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What Is a star?



What Is a star?

In Galactic dynamics, a
star Is just a point mass
with additional properties!



* A star can be characterized by its:

What Is a star?

Position x and velocity V

Mass m

Radius R=(0 and surface gravity log g
Effective temperature T

Luminosity [, - magnitude and colors

Chemical composition Z@[FQ/H]ZIOgIO(N_Fe)

Age




What Is a star?

* A star can be characterized by its:
- Position x and velocity Vv
- Mass m
- Radius R=(0 and surface gravity log g
- Effective temperature T

— Luminosity L — magnitude and colors N

- Chemical composition Z <[ Fe/H |=log,,(—~) —log,,(——

— Age NH star H Sun
Astrometry

Photometry Spectroscopy




Study of the
Intensity of light
emitted by a
source as a

function of time _

Photometry
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Astrometry

150 -

Astrometry studies the
positions and movements
of objects in the sky

100 |-

Declination (mas)

(from the measurement of
positions over time)

Right ascension (mas)

Credit: ESA



Astrometry
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* Background stars L

Distance star appears to move
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Astrometry and the Gala revol,utlon

Launched Dec 2013 42 5
Orblts the Earth Sun system : ’ | i
from the second Lagrange p0|nt :

" Credit: ESA



Lau nched Déc;27013 o

Orbits the Earth Sun system
from the second Lagl ange pomt

s L MR A Credit: Frangois Mignard



Data release 3 includes a total of 1.8 billion p
Milky Way stars — providing astronomers " Variable stars | » Low resolution
with an unprecedented view of stellar | \ spectroscopy
characteristics and their life cycle, Changing

and the galaxy's structure y brightness astrophysical parameters

and evolution. Object : il spectra

classifications Temperature | Mass

. Age | Colour
What type P 4 _ Metallicity
of star is it? 5 .

: P” High resolution
i spectroscopy

Binary star systems
astrophysical parameters

Position | Distance
Orbit | Mass

chemical compositions

/" Astrometry and spectra

photometry \ Chemical composition
,  Temperature | Mass | Age

Radial velocity

Speed star moves towards

Brightness and colour
or away from us

Position | Distance
Third velocity ' L. Proper motions 4
dimension ' '

Credit: Gaia Collaboration



Spectroscopy

BLUE STAR
Temperature: 8,000 K

Study of
electromagnetic
radiation as a
function of
wavelength

=] VELLOW STAR
K > Temperature: 5000K
8 Spectral type: 6

RED STAR
Temperature: 3,000 K
Spectral type: M
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Wavelength (color) of Light in Nanometers

A nice intro from JWST collaboration:
https://webbtelescope.org/contents/articles/spectroscopy-101--introduction



https://webbtelescope.org/contents/articles/spectroscopy-101--introduction

Stellar spectra

Amount of ‘ \

light Absorption lines

(brightness, .
flux, /
intensity) W\
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light

Credit: Rick Johnson, Mairead Heige
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What affects an observed
spectrum?

Chemical composition

Surface temperature

Surface gravity

Velocity

Instrument resolution, observing conditions, etc...



What affects an observed
spectrum?

Chemical composition

Surface temperature

Surface gravity

Velocity

Instrument resolution, observing conditions, etc...



Velocity
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Spectroscopic surveys
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Distance determination

e Individual stars

- Fromparallax d~1/ @

- From photometry (standard candles; e.g., Cepheids, RR Lyrae, blue horizontal-branch stars,
tip of the red giant branch, etc...)

— From spectro-photometric and photo-astrometric modelling based on stellar evolution models

 Stellar clusters, galaxies, etc...
Standard candles

CMD fitting

Tully-Fisher

Credit: ESO




Distance determination

e Individual stars

- Fromparallax d~1/ @

- From photometry (standard candles; e.g., Cepheids, RR Lyrae, blue horizontal-branch stars,
tip of the red giant branch, etc...)

— From spectro-photometric and photo-astrometric modelling based on stellar evolution models

 Stellar clusters, galaxies, etc... | ME (NGE S804)
= » red giants (RGB)
- Standard candles > red clump stars (RC)
- CMD f|tt|ng » blue horizontal branch (BHB)
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The structure of the Milky Way




The structure of the Milky Way
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- Old and moderate metallicity
- Ordered and slow rotation
- Larger scale height
than the thin disc

Credit: Gaia, ESA



Galaxy formation in LCDM

* Preferred cosmological paradigm: Lambda Cold Dark Matter (LCDM)
* Key prediction: Hierarchical structure formation

 The MW neighborhood is full of baryons and dark matter substructure
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Galaxy formation in LCDM

