The most obvious Figure 3. Potential stream stars identified by STREAMFINDER in the inner halo, from 5 to 15 kpc, in the same projection as Figure 1. The colour represents the distance solutions that are obtained as a by-product for these stars from the STREAMFNIDER analysis. The top panels show a metal-rich selection, while the lower panels show the results for intermediate metallicity. The most striking structure detected in this distance range is the GD-1 stream (Grillmair & Dionatos 2006), seen clearly towards the lower end of the distance range (coloured purple) in the Northern hemisphere (left panels). Several other streams are visible, including the Jhelum and Indus streams discovered in the DES [START_REF] Shipp | Stellar Streams Discovered in the Dark Energy Survey[END_REF]. All stream points displayed here have detection significance > 5σ. New high confidence stream detections are marked on the map, while the others will require confirmation with radial velocity measurements.

stream structure is Gaia-5, which is shaded in the grey circle in Figure 5 and its phase-space properties are presented in Figure 9.

The outer halo distribution, beyond 25 kpc is displayed in Figure 6 (again selecting lnLmax/lnLη=0 > 15). The algorithm highlights a veritable deluge of stream-like structures, which are seen over a range of distances and metallicities. Comparison to Figure 1 shows that we detect the Sagittarius stream (Ibata et al. 2001;Majewski et al. 2003) over a large swathe of the outer halo. This is somewhat surprising, since we set the stream model width to 100 pc, which is appropriate for a globular cluster, but is actually a very poor template for this wide stream. We suspect that the spatial inhomogeneities in Gaia due its scanning law may partially explain the striated aspect of the Sagittarius stream in our maps (see, e.g., Figure 6). The algorithm also detected a short arc of length ∼ 10 • of the ∼ 60 • long Orphan stream (Grillmair 2006) in our outer halo spatial maps (again, the chosen stream width of the model was not an appropriate template for this structure, which may explain why the full length was not recovered). For the position of the arc on the sky shown in Figure 4, we find the distance solutions for the Orphan stream members to be compatible with the study by Newberg et al. (2010). Also, we find that its member stars have a tight proper motion distribution (Table 1 provides proper motion values for the Orphan stream). This map also requires follow-up with radial velocity measurements in order to test the phase-space consistency of the other possible stream like structures that are distributed on these maps (for example, see the bottom panels of Figure 6).

Careful visual inspection of these maps indicated that the stream-like structures recovered by the algorithm are not associated with the extinction correction. In Figures 7 and8, we present our summary plots made by combining the distance and metallicity samples for the north and south hemispheres, respectively. The top panels of these diagrams show the estimate of the distances of these structures (provided by the algorithm), while the bottom panels show an estimate of the magnitude of the tangential velocity calculated using the measured Gaia proper motions combined with the distance estimates. Many structures are beautifully resolved in this multi-parameter space.

Our aim in this contribution is not to present a thorough or complete census of halo streams (since it would require considerable more processing time to examine the necessary parameter space), but rather to present a preview of the large-scale stream structure of our Galaxy. Nevertheless, we have selected by hand a small number of structures that appear clearly in our maps, with kinematic properties that distinguish them from the contaminating Galactic population, and that are clearly not artefacts produced by Gaia's scanning law. A large number of other stream candidates have a clearly-defined stream-like morphology, but possess proper motions distributions that are similar to that of the halo, and we deem that they require further follow-up to be confident of their nature.

The locations of the five structures we selected are 5, but for the outer halo beyond 25 kpc. The dominant structure seen out to large heliocentric distances in both hemispheres is the Sagittarius stream, which is detected despite the narrowness of the stream template model that we set in our algorithm. The interesting bifurcation of this structure is seen in the top-left panel. In addition, the lower-left panel shows an overdensity of stars in the region where the Orphan stream lies (Grillmair 2006). Many other stream-like features are also detected, but most are confined to the nearer limit of the distance range shown. Stellar Streams in Gaia DR2 11 marked in Figures 3 and5, and their properties are shown in Figure 9, and are also summarised in Table 1. All these structures that we find have significance > 5σ.

Gaia-1

Gaia-1 has an angular extent of ∼ 15 • and projected width of ∼ 0.5 • . The orbital solutions provided by the algorithm imply that it is situated at a distance of D⊙ ∼ 5.5 kpc, which is in reasonable agreement with the Gaia parallax measurement of 0.216 ± 0.038 mas (i.e. 4.6 kpc). This means that Gaia-1 has a physical width of ∼ 40 pc. The narrowness of the stream suggests that the progenitor likely is or was a globular cluster. Moreover, Gaia-1 has a strikingly high proper motion value of ∼ 23.5 mas yr -1 , implying that it has a transverse motion > ∼ 500 km s -1 . It will be worthwhile to measure the radial velocity of this system, as it may provide an interesting constraint on the Galactic potential simply from the requirement that the system is bound to the Milky Way.

Gaia-2

Gaia-2 turns out to be a considerably thin structure in our spatial maps. Extending over ∼ 10 • in length, we find that it possesses a distance gradient ranging from D⊙ = [START_REF] Belokurov | The Field of Streams: Sagittarius and Its Siblings[END_REF][START_REF] Bernard | Serendipitous discovery of a thin stellar stream near the Galactic bulge in the Pan-STARRS1 3π Survey[END_REF][START_REF] Bernard | A Synoptic Map of Halo Substructures from the Pan-STARRS1 3π Survey[END_REF][START_REF] Binney | Galactic Dynamics: Second Edition[END_REF] kpc. Given its narrowness and the location in the halo, we also suspect it to be a remnant of a globular cluster. We find Gaia-2 to be a highly coherent structure in proper motion space with an average proper motion magnitude of ∼ 6.5 mas yr -1 and proper motion dispersion of ∼ 0.75 mas yr -1 .

Gaia-3

Gaia-3 can be easily identified as an isolated stream structure in Figure 3. In Figure 9 (third row), Gaia-3 clearly shows two distinct possible sets of distance solutions. The separation of these two different sets of solutions in position, distance and colour-magnitude distribution space, while not so much in proper motion space, suggests that what we detect here as Gaia-3 might in fact be a superposition of two streams, or a more complicated structure aligned along the line of sight. We shall describe this structure collectively here.

Gaia-3 is found to be extended over ∼ 16 • in sky with a distance range of D⊙ = [9-14 kpc] with an average proper motion magnitude of ∼ 7.4 mas yr -1 . Given its peculiarity, as suggested above and shown in Figure 9, it is hard to comment on its physical width or the progenitor. The distance estimate of this structure too was found to be in good agreement with the Gaia parallax measurement of 0.101 ± 0.013 mas (i.e. 9.8 kpc).

Gaia-4

Gaia-4 appears to be a fine linear structure, found at a distance of ∼ D⊙ = 11 kpc. Given its narrowness and distance, we suspect the progenitor to be a globular cluster. Although we find Gaia-4 sitting within the range of halo field stars in proper motion space with an average value of ∼ 0.36 mas yr -1 (and proper motion dispersion of ∼ 0.70 mas yr -1 ), the fact that it emerges as a highly coherent structure in our maps makes it a confident structure.

Here, we detect it as a very cold structure in proper motion space.

Gaia-5

We include Gaia-5 here as another interesting detection (bottom row panels in Figure 9), as it is parallel to the GD-1 stream, and could easily have been confused with GD-1 without Gaia's excellent proper motion measurements. The properties of this object are shown in red for positions, observed proper motions and photometry, and in blue for distance and and proper motion orbital solutions. We also include the properties of GD-1 (in green) for comparison. The proper motions, along with the distance solutions, of Gaia-5 stars are distributed over a compact region that is very far from the region inhabited by GD-1; also the two colourmagnitude distributions (CMDs) are very different and well separated. Hence, unlike the possible bimodal stream distribution that we recognise in Gaia-3, we identify Gaia-5 as a stream unrelated to GD-1. The (error-weighted mean) parallax value we calculate for this structure would imply that it is substantially closer to the Sun than GD-1, which is both inconsistent with the model solutions of ∼ 20 kpc, and is very difficult to reconcile with the CMD. However, our simple combination of the parallax measurements is highly susceptible to contaminants, which may explain the inconsistency.

We plan to examine these structures (and the many other stream candidates visible in Figures 7 and8) in detail in later contributions. Careful analysis based on their astrometry and photometry, along with the mapping of these structures in deeper astrophysical catalogues (e.g. SDSS, PS1, DES), would render a fuller insight into their origin, orbits and phase-space distribution. Some of the previouslyknown streams and new detections appear to present spatial kinks, which is probably the effect of low-number statistics.

DISCUSSIONS AND CONCLUSIONS

In this contribution, we present a new stellar stream map of the Milky Way halo, obtained by the application of our STREAMFINDER algorithm (described in Paper I) on the recently published ESA/Gaia DR2 catalogue. This is the first time an all-sky structural and kinematic map of the stellar streams of the Milky Way halo has been constructed. Our algorithm detects numerous previously-known streams, which were discovered in much deeper photometric datasets (e.g. SDSS, PS1, DES), confirming that our method, which includes proper motion information, works as designed. Indeed, the fidelity of the GD-1 detection is striking, and reveals that the excellent Gaia proper motions provide very powerful discrimination.

In addition, we find a large number of streams and stream candidates throughout the distance range probed. In this first exploration, we selected five good streams (named here as [START_REF] Arifyanto | Fine structure in the phase space distribution of nearby subdwarfs[END_REF][START_REF] Bahcall | The distribution of stars perpendicular to galactic disk[END_REF][START_REF] Bahcall And R | The universe at faint magnitudes. I -Models for the galaxy and the predicted star counts[END_REF][START_REF] Balbinot | The tidal tails of NGC[END_REF], to showcase the results, but many other candidates will require careful follow-up. In particular, the fact that Gaia scans the sky along great circles, but with Oddly, for Gaia-3, we found two distinct possible sets of solutions based on distance estimates that we obtained from our algorithm, as highlighted in the respective panel. The more distant stars are coloured in green, while the relatively nearby ones are shown in red. This clear distinction of these two different sets of solutions in position, distance and colour-magnitude distribution space, while not so much in proper motion space, suggests that what we detect here as Gaia-3 might in fact be a superposition of two streams, or a more complicated structure aligned along the line of sight. The bottom row shows the properties of Gaia-5, which is found to lie parallel, but slightly offset, to GD-1 (shown on this bottom row in green). Nevertheless, it is very distinct from GD-1 both in its proper motion distribution and in its colour-magnitude distribution.

an inhomogeneous number of visits, causes density inhomogeneities that appear like great circle streaks on the sky. This could cause some spurious stream detections (although the kinematics test in the STREAMFINDER algorithm should allow us to reject most such fake streams). Nevertheless, these spatial inhomogeneities in the Gaia DR2 necessarily make the survey noise properties very complex, invalidating the assumptions behind our lnLmax/lnLη=0 > 15 selection criterion. This means, unfortunately, that the effective stream detection threshold is not uniform in our sky maps, and the significance of the detections is lower in regions where the Gaia inhomogeneities are more pronounced.

Table 1. Parameters of the stellar streams. The "Position" column gives the extent of these structures, 'D ⊙ ' is the approximate range of the distance solution as obtained by our algorithm, while column 4 lists the range of observed proper motion of the structure in the 2D proper motion space. The parallax π is an uncertainty-weighted average of the Gaia measurements; for those objects where the parallax uncertainty is less than 33% of the parallax, we also provide the corresponding distance. The discrepancy between the model distances and mean parallax measurement for the cases of Indus and Gaia-5 may be due to contaminants in the samples affecting the simple weighted average parallax reported here.

Name

Position ([2.7, 5.4], [-6.0, -4.0]) 0.117 ± 0.062

D ⊙ (model) (µ * α , µ δ ) π 1 π (extent) ( kpc) ( mas yr -1 ) (mas) ( kpc) GD-1 135 • < α < 190 • 6.5 -10 ([-9.0, -3.0], [-14.0, -6.0]) 0.107 ± 0.010 9.3 17 • < δ < 58 • Jhelum 320 • < α < 360 • 11.7 -15 ([5.0, 8.0], [-7.0, -3.0]) 0.086 ± 0.013 11.6 -53 • < δ < -47 • Indus 320 • < α < 360 • 16 -18 ([0.50, 6.0], [-8.0, -2.0]) 0.167 ± 0.013 6.0 -67 • < δ < -53 • Orphan 145 • < α < 153 • 33 -38 ([-1.0, -0.5], [-0.7, -0.1]) -0.006 ± 0.022 20 • < δ < 40 • Gaia-1 184 • < α < 197 • 5 -6 ([-16.0, -11.0], [-22.0, -17.0]) 0.216 ± 0.038 4.6 -18 • < δ < -2 • Gaia-2 6 • < α < 15 • 10 - 13 
-27 • < δ < -22 • Gaia-3 171 • < α < 179 • 9 -14 ([-2.0, 1.0], [-9.3, -5.5]) 0.101 ± 0.013 9.9 -32 • < δ < -15 • Gaia-4 163 • < α < 167 • 10.7 -11.5 ([-1.1, 0.5], [-1.1, 0.6]) 0.006 ± 0.105 -11 • < δ < -3 • Gaia-5 137 • < α < 154 • 18.5 -20.5 ([-4.0, 1.5], [-5.7, -1.5]) 0.156 ± 0.031 6.4 23 • < δ < 42 • Figure 10
. Predicting the missing phase-space information of streams stars with STREAMFINDER. The red dots represent the radial velocity solutions of the GD-1 stars that are derived as a by-product of the application of the algorithm, whereas the blue markers are the observed radial velocities of GD-1 stars as tabulated by Koposov et al. (2010). The STREAMFINDER sampled orbits in radial velocity space at intervals of 10 km s -1 (which effectively causes an uncertainty of 10 km s -1 on the red dots). The good agreement with the observations illustrates the power of our algorithm in predicting the missing phase-space information of stream stars.

A further caveat relates to the model distances we report. These distances are calculated by the algorithm based on an assumption of the metallicity of the stream stars. We expect that we do, in fact, have some ability to estimate the metallicity of the candidate streams with our procedure, since using the correct metallicity model should enhance the contrast of the streams. This is borne out, for instance, for the case of GD-1, where we recover the largest number of stream stars when using the model corresponding to the actual metallicity of the system. Nevertheless, this is a poor substitute for actual metallicity measurements. Ongoing sky surveys, such as the Canada-France Imaging Survey (CFIS; Ibata et al. 2017a,b), or future large photometric surveys such as LSST (LSST Dark Energy Science Collaboration 2012), can help overcome this issue by providing good photometric metallicities that will break the distance degeneracy (and improve stream detection). The third Gaia data release (DR3), currently planned for 2020, will provide lowresolution prism spectra, also allowing metallicity measurements for the brighter stars.

As we showed in Paper I, our algorithm naturally delivers the possible set of orbital solutions of the detected stream structures. This means that the algorithm predicts both the radial velocities and the distances of the stream stars. In Figure 10 we use the orbital solutions to the GD-1 stream to demonstrate that this works very well: the predicted STREAMFINDER radial velocities match the stream velocities measured by Koposov et al. (2010). Furthermore, our parallax measurement of 0.107 ± 0.010 mas for GD-1, based on the sample we obtain with the STREAMFINDER, also matches well the distance range of the orbital solutions shown in Figure 4 (these are not independent measurements, however the algorithm "sees" the potential stream stars diluted in a gigantic Galactic contaminating population). This success gives us confidence that we will be able to use the predicted STREAMFINDER radial velocities to probe the orbital properties of the stellar stream population as a whole.

Several more streams have been reported within 40 kpc than the five that we recover here (see Figure 1). The reason for this is likely to be due, in part, to the specific parameter choices we adopted in the algorithm (for instance we chose a model width of 100 pc throughout, and we examined only a narrow range of stellar population template models). In subsequent contributions, we intend to relax these constraints allowing for a more complete census to be established. Additionally, we intend to examine different models of the Galactic potential; presumably our stream detection method should reveal the highest contrast for long stellar streams when using the correct potential. However, another reason that we did not recover all known streams within 40 kpc is simply that Gaia's photometry is not as deep as existing sky surveys; note that for a stellar population of metallicity [Fe/H] = -1.5, the distance at which the proper motion uncertainties in Gaia DR2 at the main sequence turnoff are 50 km s -1 (i.e. approximately half the dispersion of the contaminating halo) is 14.0 kpc. Hence it is not very surprising that photometric surveys that are much deeper than Gaia remain competitive for finding low-mass stellar streams at distances > ∼ 15 kpc. Thanks to the amazingly rich phase-space information provided by the Gaia spacecraft and consortium, we are now starting to unravel the very fine details of galaxy formation in action. While the results presented here are but a first step in the comprehensive mapping of the Milky Way's stellar halo and accretion events, they already show the promises borne out by the deep, multi-dimensional space unveiled in DR2. The harvest of previously unknown thin stellar streams, likely stemming from the tidal disruption of globular clusters, opens up exciting times as these are powerful probes of the distribution of dark matter sub-halos in our surroundings (Johnston et al. 2002;Ibata et al. 2002;Carlberg et al. 2012;Bovy 2016), they can provide an independent inference of the location of the Sun in phase space (Malhan & Ibata 2017), and they can be used as sensitive seismographs to constrain the shape and depth of the Milky Way potential (Ibata et al. 2013;Bonaca & Hogg 2018). The combination of Gaia DR2 and detections provided by STREAMFINDER places us in a unique position to disentangle the numerous detections accretion events in the Milky Way halo and open the most exciting Galactic archaeology playground to date. The figure shows the stream detection density plot that was obtained from the algorithm after its application on Gaia DR2 dataset (see Chapter 5). The map corresponds to the Stellar Population template model of ([Fe/H], Age) = (-2.2, 10 Gyr), and shows stars with detection significance > 5σ. The ∼ 70 • long GD-1 stream stands out strikingly in this plot, which provides the basis for the sample that was used in present analysis.

Introduction

Stellar streams of low mass progenitors closely follow orbits [START_REF] Dehnen | Modeling the Disruption of the Globular Cluster Palomar 5 by Galactic Tides[END_REF][START_REF]The mechanics of tidal streams[END_REF] and hence their orbital properties are often exploited to constrain the underlying gravitational potential. Different methods of stream dynamical analyses have been developed, including 1) the orbit-fitting procedure where orbits are integrated in different potential models and are then compared to stream data [START_REF] Koposov | Constraining the Milky Way Potential with a Six-Dimensional Phase-Space Map of the GD-1 Stellar Stream[END_REF][START_REF] Newberg | The Orbit of the Orphan Stream[END_REF], 2) the N-body simulation procedure where N-body simulated particles are compared with the data [START_REF] Law | The Sagittarius Dwarf Galaxy: A Model for Evolution in a Triaxial Milky Way Halo[END_REF][START_REF] Thomas | Exploring the reality of density substructures in the Palomar 5 stellar stream[END_REF], 3) the particle-spray modelling that models stellar tidal streams with mass-less particles [START_REF] Küpper | More on the structure of tidal tails[END_REF][START_REF] Varghese | Stellar streams as probes of dark halo mass and morphology: a Bayesian reconstruction[END_REF], and 4) action-angle methods that make use of the properties of streams in action-angle space rather than in the conventional 6D phase-space [START_REF] Bovy | The Shape of the Inner Milky Way Halo from Observations of the Pal 5 and GD-1 Stellar Streams[END_REF][START_REF] Eyre | Locating the orbits delineated by tidal streams[END_REF].

