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Fiche d'identité de notre galaxie, la Voie Lactée

Type: spirale barrée

Contenu: 200-400 milliards

d'étoiles + poussiéres et gaz (~5%)
; > ‘o~ _ | : RS —— R

Diamétre: ~ 100-150 kAL gg,o;augm.y%,s' ‘ s

Rotation: différentielle Yy
Le SOlei,: Si'l'ué (\] 24_28 kAL «— 100,000 light-years

Sun's location ‘ .
disk l - 1_.000/Iight-years

(7.4 - 8.7 kpc) du centre galactique,
période ~ 220 10° ans

(il a déja fait ~ 20 tours)
3 parties :

- Bulbe galactique (au centre)
- Disque galactique (+ bras spiraux)

- Halo galactique (+ amas globulaires)
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Presentation Notes
Parler dès le début de la difficulte de modéliser notre galaxie, importance de Gaia, …
Origines de la difficulté : Nbre de corps ! Echelles de temps différentes, taux de formation d’étoiles, 
interaction avec l’extérieur (bottom-up scenario) -> Pas système isolé

Dire que la principale source d’erreur dans l’estimation de la distance du centre vient de la méconnaissance de l’extinction par le milieu interstellaire dans cette direction ( d = d’ 10^(-A_l/5) )

Avec coefficient d’extinction: m_l = M_l + 5 log d - 5 + A_l
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Centre de notre galaxie dans la

1) Le bulbe galacﬂque direction du Sagittaire

5% de la masse visible de la VL

Composé d'étoiles vieilles (Pop II)

Trés peu de gaz interstellaire
Centre galactique

- Source radio : Sagittarius A*

- Zone densément peuplée d'étoiles o _
Orbites d’étoiles autour du trou noir

- Or‘biTes el'ipTique au‘rour‘ d'un pOinT CenTr'al : Right Ascension difference from 17h 45m 40.045s
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Bulbes classiques formés pas fusion de plus petits groupes d’étoiles d’où orbites désordonnées, idem galaxies elliptiques. Bottom up scenario.

 Pseudo-bulbes et top-down scenario
Orbites moins désordonnée, présence d’une barre (cas de notre galaxie), présence de gaz et d’étoiles ayant migré depuis le disque. On parle d’évolution séculaire de notre galaxie, scenario top-down 

Centre galactique impossible à observer dans le visible: extinction A_l ~ 30 !! Si on pouvait attendre 15 millions d’années, l’angle de vue serait idéal …
Longueur d’onde optimale d’observation: bande K à 2.2 microns (infrarouge) pour les étoiles ou plus grandes longueurs (micro-ondes et radios) pour le milieu interstellaire.

Le centre galactique est très dynamique, signes de l’explosion de nombreuses supernovae durant les dernières centaines de milliers d’année. 
Arguments en faveur de la présence d’un trou noir super massif:
Trajectoire elliptique complète de S2 (P~15 ans) -> masse_TN ~ 4 millions de masse solaire (3ème loi de Kepler), rayon plus petit que diamètre orbite d’Uranus (voir S14). Aucun autre type d’objet connu ne peut contenir une telle masse dans un si petit volume.

GRAVITY : Instrument d’observation couplé aux VLTI pour observer en interférométrie les alentours du trou noir


Classical bulges
Bulges that have properties similar to those of elliptical galaxies are often called classical bulges due to their similarity to the historic view of bulges.[2] These bulges are composed primarily of stars that are older, Population II stars, and hence have a reddish hue (see stellar evolution).[3] These stars are also in orbits that are essentially random compared to the plane of the galaxy, giving the bulge a distinct spherical form.[3] Due to the lack of dust and gasses, bulges tend to have almost no star formation. The distribution of light is described by de Vaucouleurs' law.
Classical bulges are thought to be the result of collisions of smaller structures. These disrupt the paths of stars, resulting in the randomness of bulge orbits. Following such a merger, gas clouds are more likely to be converted into stars, due to the shocks from the merger (see star formation).

