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Dependencies between 
the stellar observables in 
Galactic surveys (thick-
dotted ovals) and the main 
desiderata for each star 
(thin-dashed ovals), its 
stellar parameters and 
distance, given various 
prior expectations about 
galaxy formation, star 
formation and the Galactic 
dust distribution.

most existing Galactic 
surveys analyses can be 
mapped onto this scheme, 
with logical dependencies 
often replaced by assumed 
logical conditions 
(e.g.‘using dereddened 
fluxes’, ‘presuming the star 
is on the main sequence’, 
etc.). 

vlos : line-of-sight-velocity,

μ: proper motions,

π: parallax , 

mλ:multi-band photometry

Teff: surface temperature

log g: surface gravity, 

Z: metallicty

x: the Sun’s position

M∗: star’s mass M∗, 

tage: age 

D: distance D from the Sun

AV: the (dust) extinction along 

the line of sight.





THE HALO

The halo is a more extended 

and spherical component 

that contains most of the 

galaxy's dark matter and 

some of its oldest stars.

This illustration shows the Milky Way galaxy's inner and outer halos. A halo is 

a spherical cloud of stars surrounding a galaxy. (Image Credits: NASA, ESA, 

and A. Feild [STScI])



Galactic halo

• large, roughly spherical structure that 
surrounds the central disk of the MW

• composed of a mixture of dark matter, 
gas, and stars, 

• extends out to distances of 105 light-years 
from the galactic center

• formed through the accretion of smaller 
galaxies and through the formation of 
stars and other structures in the early 
stages of the MW's evolution.

Stellar halo

• more loosely defined structure that 
consists of stars that are spread out over 
a large volume of space

• made up of stars that were once part of 
smaller satellite galaxies that have since 
been disrupted and merged with the 
Milky Way

• generally older, metal-poor, and have a 
distinct kinematic and chemical signature 
that is distinct from the disk stars





• Observed Andromeda and identified foreground stars in the MW halo. 

• Measured the first sideways motions for such distant halo stars. 

• The motions indicate the possible presence of a shell in the halo, which 

may have formed from the accretion of a dwarf galaxy. 

• This observation supports the continuing growth and evolution over 

MW’s lifetime by consuming smaller galaxies. 

Illustration Credit: NASA, ESA, and A. Feild (STScI)



Melissa Weiss/Center for Astrophysics | Harvard & Smithsonian

THE TILT IN OUR STARS

the shape of the Milky Way's halo of 

stars is realized





The inferred dimensions of the halo. (Han et al., AJ, 2022)



The metallicity distribution of field stars in the Milky Way's halo 

shows lots of very metal-poor stars, with long tail to extremely 

metal-poor values of [Fe/H] < -3.5.

(Prantzos 2008)

Jenne et al 2014

http://www.aanda.org/articles/aa/abs/2008/38/aa9330-07/aa9330-07.html


“Because the gas in 

Andromeda’s halo 

is dark, the team 

looked at bright 

background objects 

through the gas 

and observed how 

the light changed. 

This is a bit like 

looking at a 

glowing light at the 

bottom of a pool at 

night.” 

- Nicolas Lehner



STELLAR CLUSTERS



STELLAR CLUSTERS



GLOBULAR 
CLUSTER

"fossil remnants of the Galactic past..."



• Stellar systems of about 100,000 stars packed within 
just a few tens of light years. 

• Most of them are almost as old as the Universe itself. 

• Found orbiting nearly all known galaxies with more 
than a billion stars. 

• Their spheroidal distribution around these galaxies 
suggests that many globular clusters formed in other, 
low-mass galaxies that were since accreted by the 
central galaxy and were shredded by its tidal forces. 

• GCs as fossils to reconstruct galaxy assembly process. 

• GCs can be destroyed by the host galaxy’s tidal forces 
too, in the process erasing the secrets they hold. 

• Stellar stream which is the remnant of the most 
metal-poor GC discovered to date provides a unique 
perspective on the earliest era of assembly. 

GLOBULAR CLUSTERS



MILKY WAY 
GLOBULAR 
CLUSTERS 
DISTRIBUTION

…

not uniform, but rather they 

are concentrated towards 

the Galactic center and in a 

spherical halo around it

…





DWARF 
GALAXIES

Composed of about 1000 up to 
several billion stars, as compared 
to the Milky Way's 200–400 billion 
stars.

Form in association with dark 
matter, or from gas that contains 
metals.

Milky Way galaxy features at least 
14 satellite dwarf galaxies orbiting 
it



STELLAR STREAM



STELLAR 
STREAM
Long and narrow structure of 
stars 

Share a common origin and have 
similar motions 

Resulting from gravitational 
interactions with other galaxies or 
the tidal disruption of a dwarf 
galaxy. 

Provide insight into the formation 
and evolution of the Milky Way 
and other galaxies.