In the cases where stellar streams vividly exhibit two tidal arms emerging out of the progenitor cluster at slightly different energies and angular momenta (like the Palomar 5 stream [START_REF] Ibata | Feeling the Pull: a Study of Natural Galactic Accelerometers. I. Photometry of the Delicate Stellar Stream of the Palomar 5 Globular Cluster[END_REF][START_REF] Rockosi | A Matched-Filter Analysis of the Tidal Tails of the Globular Cluster[END_REF]), it is ideal to undertake a particle-spray approach or N-body simulation to allow for more realistic modelling [START_REF] Küpper | Globular Cluster Streams as Galactic High-Precision Scalesmdashthe Poster Child Palomar[END_REF][START_REF] Thomas | Exploring the reality of density substructures in the Palomar 5 stellar stream[END_REF]. However, GD-1 is observed to be a narrow linear stream structure that lacks any obvious twin tidal arm features, and to date suggestions of the location of the progenitor's remnant are not completely convincing [START_REF] De Boer | A deeper look at the GD1 stream: density variations and wiggles[END_REF][START_REF] Malhan | STREAMFINDER II: A possible fanning structure parallel to the GD-1 stream in Pan-STARRS[END_REF][START_REF] Price-Whelan | Off the beaten path: Gaia reveals GD-1 stars outside of the main stream[END_REF]. Therefore, given the narrow and simple structure of GD-1 (see Figure 6.1), this stream was chosen to be modelled with an orbit fitting procedure.

6.2. DATA

Data

The selection of the sample of GD-1 member stars was extracted from the output of the ❙❚|❊❆▼❋■◆❉❊| algorithm [START_REF] Streamfinder -I | A new algorithm for detecting stellar streams[END_REF][START_REF] Malhan | STREAMFINDER II: A possible fanning structure parallel to the GD-1 stream in Pan-STARRS[END_REF][START_REF] Malhan | Ghostly Tributaries to the Milky Way: Charting the Halo's Stellar Streams with the Gaia DR2 catalogue[END_REF], obtained from processing the Gaia DR2 dataset [START_REF] Gaia Collaboration | Gaia Data Release 2: Observational Hertzsprung-Russell diagrams[END_REF][START_REF] Collaboration | Gaia data release 2. summary of the contents and survey properties[END_REF][START_REF] Gaia Collaboration | Gaia Data Release 2: Kinematics of globular clusters and dwarf galaxies around the Milky Way[END_REF], after adopting a Single Stellar population (SSP) template model of ([Fe/H], Age) = (-2.2, 10 Gyr).

The corresponding stream map is shown in Figure 6.1, where all sources have a significance of > 5σ of belonging to a stellar stream, as estimated by the algorithm. In this map, the 70 • long GD-1 stream stands out strikingly from the background contaminating stars.

This GD-1 sample was then cross-matched with the SDSS/SEGUE dataset [START_REF] Yanny | [END_REF] in order to obtain their line-of-sight (los) velocities (v los ) that were missing in Gaia DR2 1 , for which only a tiny fraction of positive matches were found. After rejecting the outliers, the resulting sample consisted of 403 high confidence GD-1 stars in which all the stars possessed 5D astrometric measurements and only 31 had additional v los measurements. For the stars without SEGUE measurements, they were assigned v los = 0 and respective uncertainties of δv los = 600 km s -1 were assumed (equivalent to the escape velocity from the Milky Way [START_REF]The RAVE survey: constraining the local Galactic escape speed[END_REF]).

Method

❣❛•♣② module 2 [16] was used for the purpose of setting the Galactic potential models and for the orbit calculations. Two Milky Way potential models were studied, both of them consisting of a bulge, a disk and a dark-matter halo. Such a 3 component parameterization reproduces the main mass components of the Milky Way, that also has been a common choice in previous stream dynamical studies done on the Sagittarius, GD-1 and Pal-5 streams [START_REF] Koposov | Constraining the Milky Way Potential with a Six-Dimensional Phase-Space Map of the GD-1 Stellar Stream[END_REF][START_REF] Küpper | Globular Cluster Streams as Galactic High-Precision Scalesmdashthe Poster Child Palomar[END_REF][START_REF] Law | The Sagittarius Dwarf Galaxy: A Model for Evolution in a Triaxial Milky Way Halo[END_REF]. The two parameters of the potential that were explored in both the cases were the circular velocity at the solar radius V circ (R ⊙ ) and z-flattening parameter of the dark matter halo q ρ .

Logarithmic halo potential

In this first case, the bulge was represented by a Hernquist potential, the disk by a Miyamoto-Nagai potential [START_REF] Miyamoto | Three-dimensional models for the distribution of mass in galaxies[END_REF] and the dark-matter halo model, that was intended to be studied, by a logarithmic potential given as :

(6.1) Φ h (x, y, z) = V 2 h 2 ln x 2 + y 2 + z 2 q 2 Φ + d 2 ,
with V h as the circular velocity of the halo in the limit r >> d and q Φ as the z-flattening of the potential. The total Galactic potential Φ(x, y, z) sets the value of the circular velocity at the solar radius V circ (R ⊙ ).

1 Gaia DR provides line of sight velocities only for stars with G < 12

2 ❤tt♣✿✴✴❣✐t❤✉❜✳❝♦♠✴•♦❜♦✈②✴❣❛•♣②

CHAPTER 6. CONSTRAINING THE POTENTIAL OF THE MILKY WAY GALAXY WITH GD-1 STREAM

The scheme used for the orbit fitting and parameter exploration was straightforward. The (V circ (R ⊙ ), q Φ ) parameter space was first gridded in bins of 4 km s -1 × 0.04. The orbit fitting for a given value of (V circ (R ⊙ ), q Φ ) was done as follows. A 6D phase-space starting point is required to integrate an orbit. Without loss of generality, δ = 39 • was fixed as a starting point of the orbit (the δ = 39 • line passes close to the mid point of the GD-1 stream), and α, ̟, µ α , µ δ , v los were left as free parameters to be explored by a Markov Chain Monte Carlo (MCMC) algorithm. Every starting 6-D phase-space point was integrated into an orbit, that was then compared with the data in the 6D observable space (α, δ, π, µ α , µ δ , v los ) in order to find the best orbit corresponding to the highest log-likelihood value for the given set of (V circ (R ⊙ ), q Φ ). For every potential Φ(x, y, z|V circ (R ⊙ ), q Φ ), the best fit orbit was found and the corresponding log-likelihood was assigned to the (V circ (R ⊙ ), q Φ ) bin.

For this case, the likelihood surface was found to be well behaved and peaked at the value (V circ (R ⊙ ), q Φ ) = (238 +14 -4 km s -1 , 0.89 +0.05 -0.03 ) (see Figure 3 in the paper attached). Using the approximation 1 -q ρ ≈ 3(1 -q Φ ) [START_REF] Binney | Galactic Dynamics: Second Edition[END_REF], that is valid for moderate flattening, the best value corresponded to the parameter set (V circ (R ⊙ ), q ρ ) = (238 +14 -4 km s -1 , 0.67 +0.04 -0.02 ). This resulting value of V circ (R ⊙ ) = 238 +14 -4 km s -1 was found to be consistent with various previous independent studies [START_REF] Koposov | Constraining the Milky Way Potential with a Six-Dimensional Phase-Space Map of the GD-1 Stellar Stream[END_REF][START_REF] Küpper | Globular Cluster Streams as Galactic High-Precision Scalesmdashthe Poster Child Palomar[END_REF][START_REF] Mcmillan | Mass models of the Milky Way[END_REF][START_REF] Reid | Trigonometric Parallaxes of High Mass Star Forming Regions: The Structure and Kinematics of the Milky Way[END_REF]. However, the resulting rotation curve severely overestimated the Milky Way's mass at large radius.

NFW halo profile

To overcome the limitations of the simple logarithmic halo model, the previous analysis was repeated but this time using a Navarro-Frenk-White (NFW) halo model [START_REF]A Universal Density Profile from Hierarchical Clustering[END_REF], which was also motivated by cosmological simulations (as also pointed out in Chapter 1).

To this end, the bulge was modelled as a power-law density profile, the disk by a Miyamoto-Nagai potential and the dark-matter halo model by an axisymmetric NFW profile given as:

(6.2) ρ h (x, y, z) = M vir 4πr 3 s 1 (m/r s )(1 + m/r s ) 2 , where (6.3) m = x 2 + y 2 (b h /a h ) 2 + z 2 (c h /a h ) 2 .
An axisymmetric NFW profile was modelled by setting a h , b h = 1, and c h (≡ q ρ , i.e. the z-flattening of the density) along with V circ (R ⊙ ) parameters were explored. Figure 6.2 presents the resulting contour plot of the parameter exploration and the comparison between the data and the best-fit orbit. This time, the best values were obtained as (V circ (R ⊙ ), q ρ ) = (244 +6 -2 km s -1 , 0.86 +0.04 -0.07 ), thereby placing tight constraints on the circular velocity at the Solar radius and the shape of the dark matter halo assuming this model potential. It was also noted that this halo flattening was significantly different to the one that was obtained with the logarithmic 92 6.4. RESULTS AND DISCUSSIONS halo model. Using the same approximation as before, it was found that q Φ = 0.95 +0.04 -0.08 . The resulting Milky Way rotation curve also matched the expectations for the circular velocity in the outer regions of the Galaxy reasonably well.

Results and Discussions

Two different Galactic potential models were studied by employing dynamical analysis of the GD-1 stream. Both of these potential models were 3 component models comprising a bulge, a disk and a dark matter halo.

In the first case, the bulge, disk and halo were modelled with Hernquist, Miyamoto-Nagai and logarithmic profiles respectively. In this case, the potential parameter values were estimated as (V circ (R ⊙ ), q ρ ) = (238 +14 -4 km s -1 , 0.67 +0.04 -0.02 ). While providing a useful comparison to some previous studies (for e.g., [START_REF] Koposov | Constraining the Milky Way Potential with a Six-Dimensional Phase-Space Map of the GD-1 Stellar Stream[END_REF]), this model was disfavoured as it was not motivated by cosmological simulations.

The second potential model that was then examined comprised a bulge, a disk and a halo, modelled with a power-law, Miyamoto-Nagai and axisymmetric NFW profile respectively. This time, the parameter values were measured as (V circ (R ⊙ ), q ρ ) = (244 +6 -2 km s -1 , 0.86 +0.04 -0.07 ). This estimate of the V circ (R ⊙ ) value was found to be in excellent agreement with those obtained by other authors based on different [START_REF] Mcmillan | Mass models of the Milky Way[END_REF][START_REF] Reid | Trigonometric Parallaxes of High Mass Star Forming Regions: The Structure and Kinematics of the Milky Way[END_REF] and similar [START_REF] Küpper | Globular Cluster Streams as Galactic High-Precision Scalesmdashthe Poster Child Palomar[END_REF] approaches. As for q ρ result, it was found to be consistent with one of the previous results that also employed dynamical analysis of the GD-1 stream [START_REF] Bovy | The Shape of the Inner Milky Way Halo from Observations of the Pal 5 and GD-1 Stellar Streams[END_REF], however being in tensions with another one [START_REF] Koposov | Constraining the Milky Way Potential with a Six-Dimensional Phase-Space Map of the GD-1 Stellar Stream[END_REF]. Also, this q ρ result was found to be inconsistent with a recent measurement where a prolate halo solutions with q ρ = 1.3 ± 0.25 was favoured based on analysis of globular clusters [START_REF] Posti | Mass and shape of the Milky Way's dark matter halo with globular clusters from Gaia and Hubble[END_REF].

With this second model, the mass of the Milky Way in the inner 14.5 kpc, the mean Galactocentric distance of GD-1, was estimated to be M MW (< 14.5 kpc) = 1.75 +0.06 -0.05 × 10 11 M ⊙ . Extrapolating out slightly to R = 20 kpc, it was found that M MW (< 20 kpc) = 2.14±0.07×10 11 M ⊙ . This value was found to be consistent with those obtained based on analysis of globular clusters based on Gaia DR2 kinematics [START_REF] Posti | Mass and shape of the Milky Way's dark matter halo with globular clusters from Gaia and Hubble[END_REF][START_REF] Watkins | Evidence for an Intermediate-Mass Milky Way from Gaia DR2 Halo Globular Cluster Motions[END_REF], and also with previous studies of Pal 5 stream [START_REF] Küpper | Globular Cluster Streams as Galactic High-Precision Scalesmdashthe Poster Child Palomar[END_REF]. The agreement between these studies with different approaches and different dynamical tracers suggests that the mass in the inner regions of the halo is beginning to be understood. However, these results are dependent on the models and associated parameters that have been assumed in the various studies, and in particular the corresponding uncertainties have to be interpreted with care.

Gaia's well measured proper motions were also used in order to measure, for the first time, the internal velocity dispersion of the GD-1 stream stars. Although, no useful constraints could be put on the line of sight dispersion component due to the large uncertainties in the SEGUE radial velocity measurements, but strong limits on the tangential (2D) velocity dispersion were placed that was found as σ v T int < 1.25 km s -1 at the 90% confidence level. In addition to indicating that GD-1 is an extremely dynamically cold system and indeed the remnant of a globular cluster, such The tuple of best-fit parameters (V circ (R ⊙ ), q ρ ) = (244 +6 -2 km s -1 , 0.86 +0.04 -0.07 ) is marked with a cross, while the black dashed contours show the 1σ, 2σ, 3σ confidence regions. Lower panels : The data-model comparison for the best-fit orbit, which is shown with black dashed curves while the data is represented by colored points accompanied with the associated error bars. The light colored vertical red streaks in the los velocity plot correspond to data points that were missing v los measurements. a low velocity dispersion also suggests that so far GD-1 has not suffered significant external heating, due to interactions with the disk, bar, or any halo substructures in the Milky Way.
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INTRODUCTION

The mass density profile and spatial distribution of the dark matter halo around the Milky Way galaxy are of great astrophysical and cosmological importance, but observationally they have been very hard to pin down. In recent years a wide range of solutions for the shape of the dark matter halo have been found, from close to spherical (Ibata et al. 2001;Küpper et al. 2015), oblate or prolate (Law et al. 2005;Helmi 2004), to triaxial (Law & Majewski 2010). The disparities have persisted in part due to a lack of good quality tangential velocity measurements and distance estimates of halo tracer stars. This situation now looks set to change thanks to the excellent ESA/Gaia data that has recently been made available to the astronomical community (Gaia Collaboration et al. 2016Collaboration et al. , 2018a,b,c),b,c).

Various methods have been employed to constrain the mass distribution of the Milky Way galaxy. These include analyses based on the rotation curve of the Galaxy (Sofue 2012), Jeans analyses that assume dynamical equilibrium of some tracer population to constrain the gravitational force field [START_REF] Loebman | The Milky Way Tomography with Sloan Digital Sky Survey[END_REF]Bowden et al. 2016;Diakogiannis et al. 2017;Read & Steger 2017), orbital analyses of satellites (Watkins et al. 2018a;Fritz et al. 2018), and distribution function analyses (Posti & Helmi 2018). However, ⋆ E-mail: khyati.malhan@astro.unistra.fr † E-mail: rodrigo.ibata@astro.unistra.fr many recent studies have turned to using stellar streams as dynamical probes (Ibata et al. 2001;Helmi 2004;Koposov et al. 2010;Law & Majewski 2010;Küpper et al. 2015;Bovy et al. 2016).

Stellar streams are structures that are formed via the tidal disruption of globular clusters or dwarf galaxies as they orbit around their host galaxy (Johnston 1998;Helmi & White 1999). In the low mass limit, the track traced by a stream closely delineates an orbit (Dehnen et al. 2004;Eyre & Binney 2011), and this orbital property can be exploited to constrain the underlying gravitational potential and the dark matter distribution, especially in the Milky Way where accurate measurements of the kinematic and distances of stars are available (Ibata et al. 2001;Koposov et al. 2010;Newberg et al. 2010;Varghese et al. 2011;Küpper et al. 2015;Bovy et al. 2016). Now with the arrival of the second data release (DR2) of the ESA/Gaia mission (de Bruijne 2012; Gaia Collaboration et al. 2018a;Lindegren, L. et al. 2018), which has provided a huge leap in the quality of phase-space information of streams in the Milky Way, we may re-appraise the constraints provided by these structures.

In this contribution we make use of the GD-1 stellar stream (discovered by Grillmair & Dionatos 2006) to probe the the Milky Way's gravitational potential. The GD-1 stream has been used before for a similar purpose (Koposov et al. 2010;Bovy et al. 2016). Situated at an intermediate halo distance (d⊙ ∼ 8 kpc), this vastly extended pen- This paper is arranged as follows. In Section 2 we describe the selection criteria that were applied to the original Gaia data in order to select the GD-1 stream stars. Section 3 details the different potential models that we employ in our analysis and the resulting parametric constraints. In Section 4 we measure the internal velocity dispersion of the GD-1 stream. Finally in Section 5 we discuss our results and draw our conclusions.

DATA

The selection of our sample of GD-1 member stars was extracted from the output of the STREAMFINDER algorithm (Malhan & Ibata 2018;Malhan et al. 2018a,b), obtained from processing the Gaia DR2 dataset (Gaia Collaboration et al. 2018a;Luri, Xavier et al. 2018), after adopting a Single Stellar population (SSP) template model of ([Fe/H], Age) = (-2.2, 10 Gyr). The corresponding stream map is shown in Figure 1, where all sources have a significance of > 5σ of belonging to a stellar stream, as estimated by the algorithm. In addition to several stream structures detected around the Galactic anti-centre region (and which will be discussed in a future contribution), the algorithm detects the GD-1 stream which stands out strikingly from the background contaminating stars. Here, our algorithm detected the GD-1 stream as a ∼ 70 • long structure (but see Price-Whelan & Bonaca 2018 where they report it to be ∼ 80 • in length). Although the STREAMFINDER detects streams by looking along orbits integrated in an assumed Galactic potential model, we have shown (Malhan & Ibata 2018) that the stream detection itself is rather independent of the potential model, as long as a reasonably realistic Galactic mass model is used.

We then drew a generous ∼ 5 • wide irregular polygon around the GD-1 structure in this map. This selection yielded 438 potential GD-1 stars that appear highly coherent in position, proper motion and color-magnitude space. These stars were cross-matched with the SDSS/SEGUE dataset (Yanny et al. 2009) in order to obtain their line-of-sight (los) velocities (v los ) that are missing in Gaia DR2 1 . A total of 60 GD-1 candidate members yielded positive cross-matches with SEGUE, from which we obtained v los and metallicity ([Fe/H]) measurements. For the stars without SEGUE measurements, we assign v los = 0, and [Fe/H] = 0, and assume respective uncertainties of δv los = 600 km s -1 (equivalent to the escape velocity from the Milky Way, [START_REF] Smith | The RAVE survey: constraining the local Galactic escape speed[END_REF] and δ[F e/H] = 10 dex.