Disk-like bulges
Astronomers refer to the distinctive spiral-like bulge of galaxies such as ESO 498-G5 as disc-type bulges, or pseudobulges.
Many bulges have properties more similar to those of the central regions of spiral galaxies than elliptical galaxies.[4][5][6] They are often referred to as pseudobulges or disky-bulges. These bulges have stars that are not orbiting randomly, but rather orbit in an ordered fashion in the same plane as the stars in the outer disk. This contrasts greatly with elliptical galaxies.
Subsequent studies (using the Hubble Space Telescope) show that the bulges of many galaxies are not devoid of dust, but rather show a varied and complex structure.[3] This structure often looks similar to a spiral galaxy, but is much smaller. Giant spiral galaxies are typically 2–100 times the size of those spirals that exist in bulges. Where they exist, these central spirals dominate the light of the bulge in which they reside. Typically the rate at which new stars are formed in pseudobulges is similar to the rate at which stars form in disk galaxies. Sometimes bulges contain nuclear rings that are forming stars at much higher rate (per area) than is typically found in outer disks, as shown in NGC 4314 (see photo).
A Hubble Space Telescope image of the central region of NGC 4314, a galaxy with a star-forming nuclear ring.
Properties such as spiral structure and young stars suggest that some bulges did not form through the same process that made elliptical galaxies and classical bulges. Yet the theories for the formation of pseudobulges are less certain than those for classical bulges. Many astronomers suggest that bulges that appear similar to disks form outside of the disk, and are not the product of a merging process. When left alone, disk galaxies can rearrange their stars and gas (as a response to instabilities). The products of this process (called secular evolution) are often observed in such galaxies; both spiral disks and galactic bars can result from secular evolution of galaxy disks. Secular evolution is also expected to send gas and stars to the center of a galaxy. If this happens that would increase the density at the center of the galaxy, and thus make a bulge that has properties similar to those of disk galaxies.
If secular evolution, or the slow, steady evolution of a galaxy,[7] is responsible for the formation of a significant number of bulges, then that many galaxies have not experienced a merger since the formation of their disk. This would then mean that current theories of galaxy formation and evolution greatly over-predict the number of mergers in the past few billion years.[3]

Most bulges are thought to host a supermassive black hole at their center. Such black holes by definition can not be observed (light cannot escape them), but various pieces of evidence strongly suggest their existence, both in the bulges of spiral galaxies and in the centers of ellipticals. The masses of the black holes correlate tightly with bulge properties; the tightest such correlation, the M–sigma relation, is between black hole mass and the velocity dispersion of stars in the bulge.[8] Until recently it was thought that one could not have a supermassive black hole without a bulge around it, but galaxies hosting supermassive black holes without accompanying bulges have now been observed.[9]

Astronomers are very confident that our own Milky Way galaxy has a supermassive black hole at its center, 26,000 light-years from the Solar System, in a region called Sagittarius A*[15] because:
- The star S2 follows an elliptical orbit with a period of 15.2 years and a pericenter (closest distance) of 17 light-hours (1.8×1013 m or 120 AU) from the center of the central object.[16]
- From the motion of star S2, the object's mass can be estimated as 4.1 million M☉,[17][18] or about 8.2×1036 kg.
- The radius of the central object must be less than 17 light-hours, because otherwise, S2 would collide with it. In fact, recent observations from the star S14[19] indicate that the radius is no more than 6.25 light-hours, about the diameter of Uranus' orbit. However, applying the formula for the Schwarzschild radius yields just about 41 light-seconds, making it consistent with the escape velocity being the speed of light.
No known astronomical object other than a black hole can contain 4.1 million M☉ in this volume of space.



2) Le disque galactique
Structure plate

Contenu :

- 90 % de la masse visible de notre galaxie

- Etoiles jeunes (population I)

- Nuages interstellaires (~ 5x10° My, 3 < d.< 8 kpc) B
= Pouponniéeres de nouvelles étoiles
- Amas ouverts : groupes d'étoiles (100-1000)
formées a partir du méme nuage.
= méme dge, comp. chimique, distance
== Détermination possible de leur age

et leur distance
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There are over 1,000 known open clusters in our galaxy, but the true total may be up to ten times higher than that.

Origine du disque: dissipation du gaz (contrairement à la matière sombre) -> contraction et augmentation de la fréquence de rotation -> mouvement d’ensemble du gaz et puis des étoiles dans le plan galactique.

Gaz très proche du plan + high velocity clouds (phénomène de fontaine)

Courbure du disque à grande distance, origine : ?