(Credit: Amanda Smith, Institute of Astronomy, University of Cambridge)



STELLAR STREAM
An association of stars orbiting a 
galaxy that was once a globular 
cluster or dwarf galaxy that has 
now been torn apart and stretched 
out along its orbit by tidal forces

Stars are drawn out from the 
progenitor into a tidal stream that 
then orbits the host galaxy.

The progenitor itself may remain 
connected to the stream, orbit 
separately, or disrupt entirely.



“The discovery [..] makes it a priority to obtain accurate 

metallicities for all of these streams. Who knows how many relics 

like the Phoenix stream might be hiding in the Milky Way’s halo? 

Now that the first has been found, the hunt is on.”



Distribution of metal content in 
globular cluster members. The 
phoenix stream member stars 
(orange) have lower metallicity 
than the previously expected 
metallicity floor (black dashed 
line) and stars from other globular 
clusters (blue).  

The Phoenix stream thus 
represents the debris of the most 
metal-poor globular clusters 
discovered so far.

Globular clusters below the 
metallicity floor have probably 
existed, but were destroyed during 
Galactic evolution Wan et al. 2020





GALACTIC 
COLLISIONS AND 
MERGERS

- 2 or more galaxies collide 

- → merge into a 1 larger 

galaxy

- MW: evidence of several 

mergers with smaller galaxies 

over the history

- MW: currently in the process of 

merging with another galaxy, 

e.g., LMC or the Sgr dSph.







Stellar light (top panels) and gas density (bottom panels) of a simulated MW analogue immediately before, during, 
immediately after the Gaia-Enceladus merger, and at present day. The merging galaxy brings a lot of gas that fuels a 
burst in star formation beginning along a bridge of gas connecting it to the Milky Way.

Grand, Kawata, Belokurov, et. al (2020) © MPA



ORIGIN OF GALACTIC 
STELLAR STREAMS

Bonaca et al. 2021

Milky Way is host to more than 60 catalogued streams

Only a handful have been connected to a known 

progenitor, like a surviving globular cluster. The rest have 

unknown origins, leaving a number of open questions 

that only now, with current observations, have answers 

within reach.



Sky map showing the 6 globular clusters (crosses) that the authors associate with 8 stellar streams (circles).

(Bonaca et al. 2021)



STELLAR HALO IS ENTIRELY COMPRISED OF 
SUBSTRUCTURE

95% of the sample attributed to substructures, pointing to a halo built entirely 

from accreted dwarfs and heating of the disk.

Naidu et al. 2020



Understanding the origin of these stellar streams 

allows us to better trace their paths, how long they’ve 

been orbiting, and what other gravitational 

interactions they may have had over time. 

These details are valuable not just for understanding 

galaxy evolution, but also for mapping out the big-

picture distribution of dark matter in our galaxy and 

studying the small-scale structure of dark matter in 

the streams’ host galaxies.



CHEMICAL TAGGING



CHEMICAL TAGGING

Technique used in Galactic archaeology and Galactic astrophysics 
to trace the origin and evolution of stars and star clusters. 

The idea is that stars that formed in the same molecular 
cloud, or star-forming region, will have similar chemical 
abundance patterns in their atmospheres.

By comparing the chemical abundance patterns of stars, 
researchers can determine which stars likely formed together 
and trace the formation and evolution of the group. 





IN SITU VS EX SITU

in-
situ

ex-
situ

MW 
stars



Local
formed within the main host

Imported
formed in other galaxies, then stripped and 
accreted

Internal
dominant in disk and bulge

External
mainly in stellar halo 

Residents
have remained in the same region of the galaxy 

throughout their lives

Immigrants
were accreted into the galaxy as a result of a 
galactic merger or other interaction

Typical
depending on the region of the host

Addition
depending on the progenitor

in-

situ

ex-

situ

Pillepich, Madau, & Mayer (2015)



ERIS SIMULATION: Pillepich, Madau & Mayer 2015

• Ex-situ stars can have circular orbits and hide in the classically-defined thin disk. 

• Galaxy outskirts are mostly ex-situ, but ex-situ stars are not only in the outskirts.

• Ex-situ stars can dominate the innermost regions of galaxies: they do so, in

• galaxies with a few 1011 M☉ and above.

• Even in a MW-like galaxy, there are possibilities ~4 times more ex-situ mass 

within the disk than in the stellar halo (>10kpc)

Cautionary!



Pillepich, 2018



REUNION

• Smith Cloud's is moving at nearly 200 miles per 
second (or about 700,000 mph) and is predicted 
to collide into the Perseus Arm by 27 million AD

• New observations of Smith's Cloud, which is 
predicted to collide and merge with our galaxy in 
27 million AD, reveal that it originated from within 
the Milky Way. Like a boomerang effect, it now 
appears to be heading back to its galactic home.