The dataset was cleaned by rejecting 3σ outliers in parallax and [Fe/H]. To reject the outliers in parallax, we used the STREAMFINDER distance solutions as the distance model values 2 that match quite well with the photometric distance 1 Gaia DR provides line of sight velocities only for stars with G < 12 2 As explained in Malhan & Ibata (2018), STREAMFINDER obtains MNRAS 000, 1-11 (2018) Constraining the MW halo potential 3 values that have been previously reported for GD-1 stars (Grillmair & Dionatos 2006;Koposov et al. 2010). The iterative 3σ clipping in [Fe/H] converged on a mean value of [Fe/H]o = -2.25. After rejecting the outliers, the resulting sample consisted of 403 high confidence GD-1 stars in which all the stars possessed 5D astrometric measurements and only 31 had additional v los and [Fe/H] values. This GD-1 sample is represented in Figure 2. We find the GD-1 stream to be an extremely metal poor halo substructure, having a mean metallicity of [Fe/H] = -2.25 ± 0.04, consistent with previous studies (Li et al. 2017;Huang et al. 2018). The spatial, kinematical and chemical properties of the GD-1 stream are tabulated in Table 1. We refer to this GD-1 sample as sample-1.

CONSTRAINING THE MILKY WAY HALO POTENTIAL

Stellar streams of low mass progenitors closely follow orbits (Dehnen et al. 2004;Eyre & Binney 2011) and hence their orbital properties are often exploited to constrain the underlying gravitational potential. Different methods of stream dynamical analysis have been developed, including (1) the orbit-fitting procedure where orbits are integrated in different potential models and are then compared to stream data (Koposov et al. 2010;Newberg et al. 2010), ( 2) the N-body simulation procedure where N-body simulation particles are compared with the data (Law & Majewski 2010;Thomas et al. 2016), ( 3) the particle-spray modelling that models stellar tidal streams with massless particles (Varghese et al. 2011;Küpper et al. 2012), and ( 4) action-angle methods that make use of the properties of streams in action-angle space rather than in the conventional 6D phase-space (Eyre & Binney 2009;Bovy et al. 2016).

In the cases where stellar streams vividly exhibit 2 tidal arms emerging out of the progenitor cluster at slightly different energies and angular momenta (like the Palomar 5 stream, [START_REF] Rockosi | A Matched-Filter Analysis of the Tidal Tails of the Globular Cluster[END_REF]Ibata et al. 2016), it is ideal to undertake a particle-spray approach or N-body simulation to allow for more realistic modelling (Küpper et al. 2015;Thomas et al. 2016). However, GD-1 is observed to be a narrow linear stream structure that lacks any obvious twin tidal arm features, and to date suggestions of the location of the progenitor's remnant are not completely convincing (de Boer et al. 2018;Malhan et al. 2018a;Price-Whelan & Bonaca 2018). Therefore, given the narrow and simple structure of GD-1 (as can be seen in Figure 2a), we chose to model this stream with an orbit fitting procedure.

We make use of the galpy module 3 (Bovy 2015) for the purpose of setting the Galactic potential models and for the orbit calculations. We discuss two Milky Way potential models, both of them consisting of a bulge, a disk and a dark-matter halo. Such a 3 component parameterization reproduces the main mass components of the Milky Way, and has been a common choice in previous stream dynamical studies done by Law & Majewski (2010), Koposov et al. distance solutions for every processed star based on the chosen SSP model. 3 http://github.com/jobovy/galpy (2010) and Küpper et al. (2015) on the Sagittarius, GD-1 and Pal-5 streams respectively.

Logarithmic Halo Potential

In this first case, we represent the bulge by a Hernquist potential that is initialized as HernquistPotential in galpy and is expressed as:

ρ b (r) = 1 4πa 3 GM b (r/a)(1 + r/a) 3 , (1) 
the disk is represented by a Miyamoto-Nagai potential (Miyamoto & Nagai 1975) initialized by MiyamotoNagaiPotential and expressed as:

Φ d (R, z) = - GM d R 2 + (b + √ z 2 + c 2 ) 2 , ( 2 
)
and the dark-matter halo model, that we intend to study here, was represented by a logarithmic potential (LogarithmicHaloPotential) given by: 2015) and the values for the remaining parameters were taken from Koposov et al. (2010). This leaves (V h , qΦ) as the free parameters of the halo and hence of the total gravitational potential model of the Galaxy. V h is the circular velocity of the halo in the limit r >> d and qΦ is the z-flattening parameter of the potential that defines the ellipticity (i.e. oblateness or prolateness) of the dark-matter halo. Logarithmic potentials are simplistic potential models that exhibit some of the dynamical properties of the halos of disk galaxies (in particular, their approximately flat rotation curves). Therefore, in this first case we chose to work with this simple model that was also previously employed in the kinematic modelling of GD-1 by Koposov et al. (2010). The scheme used for the orbit fitting and parameter exploration is straightforward. We first grid the (V h , qΦ) parameter space ranging from V h = [START_REF]The Dark Energy Survey[END_REF]360] km s -1 and qΦ = [0. 65, 1.25]. V h is a parameter associated only with the halo component. In the plots below we decided to show instead the corresponding circular velocity at the Solar radius, Vcirc(R⊙), which is a directly-measurable quantity that emerges from the total Galactic potential. We grid our parameter space in bins of 4 km s -1 × 0.04.

Φ h (x, y, z) = V 2 h 2 ln x 2 + y 2 + z 2 q 2 Φ + d 2 , (3) 
The orbit fitting for a given value of (Vcirc(R⊙), qΦ) was done as follows. A 6D phase-space starting point is required to integrate an orbit. Without loss of generality, we fixed δ = 39 • as a starting point of the orbit (the δ = 39 • line passes close to the mid point of the GD-1 stream), and left α, ̟, µα, µ δ , v los as free parameters to be explored by a Markov Chain Monte Carlo (MCMC) algorithm. Every starting 6-D phase-space point was integrated into an orbit that was then compared with the data, defined as sample-1 in Section 2, in the 6D observable space (α, δ, ̟, µα, µ δ , v los ) in order to find the best orbit corresponding to the highest log-likelihood value for the given set of (Vcirc(R⊙), qΦ).

To account for possible contamination in sample-1, we adopted the "conservative formulation" of [START_REF] Sivia | Data Analysis: A Bayesian Tutorial[END_REF] which involves a modification of the log-likelihood equation that lowers the contribution from outliers to the likelihood. The log-likelihood for each datum i is given by: ln Li = -ln (2π) 5/2 σ sky σµ l σµ b σ̟σv los + ln N -ln D, [START_REF] Bahcall And R | The universe at faint magnitudes. I -Models for the galaxy and the predicted star counts[END_REF] where

N = 5 j=1 (1 -e -R 2 j /2 ) , D = 5 j=1 R 2 j , R 2 1 = ω 2 sky σ 2 sky , R 2 2 = (µ l,d -µ l,o ) 2 σ 2 µ l , R 3 3 = (µ b,d -µ b,o ) 2 σ 2 µ b , R 4 4 = (̟ d -̟o) 2 σ 2 ̟ , R 2 5 = (v los,d -v los,o ) 2 σ 2 v los . (5) 
Here, ω sky is the angular difference between the orbit and the data point, µ l,d , µ b,d , ̟ d and v los, d are the observed proper motion, parallaxes and los velocities, and the corresponding orbital model values are marked with the subscript 'o ′ . The Gaussian dispersions σ sky , σµ l , σµ b , σ̟, σv los are the convolution of the intrinsic dispersion of the model together with the observational uncertainty of each data point. The products N and D are over the 5 terms as written in the above equation for every phase-space dimension. Finally, the full log-likelihood used in the comparison of the model to the data is then:

ln L = i ln Li . (6) 
Conversion from Galactocentric coordinates to Heliocentric observables was done by assuming that the Sun is situated at a distance of R⊙ = 8.20 kpc from the Galactic centre, and we set the Sun's peculiar velocity to be (9.0, 15.2, 7.0) km s -1 (Schönrich et al. 2010;[START_REF] Reid | Trigonometric Parallaxes of High Mass Star Forming Regions: The Structure and Kinematics of the Milky Way[END_REF].

For every potential Φ(x, y, z|Vcirc(R⊙), qΦ), the best fit orbit was found and the corresponding log-likelihood was assigned to the (Vcirc(R⊙), qΦ) bin. Figure 3 presents the resulting contour plot of the parameter exploration and the comparison between the data and the best fit orbit. We find that the likelihood surface is well behaved and peaks at the value (Vcirc(R⊙), qΦ) = (238 +14 -4 km s -1 , 0.89 +0.05 -0.03 ). Using the approximation 1-qρ ≈ 3(1-qΦ) (Binney & Tremaine 2008), that is valid for moderate flattening, the best value corresponds to the parameter set (Vcirc(R⊙), qρ) = (238 +14 -4 km s -1 , 0.67 +0.04 -0.02 ). The resulting value of Vcirc(R⊙) = 238 +14 -4 km s -1 is consistent with various previous independent studies [START_REF] Mcmillan | Mass models of the Milky Way[END_REF][START_REF] Reid | Trigonometric Parallaxes of High Mass Star Forming Regions: The Structure and Kinematics of the Milky Way[END_REF]Küpper et al. 2015;Koposov et al. 2010). However, the resulting rotation curve (shown in Figure 4 with the black dashed curve) severely overestimates the mass at large radius (see Figure 13 of Küpper et al. 2015 and references therein for comparison). 

NFW Halo Profile

To overcome the limitations of the simple logarithmic halo model, we decided to repeat the previous analysis but now using a Navarro-Frenk-White (NFW) halo model, which is motivated by cosmological simulations (Navarro et al. 1997).

To this end, we chose to use the MWPotential2014 Galactic potential model of Bovy (2015), but with a slightly different halo component.

We model the bulge and the disk exactly as they are prescribed in MWPotential2014 (Bovy 2015). The bulge is modelled as a power-law density profile (with an exponential cut-off) and is expressed as:

ρ b (r) = ρ bo r1 r α e -(r/rc) 2 , (7) 
with power-law exponent α = -1.8 and cut-off radius rc = 1.9 kpc. The disk is modelled by a Miyamoto-Nagai disk potential, just like in the previous case, only this time setting b and c to the values 3.0 kpc and 0.28 kpc respectively. We describe the dark-matter halo by an axisymmetric NFW profile, instead of a simple spherical NFW profile that is used in MWPotential2014, given by:

ρ h (x, y, z) = Mvir 4πr 3 s 1 (m/rs)(1 + m/rs) 2 , (8) 
where

m = x 2 + y 2 (b h /a h ) 2 + z 2 (c h /a h ) 2 . ( 9 
)
The ratios between a h , b h , c h set the triaxiality of the dark matter halo. For the NFW halo we adopted the default values for rs = 16.0 kpc, as described in Bovy (2015), and set a h , b h = 1 forcing the halo to be axisymmetric, and aligned with the symmetry axis of the disk. We henceforth explore c h (≡ qρ, i.e. the z-flattening of the density) and the circular velocity at the Solar radius Vcirc(R⊙). MWPotential2014 sets the relative contribution from the bulge, the disk and the halo as (f b , f d , f h ) = (0.05, 0.60, 0.35) that internally normalizes the Vcirc(R⊙ = 8 kpc) to 220 km s -1 , and hence sets Mvir (as well as the total masses of the bulge and disk).

As we probe different Vcirc(R⊙) values, we vary the three components in lock-step so as to maintain the same relative fractions of 0.05, 0.60, 0.35 for the bulge, the disk and the halo respectively.

We make use of the previous analysis with the loga-rithmic halo model from Section 3.1 to improve the sample selection. This was done by rejecting those stars that lie beyond 5σ from the best orbit model in any of the observed parameters. In this way we retained 372 out of the 403 stars from sample-1 and we refer to this data set as sample-2. Now that we hold highly probable GD-1 stars, we employ the usual likelihood function, which for each datum i is ex- pressed as:

ln Li = -ln(σ sky σµ l σµ b σ̟σv r ) - 1 2 ω 2 sky σ 2 sky + (µ l,d -µ l,o ) 2 σ 2 µ l + (µ b,d -µ b,o ) 2 σ 2 µ b + (̟ d -̟o) 2 σ 2 ̟ + (v los,d -v los,o ) 2 σ 2 v los , (10) 
where the terms hold the same meaning as previously defined.

Figure 5 presents the resulting contour plot of the parameter exploration and the comparison between the data and the best-fit orbit. Here, we obtain as best values (Vcirc(R⊙), qρ) = (244 +6 -2 km s -1 , 0.86 +0.04 -0.07 ), thereby placing tight constraints on the circular velocity at the Solar radius and the shape of the dark matter halo assuming this model potential. However, note that the halo flattening is significantly different to that obtained previously with the logarithmic halo model. Using the same approximation as before, we find qΦ = 0.95 +0.04 -0.08 . This value of the potential flattening matches exactly the value found by Bovy et al. (2016) at the location of the GD-1 stream.

The resulting Milky Way rotation curve corresponding to (Vcirc(R⊙), qρ) = (244 km s -1 , 0.86) is shown in Figure 6, which matches expectations for the circular velocity in the outer regions of the Galaxy reasonably well (see Figure 13 of Küpper et al. 2015 and references therein). The corresponding mass inside of 14.5 kpc, the mean Galactocentric distance of our GD-1 sample, is MMW(R < 14.5 kpc) = 1.75 +0.06 -0.05 × 10 11 M⊙.

The orbital trajectory of the best-fit orbit is shown in Figure 7, integrated over a period of 3 Gyr in the best-fit potential model. The orbit of GD-1 appears to be looplike and is strongly retrograde, possessing an apocenter at rapo = 26.7 kpc, a pericenter at rperi = 14.2 kpc, a maximum height from the Galactic plane of zmax = 16.8 kpc and an eccentricity of e = 0.3 (these values are also tabulated in Table 1).

VELOCITY DISPERSION OF THE GD-1 STREAM

We took advantage of the excellent proper motion measurements in Gaia to estimate, for the first time, the internal velocity dispersion of the GD-1 stream. The very fine pencilline track of the GD-1 structure extending > ∼ 70 • over the sky suggests that the stream must be dynamically cold and hence is possibly a remnant of some globular cluster. We test this hypothesis here.

For an isotropic system, the internal velocity dispersion σint can be expressed as sum of its components as:

σ 2 int = σ 2 v T int + σ 2 v los int , (11) 
where σv T int and σv los int are, respectively, the tangential and the radial components of the velocity dispersion. Had we possessed the 3D velocities for all the stars in our GD-1 sample, equation 11 would have served for the estimation of the velocity dispersion. However, as was pointed out previously, all the stars in the dataset contain proper motion measurements, but only a small fraction of them additionally possess los velocity measurements. So in order to maximise the statistics, we decided to estimate the σv T int and σv los int independently. We use sample-2 and the best-fit orbit (obtained in Section 3.2) as our model. The log-likelihood functions are taken to be:

ln L1 = data -ln(σ v T obs ) - 1 2 v m T -v d T σ v T obs 2 ln L2 = data -ln(σ v los obs ) - 1 2 v m los -v d los σ v los obs 2 , (12) 
where v d T is the observed tangential velocity of the data calculated by multiplying the orbit model distance with the proper motion measurement, and v d los is the observed radial velocity. The corresponding orbital model values are marked with superscript 'm'. The Gaussian dispersions σ v T obs and σ v los obs are the convolution of the intrinsic dispersion of the model together with the observational uncertainty of each data point (σ 2 obs = σ 2 int + δ 2 i , with δi being the measured uncertainty of the data).

A Markov chain Monte Carlo algorithm was used to survey the parameter space of σv T int and σv los int. The resulting distribution is shown in Figure 8. In the direction tangential to the line of sight, we find σv T int < 1.25 km s -1 (at the 90% confidence level), whereas in the line of sight direction, we obtain σv los int = 15.08 +2. 25 -1.90 km s -1 . The value of σv T int clearly shows that the GD-1 stream system is dynamically extremely cold and is a remnant of some very low mass system (such as a globular cluster). The much higher value of σv los int suggests that the observational uncertainties of these stars in the SEGUE survey are underestimated, but note that the average velocity uncertainty of 8 km s -1 greatly exceeds the internal velocity dispersion (assuming that in reality the intrinsic line of sight and tangential velocity dispersions have similar value).

DISCUSSION AND CONCLUSIONS

In this contribution we probe the underlying gravitational potential of the Milky Way by fitting the orbital path of the GD-1 stream (Grillmair & Dionatos 2006) in different Bovy et al. (2016), where they obtain qρ = 0.86 ± 0.04 (our conversion from q φ to qρ). However, there are tensions with a similar GD-1 analysis by Koposov et al. (2010), who found an oblate halo fit with qρ = 0.61 +0.05 -0.03 (our conversion from q φ to qρ), and also with the recent measurement by Posti & Helmi (2018) who find prolate halo solutions with qρ = 1.3 ± 0.25, based on an analysis of globular clusters.

With our model we estimate the mass of the Milky Way in the inner 14.5 kpc, the mean Galactocentric distance of GD-1, to be MMW(< 14.5 kpc) = 1.75 +0.06 -0.05 × 10 11 M⊙. Extrapolating out slightly to R = 20 kpc (which is still well within the orbit of GD-1, as shown in Figure 7), we find MMW(< 20 kpc) = 2.14 ± 0.07 × 10 11 M⊙. This value is consistent with the recent findings of Posti & Helmi (2018) who obtain MMW(< 20 kpc) = 1.91 +0.17 -0.15 × 10 11 M⊙, it is similar to the value derived from an analysis of globular cluster motions in Gaia DR2 by Watkins et al. (2018b) of MMW(< 21.1 kpc) = 2.2 +0. 4 -0.3 × 10 11 M⊙, and it is consistent with the analysis of Küpper et al. (2015), who find MMW(< 19 kpc) = 2.1 ± 0.4 × 10 11 M⊙ from the phasespace structure of the Palomar 5 stream. The agreement between these studies with different approaches and different dynamical tracers suggests that the mass in the inner regions of the halo is beginning to be understood, although the extra-planar distribution (i.e. what is often modelled as an ellipsoidal "flattening") is still quite uncertain. Nevertheless, these results are dependent on the models and associated parameters that have been assumed in the various studies, and in particular the corresponding uncertainties have to be interpreted with care.

We used the well-measured Gaia proper motions in order to measure, for the first time, the internal velocity dispersion of the GD-1 stream stars. Although we could not put useful constraints on the line of sight dispersion component due to the large uncertainties in the SEGUE ra-dial velocity measurements, we could place strong limits on the tangential (2D) velocity dispersion, which we find to be σv T int < 1.25 km s -1 at the 90% confidence level. In addition to indicating that GD-1 is an extremely dynamically cold system and indeed the remnant of a globular cluster, such a low velocity dispersion also suggests that so far GD-1 has not suffered significant external heating, due to interactions with the disk, bar, or any halo substructures in the Milky Way.