Origine d’un disque fin ? More recent theories include the clustering of dark matter halos in the bottom-up process. Essentially early on in the universe galaxies were composed mostly of gas and dark matter, and thus, there were fewer stars. As a galaxy gained mass (by accreting smaller galaxies) the dark matter stays mostly on the outer parts of the galaxy. This is because the dark matter can only interact gravitationally, and thus will not dissipate. The gas, however, can quickly contract, and as it does so it rotates faster, until the final result is a very thin, very rapidly rotating disk.
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Simulation d'amas
Calcul d'isochrones théoriques
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Simulation d'amas
Calcul d'isochrones théoriques
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Simulation d'amas
Calcul d'isochrones théoriques

Youe = Epp/ L

Age: 30 million vears

| | |
40,000 10,000 3000

-«—— Surface temperature (K)




Simulation d'amas
Calcul d'isochrones théoriques
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Simulation d'amas
Calcul d'isochrones théoriques
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Ajustement Théorie - Observations
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2) Le disque galactique : Bras spiraux
Quel phénoméne est a |'origine des bras spiraux ?

Origine = rotation ? FAUX (~ 60 tours)

Galaxie similaire a la notre

Bras spiral =

Onde de densité (zone de compression)
qui se déplace dans le disque, la densité
de matiére y étant un peu plus élevée
que dans le disque.

Par rapport aux bras spiraux,

les étoiles et nuages du disque tournent
autour du centre et les traversent.

Lors de la traversée : compression du gaz
=+ naissance d'étoiles.

Etoiles O-B car vie courte :

< 107 ans < Période de révolution




3) Le halo galactique

5 % de la masse visible de la galaxie
Plus ou moins sphérique

Composé des étoiles les + vieilles de la Galaxie (Pop IT)

Orbites inclinées % plan galactique Contient également: amas
globulaires et galaxies naines

Amas globulaire M80

Exemples d’orbites d’étoiles du halo



Amas globulaires

Ensemble d'étoiles liées oool- | |
gravitationnellement RREATS

2
O

H
.

Formés 1ot dans I'histoire de la VL

Parmi les + vieux objets de I'Univers:

Luminosity (L)
=
T

dges ~ 12-13 10° ans, pop II

Contenu: ~ 10° étoiles vieilles :

I i I B | ! i i |
L= B H & 5% 5 LR 1 35 ]

Distribution: sphérique st e o)
Taille: ~ 100 AL de diametre Diagramme HR d'un amas globulaire
Comparaison théorie - observations

Quantité: ~ 200

Proportion:

. B

Datation et distance
Excellent accord avec la théorie
de I'évolution stellaire |

1% des étoiles
du halo




Amas globulaires

Adapted from SEDS (http://www.seds.org)
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Le halo de matiere sombre

La courbe de rotation de la Voie Lactée est plate (non Képlérienne):

300 |
Courbe de vitesses dans la VL g .
L, 2 200 | Thag
Vitesse Képlérienne : % L S,
é Keplerian T
V _ GM é 100 motion
T

0 | | | | | | |

0 5 10 15 20 25 30 35

Distance from Galactic center (kpc)

m==p T| manque de la matiére lumineuse pour en rendre compte
= Introduction de la matiére sombre composée de:

v’ Gaz froid, naines blanches, naines brunes, trous noirs, ... :

MACHOs (MAssive Compact Halo Object) — pas assez hombreux Il

v En +: particules exotiques non encore détectées, les WIMPs
(Weakly Interacting Massive Particle)

Autre possibilité : Termes additionnels dans la théorie de la gravitation ?
Par exemple i = “5 + Y1 922 (théorie MOND)
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Les MACHOs sont détectés par le phénomène de microlentille gravitationnelle.
Nonbaryonic dark matter is classified in terms of the mass of the particle(s) that is assumed to make it up, and/or the typical velocity dispersion of those particles (since more massive particles move more slowly). There are three prominent hypotheses on nonbaryonic dark matter, called cold dark matter (CDM), warm dark matter (WDM), and hot dark matter (HDM); some combination of these is also possible. The most widely discussed models for nonbaryonic dark matter are based on the cold dark matter hypothesis, and the corresponding particle is most commonly assumed to be a weakly interacting massive particle (WIMP). Hot dark matter may include (massive) neutrinos, but observations imply that only a small fraction of dark matter can be hot. Cold dark matter leads to a "bottom-up" formation of structure in the universe while hot dark matter would result in a "top-down" formation scenario; since the late 1990s, the latter has been ruled out by observations of high-redshift galaxies such as the Hubble Ultra-Deep Field.[12]


Le halo de matiere sombre
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Masse totale de la Voie Lactée calculée
via influences gravitationnelles

= 102 Mg dont 1/5 lumineuse

= le reste: gigantesque halo
sphérique de matiére sombre.

luminous matter”

La matiere sombre semble également
exister a I'échelle des amas de galaxies
ainsi qu'a des échelles supérieures

diametre # 600 000 AL




B
Les galaxies voisines

Les galaxies naines en orbite autour de la Voie lactée :

Petit Nuage de Magellan (SMC),
Grand Nuage de Magellan (LMC),

Fornax, Sculpteur, sextant, dragon, carene, ...