• It's telling us that the Milky Way is a bubbling, very 
active place, where gas can be thrown out of one 
part of the disk and then return back down into 
another.





LOCAL GROUP



LOCAL
GROUP

The galaxy group includes the 
Milky Way. 

It has a total diameter of 
roughly 3 Mpc and a total mass 

of the order of 2×1012 M☉

At least 80 members are 
known, most of which are 

dwarf galaxies.



Its three centerpieces are 
the Milky Way Galaxy, 
Andromeda Galaxy M31, 
and Triangulum Galaxy 
M33. 

Accompanying these 
galaxies are dozens of 
small satellite galaxies.

Supermassive black holes 
are relatively. Out of the 
roughly 85 galaxies, only 3 
— the Milky Way, 
Andromeda, and a dwarf 
elliptical satellite of 
Andromeda known as M32 
— show evidence of SBH.



THE MILKY WAY'S 
SATELLITE GALAXIES 
SYSTEM

• Sagittarius Dwarf Galaxy

• Large Magellanic Cloud

• Small Magellanic Cloud

• Canis Major Dwarf Galaxy

• Ursa Minor Dwarf Galaxy

• Draco Dwarf Galaxy

• Carina Dwarf Galaxy

• Sextans Dwarf Galaxy

• Sculptor Dwarf Galaxy

• Fornax Dwarf Galaxy

• Leo I (a dwarf galaxy)

• Leo II (a dwarf galaxy)

• Ursa Major I Dwarf Galaxy

• Ursa Major II Dwarf Galaxy

• several additional ultra-
faint dwarf spheroidal 
galaxies



The Local Group's center of gravity is 
located somewhere between the Milky 
Way Galaxy and Andromeda Galaxy, 
which are about two million light years 
from each other and fated to collide 
with each other.

The Triangulum Galaxy is currently 
falling into Andromeda in much the 
same way the LMC is falling into the 
Milky Way. 

Roeland van der Marel, 2022

Reid 2009

Michael Anissimov, 2023



NASA, ESA, and A. Feild and R. van der Marel (STScI)



FATEFUL HEAD-ON COLLISION





MERGER 
TREE
Any single galaxy is predicted 
to have evolved via a few or 
many subsequent mergers of 
dark matter haloes, in which 
gas cools and produces stars at 
the centres of the haloes. 



FUTURE 
MERGING?
Depending on:

• relative motions 

• distances of the galaxies

• internal dynamics

• the effects of dark matter

• the effects of large-scale 

structures



THE DYNAMICS OF THE MILKY 
WAY AND FRIENDS

Simulation of the Milky Way and Magellanic Cloud gases over 

the last 1.34 billion years. The top shows the gases from 

both, and the bottom shows only the gas originating from the 

disk of the MC.

Comparison of current day  (left) to simulations of the last 550 Myr (right) of 

the orbit of the MC. The colours indicate the line-of-sight velocity – how fast 

the gases are moving towards or away from where we are observing 

(ignoring sideways motion).
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GALAXY FORMATION

Galaxies haven’t always been around, and they have changed over 

the universe’s 13.8 Gyr history.

Astronomers study the ways galaxies form and evolve by comparing 

the different shapes across the history of the cosmos, and tracing 

how they came to look the way they do.



HIERARCHICAL MODEL
“BOTTOM-UP”

One of the many problems in trying 
to construct a useful model is the 
need to match observations of 
galaxies in the current or nearby 
Universe with those in the early 
Universe with theoretical 
simulations. 

Recent work on the role of dark 
matter in the early Universe has led 
to the hierarchical or bottom-up 
model gaining wide acceptance.

Adapted from a diagram by J. Stanger. Background images from AAO, NASA (WMAP and HST).



NASA/ESA/Niels Bohr Institute/STScI



FAMILY TREE OF GALAXIES
Michael Cowley 2016 | FourStar Galaxy Evolution Survey (ZFOURGE)



NASA's Goddard Space Flight Center

Video and images courtesy of NASA/GSFC/National Center for Supercomputing/Advanced Visualization Laboratoy/B. O'Shea and M. Norman





GALAXY MORPHOLOGICAL CLASSIFICATION



75 neighboring galaxies are 

illuminated in this poster from 

NASA's Spitzer Space Telescope 

using the classification system that 

astronomer Edwin Hubble created in 

1925, which soon after the physical 

nature of galaxies was discovered. 

The grouping system is called 

"Hubble's Tuning-Fork". 

This perspective of our cosmic 

neighborhood provides valuable 

insights into growth process of 

galaxies at a glance





ACTIVE 
GALAXIES
Active galaxies can be 
considered as normal galaxies 
plus AGN as the main effect.