Thanks to Gaia's remarkably precise proper motion measurements, we were able to obtain tight constraints on the Milky Way's (Vcirc(R⊙), qρ) parameters by analysing only a single stream structure. However, the solutions are model-dependent, and so it will be useful to readdress this problem with improved Milky Way models once the mass distribution in the disk and bulge are better constrained from future Gaia studies. A further caveat is that our analysis is based on the assumption that GD-1 perfectly delineates an orbit through the Galaxy; this is only an approximation, and the influence of the assumption should be reassessed with N-body simulations once the position of the progenitor remnant is securely known. It is likely that armed with Gaia's unprecedentedly accurate proper motions, performing similar analyses with an ensemble of streams will ultimately unleash the full power of tidal streams, possibly providing much improved constraints on the underlying potential and dark matter density of the Milky Way halo, that can then be extrapolated out to larger Galactic radii with more confidence.

Introduction

Apart from constraining the potential of the Milky Way, orbital structures of stellar streams can be exploited even to constrain the fundamental parameters of the Galaxy. This is something that was explored as well as a part of this thesis work. Since all the astronomical and cosmological observations are taken from the Sun's frame of reference (heliocentric frame), it is fundamentally important to obtain best estimates of Sun's galactocentric distance R ⊙ and the Galactic velocity V ⊙ (= V circ ŷ + V p⊙ ; V p⊙ is the Sun's peculiar velocity vector). The knowledge of V ⊙ is required to transform any observed heliocentric velocity into the Galactic frame. This is necessary, for instance, for scientific interpretation when studying Galactic dynamics or for correcting the motion of many extragalactic systems (see, e.g., [START_REF] Salomon | The transverse velocity of the Andromeda system, derived from the M31 satellite population[END_REF]).

Moreover, the circular velocity at the Solar radius V circ (≡ V circ (R ⊙ )) also serves as a crucial constraint on the mass models of the Milky Way (as demonstrated in Chapter 6). Therefore, the determination of V ⊙ is a crucial task of Galactic astronomy.

There exist various ways for measuring the Sun's parameters [START_REF] Reid | The Proper Motion of Sagittarius A*. II. The Mass of Sagittarius A*[END_REF][START_REF] Reid | Trigonometric Parallaxes of Massive Star-Forming Regions[END_REF]168]. However, the conventional techniques of measuring Sun's motion are often accompanied by some conspicuous complications or caveats (see the Introduction section of the paper attached for detailed discussion). Nevertheless, it is also always useful to have different mechanisms to measure the same physical parameter(s) so that the resulting parameteric values, evaluated through different techniques, can be cross checked for consistency.

This new technqiue to gauge the Sun's Galactic velocity V ⊙ , that is described here, is a simplistic geometrical procedure that successfully works without involving any extensive chemodynamical modeling of our Galaxy, saves one from analysing highly dust obscured measurements coming from the Galactic centre and does not rely on the Galaxy's gravitational potential or its mass distribition. The given approach exploits a very basic behaviour of any low-mass stellar stream structure: the proper motion vectors of the stream stars should be aligned along the stream structure in the rest frame of the Galaxy. This approximation is reasonably good as stars in a stellar stream, that is derived from a low mass progenitor system where velocity dispersion is very low, closely delineate an orbit [START_REF] Dehnen | Modeling the Disruption of the Globular Cluster Palomar 5 by Galactic Tides[END_REF]. This means that the velocity vectors of each star must align along the stream structure itself. In such a case, any perpendicular motion of the stream stars then must arise primarily due to the reflex motion of the observer, the Sun. This is the central hypothesis around which this algorithm was constructed.

Method

Given approach makes use of the assumption that for a thin stream (originating from a low mass progenitor) all the stars lie close to a single test-particle orbit (see, e.g. [START_REF] Dehnen | Modeling the Disruption of the Globular Cluster Palomar 5 by Galactic Tides[END_REF]). In general, the stars in a tidal stream have different energies, but the approximation that stream stars trace the same orbit is admissible for thin streams that are remanants of low-mass progenitor systems, such as globular clusters, where velocity dispersions are fairly low (such as the GD-1 stream, as also explained in Chapter 6).

Consider a small segment of an orbit on the Galactic sky (as shown in Figure 7.1). The red points represent the orbital positions along this orbital structure. These points can also be viewed as different time positions for a given orbit. Let us define a tangent vector v d which locally gives the direction of motion of that orbital point on this 2D Galactic sky. This vector is generated by where l is the unit Galactic longitude vector and b is the unit Galactic latitude vector.

The assumption that the constituent stars of stellar streams follow an orbit means that the path depicted in Figure 7.1 can be recovered from the position of the stream stars on the sky. This means that the two time intervals '1' and '2' along the orbital path can be equivalently thought of as two stars '1' and '2' along a stream structure.

With this assumption, in the Galaxy's rest frame, the observed proper motion vector of star '1'

(see Figure 7.1) should align along the vector v d , since '1' must practically trace out the orbit of the succeeding star '2' (by the definition of an orbit). But in the heliocentric frame, the observed proper motion vector (v oµ ) is different in direction and magnitude due to the motion of the Sun.

The observed proper motion vector v oµ can be written as:

(7.2) v oµ = µ l 1 cos(b 1 ) l + µ b 1 b .
In such a case, the perpendicular component (lets call it v r⊥ ) of vector v oµ to v d emerges totally due to the reflex motion of the Sun as seen at position '1' and is given by:

(7.3) v r⊥ = (|v oµ | sin θ) vr⊥ ,
where θ is the angle between v d and v oµ and vr⊥ is the unit vector normal to v d . It is this v r⊥ vector that decides the vector the magnitude and direction of the vector V ⊙ .

This effect is not correlated with the R ⊙ value and depends only on the Sun's total velocity vector V ⊙ . The procedure that was then followed to gauge V ⊙ was to sample different values of the Sun's three-dimensional velocity V ⊙ = (u ⊙ , v ⊙ , w ⊙ ) using a Markov Chain Monte Carlo algorithm. The apparent stream motion was calculated as the reflex motion vector v r⊥ and was compared against v r⊥ obtained from data. The adopted figure of merit was the likelihood of the data given the stream model.

At first, an analysis based on the perfect orbit models was performed to both test and demonstrate the workings of the algorithm in an ideal case scenario (Section 3.1 of the paper). After that, a realistic case study was made by employing N-body simulated stream models that were degraded in the proper motions (with Gaia-like uncertainties) and in the distances (10% uncertainty errors in distance measurements as expected from photometric parallaxes derivation). It was found that the input Solar motion can be recovered to good accuracy even with such realistic measurements errors in the observed astrometric values (Section 3.2 of the paper).

Results and Discussions

Such a method does not assume any Galactic mass model, which must be viewed as a strength of the technique. Also, it must be noted that such an analysis ends up determining the Sun's velocity with respect to a sample of streams (instead of with respect to the Galactic centre, for example) in the Galactic halo, and this velocity might turn out to be different from the velocity measured with respect to the Galactic centre or with respect to the LSR for a variety of interesting astrophysical reasons. This could happen, for instance, if Sgr A * is not at rest with respect to the Galaxy, or if the disk possesses significant non-circular motions, or if there is a bulk motion of the streams with respect to the disk (as might happen if there is a substantial ongoing accretion: e.g., the LMC or the Sgr dwarf). Using two independent measurement techniques might give us some insight about the relative motion between the dynamical centres of the inner Milky Way and the outer Milky Way (around which the streams actually orbit).

The reason for asserting the usage of low-mass streams for constraining the Solar motion using this method is simple. The high-mass (thick) streams like the Sagittarius stream, formed from the disruption of dwarf galaxies, are highly dispersed in phase space [START_REF] Ibata | Uncovering cold dark matter halo substructure with tidal streams[END_REF][START_REF] Johnston | How Lumpy Is the Milky Way's Dark Matter Halo?[END_REF]. Although their broad trajectory could be curve fitted (or modelled using an orbit), the dispersion in the stream track would result in higher uncertainties in the measured Solar motion values.
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I N T RO D U C T I O N

In physics, it is always of fundamental importance to know the properties of the frame from which measurements are being made. Observations of astrophysical or cosmological systems, using satellites or ground-based telescopes, can be corrected into the Heliocentric frame with ease. However, knowledge of the Sun's Galactic velocity V ⊙ is required to transform any observed Heliocentric velocity into the Galactic frame. This is necessary, for instance, for scientific interpretation when studying Galactic dynamics or for correcting the motion of many extragalactic systems (see e.g. Salomon et al. 2016). Moreover, the related circular velocity at the solar radius (v circ⊙ ≡ v circ (R ⊙ )) also serves as a crucial constraint on the mass models of the Milky Way (e.g. Dehnen & Binney 1998a). Therefore, the determination of V ⊙ is a crucial task of Galactic astronomy.

It is important to realize that the Sun's Galactic velocity V ⊙ needs to be measured with respect to some other reference or tracer. A conceptually straightforward way to measure V ⊙ is to determine the Sun's motion with respect to a presumed motionless object with respect to the Galaxy. Such measurements are derived from the observed proper motion of Sgr A * (Reid & Brunthaler 2004). But such an approach requires an accurate measurement of R ⊙ and a critical assessment of measurements coming from the dense region at the Galactic Centre, with its complex dynamical mix of gas, dust, stars and central black hole.

Alternatively, analyses can be based on local tracers, where one assumes that the solar motion can be decomposed into a circular motion of the local standard of rest (LSR) plus the so-called peculiar motion of the Sun with respect to the LSR: V ⊙ = V circ⊙ + V p⊙ . Such a study was presented by Dehnen & Binney (1998b), who applied the Strömberg relation (Strömberg 1946) in their method ⋆ E-mail: kmalhan07@gmail.com to a sample of ∼15 000 main-sequence stars from the Hipparcos catalogue. They determined the peculiar velocity to be V p⊙ = (10.0 ± 0.36, 5.25 ± 0.62, 7.17 ± 0.38) km s -1 (in the conventional U, V, W directions, respectively). However, Schönrich, Binney & Dehnen (2010) caution against this employment of Strömberg's Relation and illustrate, using their chemodynamical model of the Galaxy, that the metallicity gradient of the disc population causes a systematic shift in the estimation of the kinematics of the Sun. They describe an alternative method to determine the Sun's velocity with respect to the LSR from the velocity offset that optimizes their model fit to the observed velocity distribution. Using their chemodynamical evolution model of the Galaxy, described in Schönrich & Binney (2009), they find the Sun's peculiar motion to be V p⊙ = (11.1 +0.69 0.75 , 12.24 +0.47 0.47 , 7.25 +0.37 0.36 km s -1 ) and estimate roughly the systematic uncertainties as (1.0, 2.0, 0.5) km s -1 . However, their approach has the disadvantage being based on an extensive modelling of the Milky Way, and hence of being sensitive to the adopted approximations in dynamics and chemistry.

Once the Sun's peculiar velocity is known, one still needs to add the velocity of the LSR to obtain the Sun's velocity with respect to the Galaxy. It is interesting in this context to examine what it is currently possible to measure with respect to nearby tracers. In a recent contribution, Bobylev (2013) determined the solar Galactocentric distance R ⊙ and Galactic rotational velocity v circ⊙ , as modified by Sofue et al. (2011), using data of star-forming regions and young Cepheids near the solar circle. Based on a sample of 14 long-period Cepheids with Hipparcos proper motions they obtained R ⊙ = 7.66 ± 0.36 kpc and v circ⊙ = 267 ± 17 km s -1 . However, with a sample of 18 Cepheids with UCAC4 proper motions (among which two were taken from Hipparcos) they found R ⊙ = 7.64 ± 0.32 kpc and v circ⊙ = 217 ± 11 km s -1 . The difference in the derived v circ⊙ values highlights the difficulty of such measurements, and their sensitivity to the adopted tracers and data. Masers located in regions of massive star formation have 18) and require knowledge of the velocity lag of the masers with respect to circular motions (Rygl et al. 2010).

Here, we will examine the power that streams hold to constrain the solar velocity with respect to the Galaxy. A growing number of stellar streams have been detected in recent years from the Sloan Digital Sky Survey and Pan-STARRS [START_REF] Odenkirchen | Detection of Massive Tidal Tails around the Globular Cluster Palomar 5 with Sloan Digital Sky Survey Commissioning Data[END_REF]Grillmair & Dionatos 2006;[START_REF] Bernard | Serendipitous discovery of a thin stellar stream near the Galactic bulge in the Pan-STARRS1 3π Survey[END_REF][START_REF] Bernard | A Synoptic Map of Halo Substructures from the Pan-STARRS1 3π Survey[END_REF]. The most recent contributions come from the AT-LAS survey and surveys with CTIO/DECam (the Atlas stream in Koposov et al. 2014, and the Eridanus and Palomar 15 streams in Myeong et al. 2017). The kinematics of these structures will soon be revealed in the second data release of the Gaia mission survey (Gaia Collaboration et al. 2016). Gaia would possibly also uncover many new low-contrast star streams that are currently below detection limits in star-count surveys.

The key insight about streams that we exploit here is that stream stars move approximately along their orbits, not perpendicular to them. That is, the velocity vector of a stream star in the Galaxy's rest frame must be a tangent vector to the orbit of this extended structure at that stellar position. Thus, if we measure any motion perpendicular to the orbital path of the stream at this position, we must reconcile it with the apparent (reflex) motion that emerges due to the motion of the observer's frame (from the Sun). Hence, by measuring this perpendicular motion vector for the stars in the streams, we can constrain the Sun's velocity in the Galaxy. This is not an entirely new insight. Several studies made in the past that have examined the kinematics of stellar streams have had to include (implicitly or explicitly) the solar motion or the circular velocity of the LSR as a nuisance parameter to fit the stream in kinematics space (Ibata et al. 2001;Koposov, Rix & Hogg 2010;Küpper et al. 2015;Bovy et al. 2016). Although, Dehnen et al. (2004) comment on the fact that in their modelling of the tidal dissolution of the Palomar 5 globular cluster, the ensuing stream actually deviates slightly from the path of the orbit (rather than not at all, as would be naively expected). Such an offset of the stream structure from the underlying orbit could, in principle, create a bias in the solar velocity measurements using the method proposed in this contribution. However, we show that by analysing multiple streams on different orbits the bias is largely eliminated.

A similar, but less general version of the idea presented here, was explored in Majewski et al. (2006). They suggest measuring the Sun's reflex motion using the Sagittarius (Sgr) stream (Ibata et al. 2001;Majewski et al. 2003), making use of the fact that the orbital plane of the Sgr stream is polar and that the Sun lies close to this plane. Thus, the V motions of the stars in the Sgr stream are almost entirely due to the solar reflex motion. Since the method requires fitting the Sgr stream to spatial and velocity data to predict its 6D phase-space configuration, it relies heavily on the shape of the Galactic potential, which also involves the value of the Galactocentric radius of the Sun (R ⊙ ). Moreover, the method only constrains the V component of the Sun's motion. They estimate being able to recover the solar velocity to within 10 km s -1 (using data of the quality that was expected from NASA's former Space Interferometry Mission project, Unwin et al. 2008, which aimed to measure trigonometric parallaxes to an accuracy of 4 µas).

In contrast to these previous studies, here we do not attempt to present physical models of one or more of the Galaxy's stellar streams, but rather, we develop an algorithm that is based entirely on simple geometry, and that can be applied to a sample of streams. The new alternative method to measure the Sun's motion that we present in this paper is not correlated with the value of R ⊙ , it saves us from having to analyse observations of densely populated regions in the centre of the Galaxy, it requires only 5D phase-space information about stream stars (radial velocity constraints are not needed) and does not invoke the need to model the gravitational potential of the Milky Way or the stellar populations of the disc.

The outline of this paper is as follows. In Section 2, we present the method employed in our study. Section 3 presents our methodology to measure the Sun's velocity using (Section 3.1) perfect orbits and (Section 3.2) N-body tidal stellar stream models, demonstrating the success of the method. Section 3.3 discusses the deviation of Sun's velocity from its true value given by a systematic bias in distance measurements of stream stars. Finally, in Section 4, we present the conclusion of this study.

M E T H O D

Our approach makes use of the assumption that for a thin stream (originating from a low mass progenitor) all the stars lie close to a single test-particle orbit (see e.g. Dehnen et al. 2004). In general, the stars in a tidal stream have different energies, but the approximation that stream stars trace the same orbit is admissible for thin streams from low-mass progenitors.

Consider a small segment of an orbit on the Galactic sky (as shown in Fig. 1). The red points represent the positions of the stars (members of some stream) along their orbital structure. These points can also be viewed as different time positions for a given orbit. We define a tangent vector v d , which locally gives the direction of motion of the star's orbit on this 2D Galactic sky. This vector is generated by connecting position at time '1' to position at time '2', along the direction of motion of the orbit. Vector v d is then given by

v d = cos(b 1 )(ℓ 2 -ℓ 1 ) l + (b 2 -b 1 ) b , (1) 
where l is the unit Galactic longitude vector and b is the unit Galactic latitude vector.

Our assumption that stellar streams follow the orbit of the constituent stars means that the path depicted in Fig. 1 can be recovered from the position of the stream on the sky, so that the two time intervals '1' and '2' along the path can be equivalently thought of as two stars '1' and '2' along the orbit.

With this assumption, in the Galaxy's non-rotating frame, the observed proper motion vector of star '1' (see Fig. 1) should align along the vector v d , since '1' must practically trace out the orbit of the succeeding star '2' (by the definition of an orbit). But due to the motion of the observer's frame in the Galaxy, the observed proper motion vector is different in direction and magnitude. We define this observed proper motion vector v oµ as

v oµ = µ l 1 cos(b 1 ) l + µ b 1 b . (2) 
Therefore, the perpendicular component (which we call v r⊥ ) of vector v oµ to v d emerges totally due to the reflex motion of the Sun as seen at position '1' and is given by

v r⊥ = (|v oµ | sin θ ) vr⊥ , (3) 
where θ is the angle between v d and v oµ , and vr⊥ is the unit vector normal to v d . However, even for a simple orbit, the precession of the orbital plane in the Galaxy will also contribute to the vector v r⊥ . We can estimate approximately the contribution of precession to v r⊥ , using the analytic approximation of Steiman-Cameron & Durisen (1990). Their formula is valid for a very simple case assuming a circular orbit evolving in a spheroidal potential in which the reference frame is not tumbling. The precession rate is then

˙ p = - 3 2 (r) 2 r v circ⊙ cos i, (4) 
where

2 (r) = v 2 circ⊙ 2 1 -q 2 φ q 2 φ + 1 2 . (5) 
Here, p is the longitude of the ascending node of an orbit, i is the inclination of the orbital plane, 2 (r) is one of the components of the expansion of the scale-free logarithmic potential function (r) and q φ is the (spheroidal) flattening of the potential. Taking an orbit at a typical radius of r = 30 kpc in a potential with density flattening of q ρ = 0.8 and with circular velocity of v circ⊙ = 200 km s -1 , yields | ˙ p | = 0.11 cos i mas yr -1 . The component along the vector v r⊥ then becomes v ′ r⊥ = 0.055 cos(2i -90) mas yr -1 , i.e. with a maximum at i = 45 • of | ˙ p | = 0.055 mas yr -1 . This corresponds to a maximum of 4 per cent of the proper motion of the corresponding circular orbit. This estimate shows that the effect of precession should be relatively small. Note also that if we consider multiple streams that are on different orbits, then they will also have different orbital plane inclinations i. Hence, the precession corrections will tend to cancel out on average.

