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ARCHAEOLOGY

/ˌɑːkɪˈɒlədʒi/

“the study of cultures of the 
past, and of periods of history, 
by examining the remains of 
buildings and objects found in 
the ground” - Oxford Advanced 
Learner's Dictionary



ARCHAEOLOGY WITHIN ASTRONOMY

Spite & Spite (1979), The ESO Messenger, “astro-archaeology”

© European Southern Observatory | eso.org



GALACTIC ARCHAEOLOGY

Galaxy  +   Archaeology

➢ Collection of stars, 

etc

➢ Dynamics and 

Chemical

➢ Parameters, 

characteristics, 
and behaviours

➢ Ancient history

➢ Formation and 

evolution

➢ Fossil and 

remnant

➢ Back tracing



GALACTIC ARCHAEOLOGY

Report of IAU Commission 33: Structure and dynamics of 

the Galactic system, in Section 13 (in charge of J. Binney):

“Perhaps it is not too fanciful to imagine a field of galactic 

archaeology opening up, in which painstaking sifting of the 

contents of each element of phase-space will enable us to piece 

together a fairly complete picture of how our Galaxy grew to its 

present grandeur and prosperity”.

- William Butler Burton, 1988
President of Commission 33 Structure & Dynamics of the Galactic System (1985 -1988)



GALACTIC 
ARCHAEOLOGY

Key ingredient of galaxy formation: mergers

• Were mergers important for galaxies like the Milky Way?

• How often and when did they happen?

• What were the building blocks?

Stars are “fossils”

– Motions, ages, chemical composition trace origin

– Substructures pinpoint to debris from accretion events

– Probe force field! mass (gravity) 

Aspects

– Dynamics

– Chemical evolution

– Stellar evolution

– Asteroseismology
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FROM EARTH 
TO THE LOCAL 
GROUP

8.3 kpc from the center of 
MW (Watkins et al. 2019)

8.5 kpc to the edge of MW 
disk

778 kpc to Andromeda (Cain 

2015)



MILKY WAY STRUCTURE





HOW DO WE KNOW THAT OUR MILKY 
WAY IS A SPIRAL GALAXY?

The red dots represent newborn stars.  

(NASA.gov)

A disk of stars

Rotational velocities

"The duck test"



MILKY WAY



THREE VIEWS OF THE MILKY WAY GALAXY

https://cdn.britannica.com/17/94917-050-CD521B4F/views-Milky-Way-Galaxy.jpg


Star

Sun

Π Θ 

Z

Rotation

R
θ

z

Position: (R, θ, z)

R: galactocentric distance

θ: azimuthal coordinate

z: height above/below plane

Velocity: (Π, Θ, Z)

Π: velocity in/out from centre

Θ: tangential velocity

Z: vertical velocity
Don't confuse it with cosmological redshift, z!



LOCAL STANDARD OF REST

• Provides a fundamental reference framework 
for research on stellar kinematics in the Milky 
Way. 

• Defined as the Milky Way's rotation speed 
traced by a hypothetical set of stars having 
perfectly circular orbits at the solar position.

• LSR follows the mean motion of stars in the 
solar neighbourhood around Milky Way.

ΠLSR = 0

Θ LSR = 0

Z LSR = 0 





BULGE/BAR

• Central concentration of stars in MW. 

• It is elongated in shape, resembling a 
bar or cigar.

• Extends ~ 3-4.5 kpc length from end 
to end. 

• Important component, thought to play 
a key role in formation and evolution 
of MW.





GALACTIC DISC

“The disc of our Galaxy is huge, around 200 thousand light 

years in diameter” says Martín López-Corredoira,



THICK & THIN DISK

During the “baby phase” (not an official astronomy 
term), small, gas-rich progenitor galaxies merged to 
form a conglomerate that subsequently grew into 
our Milky Way. 

As those galaxies did not collide head-on, they 
imparted a spin on the resulting structure, 
presumably flattening it what we now see as the so-
called thick disk of our Milky Way: 1-5 kpc thick 
above the plane.

The “adult years” that followed were much more 
quiet, and involved steady star formation activity in 
the so-called thin disk, which is younger and only 
about 0.3-0.6 kpc thick.

© Stefan Payne-Wardenaar / MPIA



THIN DISK

Composed not only of old stars, but also 
of younger stars located far from the 
centre, astronomers have found.

The stars within galaxies create a ‘fluffy’ 
thick disk enshrouding a thin disk.

Prior to latest research, it was thought 
that the stars in the thick disk were the 
oldest.

The Milky Way analog galaxy, NGC 891.

When all stars are put together, the disk has constant 

thickness, shown by the straight white lines. 
Credit: Adam Block, Mt. Lemmon SkyCenter,

University of Arizona / Ivan Minchev, AIP



THICK DISK

Possible origin:

• Originate from the heating of the thin disk.

• The result of the Milky Way and a massive dwarf galaxy merging.

• A thick disc forms at increasing radii as more active stars move 
from the core galaxy outward.