The Milky Way Is thought to have
accreted and tidally destroyed hundreds
of low mass systems in the past ~12 Gyr
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Naidu et al. (2020)



Galaxy formation in LCDM

The Milky Way is thought to have
accreted and tidally destroyed hundreds
of low mass systems in the past ~12 Gyr
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Galaxy formation in LCDM

The Milky Way is thought to have
accreted and tidally destroyed hundreds
of low mass systems in the past ~12 Gyr
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Confirmed/candidate Milky Way dwarf galaxies

60

50

40

30

20

Galaxy formation in LCDM

New stellar systems, dwarf galaxies,
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The Milky Way'’s

merger tree ;
Not only intact . »
satellites are ;1
being
discovered

131 GCs

> 5|GCs

> 200 GCs

> 7]GCs
.

Kruijssen et al. (2021)
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Discovery of an ‘odd collection
of stars that move along
elongated trajectories in the
opposite direction to the

majority of MW stars
(also with lower metallicities)

Only possible with
Gaial

Credit: ESA



V)% + V;2 (kms)

Gala-Enceladus

* Merger with the Milky Way: ~10 Gyr ago
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V)% + V;2 (kms)

Gala-Enceladus

* Merger with the Milky Way:
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Chemo-dynamical decomposition

Zhang et al. (2023)
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Gala-Enceladus:
Chemo-dynamical decomposition

Zhang et al. (2023)
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Gala-Sausage-Enceladus:
Chemo-dynamical decomposition

Zhang et al. (2023)
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Gala-Sausage-Enceladus:

Pressure-dominated orbits

Zhang et al. (2023)
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Stellar streams

 Products of the accretion of
small stellar systems

* Tens-hundreds expected around
the MW

* They trace the Galactic accretion
history and its potential

* Roughly follow orbits

Bullock & Jhonston (2005)



Discovery of streams

Early discoveries mostly in photometric surveys

Bonaca et al. (2014) NORTHERN SKY |- T T T T T T T T T I T

Odenkirchen & Grebel (2003)

Declination [deg, J2000]

236 230 225
Right Ascension [deg, J20C0]



Discovery of streams: The Gala revolution




Streams as probes of the MW

Belokurov & Kravtsov (2024)
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Orbital properties of streams

e Streams can be associated with specific accretion events

e Streams seem to be biased towards prograde rotation
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SIRERU The meact of mergers

. Credit: Ron‘MiIIer



Credit: ESA

Sagittarius dwarf galaxy

Sagittarius

e Sagitarius (Sgr), currently 18 e =
kpc behind the bulge of our MW. O lky Way

* It is one of the most prominent
features in the MW halo

8 billion years ago

* Contributed several globular
clusters

* And it is believed to had
Interacted with the MW disk
since 6-8 Gyr in the past, with a [/ ik
first infall about 5.5. Gyr ago

Bonaca et al. (2014)




The effect of Sagittarius

Sagittarius

tidal tails
Current situation

Milky Way

Formed stars

| Sagittarius
awesmnain bedy

OA 12 10 8 6
BIG BANG Time

Credit: Gabriel Perez Diaz




The effect of Sagittarius

* Oscillations in the disk: Stars follow a curled, spiral-shaped
distribution (the phase-spiral)

e Sgr’s present-day mass is not sufficient to drive the perturbation
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Outer Galaxy

R increasing

Inner Galaxy

Anti-rotation

0y increasing

Hunt et al. (2022)
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Inner Galaxy Rg increasing Outer Galaxy
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The Large Magellanic Cloud
* The Large Magellanic Cloud (LMC) Is the most
luminous and massive MW satellite
* Mass of 1-2x10" Mo

* The dark matter (collective) response to the
MW/LMC interaction (“the wake”)



The effect of the LMC

Milky Way

(360° projection)

LMC

(Large Magellanic Cloud)




The effect of the LMC

Garavito-Camargo et al. (2021): LMC wake model

Dplp

Conroy et al. (2021): EGDR3 + WISE halo giants




The effect of the LMC

The LMC deforms the halo and pulls objects
off their orbits (e.g., Orphan-Chenab and Sgr

stream), and warps the MW disk

1220 Myr ago

40 kpc

Milky Way

present day

40 kpc

Motion of the MW around the center of mass

The Milky Way:
-has moved from the original centre

-is moving towards an earlier point
on the LMC trajectory

Credit: Mike Petersen
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The effect of the LMC

Time-varying potential!

Milky Way + LMC
t = -1.89 Gyr, r(LMC-Orphan) = 477.0 kpc

2 (kpc)

20 -40
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