The procedure we follow is to sample different values of the Sun's 3D velocity V ⊙ = (u ⊙ , v ⊙ , w ⊙ ) using a Markov chain Monte Carlo (MCMC) algorithm. The apparent stream motion is calculated as the reflex motion vector v r⊥ and is compared against v r⊥ obtained from data. The figure of merit we adopt is the likelihood of the data, given the stream model. In Section 3.1, we investigate first the results given a set of perfect orbit streams, while in Section 3.2, we will take the more realistic case of an N-body stream due to tidally disrupted satellites.

For these calculations, we will make use of the realistic Galactic potential model of Dehnen & Binney (1998a) (their model 1), which contains a bulge, thin disc, thick disc, interstellar medium and a halo component. We stress that this potential model is only used to set up the artificial stream realizations, and is in no way used to deduce the solar velocity vector. The method we present here is independent of any models of the Galactic potential.

E S T I M AT I O N O F T H E S U N ' S V E L O C I T Y U S I N G S T R E A M M O D E L S

Employing perfect orbit models

In order to be completely assured of our method, we first demonstrate a proof of concept, using perfect orbit models (which, in principle, can be considered as an ideal stream case). Since orbits are infinitely thin curves, the Sun's velocity V ⊙ should be perfectly recovered to within the biasses created by the orbital precession.

To achieve this, we selected three 6D phase-space positions drawn randomly to give the orbits' initial conditions. Each of these initial conditions was then integrated for T = 0.06 Gyr in the Galactic potential model described above to form an orbit (the value of T was chosen, somewhat arbitrarily, just so that the orbits appear long enough to mimic observed streams found in the SDSS). Since we need to constrain three components of the Sun's velocity, we either need a single stream that probes different regions of the sky in such a way that each component of the reflex motion dominates, or we need a minimum collection of three stream segments that again explore the sky so that the corresponding reflex motion components are significant. The latter possibility is considered here, since all low-mass globular cluster streams currently known are approximately greatcircle segments, at most a few tens of degrees long. Once integrated, the complete phase-space information of these three orbits was then transformed from the Galactocentric Cartesian frame to a Heliocentric (observable) frame using the Sun's parameters (that we refer to as the true parameters) as (R ⊙ , V ⊙ ) = (R ⊙, T , u ⊙, T , v ⊙, T , w ⊙, T ) = (8.34 kpc, 9.0 km s -1 , 255.20 km s -1 , 7.0 km s -1 ). However, only 5D information was retained in the form of (ℓ, b, d ⊙ , µ ℓ , µ b ). The resulting spatial projection of the randomly-chosen orbits is shown in Fig. 2.

An MCMC algorithm is used to survey the parameter space of solar velocity components (u ⊙ , v ⊙ , w ⊙ ), where the model likelihood is taken to be

L[u ⊙ , v ⊙ , w ⊙ ] = Data -ln(σ ℓ σ b ) - µ data ⊥,ℓ -µ ⊥,ℓ model √ 2σ ℓ 2 - µ data ⊥,b -µ model ⊥,b √ 2σ b 2 , (6) 
where µ data ⊥,ℓ and µ data ⊥,b are the observed ℓ, b components of v r⊥ , and µ model ⊥,ℓ and µ model ⊥,b are the corresponding model predictions. In Section 3.2 , σ l and σ b will represent proper motion uncertainties of the stream stars in, respectively, the Galactic longitude and latitude directions. However, for the perfect orbit model tests, we allow the MCMC algorithm to fit a global value for these two dispersion parameters (in this situation, they can be considered as model mismatch errors).

Fig. 3 shows the resulting distribution of solar velocity components explored by the MCMC algorithm in 1.5 × 10 6 iterations in the form of a triangular correlation diagram. The most likely values are found to be (u ⊙ , v ⊙ , w ⊙ ) = (9.03, 255.26, 7.001) km s -1 , which shifts the measured values from the true values by (u ⊙u ⊙, T , v ⊙v ⊙, T , w ⊙w ⊙, T ) = (0.03, 0.06, 0.001) km s -1 , and the corresponding uncertainties (σ u , σ v , σ w ) = (0.11, 0.68, 0.13) km s -1 . Thus, the results from this idealized example MNRAS 471, 1005-1011 (2017) Dehnen & Binney (1998a). The zoomed-in panel in (a) represents a small segment of the orbit detailing the geometry of our procedure. It is the vector v r⊥ that our model is compared against.

clearly establish the proof of concept. We next test if the method works on more physical stellar stream systems and if these could actually be used to constrain the solar motion in the Galaxy.

Employing N-body simulated stream models

In reality, star streams form from the tidal disruption and dissolution of satellites. The escaping stars need to be lifted out of the potential well of their progenitor, and in so doing, they end up with different energies (and hence on different orbits) than their progenitor. Thus to obtain a more realistic description of streams, we decided to produce a set of N-body models in the Dehnen & Binney (1998a) Galactic potential model 1. For this, we used the GyrafalcON Nbody integrator (Dehnen 2000) from the NEMO software package (Teuben 1995).

The initial phase-space distribution of the progenitors of the streams was selected as follows. The initial position of each satellite was drawn at a random direction as seen from the Galactic Center, and with a uniform probability of lying in the Galactocentric distance range of 10-30 kpc. The mean velocity of each satellite was selected randomly from an isotropic Gaussian distribution with (1D) dispersion of 100 km s -1 (Harris 1976;van den Bosch et al. 1999). At these phase-space positions, each progenitor was constructed using a King model (King 1966). The mass, tidal radius and ratio between central potential and velocity dispersion were sampled uniformly between the ranges M sat = 2-5 × 10 4 M ⊙ , r t = 20-80 pc and W sat = 2-4.

Somewhat arbitrarily, we chose to model a set of 22 streams. At present, ∼9 low-mass streams of probable globular cluster progenitors are known within approximately one-fourth of the sky in the North Galactic SDSS footprint: Acheron, Lethe, Cocytos, Styx, Hermus, Hyllus, Palomar 5, NGC 5466 and GD-1 (see e.g. Grillmair 2016). An additional six narrow streams (Ophiuchus, PS1-A,PS1-B, PS1-C, PS1-D and PS1-E) were discovered in the approximately three-fourth of the sky covered by the Pan-STARRS survey [START_REF] Bernard | Serendipitous discovery of a thin stellar stream near the Galactic bulge in the Pan-STARRS1 3π Survey[END_REF][START_REF] Bernard | A Synoptic Map of Halo Substructures from the Pan-STARRS1 3π Survey[END_REF]. We expect several more to come to light thanks to the Gaia survey, which will cover the full sky and allow for de-contamination of foreground populations by proper motion. Hence, a choice of ∼20 systems for our sample of streams is a conservative estimate of what should be well measured by Gaia within a few years.

Once the progenitors were initialized in phase space, they were then evolved independently over a time period between 2-8 Gyr in the same Galactic mass model mentioned above. During this period of time, most of the progenitors were tidally disrupted, giving rise to streams. Those that did not disrupt were re-sampled and evolved. The simulated streams were then transformed from the Galactocentric to the Heliocentric frame (using the true parameter set for the Sun) and again only the 5D phase-space information was preserved. Fig. 4(a) represents the Galactic sky structure of these tidal stream models. While we of course do not as yet know the stream discoveries that will be made with the Gaia DR2 catalogue, the distribution shown in Fig. 4 does not appear to be implausible.

To make a fair comparison, the stream models were degraded with realistic uncertainties. (i) Uncertainty in observed proper motions: We introduced endof-mission Gaia uncertainties for the proper motions into the simulated data. The Gaia errors depend upon the colour and magnitude of the stars. For this, we needed to assign magnitudes to the mock data points. This was implemented using the Padova stellar population models (Marigo et al. 2008). A star in the mock stream was selected and its absolute magnitude (M g ) was drawn in the g band from the isochrone metallicity [Fe/H] = -1.5 and age 10 Gyr, appropriate for a halo globular cluster. Using perfect distance information of this stellar point and the absolute magnitude, an apparent magnitude was assigned to every star. Using the colour transformations detailed in Jordi et al. (2010), we converted the magnitude to the Gaia G band, and limited these to G = 20.5. Once the magnitude value was assigned, the uncertainty in proper motion (µ ℓ , µ b ) was generated using the 'End-of-Mission Sky Average Astrometric Performance Chart'. 1 We also assumed a minimum stream velocity dispersion of 5 km s -1 , which is converted into proper motion and added in quadrature to the observational uncertainties.

(ii) Uncertainty in distance measurements: We also introduce a 10 per cent uncertainty error in the heliocentric distance (d ⊙ ) measurements to the model stream stars. The motivation for this is that although Gaia parallaxes will be excellent for bright nearby stars, the majority of Galactic halo tracers will lie near Gaia's faint detection limit, with no geometric parallax information. However, photometric parallaxes will be measurable for such stars, using, for instance, the metallicity-magnitude-distance calibration of Ivezić et al. (2008), which is applicable to main-sequence stars. Ivezić et al. (2008) show that 5 per cent distance uncertainties are achievable with this method with good photometry; our 10 per cent uncertainty value is chosen to be a plausible average value. The necessary photometry (in particular, the u band) is currently being obtained in the Northern hemisphere as part of the Canada-France Imaging Survey,2 and starting in ∼2021, it will also be available in the Southern hemisphere, thanks to the Large Synoptic Survey Telescope.

After this procedure, the simulated stream particles get smeared out in phase space, as shown in Fig. 4. However, we need the streams to be approximated by a curve along which the vector v d can be calculated over the full length of the stream. It is thus necessary to curve-fit the stream data. We implemented this using a simple quadratic polynomial function. The fitting procedure was conducted only in the (2D) sky frame in a coordinate system similar to the Galactic system, but rotated to ensure that both arms of the stream run, as closely as possible, to the equator of the new rotated coordinate frame (this is only approximate, since, in general, 

where a i , b i and c i are the fitting parameters. The two arms in all of these 22 streams were fitted independently. Once the fitting procedure was complete, the fitted curves were then transformed back to Galactic coordinates. Fig. 4 (right-hand panels) represents the streams with uncertainties introduced along with the curves fitted to them. Once fitting is done, equations ( 7) and ( 8) are then used to calculate the vector v d and the heliocentric distances at every stellar point. θ is still the angle between v d and v oµ , where v oµ is the observed proper motion vector. In this case, Sun's Galactic velocity solution (shown in Fig. 5) was recovered as : (u ⊙ , v ⊙ , w ⊙ ) = (7.80, 258.25, 7.69) km s -1 . This means that the bias estimated between the observed and true value of the Sun's velocity is (u ⊙u ⊙, T , v ⊙v ⊙, T , w ⊙w ⊙, T ) = (-1.20, 3.05, 0.69) km s -1 , with uncertainties (σ u , σ v , σ w ) = (4. 16, 3.04, 2.74) km s -1 .

Systematic bias in distance

For completeness, we consider next what the effect of a ±5 per cent distance bias would have on the derivation of the solar velocity; such a bias could arise, in principle, from an incorrect calibration in the photometric distances. To this end, we reran the algorithm on the simulated data and simply forced all of the stellar particles The correlation function plot for this case is shown in Fig. 6. Rerunning this test using distances that are systematically 5 per cent overestimated gives qualitatively similar results, but with a velocity bias of (u ⊙u ⊙, T , v ⊙v ⊙, T , w ⊙w ⊙, T ) = (-0.99, 13.58, 1.56) km s -1 .

The bias in the distance measurements clearly affects the vector v r⊥ (calculated at the stellar points) and hence affects the solar velocity V ⊙ estimation. In our study (and as can be seen in Fig. 6, v ⊙ panel), a large shift was observed in the v ⊙ component of the velocity of the Sun from the true v ⊙ value, but the other components were less affected. This is not specific to the technique but rather to the overall phase-space distribution of stellar streams with respect to the Sun's motion. The phase-space distribution and orientation of the streams in the example happened to be such that the v ⊙ component faced a higher offset from the true value than the other two components.

D I S C U S S I O N A N D C O N C L U S I O N S

The Galactic Astronomy and Galactic Dynamics communities are greatly looking forward to the second data release of the Gaia astrometric satellite. The data from this mission are expected to unveil the phase-space structure of our Galaxy, curing a sort of kinematic 'blindness' we have had until now. Gaia will reveal the transverse motion dimensions of the phase space of known stellar streams, and is expected to reveal more stream structures of low contrast that remain hidden in present-day star-count surveys.

In this paper, we presented a geometrical procedure that successfully gauges the Sun's velocity V ⊙ by allowing one to exploit a very basic behaviour of low-mass streams: that the proper motion of the stars should be closely directed along the structure in a frame that is MNRAS 471, 1005-1011 (2017) at rest with respect to the Galaxy. Any perpendicular motion of the stream stars arises (primarily) due to the reflex motion of the observer. This effect is not correlated with the Sun's Galactic distance R ⊙ value. The method was demonstrated using N-body simulated streams (degraded with Gaia-like uncertainties in proper motions and CFHT CFIS-like uncertainties in distance measurements). The reason for using low-mass streams for constraining the solar motion using this method is simple. The high-mass (thick) streams like the Sgr stream formed from the disruption of dwarf galaxies, are highly dispersed in phase space (Ibata et al. 2002;Johnston, Spergel & Haydn 2002). Although their broad trajectory could be curve fitted (or modelled using an orbit) for our purposes, the dispersion in the stream track would result in higher uncertainties in the measured solar motion values.

Our method does not assume any Galactic mass model, which we view as a strength of the technique. If the Galactic potential were well known, it could clearly be used to refine the streams and hence obtain better constraints on V ⊙ , but that would also require much more sophisticated modelling of individual tidal streams.

It should also be noted that our analysis determines the Sun's velocity with respect to a sample of streams in the Galactic halo, and this velocity might turn out to be different from the velocity measured with respect to the Galactic Centre or with respect to the LSR for a variety of interesting astrophysical reasons. This could happen, if, for instance, if Sgr A * is not at rest with respect to the Galaxy, or if the disc possesses significant non-circular motions, or if there is a bulk motion of the streams with respect to the disc (as might happen if there is a substantial ongoing accretion: e.g. the LMC or the Sgr dwarf). Using two independent measurement techniques might give us some insight about the relative motion between the dynamical centres of the inner Milky Way and the outer Milky Way (around which the streams actually orbit).

positions and kinematics and its prowess lies in its performance, ability to scan the entire data set for stream structures in an automated way and its capability of detecting even those streams that lie along complex orbital trajectories.

At its heart, the algorithm shoots trial orbits using the present epoch observed phase-space values of the stars in some realistic Milky Way potential model, and it then performs a multidimensional calculation based on both the stellar population and the phase-space distribution of the data stars to detect groups of stars that correspond to a stream. Some initial tests were undertaken using the artificial N-body streams superimposed on the GUMS -mock Gaia catalogue [START_REF] Robin | Gaia Universe model snapshot. A statistical analysis of the expected contents of the Gaia catalogue[END_REF] with kinematics degraded to Gaia -like quality. These results manifested that the algorithm, in principle, is capable of discovering even ultra faint stream structures (Σ G ∼ 33 mag arcsec -2 , number of stars per stream ∼ 15) in the end-of-mission ESA/Gaia catalogue. The Chapter described the algorithm's concept, its modus operandi and the results obtained based on trial runs.

The design of the algorithm is such that along with the stream detection, it delivers orbital trajectory along which the stream lies. This is the primary by-product that the algorithm naturally returns and is useful in giving insights about the detected candidate structures. For example, 1) good quality distance measurements and radial velocities for a great majority of halo stars are missing in Gaia DR2 (and later catalogues), and therefore knowing the orbital solutions of the stream structures provides a means to complete the 6D phase-space solutions that are possible for a given stream star, 2) DF(x, v) of streams can be constructed once the complete 6D phase-space distribution of possible orbital solutions are known, that is also extremely useful for re-creating the pre-merging history of the Milky Way, or to perform Schwarzschild modelling to constrain the dark matter distribution in the Galaxy, and 3) since the algorithm offers orbital solutions for every stream, one can easily calculate simple orbital properties of the stream structure such as the eccentricity or energy of the streams.

3. Chapter 4 demonstrated the application of the ❙❚|❊❆▼❋■◆❉❊| algorithm on the Pan-STARRSS1 proper motion dataset in order to detect the GD-1 stream. This analysis, that was done prior to ESA/Gaia DR2, was essential in order to test the sanity and feasibility of the algorithm when applied to a realistic astrophysical dataset. The study was undertaken as a comparison between the Match Filtering technique (the technique using which GD-1 was originally discovered) and the ❙❚|❊❆▼❋■◆❉❊| algorithm by applying them both onto a magnitude limited subset of the Pan-STARRSS1 data. While this trimmed sample led to what was effectively a non-detection with a matched filter search, the application of ❙❚|❊❆▼❋■◆❉❊| onto the very same data readily showed up the GD-1 stream at a significance level of > 4.4σ. This both validated our algorithm as well as the proper motion measurements in the PS1 catalogue. The positive detection of GD-1 in this PS1 proper motion sample with the ❙❚|❊❆▼❋■◆❉❊| suggested that it would be possible to find other sured to be < 1.25 km s -1 (90% confidence limit), confirming the extremely cold dynamical nature of the GD-1 system. 6. Finally, Chapter 7 presented a novel geometrical procedure that successfully gauges the Sun's velocity V ⊙ by exploiting a very basic behaviour of low-mass streams: that the proper motion of the stream stars should be closely directed along the structure in a frame that is at rest with respect to the Galaxy, and any perpendicular motion of the stream stars arises (primarily) due to the reflex motion of the observer. This effect is not correlated with Sun's Galactic distance R ⊙ value. The implementation of the method was demonstrated using N-body simulated streams (degraded with Gaia-like uncertainties in proper motions and 10% uncertainty errors in distance measurements as expected from photometric parallaxes derivation), and it was shown that the Sun's motion can be recovered to a useful accuracy through such a procedure. Such a method does not assume any Galactic mass model, which must be viewed as a strength of the technique. Also, this prescription determines the Sun's velocity with respect to a sample of streams in the Galactic halo, and this velocity might turn out to be different from the velocity measured with respect to the Galactic centre or with respect to the LSR for a variety of interesting astrophysical reasons. This could happen, if for instance, if Sgr A * is not at rest with respect to the Galaxy, or if the disk possesses significant non-circular motions, or if there is a bulk motion of the streams with respect to the disk (as might happen if there is a substantial ongoing accretion: e.g., the LMC or the Sgr dwarf). Using two independent measurement techniques might give us some insight about the relative motion between the dynamical centres of the inner Milky Way and the outer Milky Way (around which the streams actually orbit).

Once we armed with Gaia's proper motion measurements for plenty of stellar streams in the Milky Way, this procedure can be implemented and its feasibility can be verified.