Types:

• Seyfert galaxies

• Radio galaxies

• Quasar and blazar







AGN UNIFIED 
MODEL

Despite their differences, all 

AGNs have the same basic 

structure: a supermassive 

black hole surrounded by a 

thick ring or torus of dust.



• MW (normal galaxy) has a 
brightness of approximately 1010 

L☉.

• About 40% of galaxies are more 
luminous than that.

• Some of those are categorized as 
active, they differ in terms of 
brightness and the type of 
spectrum they emit.



SYSTEMS OF 
GALAXIES

The galaxies are not smoothly 

distributed in space

They form systems of all sizes: galaxy 

pairs, groups, clusters and 

superclusters formed, make up the 

structures in the “geography” of the 

universe.



GALAXY GROUP

A group of galaxies with no more than 50 
gravitationally bound components that are all 
at least as bright as the Milky Way in a 
diameter of 1 to 2 megaparsecs.

Typical examples: the Local Group; Stephan's 
Quintet/



GALAXY CLUSTER

Large structure of galaxies that are held 
together by their own gravity.

Numbering from the hundreds to the tens of 
thousands.

Only ~ 10 - 20% of galaxies live in clusters, but 
it is hard to draw the line between groups and 
clusters, and at least ~50% of all galaxies are in 
clusters or groups.

Galaxy Cluster Abell 1689



ABELL CLUSTER 
CATALOG

Nearby clusters cataloged by Abell (1958), extended 
to southern hemisphere by Abell et al. (1989). Abell 
cataloged 4073 rich clusters.

• Richness: A cluster must have a minimum 
population of 50 members within a magnitude 
range of m3 to m3+2 (where m3 is the magnitude 
of the 3rd-brightest member of the cluster).

• Compactness: A cluster must be sufficiently 
compact that its members lie within one "counting 
radius" of the cluster's centre.

• Distance: A cluster should have a nominal redshift 
of between 0.02 and 0.2 (about 85 and 850 Mpc).

• Galactic latitude: Areas of the sky in the 
neighbourhood of the Milky Way were excluded 
from the study because the density of stars in 
those fields Abell 168

Tomita et al 1995



GALAXY 
SUPERCLUSTER

Large group of smaller galaxy 
clusters or galaxy groups; they are 
among the largest known 
structures in the universe.

Ours, Virgo supercluster within 
Laniakea Supercluster: the 
Hawaiian word for "immense 
heaven.“ Encompasses 
approximately 100,000 galaxies 
stretched out over 160 Mpc



The Milky Way is a major component of the Local Group, which contains 
about 50 or so (mostly small) galaxies. 

The local group, in turn, is a minor backwater of the Virgo Supercluster, 
which contains more than 100 other groups and clusters of galaxies. 
(Don’t confuse this name with the Virgo Cluster, which is one of the 
clusters in the Virgo supercluster, and a popular target for amateur 
astronomers). 

The Virgo supercluster is a single branch of the Laniakea Supercluster, 
which contains at least 100,000 galaxies, and is one of the estimated 10 
million superclusters in the Observable universe.





GALAXY 
FILAMENT
Dense, skinny strands of dark 
matter and galaxies 

The largest known structures in 
the universe, consisting of walls 
of gravitationally bound galaxy 
superclusters.

The image contains about 20 
million individual galaxies 
organized in filaments and 
clumps.



SUB-
MILLIMETER

The submillimeter wavelength is 

also called Terahertz Radiation, 

and is between IR and microwave.

To examine molecular clouds and 

dark cloud to clarify the process of 

star formation from earliest 

collapse to stellar birth and origins 

of galaxies and galactic formation.

ALMA (ESO/NAOJ/NRAO), O. Dessibourg

Tatoute, CC BY-SA 3.0



SUB-MILLIMETER GALAXY

The submm galaxies generate a significant fraction of 
the energy output of all the galaxies in the early 
Universe. Submm observations of the distant Universe 
are a new tool for probing the earliest and most dramatic 
stages of the evolution of galaxies. 

Submillimeter bright galaxies (SMGs) represent a key 
population of star forming galaxies during the 
transitional epochs of galaxy assembly and peak star 
formation.

Submm observations rely on the presence of metals, in 
the form of molecular gas or dust grains in order to 
detect galaxies.

University of Nottingham/Omar Almaini



CONCLUDING ASSIGNMENT

“WHAT IS THE FATE OF THE MILKY WAY, 

THE LOCAL GROUP, AND THE GALAXIES 

IN THE NEAR AND FAR FUTURE?”

15-20 MINS DISCUSSION 3-5 MINS PRESENTATION FOR EACH 

GROUP.

Discuss and present



CONCLUDING ASSIGNMENT

“WHAT IS THE FATE OF THE MILKY WAY, 

THE LOCAL GROUP, AND THE GALAXIES 

IN THE NEAR AND FAR FUTURE?”

Discuss and present
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