• The thick disk formed before the thin disk.

• Stars born in massive gas clumps tend to be scattered to a thick 
disc and to be enriched in α-elements, while those formed out of 
these clumps form a thin disc and are α-poor.



HALO



STELLAR NUMBER DENSITIES

•Bulge: Approx. 109 to 1010 stars per kpc3.

•Thin disk: Approx. 0.1 stars per pc3.

•Thick disk: Approx. 0.01 stars per pc3.

•Halo: Approx. 0.0001 stars per pc3.

Number density profile of stars in the galaxy along the x axis (with y = z = 0), 

according to the analytic model described in the text. Pasetto, et al. (2016).



NUMBER DENSITIES

Number density profile of stars in the galaxy 

along the x axis (with y = z = 0), according to 

the analytic model described in the text.

C. Chiosi

The average separation between stellar systems, as a function of the distance from 

the galactic center along the x axis (with y = z = 0). Shown on the right vertical axis 

of the left panel is the travel time for a given separation, assuming a velocity v ∼ 5 

km/s.

Amedeo Balbi, et al (2020)

https://www.researchgate.net/profile/C-Chiosi
http://dx.doi.org/10.3390/life10080132


Structure Mass (M☉︎) Radius 

(kpc)

Thickness

(kpc)

Volume

(kpc3)

Density

(M☉︎/kpc3)

Dark matter halo 1012 50 50 5.2 x 105 1.91 x 106

Thin disk 1011 15 1 710 1.41 x 108

Thick disk 1010 15 2 1400 7.07 x 106

Bulge/bar 1010 3 3 110 8.84 x 107

Stellar halo 109 20 20 3.4 x 104 2.98 x 104

Interstellar matter 1010 15 1 707 1.41 x 107

Supermassive 

black hole

4 x 106 4 x 10-10 n/a n/a n/a



MILKY WAY 
EVOLUTION
Shaped by a complex interplay of 
various physical processes such as 
star formation, supernova explosions, 
black hole activity, and interactions 
with other galaxies. 

Over time, these processes have 
transformed the Milky Way from a 
relatively small, clumpy collection of 
gas, dust, and stars into a larger, 
more structured galaxy with a bulge, 
disk, and halo components. 

Still on-going...



http://www.ioa.s.u-tokyo.ac.jp/TAO/en/news/20150601/index.html





SECULAR EVOLUTION

Defined as slow, steady evolution, gradual change over time. This can be caused by the orbiting 
stars, the accumulation of gas and dust, or the gravitational pull of other structures. 

Either the result of long-term interactions between the galaxy and its environment (such as gas 
accretion or galaxy harassment), or it is induced by internal processes such as the actions of 
spiral arms or bars. 

Plays an important part in the formation of disk galaxies, with both the disk and bulge 
potentially involved, but is probably relatively unimportant in the formation of elliptical galaxies.

The most easily recognisable example is the formation of stars in spiral arms. This is induced by 
the action of the spiral structure on the disk of the galaxy. Another secular evolution process 
associated with bars is the growth of bulges through kinematic disturbance. In this scenario, the 
galactic bar perturbs the central disk stars out of their regular orbits, either creating or 
expanding the bulge.



In the far future, evolution will mostly be 

secular: the slow rearrangement of 

energy and mass that results from 

interactions involving collective 

phenomena such as bars, oval disks, 

spiral structure, and triaxial dark halos.

FUTURE EVOLUTION



Simulations, theories, models, and 

hypotheses on the formation and evolution of 

Galactic structures become parts of Galactic 

archaeology. 

Large surveys and new discoveries will update 

the understanding of the Milky Way’s history.

For example:

Bulge formation and evolution.



BULGE 
GROWTH



Schematic illustration of the 

scenario proposed on the 

coevolution between black 

holes and bulges due to the 

destruction of short bars.

https://iopscience.iop.org/article/10.3847/1538-4357/ab584a



HIERARCHICAL?

In early times, galactic evolution was 
dominated by hierarchical clustering 
and merging, processes that are 
violent and rapid. 

The hierarchical build-up of structure 
in the ΛCDM scenarios involves the 
emergence of ever larger complexes 
from the merging of smaller-scale 
structures.



HIERARCHICAL 
GALAXY FORMATION

Do galaxies form this way?

Does star formation occur before, 
during or after mass assembly?

When and how do Hubble Types 
form?

Abraham & Van Den Bergh (2001), Cheung et al. (2013)



MILKY WAY DYNAMICS



MILKY WAY DYNAMICS

• The motion and distribution of its components, including stars, 
gas, dust, and dark matter.

• How they interact with each other determines the overall 
structure and evolution of the galaxy.

• Determined by a complex interplay of gravitational, 
hydrodynamic, and magnetic forces, as well as processes such 
as star formation, supernova explosions, and black hole activity.



THE ORBITS

Stars in the disk orbit in the same 

direction with a little up-and-down 

motion.

Orbits of stars in the bulge and halo 

have random orientations.