Future prospects

Presently, the stellar halo formation and evolution scenario is unclear. We do not have a definite answer to what fraction of the Galaxy's stellar halo has been built via accretion and that how does the importance of this process changes with the distance from the Galactic center? There is significant evidence of substructure in the form of streams in the outer halo, but this is still at a rather qualitative level (although see e.g., [START_REF] Bell | The Accretion Origin of the Milky Way's Stellar Halo[END_REF]). Another related and useful question is -can we find any characteristic properties of the accreted objects (in terms of their masses, their star formation, their phase-space distribution and chemical histories) which can be used as filters to discriminate them from rest of the population of stars. Also, we are yet not sure whether there is any evolutionary link between the disk and the halo, or the bulge and the halo? [START_REF]The stellar halo of the Galaxy[END_REF] We are 8.2. FUTURE PROSPECTS also unware of the dynamical history of our Galaxy, and are unsure about how its mass and gravitational potential evolves with time? Knowledge of the stellar kinematics complemented with their chemical abundances and ages should allow us to address questions. Therefore, the answers to these and many other questions seem to be within reach in this era of Gaia, where Gaia is being complimented by many other large surveys (RAVE, APOGEE, GALAH, Gaia-ESO) that all-in-all aim at providing a full phase-space-chemical distribution of the Milky Way galaxy.

Motivated by these questions and their relevance in the field of Galactic archaeology, I wish to work towards the following projects in the coming years. ❙❚|❊❆▼❋■◆❉❊| can be easily converted into a ❇▲❖❇❋■◆❉❊|, an algorithm that is useful to find blobs of stars. The idea remains similar to that of ❙❚|❊❆▼❋■◆❉❊|, however instead of integrating orbits ❇▲❖❇❋■◆❉❊| only looks for overdense clumps of stars in multidimensional phase-space-color-magnitude space. Such an algorithm is useful in not only finding low mass stellar systems such as star clusters or ultra-faint dwarf galaxies, but also in detecting similar systems that are presently undergoing disruption. In the hierarchical picture of galaxy formation, galaxies like the Milky Way grow by repeated merging and accretion of their satellites. Some of the disrupted satellites will have contained star clusters [87], which themselves will eventually tidally disrupt to form long streams in the Galactic halo. The famous "Field-of-Streams" map [START_REF] Belokurov | The Field of Streams: Sagittarius and Its Siblings[END_REF], the Pan-STARRS1 synoptic map of halo substructures [START_REF] Bernard | A Synoptic Map of Halo Substructures from the Pan-STARRS1 3π Survey[END_REF] and the stellar stream map that has been presented in this thesis work, altogether strongly suggest that a significant fraction of the stellar halo population is a result of hierarchical merging. This is something that can be verified for the stars over the entire sky with Gaia's excellent global astrometric solutions. Orbital solutions that ❙❚|❊❆▼❋■◆❉❊| gives for every stream could also prove to be very useful in this endeavour.

Constraining the underlying dark mater distribution of the Milky Way

Chapter 6 presented dynamical analysis of the GD-1 stellar stream to probe the underlying shape of the dark matter halo, that in effect rendered quite strong and useful constraints on the circular velocity at the solar radius (V circ (R o )) and the flattening of the dark matter halo density (q ρ ). However, more robust, stringent and global constraints would be placed if a similar exercise is repeated but with an ensemble of streams probing different regions and depths of the Milky Way sky.

Radial velcoities (v los ) for most of the stream stars are missing in the Gaia data. For this, we obtained CFHT/ESPaDOnS time to measure the v los of the detected stream stars that were presented in Chapter 5. Consolidating the stream detection findings and the full 6D dimension measurement of stream stars, I shall then attempt to probe the underlying dark mater distribution via stream dynamical analysis.

Lumpiness in dark matter distribution and its nature

CDM simulations predict that there should be hundreds of dark matter lumps in the form of dwarf satellites with M ≥ 10 7 M ⊙ in the Milky Way halo. However, we know only a few of satellites close to this mass. This challenges the ΛCDM framework. An observational determination of the sub-halo mass spectrum to well below 10 9 M ⊙ would provide one of the most important astrophysical constraints on the nature of the dark matter.

In the Milky Way galaxy, one of the most promising methods for detecting low-mass dark matter sub-halos is through their effects on the stellar streams. Sub-halos induce visible gaps when they cross a stream [START_REF] Carlberg | Dark Matter Sub-halo Counts via Star Stream Crossings[END_REF][START_REF]The number and size of subhalo-induced gaps in stellar streams[END_REF]. The dynamical coldness of streams makes them sensitive to the influence of sub-halos with M ≤ 10 8 M ⊙ . Dynamical modeling of the smooth stream itself and of the impact of sub-halos has been shown to be able to detect and characterize subhalos (in terms of their sizes, density and velocities) with masses down to 10 5 M ⊙ [START_REF]The number and size of subhalo-induced gaps in stellar streams[END_REF]. The dark matter sub-halo phase-space density obtained from "stream-gap" analysis, together with the smooth spatial density of the dark matter halo, would be useful in constructing a complete phase-space distribution of the Milky Way's dark matter halo. 
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 11 Figure 1.1: Artistic impression of the Milky Way galaxy. Top panel : A typical Milky Way type galaxy in the Universe consisting of a bulge, a disk and a halo (❤tt♣s✿✴✴♣❛❣❡s✳✉♦r❡❣♦♥✳❡❞✉✴•✐♠❜r❛✉✴❛str✶✷✸✴◆♦t❡s✴❈❤❛♣t❡r✷✸✳❤t♠•). Lower panel : Scientifically accurate depiction of our Milky Way galaxy and its nearest neighbours, updated from award-winning artist Jon Lomberg's original 1992 portrait of the Milky Way. It reflects our current understanding of our Galaxy's structure, based on the most recent data available (❤tt♣✿✴✴❛str♦♥♦♠②✳❝♦♠✴♠✐•❦②✇❛②)
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 12 Figure 1.2: Dark matter density profiles motivated by cosmological simulations. Top panel :❆q✉❛r✐✉s Milky Way like halo simulated in full cosmological context (assuming the concordance ΛCDM cosmology), showing dark matter subhalos and substructures[START_REF] Williams | The Dawning of the Stream of Aquarius in RAVE[END_REF]. The image shows the projected dark matter density at z=0, in a box of side 1.07 Mpc. Bottom left panel : A comparison of the NFW (solid red), Einasto (dashed blue) and Burkert with r s = 0.5 (dotted green) and 10 kpc (dot-dashed purple) profiles. Bottom right panel: The expected velocity distribution from the ❱✐❛ ▲❛❝t❡❛ simulation (solid red), with the 68% scatter and the minimum/maximum values shown by the light and dark green shaded regions, respectively. For comparison, the best-fit Maxwell-Boltzmann distribution is shown in dotted black. Notice the localised spikes in the tail of velocity distribution, which are associated with recent mergers, debris inflow and streams.
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 113 Figure 1.3 represents a dark matter halo surrounding the Milky Way galaxy that is triaxial in shape -the most generic form of the dark matter halo. The shape of the dark halo, in general, is determined by its 1) radial profile -how the dark matter density varies with the galacto-
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 21 Figure 2.1: Close-up view of the area around Pal 5 stream [12] obtained via Match Filtering technique to the Pan-STARRS1 dataset.
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 22 Figure 2.2: Disruption mechanism of a star cluster into stream. Left panel : Lagrange points in a 2 body system, where m << M, r t is the tidal radius of the body 'm' and R is the separation distance.The lagrange points are labelled as L1, L2, L3, L4, L5. Right panel : A snapshot of an N-body simulation of stream where stars can be seen escaping the potential well of the cluster from L1 and L2 points as the cluster orbits around the host system[START_REF] Bowden | Using stellar streams to probe the galactic potential[END_REF].
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 23 Figure 2.3: Physical properties of stellar streams. Top panel : The simulated evolution of a dwarf satellite as it disrupts going around the Milky Way [95]. The boxes are 175 kpc on a side. The frames are equally spaced over 4.5 Gyrs. The orbit of the progenitor cluster is overlaid in solid curve in the middle box. The Figure shows that streams are elongated in the configuration space.Notice that the leading and the trailing tails of the stream do not delineate along the orbit of the progenitor system. Bottom left panel : The discovery of the Helmi stream[START_REF] Helmi | Debris streams in the solar neighbourhood as relicts from the formation of the Milky Way[END_REF] based on the analysis of the kinematics of the stars from the Hipparcos mission. The upper panels show the kinematics of the stars and the lower panel shows the distribution in angular momentum space (J ≡ L in their notation). Since streams are orbital structures that have long dynamical times, they maintain coherence in the velocity space for several Gyrs. Bottom right panel : The color-magnitude diagram of the recently discovered Phlegethon stream[START_REF] Ibata | Phlegethon, a nearby 60 • -long retrograde stellar stream[END_REF]. Since stars in the tidal tails of a stream were once a member of the progenitor cluster, cummulatively they follow the same isochrone trend and chemical properties as that of their progenitor cluster.
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 24 Figure 2.4: Substructure-ness in the Milky Way halo. Top panel : "Field of Streams" stellar map created using the SDSS data [92]. The circle represent Milky Way companions, most of which are dwarf galaxies and globular clusters. Five substructures are shown in yellow, including Sagittarius stream. Bottom panel : Matched-filtered stellar density maps of the whole Pan-STARRS1 footprint at a distance of D MSTO∼ 15 kpc [12]. The darker areas indicate higher surface densities; a few black patches are due to missing data. The main substructures are labeled.

CHAPTER 2 .

 2 STELLAR STREAMS IN THE MILKY WAY HALO framework of structure galaxy formation.
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 25 Figure 2.5: Constraining Milky Way potential via orbit-fitting of GD-1 stream [106]. Left panels :The data-to-model comparison for the best-fit orbit through the GD-1 stream, where the orbit is shown with black curves while the data is represented by colored points accompanied with the associated error bars. Right panel : The contours of the log-likelihood space of the potential's parameters (V circ (R ⊙ ), q Φ ) obtained from the corresponding analysis.
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 326 Figure 2.6: Figure illustrating development of a density gap in a cold stream after an encounter with a 10 6 M ⊙ sub-halo [24]. The Y axis shows the relative density of stars against the angular coordinate on the X axis. The plot is shown at dimensionless times 20, 40, 60, and 80, where the rotation period is 2π. The dotted lines show the predicted relation at different times.
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 27 Figure 2.7: Conventional techniques to detect stellar streams. Top left : The spatial distribution of the ab-type (red circles) and the c-type (blue triangles) RR Lyraes[START_REF] Watkins | Substructure revealed by RRLyraes in SDSS Stripe[END_REF]. Top right : The matched filter density map of the northern footprint of the SDSS survey[START_REF] Belokurov | The Field of Streams: Sagittarius and Its Siblings[END_REF]. Many stream structures are visible and are labelled. Bottom left : Overdensity of stars in V los in RAVE data identified as the Aquarius stream[START_REF]The Dawning of the Stream of Aquarius in[END_REF] (see the region -250 < V los < -150 km s -1 ). Bottom right : The working of the pole-count procedure shown by revealing the location of the pole (ℓ = 95 • , b = 13 • ) of the orbit of the Sagittarius dwarf galaxy stream, implying detection of the stream[START_REF] Ibata | Substructure of the outer Galactic halo from the 2-Micron All-Sky Survey[END_REF].
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 28 Figure 2.8: Schematic stellar stream map of the Milky Way sky prior to Gaia DR2.Here is shown the Milky Way stellar stream map (minus some stellar clouds) that was created using the package[START_REF] Mateu | Fourteen candidate RR Lyrae star streams in the inner Galaxy[END_REF], transformed into polar Zenith Equal Area projections[START_REF] Malhan | Ghostly Tributaries to the Milky Way: Charting the Halo's Stellar Streams with the Gaia DR2 catalogue[END_REF]. The colour represents the Galacto-centric distances to these structures. The left and right panels show, respectively, the projection from the North and South Galactic poles. The names of a few streams are labelled to help the reader's orientation in this coordinate system. Galactic longitude increases clockwise in the north panel and counter-clockwise in the south panel, while Galactic latitude changes radially as shown.
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 3 Figure 3.1: The concept. (a)The red dots represent schematically the spatial positions along a segment of an orbit, part of a stream that we are interested in detecting. The dots labelled '1' and '2' mark, respectively, the beginning and the end of this orbit segment. The blue dashed curve represents the orbit integrated using the 6D phase-space value of stellar point '1' as initial conditions. This trial orbit passes close to other stream members, allowing them to be associated with the structure. (b) The red dots now represent a more realistic scenario of a stellar stream where the tidal arms and the progenitor possess slightly different energies and hence lie along different orbits. Therefore, the trial orbit (blue-dashed curve) calculated using the phase-space measurement of some stream star corresponding to some (E, L z ) value fails to fit the entire stream structure. But if the same 6D orbit is upgraded to a 6D hyper-dimensional-tube (black cylinder), then the stream becomes circumscribed within it.

For

  Figure 3.2: Orbit sampling. Due to measurement uncertainties and the missing phase-space information of the stars, their current 6D phase-space position cannot be pinned down precisely.This uncertainty in information is illustrated here as tiny red dots around star '1' which are also the sampled phase-space positions of this star. Using these sampled phase-space positions, integrates trial orbits (cyan dashed curves) along which the streams (large red dots) are searched for in the dataset. If one uses the "observed" phase-space values directly for orbit-integration, instead of sampling phase-space, that might launch an orbit that is mis-aligned with the true trajectory of the star (black dashed curve) and hence may not yield a detection.

  photometric measurements, as well as the essentially completely unconstrained radial velocity, is reflected as 30,000 possible 6D positions where a given star could lie in 6D phase-space. To check if a given data point has other associated coherent members that share a similar orbital path, all of the 30,000 sampled initial conditions are integrated into orbits and then compared with the data. The procedure is sketched in Figure3.2. For a given star, different trial orbits encapuslate different number of stars based on which different log-likleihood values L k ('k' for kinematics coherence test) are calculated. The trial orbit

Figure 3 . 3 :

 33 Figure 3.3: inputs and outputs. (a) and (b) present the simulated stream model constructed in a realistic Galactic potential. (c) and (d) show the stars that were actually retained from the perfectly simulated stream model convolved with Gaia-like errors. (e) and (f) show the total dataset obtained by plunging the degraded version of the stream model with the degraded version of the GUMS dataset. This served as the input catalogue to the algorithm. (g) and (h) present the output received after data processing, where (g) shows the easy recovery of the simulated stream in a Log-Likelihood density plot and (h) shows the corresponding highest likelihood stars.
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 4 RESULTS AND DISCUSSIONS candidate structure are uniformly distributed along the orbit segment contained within the sky window under study. The final statistic for every star, based on the kinematics (L K ), luminosity function and continuity criteria, is expressed as: (3.1) L = L k + ln P KS,LF + ln P KS,continuous . and can be presented in a likelihood density plot (see Section 6 in the paper attached). Inclusion of the terms P KS,LF and P KS,continuous in the final statistic further improves the likelihood values of the stream stars.
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 1 Figure 1. The STREAMFINDER concept. (a)The red dots represent schematically the spatial positions along a segment of an orbit, part of a stream that we are interested in detecting. The dots labelled '1' and '2' mark, respectively, the beginning and the end of this orbit segment. The blue-dashed curve represents the orbit integrated using the 6D phase space value of stellar point '1' as initial conditions. This trial orbit passes close to other stream members, allowing them to be associated with the structure. (b) The red dots now represent a more realistic scenario of a stellar stream where the tidal arms and the progenitor possess slightly different energies and hence lie along different orbits. Therefore, the trial orbit (blue-dashed curve) calculated using the phase space measurement of some stream star corresponding to some (E, L z ) value fails to fit the entire stream structure. But if the same 6D orbit is upgraded to a 6D hyperdimensional tube (black cylinder), then the stream becomes circumscribed within it.

Figure 2 .

 2 Figure 2. Orbit stream model. The left-hand panels show the perfect orbit model that we integrated, represented in position (a) and in proper motion (c) space.The right-hand panels display the same orbit smeared-out to match the properties of a typical cold stream and also convolved with errors in proper motion consistent with the expected end-of-mission Gaia uncertainties. We retained only ∼50 stellar points in order to obtain a low contrast structure. This structure represents the mock orbital stream model.

Figure 4 .

 4 Figure 4. Mock Gaia data. The colour-magnitude diagram of the mock Gaia data set is shown in panel (a) where the stream stars are highlighted in blue. (The vertical stripes in the CMD are GUMS simulation artefacts.) Panel (b) shows the variation of the proper motion errors in σ µ l as a function of G-band magnitude (orange line). The bigger blue dots represent σ µ l for the stream stars. For the purpose of these tests, we assume that the uncertainties in σ µ b mirror those in σ µ l .

Figure 3 .

 3 Figure 3. Mock Gaia data. The stream orbit model (shown in Fig. 2) was plunged into the GUMS data set. The left-hand panels represent this mock data set in (a) position and (c) proper motion space. The right-hand panels represent the same data set with the stream stars highlighted in blue. The stream is an ultra-faint feature containing only 0.015 per cent of the stars in this region of sky (the total number of stars shown is ∼330 000 stars). Given the variable extinction over the field, we trimmed the data below G 0 = 19 to ensure homogeneous depth.

Figure 5 .

 5 Figure 5. Data filtering.The data are first cleaned as described in the text to remove objects with high parallaxes. Next, using the adopted SSP model to derive the distance, the algorithm rejects stars with distances and tangential velocities outside of the chosen ranges. This filtering procedure allows the algorithm to diminish the contamination from field stars, making the stream search easier. In this example, the number of stars dropped from ≈330 000 to ≈140 000. Panels (a)-(d) are identical to Fig.3, while panel (e) shows the Gaia CMD of the contamination and stream, with the stream highlighted in blue in panel (f).

Figure 6 .

 6 Figure6. Orbit sampling. Due to measurement uncertainties and the missing phase space information of the stars, their current 6D phase space position cannot be pinned down precisely. This uncertainty in information is illustrated here as tiny red dots around star '1' which are also the sampled phase space positions of this star. Using these sampled phase space positions, we integrate trial orbits (cyan-dashed curves) along which the streams (large red dots) are searched for in the data set. If we had used the 'observed' phase space values directly for orbit integration, instead of sampling phase space, that might launch an orbit that is misaligned with the true trajectory of the star (black-dashed curve) and hence may not yield a detection.

  observed proper motion and distance modulus values, and the corresponding model values are marked with the subscript o. As stated before, the Gaussian dispersions σ sky , σ µ l , σ µ b , σ DM are the convolution of the intrinsic dispersion of the model together with the observational uncertainty of each data point.

Figure 7 .

 7 Figure 7. STREAMFINDER density plot, showing the detection of an ultra-faint mock stream feature introduced into the GUMS data. (a) The patch of sky shows no hint of the structure in density, however, it is clearly detected via the L k statistic calculated by the STREAMFINDER algorithm (b). The colour axis marks the relative value of L k . The corresponding proper motion distribution is shown in (c). Selecting only those stars with L k > L k, max -150 reveals the stream very clearly.

Figure 8 .