LMC et SMC reliés a la VL par des filaments de
matiére = cannibalisme par la VL ?

Ces galaxies satellites déforment le
disque galactique par effet de marée

Galaxie d'Andromede

Spirale géante
de masse comparable a la Voie Lactée
(ou >: ~ 1012 étoiles)

distance = 2,5 10® AL

“Galaxie d.’Andr_ofnédé o
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The LMC lies about 160,000 light years (50 kpc) away,[8][9][10][11] while the SMC is around 200,000 (60 kpc).
Because they both show signs of a bar structure, they are often reclassified as Magellanic spiral galaxies.
First, they are gas-rich. They are also more metal-poor than the Milky Way.

Trainée d’étoile (180°!) entre les nuages de magellan et nous due à une rencontre du plan galactique il y a ~ 200Mans: queue de marée.  

2006 observations by the Spitzer Space Telescope revealed that Andromeda contains one trillion (1012) stars



Regroupement d'une trentaine de galaxies « liées » gravitationnellement,
dans un volume de diametre D ~ 4 10% AL

Il comprend : La Voie Lactée + satellites et Andromede + satellites
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Sont-elles vraiment liées gravitationnellement ???


Avenir de la Voie Lactée ?

Andromede se rapproche trés vite de notre galaxie : blueshift (Doppler)

= dans ~ 3.75 10° années: collision entre Andromede et la Voie Lactée |l

= Les 2 galaxies ne formeront plus qu'une galaxie
= collisions entre étoiles peu probables
= mais rencontres de nuages de gaz et de poussieres

= nouvelles pouponnieres d'étoiles
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 The Milky Way's neighbouring galaxy, Andromeda, was formed in a colossal crash between two smaller star systems no more than three billion years ago when Earth already existed.
In Andromeda, certain stars orbit erratically while in the Milky Way, all stars observe a simple rotation around the galaxy's centre.



Edwin Hubble's
Classification
Scheme ®

Eihptfca!sme

EO E3 E57 E7 _
- Spirals
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By convention, n is ten times the ellipticity of the galaxy, rounded to the nearest integer
Sa (SBa) - tightly-wound, smooth arms; large, bright central bulge
Sb (SBb) - less tightly-wound spiral arms than Sa (SBa); somewhat fainter bulge
Sc (SBc) - loosely wound spiral arms, clearly resolved into individual stellar clusters and nebulae; smaller, fainter bulge



Galaxies elliptiques

— Etoiles vieilles

— Pas de matiere
interstellaire P

— Pas de poussieres

— Pas d'étoiles en
formation




M59 .

Galaxies
elliptiques



M87 (EO)

Galaxies
elliptiques



Galaxies lenticulaires
Le Sombrero
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. (Galaxies Spirales
M81 B +

. normales
Type Sab IO Ty




M31
« nébuleuse d'Andromede »
Type b




Galaxies
Spirales
normales

Le Tourbillon




M74
Type Sc
(Gemini)




NGC 4622
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ESO 510-G13

Galaxies Spirales normales
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NGC 4314
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This set of three images compares infrared with visual wavelength in their power to penetrate dust.
The upper image is taken in visual light (V band, or green light).  Notice that the center of the galaxy is completely obscured by a band of dust in the galactic disk.
The middle image is a broadband (J, H, K)  multi-color image of the galaxy showing the glowing light of the galactic center, an edge-on disk seen here in yellow.  The yellow is a false color made from the three infrared wavelengths: J (1.2 mm), H (1.6 mm) and K (2.2 mm).  Dust reddens the light, meaning there is more light at H and K than in the J band.
The bottom image is taken through a narrow-band filter centered on the Paschen alpha line of atomic hydrogen.  This line, emanating from ionized hydrogen in the disk surrounding the central black hole, nicely highlights the disk in the center of the galaxy.
NICMOS will not only help astronomers penetrate the dust veils of nearby dust clouds (like the Eagle Nebula) and distant galaxies, it will be essential to measure the redshifted light from distant supernovae.


NGC1300

Type SBbc
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Galaxies Spirales barrées



NGC1365 (SBc)

Galaxies Spirales barrées










Galaxies irréqulieres
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Différences
Elliptiques - Spirales

b orbites e i
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