 8 Figure 8. N-body stream case. The top panels (a) and (b) show the simulated stream in Galactic coordinates and proper motion space. We have purposely removed the progenitor to challenge the algorithm. (c) and (d) show the degraded version of the stream where the quality of the data is degraded in accordance to expected Gaia errors and only 50 data points are retained (equivalent surface brightness of G ∼ 32.5 mag arcsec -2 ). (e) and (f) represent the GUMS data with the mock stream superposed. There are around ∼330 000 contaminating field stars, so n stream /n data ≈ 0.015 per cent. Panel (g) displays the relative likelihood L k obtained from the STREAMFINDER, revealing the low contrast stream feature, while (h) represents the subsample with the highest values of L k .

Figure 9 .

 9 Figure 9. Multiple stream case. The top panels show the degraded version of the three N-body simulated streams in Galactic coordinates. The middle panelsshow the GUMS data with the three streams immersed. The bottom panels show the colour-magnitude distribution of these data: (e) shows the data along with the streams within it, while in (f) the stream is highlighted in blue. We chose three isochrone models appropriate for halo globular clusters with age and [Fe/H] = (10 Gyr, -1.28),(10 Gyr,, and (10 Gyr, -2.28) for, respectively, models m1, m2, and m3. Though not explicitly shown here, the streams probe distances between 10 and 28 kpc. Each stream possesses 50 stars, and has an equivalent surface brightness of G ∼ 32.5 mag arcsec -2 .

Figure 10 .

 10 Figure10. STREAMFINDER results for the case of multiple streams in a given patch of sky. The left-hand panels show the spatial distribution of the statistic L k obtained using different isochrone models, and the right-hand panels show the data points with the highest L k values. The upper, middle, and lower panels are derived using, respectively, the SSP models with age and [Fe/H] = (10 Gyr, -1.28),(10 Gyr,, and (10 Gyr, -2.28). As expected, a given isochrone model enhances the detection strength of the stream structures corresponding to that particular isochrone. (The L k values shown here are values relative to the minimum.)

Figure 11 .

 11 Figure 11. Luminosity function and continuity criteria. These plots are improved versions of those shown in Fig. 10, after incorporating the luminosity function and the continuity criteria in the likelihood calculation. The contrast of the streams is further improved by the additional discriminating information.

Figure 12 .

 12 Figure 12. Detection limit test. Here, we have simulated an ultra-faint stream structure possessing only 15 stars (with G ∼ 33.6 mag arcsec -2 ). The spatial distribution is shown in (a) where the input stream stars are highlighted in blue, while (b) shows the corresponding L statistic: 10 stars are clearly detected above an ∼4.3σ threshold.

Figure 13 .

 13 Figure 13. Galaxy mass model mismatch. (a) shows the same data and the superposed stream model as shown in Fig. 8. The stream model was simulated in DB model 1. (b) shows the corresponding L statistic obtained by using DB model 4 for integration of the trial orbits in the STREAMFINDER algorithm. It can be seen that the algorithm was easily able to detect the stream even after we forced the code to employ a wrong Galactic potential model.

4. 3 .

 3 Figure 4.1: PS1 proper motion dataset. (a) Raw density map of stars in the given patch of the sky obtained using the PS1 catalogue. The darker regions imply higher density regions. The GD-1 stream lies in this particular area of the sky. (b) Colour-magnitude Hess-Diagram of the same patch of sky. The stars on the red side of g P1 -r P1 = 1.0 consists mostly of local M dwarfs of the disk and were not used in the analysis. Panels (c) and (d) show the behaviour of the proper motion uncertainties with respect to r P1 . These uncertainties become very large for r P1 > 20.

Figure 4 . 2 :Figure 4 . 3 :

 4243 Figure 4.2: Comparison between MF and . Top panel : Non-detection of GD-1 using the MF technique. The GD-1 stream appears with only ≈ 2.5σ detection significance, due to the absence of stars fainter than r P1 = 18.5. Lower panels: Detection of GD-1 with the . (a) The algorithm after processing the given patch of sky returns a density plot that is shown here in the rotated coordinate system that aligns with the GD-1 stream. The highest likelihood stars (0.2% of the sample) are marked in large black dots that immediately reveal the GD-1 structure along φ 2 ∼0. Along with GD-1, revealed PS1-E stream towards the north. (b) The same as (a) but in equatorial coordinates. (c) The proper motions of the stars of the data are shown in red. The highest likelihood stars are marked with blue dots together with their error bars. The black coloured dots show the expected proper motion values of these highest likelihood stars, a by-product of . (d) The highest likelihood stars are shown in equatorial coordinates, revealing the two distinct structures that are detected at comparable significance. Based on the statistics of the contamination, detected both stream structures at a > 4.4σ level of confidence.

  detection of the GD-1 and PS1-E streams in the PS1 proper motion catalogue validated the workings of the algorithm. Their positive detection suggested that other similar structures in Gaia DR2 should also be detected, as the proper motion uncertainties of stars were to be a factor of ∼ 5 better in each proper motion dimension (yielding a ∼ 25 times better-resolved 1 I N T RO D U C T I O N Stellar streams hold great promise for Galactic Archaeology (Freeman & Bland-Hawthorn 2002). Their orbital structures are sensitive tracers of galaxy formation history, the underlying Galactic potential (Johnston, Hernquist & Bolte 1996; Eyre & Binney 2009; Law & Majewski 2010) and the lumpiness in the dark matter distribution (Ibata et al. 2002a; Johnston, Spergel & Haydn 2002; Carlberg, Grillmair & Hetherington 2012; Erkal et al. 2016; Sanders, Bovy & Erkal 2016

Figure 1 .

 1 Figure 1. PS1 proper motion dataset. (a) Raw density map of stars in the given patch of the sky obtained using the PS1 catalogue. The darker regions imply higher density regions. The GD-1 stream lies in this particular area of the sky. (b) Colour-magnitude Hess-Diagram of the same patch of sky. The stars on the red side of g P1r P1 = 1.0 consists mostly of local M dwarfs of the disc and are not used in our analysis. Panels (c) and (d) show the behaviour of the proper motion uncertainties with respect to r P1 . These uncertainties become very large for r P1 > 20.

Figure 2 .

 2 Figure 2. GD-1 stream detection using the MF technique. (a) MF density map of the chosen patch of sky in PS1, derived using the M13 globular cluster as the CMD template. The GD-1 stream can be seen as a ∼60 • extended structure on the sky. All stars with 14 < r P1 < 21.5 and 0.1 < g P1r P1 < 0.6 were used to create this density plot. (b) The same MF density plot is now shown in a particular area of the sky that runs along the GD-1 stream. (c) The MF plot is represented in the rotated spherical coordinate system aligned approximately with the GD-1 stream. The GD-1 stream can be seen to lie along ϕ 2 ∼ 0 in this plot. (d) We estimate that the stream is detected at a significance level of ≈6.5σ .

Figure 3 .

 3 Figure 3. Dataset 2. To make a comparison between STREAMFINDER and the MF technique we take a subset of the PS1 data around GD-1, selecting stars with r P1 < 18.5 and 0.15 < g P1r P1 < 0.30. (a) The subset is presented in the rotated coordinate frame. GD-1 lies at ϕ 2 ∼ 0 in this frame. (b) Represents the CMD of this data subset. The green dots correspond to the M13 globular cluster CMD, originally used to detect the GD-1 stream. The plot shows that most of the MSTO stars in the GD-1 are lost, due to the colour-magnitude selection window.

Figure 4 .

 4 Figure 4. Non-detection of GD-1 in Dataset 2 using the MF technique. The GD-1 stream now appears with only ≈2.5σ detection significance, due to the absence of stars fainter than r P1 = 18.5.

Figure 5 .

 5 Figure 5. Detection of GD-1 with the STREAMFINDER in Dataset 2. (a) The algorithm after processing the given patch of sky returns a density plot that is shown here in the rotated coordinate system. The highest likelihood stars (0.2 per cent of the sample) are marked in large black dots that immediately reveal the GD-1 structure along ϕ 2 ∼0. Along with GD-1, STREAMFINDER reveals another stream feature towards the north. (b) The same as (a) but in equatorial coordinates. (c) The proper motions of the stars of Dataset 2 are shown in red. The highest likelihood stars are marked with blue dots together with their error bars. The black coloured dots show the expected proper motion values of these highest likelihood stars, a by-product of STREAMFINDER. (d) The highest likelihood stars are shown in equatorial coordinates, revealing the two distinct structures that are detected at comparable significance. Based on the statistics of the contamination, STREAMFINDER detects both stream-like structures at a >4.4σ level of confidence.

Figure 7 .

 7 Figure 7. Retrieving the missing phase-space information of streams stars with STREAMFINDER. The red dots represent the radial velocity solutions of the GD-1 signal stars that are derived as a by-product of the application of the algorithm. The blue markers are the observed radial velocities of GD-1 stars as tabulated by Koposov et al. (2010), corrected for the radial component of the Solar reflex motion (taking V o = 220 km s -1). The STREAMFINDER sampled orbits in radial velocity space at intervals of 10 km s -1 (which effectively causes an uncertainty of 10 km s -1 on the red dots). The agreement with the observations illustrates the power of our algorithm in predicting the missing phase-space information of stream stars.

  Related paper : Ghostly Tributaries to the Milky Way: Charting the Halo's Stellar Streams with the Gaia DR2 catalogue, 2018, Khyati Malhan, Rodrigo Ibata & Nicolas F. Martin, submitted to MNRAS (ADS entry)
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 51 Figure 5.1: Summary diagrams of the distance (D ⊙ > 5 kpc) and tangential velocity V T of streamlike structures in the northern (above) and southern (below) Galactic sky. The tangential velocities are calculated based on the observed proper motion of the stars in DR2 and the corresponding distance estimates that were obtained from the algorithm.

Figure 4 .

 4 Figure 4. Properties of a sample of previously-discovered streams, as recovered by the STREAMFINDER. The first, second, third and fourth rows show the properties of the GD-1, Jhelum, Indus and Orphan streams, respectively. The columns reproduce, from left to right, the equatorial coordinates of the structures, the distance solutions found by the algorithm (for representative metallicity values), the proper motion distribution (with observations in red, model solutions in blue, and the full DR2 sample in grey), and the colour-magnitude distribution of the stars (with observations in red and template model in blue) selected by STREAMFINDER. The distance solutions found by the algorithm match closely the distance values that have been previously derived for these streams: D ⊙ ∼ 8 kpc for GD-1 (Grillmair & Dionatos 2006), D ⊙ ∼ 13.2 kpc and ∼ 16.6 kpc for Jhelum and Indus, respectively (Shipp et al. 2018) and D ⊙ = [33 -38] kpc for Orphan (Newberg et al. 2010). The CMD template models, shown in blue in the last column, have been plotted at the appropriate distance for the respective streams. The colour-magnitude diagram of the Orphan stream might seem peculiar, but here we only see the red-giant branch due to the trimming of the data sample below G = 19.5.

Figure 5 .

 5 Figure 5. Spatial distribution of stream candidates at intermediate distances. Here we show the stellar stream density map as obtained from the STREAMFINDER based on 3 representative isochrone models. Each row corresponds to a particular isochrone model of age (in Gyr) and metallicity, as labelled. The left panels represent the North side of the ZEA projection system and the right panels represent the South. The colour scale is proportional to the heliocentric distances to the stellar members of the detected structures obtained as a by-product from the STREAMFINDER analysis. All streams displayed here have detection significance > 5σ. New high confidence stream detections are marked on the map.

Figure 6 .

 6 Figure 6. As Figure5, but for the outer halo beyond 25 kpc. The dominant structure seen out to large heliocentric distances in both hemispheres is the Sagittarius stream, which is detected despite the narrowness of the stream template model that we set in our algorithm. The interesting bifurcation of this structure is seen in the top-left panel. In addition, the lower-left panel shows an overdensity of stars in the region where the Orphan stream lies(Grillmair 2006). Many other stream-like features are also detected, but most are confined to the nearer limit of the distance range shown.

Figure 7 .

 7 Figure 7. Summary diagrams of the distance (D ⊙ > 5 kpc) and tangential velocity V T of stream-like structures in the northern Galactic sky. The tangential velocities are calculated based on the observed proper motion of the stars in DR2 and the corresponding distance estimates that we obtain from the algorithm. Most of the structures that we report here are visible in these diagrams, as are many others that we intend to investigate further in future contributions.

Figure 8 .

 8 Figure 8. As Figure 7, but for the southern Galactic sky.

Figure 9 .

 9 Figure 9. As Figure4but for the selected set of newly-discovered streams. Oddly, for Gaia-3, we found two distinct possible sets of solutions based on distance estimates that we obtained from our algorithm, as highlighted in the respective panel. The more distant stars are coloured in green, while the relatively nearby ones are shown in red. This clear distinction of these two different sets of solutions in position, distance and colour-magnitude distribution space, while not so much in proper motion space, suggests that what we detect here as Gaia-3 might in fact be a superposition of two streams, or a more complicated structure aligned along the line of sight. The bottom row shows the properties of Gaia-5, which is found to lie parallel, but slightly offset, to GD-1 (shown on this bottom row in green). Nevertheless, it is very distinct from GD-1 both in its proper motion distribution and in its colour-magnitude distribution.
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 61 Figure 6.1: GD-1 stream in the density map. The figure shows the stream detection density plot that was obtained from the algorithm after its application on Gaia DR2 dataset (see Chapter 5). The map corresponds to the Stellar Population template model of ([Fe/H], Age) = (-2.2, 10 Gyr), and shows stars with detection significance > 5σ. The ∼ 70 • long GD-1 stream stands out strikingly in this plot, which provides the basis for the sample that was used in present analysis.

Figure 6 . 2 :

 62 Figure 6.2: Orbit-fitting for the NFW halo potential. Top panel : The contours of log-likelihood.The tuple of best-fit parameters (V circ (R ⊙ ), q ρ ) = (244 +6 -2 km s -1 , 0.86 +0.04 -0.07 ) is marked with a cross, while the black dashed contours show the 1σ, 2σ, 3σ confidence regions. Lower panels : The data-model comparison for the best-fit orbit, which is shown with black dashed curves while the data is represented by colored points accompanied with the associated error bars. The light colored vertical red streaks in the los velocity plot correspond to data points that were missing

Figure 1 .

 1 Figure 1. GD-1 stream in the STREAMFINDER density map. The figure shows the stream detection density plot that we obtained from the STREAMFINDER algorithm after its application on Gaia DR2 dataset. The map corresponds to the Stellar Population template model of ([Fe/H], Age) = (-2.2, 10 Gyr), and shows stars with detection significance > 5σ. The ∼ 70 • long GD-1 stream stands out strikingly in this plot, which provides the basis for the sample used in our analysis.

Figure 2 .

 2 Figure2. GD-1 stream phase-space map and chemistry. We extracted a ∼ 5 • wide region around the GD-1 stream in Figure1yielding 438 stars. This sample was cleaned for contamination by implementing a sigma clipping procedure to reject the 3σ outliers in parallax and metallicity, resulting in a sample containing 403 potential GD-1 members. The position, parallax, proper motion, radial velocity, color-magnitude and metallicity distribution of these stars are shown here. The red points represent all the 403 stars in the sample observed by Gaia, while the 31 blue points show the cross-matches that we found in the SDSS/SEGUE dataset. The gray stars in the proper motion space are the remaining STREAMFINDER processed stars. MNRAS 000,1-11 (2018) 

with M b = 3 . 4 ×

 34 10 10 M⊙, a = 0.70 kpc, M d = 1 × 10 11 M⊙, b = 6.50 kpc, c = 0.26 kpc, d = 12 kpc. The M d value was taken from Küpper et al. (

Figure 3 .

 3 Figure 3. Orbit-fitting for the Logarithmic halo potential. The topmost panel represents the contours of log-likelihood obtained from our analysis presented in Section 3.1. The tuple of best-fit parameters (V circ (R ⊙ ), q Φ ) = (238 +14 -4 km s -1 , 0.89 +0.05 -0.03) is marked with a cross, while the black dashed contours show the 1σ, 2σ, 3σ confidence regions. The lower four panels show the data-model comparison for the best-fit orbit, which is shown with black dashed curves while the data is represented by colored points accompanied with the associated error bars. The light colored vertical red streaks in the radial velocity plot correspond to data points that were missing radial velocity measurements.

Figure 4 .

 4 Figure 4. Velocity curve of the Galaxy model discussed in Section 3.1 incorporating a logarithmic halo potential. The red, blue and green curves correspond to the independent velocity curves due to the Hernquist bulge profile, the Miyamoto-Nagai disk profile and the logarithmic halo. The combined circular velocity curve of the Galaxy is plotted in black. We emphasize that although the rotation curve lies in the reasonable range around R ⊙ = 8.2 kpc, it exceeds current estimates by a great margin at large radius (for comparison see Figure 13 of Küpper et al. 2015 and references therein).

Figure 5 .

 5 Figure 5. As Figure 3, but for the Galactic potential model discussed in Section 3.2. This time we obtained the best parameter values as (V circ (R ⊙ ), qρ) = (244 +6 -2 km s -1 , 0.86 +0.04 -0.07 ) as represented in the contour plot shown on the top panel.

Figure 6 .

 6 Figure 6. As Figure4, but for a Galactic potential containing an NFW halo. The overall velocity curve of the galaxy (black) corresponding to (V circ (R ⊙ ), qρ) = (244 km s -1 , 0.86), is able to both reproduce reasonable V circ at R ⊙ and the expected outer rotation curve shape of the Milky Way.
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 71 Figure 7.1: Vector diagram. Red dots represent the positions at successive (equal interval) timesteps along a tiny segment of an orbit. v d is the vector that measures the path along the orbit. The proper motion vector v oµ that gets measured in observations should lie along v d in a non-rotating frame in the Galaxy. But due to the reflex motion of the Sun, the perpendicular vector v r⊥ emerges, causing the deviation of v oµ from vector v d .

Figure 1 .

 1 Figure 1.Vector diagram. Red dots represent the positions at successive (equal interval) time-steps along a tiny segment of an orbit. v d is the vector that measures the path along the orbit. The proper motion vector v oµ that gets measured in observations should lie along v d in a non-rotating frame in the Galaxy. But due to the reflex motion of the Sun, the perpendicular vector v r⊥ emerges, causing the deviation of v oµ from vector v d .

Figure 2 .

 2 Figure 2. Sky view of the perfect orbits. (a) shows the path of the orbits on the Galactic sky and (b) represents the Heliocentric distances that these orbits span. The orbits were integrated in the Galactic potential model 1 ofDehnen & Binney (1998a). The zoomed-in panel in (a) represents a small segment of the orbit detailing the geometry of our procedure. It is the vector v r⊥ that our model is compared against.

Figure 3 .

 3 Figure 3. Correlation function plot for the perfect orbit test. The panels represent the probability distribution function and parameter-parameter correlations of the Sun's velocity components obtained through the application of the MCMC algorithm. The blue lines represent the true input values of the Sun's velocity.

Figure 4 .

 4 Figure 4. Sky view of the N-body tidal stellar streams. The left-hand panels show the positions in Galactic sky (a) and Heliocentric distance (c) that the simulated streams span. The right panels display the same information once the errors in proper motion and distance are applied (consistent with Gaia and CFIS survey uncertainties). The red points are the mock stellar points and the blue curves are the fitted curves to these data points. On average, we keep 230 stellar data points per stream.

Figure 5 . 2 new

 52 Figure 5. Correlation function plot for the N-body stream tests. The model distributions of the u ⊙ , v ⊙ and w ⊙ components of the Sun's velocity, are shown, as predicted by our method in 2.0 × 10 5 MCMC iterations. The input values that were used for the Sun's velocity are displayed with the blue lines and are (u ⊙ , v ⊙ and w ⊙ ) = (9.0, 255.2, 7.0) km s -1 . The MCMC method is clearly able to recover these values to useful accuracy from the stream kinematics. streams do not follow precisely great circle paths). We define the coordinates of the new rotated frame to be ℓ new and b new . We fitted for b new and d ⊙ in the transformed coordinate system (l new , b new ) using a Singular Value Decomposition algorithm with a polynomial functional form b new = a 1 + b 1 ℓ new + c 1 ℓ 2 new

Figure 6 .

 6 Figure 6. As Fig.5, but for an underestimated 5 per cent systematic bias introduced into the simulated Heliocentric distance information. In this case, we find a significant bias of ∼10 km s -1 in the v component of the Sun's motion. The MCMC algorithm was made to run for 2.0 × 10 5 iterations in this case.

1 .

 1 Detection of the Milky Way streams by applying ❙❚|❊❆▼❋■◆❉❊| onto Gaia DR2. First results of the ❙❚|❊❆▼❋■◆❉❊| output based on Gaia DR2 gave a rich map of crisscrossing stellar streams in the Milky Way halo. This output employed a single Milky Way potential model (in which the trial orbits are integrated) and only a handful of Stellar population models of Age=10 Gyr that were sampled over [Fe/H] between -2.2 and -1.0.Where I still need to analyze and study the obtained stellar stream maps, I also desire to re-run the algorithm by trying different Galactic potential models and several Stellar Population models (by finely gridding in Age and [Fe/H] space) in order to discover more halo streams. This would be useful in creating a stellar stream census of the Milky Way.Based on such a quantification of streams it should be possible, to some degree, to estimate what fraction of the halo is a consequence of the accretion of smaller mass systems.Iterating over different potential models could be also useful in gauging the underlying Galactic potential of the Milky Way.2. ❙❚|❊❆▼❋■◆❉❊|-> ❇▲❖❇❋■◆❉❊| : detection of blobs of stars.

3 .

 3 Development of a coherent and detailed picture of the assembly and evolutionary history of the Milky Way I am strongly inclined working towards the development of a coherent and detailed picture of the assembly and the evolutionary history of the Milky Way and to attempt to reconstruct its distribution function DF (x,v) of the halo accretions. The DF (x,v) of streams could tell us a lot about the pre-merging history of our galaxy and the dark matter distribution. This now appears within reach, thanks to Gaia. 123 CHAPTER 8. SUMMARY AND OUTLOOK

124

 124 

8

 8 

3 ❙❚|❊❆▼❋■◆❉❊| -A NEW ALGORITHM FOR DETECTING STELLAR STREAMS The beginning is the most important part of the work-Plato Related paper : STREAMFINDER I -A new algorithm for detecting Stellar Streams,

  

	2018, Khyati Malhan & Rodrigo Ibata, published in MNRAS (ADS entry)

Table 1 .

 1 Parameter ranges used to integrate orbits in the Galaxy.

	Parameter	Minimum	Maximum
	d ⊙	3.0 kpc	200 kpc
	D helio	3.0 kpc	200 kpc

Table 1 .

 1 Highest likelihood stars candidates in PS1 along the GD-1 track, as obtained by the STREAMFINDER. Columns 1 and 2 list the sky positions and columns 3 and 4 are the g P1 and r P1 magnitudes (the median of the PS1 measurements).

	RA	DEC	g P1	r P1
	(deg)	(deg)		
	154.33723	39.82138	18.44	18.18
	161.73164	46.59564	18.40	18.19
	157.58469	42.49022	18.47	18.21
	158.63541	43.79097	18.59	18.30
	160.50852	45.44162	18.50	18.25
	160.56969	45.60858	18.54	18.25
	161.22963	46.14118	18.38	18.13
	161.25371	45.96201	18.54	18.27
	161.30762	45.89013	18.16	17.87
	156.59654	41.85462	18.49	18.24
	163.75657	47.96208	18.31	18.04
	165.99967	49.65492	18.32	18.02
	168.64583	50.43288	18.32	18.08
	174.67653	53.19757	18.20	17.91
	175.04661	53.14976	18.45	18.20
	184.73228	56.03422	18.37	18.11
	184.00126	55.96127	18.42	18.19
	180.68427	54.94157	18.17	17.91
	195.29246	57.48671	18.38	18.09

  of the region around the North Galactic Cap based on the SDSS DR5, which was expanded to cover both the Northern and Southern Galactic Cap regions in later SDSS releases (see, e.g. Grillmair & Carlin 2016); Bernard et al. (2014) created a panoramic map of the entire Milky Way halo north of δ ∼ -30 • (∼ 30, 000 deg 2 ) based on the Pan-STARRS1 dataset; Mateu et al. (2018) applied a pole-counts stream-finding method to the Catalina RR-Lyrae survey revealing 14 candidate streams in the inner Galaxy; and most recently Shipp et al. (2018) discovered 11 stellar streams out to a distance of d⊙ ∼ 50 kpc by making use of the data from the Dark Energy survey (DES).

  in the Gaia photometric system, with age 10 Gyr and with 7 metallicity values between [Fe/H] = -2.2 to [Fe/H] = -1.0 (spaced at 0.2 dex intervals). These isochrone models cover plausible values for Milky Way halo globular clusters (from which stellar streams are ultimately derived) 2 .

Table 1 .

 1 Properties of the GD-1 stellar stream. Vcirc(R⊙ = 8.29 kpc) = 239 ± 5 km s -1 ; Reid et al. (2014) estimated Vcirc(R⊙ = 8.34 kpc) = 240 ± 8 km s -1 from studies based on the dynamics of the high-mass star forming regions in the spiral arms of the Milky Way. From a dynamical study of the Palomar 5 stream, Küpper et al. (2015) obtained Vcirc(R⊙ = 8.30 kpc) = 243 ± 16 km s -1 . As for qρ, our result is consistent with

	Parameter	Range/Value
	R.A.	[130 • , 210 • ]
	Dec	[10 • , 60 • ]
	d ⊙ ( kpc)	[7, 13]
	σw(pc)	120
	µ * α ( mas yr -1 ) µ δ ( mas yr -1 )	[-9, -1] [-16, -3]
	v los ( km s -1 )	[-200, 200]
	σv(2D, km s -1 )	< 1.25 (90% conf.)
	[Fe/H](dex)	-2.25
	σ [Fe/H] (dex)	0.04
	zmax( kpc)	16.8
	r peri ( kpc)	14.2
	rapo( kpc)	26.7
	e	0.30
	Lz( kpc km s -1 )	3083
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  .2. FUTURE PROSPECTS This is another aspect of stream based analysis that I am interested in working towards.
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The problem is that while the number of massive sub-halos in dark-matter-only simulations matches the number of classical dwarf satellites observed, the central densities of these simulated dwarfs are higher than the central densities observed in the real galaxies.

However, in ΛCDM cosmological models, it is now clear that the structure of the stellar and dark halo do not necessarily follow one another.

Although Gaia provides 5D astrometric solutions (2D positions,

2D proper motions and paralalxes) for all the observed stars, but it delivers radial velocities for only brighter stars for which G Gaia < 12.

Recently we discovered a much fainter stream structure, Phlegethon, with the equivalent surface brightness of Σ G ∼ 34.6 mag arcsec -2 in the Gaia DR2 catalogue ([START_REF] Ibata | Phlegethon, a nearby 60 • -long retrograde stellar stream[END_REF], ADS entry).
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It was later brought to our attention that the parallel sequence to GD-1 was previously reported as PS1-E stream[START_REF] Bernard | A Synoptic Map of Halo Substructures from the Pan-STARRS1 3π Survey[END_REF].

However, Chapter 6 shows that [Fe/H] GD1 = -2.25 ± 0.04[START_REF]Constraining the Milky Way Halo Potential with the GD-1 stellar stream[END_REF] 

Gaia DR2 shall deliver parallaxes and proper motions for all stars down to G 0 ∼

21, and radial velocities for stars brighter than G 0 ∼ 13 C 2018 The Author(s) Published by Oxford University Press on behalf of the Royal Astronomical Society Downloaded from https://academic.oup.com/mnras/article-abstract/478/3/3862/4999934 by IRMA Strasbourg, kmalhan07@gmail.com on 27 July 2018
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These extinction ratios are listed on the Padova model site http://stev.oapd.inaf.it/cgi-bin/cmd

2.8. 

MNRAS 000,1-15 (2018) 

In subsequent papers, we plan to run the algorithm over a fine grid in metallicity and age.

c 2018 The Authors
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DATASET phase-space volume).

Although GD-1 and PS1-E appeared as clearly-distinguishable stream-like structures on the sky, interestingly, their orbits seemed to overlap in distance and velocity space (see Figure 6 in the paper attached with this Chapter). At the distance of GD-1, the PS1 proper motion uncertainties correspond to a typical uncertainty on the transverse motion of > 50 km s -1 . This, together with the absence of radial velocity measurements, made it hard to speculate on the orbital properties of the system at that stage. It should be interesting to compare the metallicity of GD-1 and PS1-E, and to study their orbits in detail with proper motions from Gaia DR2 together with accurate radial velocities.

The algorithm naturally delivers the possible set of orbital solutions of the detected stream structures. The analysis showed good agreement between the radial velocities of the GD-1 stars obtained as a by-product from ❙❚|❊❆▼❋■◆❉❊| and from spectroscopic observations. This missing phase-space information that the algorithm provides can be used to estimate the 6D distribution function of Milky Way streams to some extent, and hence probe the nature and formation history of these star streams and the Galactic halo that together they span. 

Related Paper

Abstract

ESA/Gaia astrometry together with SEGUE measurements of the 70 • long GD-1 stellar stream were used to explore the improvement on the Galactic gravitational potential that the new Gaia data provided. Assuming a realistic universal model for the halo together with reasonable models of the baryonic components, it was found that the GD-1's orbital solutions require the circular velocity at the Solar radius to be V circ (R ⊙ ) = 244 +6 -2 km s -1 , and also that the density flattening of the halo is q ρ = 0.86 +0.04 -0.07 . The corresponding Galactic mass within 14.5 kpc, the mean Galactocentric distance of GD-1, was found to be M MW (< 14.5 kpc) = 1.75 +0.06 -0.05 × 10 11 M ⊙ . Moreover, Gaia's excellent proper motions also allowed estimation of the velocity dispersion of the GD-1 stream in the direction tangential to the line of sight to be < 1.25 km s -1 (90% confidence limit), confirming the extremely cold dynamical nature of this system. 

ABSTRACT

We use ESA/Gaia astrometry together with SEGUE measurements of the 70 • long GD-1 stellar stream to explore the improvement on the Galactic gravitational potential that these new data provide. Assuming a realistic universal model for the halo together with reasonable models of the baryonic components, we find that orbital solutions require the circular velocity at the Solar radius to be V circ (R ⊙ ) = 244 +6 -2 km s -1 , and also that the density flattening of the halo is q ρ = 0.86 +0.04 -0.07 . The corresponding Galactic mass within 14.5 kpc, the mean Galactocentric distance of GD-1, is M MW (< 14.5 kpc) = 1.75 +0.06 -0.05 × 10 11 M ⊙ . Moreover, Gaia's excellent proper motions also allowed us to measure the velocity dispersion of the GD-1 stream in the direction tangential to the line of sight to be < 1.25 km s -1 (90% confidence limit), confirming the extremely cold dynamical nature of this system. Key words: Galaxy : halo -Galaxy: structure -stars: kinematics and dynamics -Galaxy: fundamental parameters Constraining the MW halo potential 9 Galaxy models, changing the circular velocity at the Solar radius (Vcirc(R⊙)) and the shape of the dark matter halo (qρ). This 6D phase-space GD-1 map was obtained based on the 5D (α, δ, ̟, µα, µ δ ) measurements from Gaia DR2 and the 1D v los from the SEGUE survey.

We study two different Galactic potential models here, both of them being 3 component models comprising a bulge, a disk and a dark matter halo. For setting up the potentials and integrating orbits, we use the galpy module (Bovy 2015).

We first try a Galactic potential model where we model the bulge, disk and halo with Hernquist, Miyamoto-Nagai and logarithmic profiles respectively (see Section 3.1). In this case we estimate the the parameters values as (Vcirc(R⊙), qρ) = (238 +14 -4 km s -1 , 0.67 +0.04 -0.02 ) (see Figure 3). While providing a useful comparison to some previous studies (such as Koposov et al. 2010), this model is disfavoured as it is not motivated by cosmological simulations.

The second potential model that we examined comprised a bulge, a disk and a halo, modelled with a power-law, Miyamoto-Nagai and axisymmetric NFW profile respectively (see Section 3.2). This time, we measure the parameter values as (Vcirc(R⊙), qρ) = (244 +6 -2 km s -1 , 0.86 +0.04 -0.07 ) (see Figure 5). This estimate of the Vcirc(R⊙) value is in excellent agreement with those obtained by other authors based on different approaches. For example, [START_REF] Mcmillan | Mass models of the Milky Way[END_REF] used photometric and kinematic data to fit parametrized mass models of the Milky Way and found
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C H A P T E R 8 SUMMARY AND OUTLOOK

Progress is not simply achieving a milestone. Progress is reaching the milestone but then realising that destination lies further ahead-me :)

Summary

This thesis work was devoted to the detection and the dynamical analysis of stellar streams of the Milky Way galaxy. The first part of the thesis introduced and detailed the workings of a newly developed powerful stream detection algorithm -the ❙❚|❊❆▼❋■◆❉❊| (Chapter 3 and 4), thereby also presenting its application on the ESA/Gaia DR2 catalogue that rendered the first ever all-sky structural and kinematical maps of the stellar streams of the Milky Way halo (Chapter 5). The second part of the thesis established the relevance of the dynamical analysis of stellar streams in constraining the gravitational potential (Chapter 6) and the fundamental parameters (Chapter 7) of the Milky Way galaxy. Each chapter in this thesis was based on a scientific paper that was attached at the end of every chapter.

1. Chapter 1 and 2 set the soil, detailing the major challenges that are being faced by the field of Galactic archaeology, and that how stellar streams recently emerged as important investigatory tools playing useful roles in addressing these fundamental problems.

2. The thesis work discussion begins with Chapter 3 that introduced the ❙❚|❊❆▼❋■◆❉❊| algorithm. This algorithm is a state-of-the art tool that is designed to analyse Gaia data to detect thin and dynamically cold stellar streams in the Milky Way galaxy. ❙❚|❊❆▼❋■◆❉❊| is a generic stream dectection recipe that makes use of as much as possible of our prior knowledge about stellar streams. It can handle heterogeneous datasets that are a combination of 8.1. SUMMARY similar structures in Gaia DR2 (that was yet to be published on 25 th April 2018), where the proper motion uncertainties of stars were to be a factor of ∼ 25 better.

In addition to GD-1, ❙❚|❊❆▼❋■◆❉❊| was also able to reproduce the PS1-E stream structure, that appeared to have similar distance and kinematical properties as GD-1 stream. However, this yet requires confirmation. 4. Chapter 5 discussed the first result of the application of the ❙❚|❊❆▼❋■◆❉❊| algorithm onto the Gaia DR2 catalogue. For the first time, an all-sky structural and kinematical map of the stellar streams of the Milky Way halo was created. A rich network of criss-crossing streams was found in the halo, often with striking kinematic coherence. Along with reproducing the previously known stream structures such as the Sagittarius, GD-1, Orphan, Indus and Jhelum, ❙❚|❊❆▼❋■◆❉❊| was also able to detect many new stream structures out of which five high confidence stream candidates were claimed as discoveries and were named Gaia -1, 2, 3, 4 and 5.

The Chapter detailed the method of application of the ❙❚|❊❆▼❋■◆❉❊| onto Gaia DR2, presented the paranomic view of the Milky Way halo sky, and showcased the phase-space distribution of all the stellar streams that were detected. 5. Chapter 6 demonstrated the power that a mere single stream holds in probing the underlying gravitational potential of the Milky Way by fitting the orbital path of a stream. For this analysis, ESA/Gaia astrometry together with SEGUE's radial velocity measurements of the GD-1 stream [START_REF] Grillmair | Detection of a 63 • Cold Stellar Stream in the Sloan Digital Sky Survey[END_REF] were used.

Assuming a realistic universal model for the halo together with reasonable models for the bulge and the disk, this analysis estimated circular velocity at the Solar radius to be

, and the density flattening of the halo as q ρ = 0.86 +0.04 -0.07 . This value of V circ (R ⊙ ) value was found to be in excellent agreement with those obtained by other authors based on different [START_REF] Mcmillan | Mass models of the Milky Way[END_REF][START_REF] Reid | Trigonometric Parallaxes of High Mass Star Forming Regions: The Structure and Kinematics of the Milky Way[END_REF] and similar [START_REF] Küpper | Globular Cluster Streams as Galactic High-Precision Scalesmdashthe Poster Child Palomar[END_REF] approaches. As for q ρ , the result was found to be consistent with some previous studies [START_REF] Bovy | The Shape of the Inner Milky Way Halo from Observations of the Pal 5 and GD-1 Stellar Streams[END_REF]; while being in tensions with a similar GD-1 analysis [START_REF] Koposov | Constraining the Milky Way Potential with a Six-Dimensional Phase-Space Map of the GD-1 Stellar Stream[END_REF] and also with another study that favoured a prolate halo solution obtained based on analysis of the globular clusters [START_REF] Posti | Mass and shape of the Milky Way's dark matter halo with globular clusters from Gaia and Hubble[END_REF].

With the obtained model of the potential, the mass of the Milky Way in the inner 14.5 kpc, the mean Galactocentric distance of GD-1, was estimated as M MW (< 14.5 kpc) = 1.75 +0.06 -0.05 × 10 11 M ⊙ . Extrapolating out slightly to R = 20 kpc, it was found that M MW (< 20 kpc) = 2.14 ± 0.07 × 10 11 M ⊙ . This value too was found to be consistent with various other recent findings of the Milky Way's mass [START_REF] Küpper | Globular Cluster Streams as Galactic High-Precision Scalesmdashthe Poster Child Palomar[END_REF][START_REF] Posti | Mass and shape of the Milky Way's dark matter halo with globular clusters from Gaia and Hubble[END_REF][START_REF] Watkins | Evidence for an Intermediate-Mass Milky Way from Gaia DR2 Halo Globular Cluster Motions[END_REF].

Moreover, Gaia's excellent proper motions also allowed the measurement of the velocity dispersion of the GD-1 stream in the direction tangential to the line of sight, that was mea-