SUN’S ORBIT AS DISK STAR



BULGE VS DISK

Left: 2D plane projections of simulated orbits of 
10 randomly selected stars from the bulge, over 
a timescale of 100 Myrs. Unlike disk stars, the 
orbits show a high eccentricity.

Right: Representation of the orbit of the disk 
star. The white dot represents the current 
position of the star. The black circled dot and 
the dashed circular line indicate the position 
and the approximated orbit of the Sun, 
respectively.

Cordoni et al.  (2020)McTier, Kipping, Johnston (2020)



GALACTIC ROTATION

Orbital Velocity Law:

𝑀𝑟 =
𝑟 × 𝑣2

𝐺

The orbital speed (v) and radius (r) of an 
object on a circular orbit around the centre of 
the galaxy tells us the mass (Mr) within that 
orbit.



M33





RADIAL MIGRATION

• stars move from their 

birthplace to different 

regions in the disk of a 

galaxy, 

• primarily as a result of non-

axisymmetric perturbations 

such as spiral arms or bars Face-on view of the simulated galaxy at 1, 2, 5 and 10 Gyr. 

Gasparticles are displayed in the upper row and star-

particles in the lower one. The color scale on the right shows 

the number of particles in each pixel. (M. Kubryk, N. 

Prantzos, E. Athanassoula 2013)



A sample of about 600 stars situated very close to the Sun was used (approximate volume shown by arrow). 

Right: Using precise stellar age and iron content measurements, the stellar birth places could be recovered. 

Older stars were found to arrive preferentially from the inner parts of the disk (lighter dots), while younger ones 

(darker dots) were born closer to their current distance from the Galactic centre. Credit: I. Minchev (AIP)



• Destruction of star clusters due to the 

radial migration in spiral galaxies.

• The radial migration can alter the 

positions of stars, but it does not 

change their intrinsic properties. 

• Hence, radial migration can impact the 

observed distribution of stars in a 

galaxy, but it does not affect their 

stellar identity.

Fujii & Baba, 2012



Visualisation of the orbit 
of the Sun (yellow dot 
and white curve) around 
the Galactic Centre (GC) 
in the last 250 Myrs. The 
red dots correspond to 
the positions of the stars 
studied by the ESO.
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MILKY WAY CHEMICAL EVOLUTION

Chemical composition of the galaxy has 

changed over time, driven by processes:

• Star formation

• Nucleosynthesis

• Infusion of gas and metals from SNe etc.





METALLICITY & [FE/H]

Related but distinct concepts in astrophysics.

Metallicity : the overall abundance of elements heavier than H and He. 

Commonly expressed as a fraction of the solar abundance. E.g., Z☉︎ = 0.02

[Fe/H] : specific measure of the abundance of Fe relative to H, and it is a 

commonly used proxy for metallicity. Fe because it is produced in a wide 

range of astrophysical environments, from SNe to low-mass stars, and it 

is relatively easy to measure.

Z=
mass of elements heavier than helium in an object

mass of all elements in an object



AGE-METALLICITY RELATION

The age-metallicity relation (AMR) is a fundamental observational 

constraint for understanding how the Galactic disc formed and 

evolved chemically in time.

Hayden et al 2015





METAL DISPERSION BY 
SUPERNOVAS ENRICHES 
LATER POPULATIONS OF 
STARS



ALPHA BIMODALITY

The observed distribution of stars in 

the Milky Way in terms of the 

[α/Fe], which is a measure of the 

relative abundance of α elements 

(such as O, Mg, and Si) to iron.



The triple-alpha process 

consumes only helium and 

produces carbon. After 

enough carbon has 

accumulated, further 

reactions below take place



WHAT IS 
BIMODALITY?
The statistical property where a 
dataset has two distinct peaks, 
rather than a single peak. 

This property can arise in various 
contexts, including the 
distribution of a particular 
physical or chemical quantity, or 
the distribution of a population of 
objects.



ALPHA 
BIMODALITY

Stars with low [α/Fe] are thought to have 
formed from gas clouds that were 
enriched by SNe-Ia, which are explosions 
of white dwarfs that mainly produce iron, 
the timescale of metal enrichment is 
sufficiently short.

Stars with high [α/Fe] are thought to have 
formed from gas clouds that were 
enriched by SNe-II, which are explosions 
of massive stars that produced these 
elements and Fe starts degenerate. 



HI & LO [α/Fe]

Haywood, et al (2018)
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The red-filled circles with error bars correspond to the best-fitting parameters for the high-𝛼 sequence, 

whereas the blue-filled circles with error bars correspond to the low-𝛼 sequence. The shaded areas are 

the same in all panels and show the high-𝛼 (in red) and low-𝛼 (in blue) sequences as determined by our 

best-fitting model for [Mg/Fe]-[Fe/H] at the Solar circle (7 ≤ 𝑅 < 9 kpc).
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STELLAR 
POPULATION
In 1944, Walter Baade proposed the 

existence of different populations of 

stars based on their metallicity:

• Population I star (metal-rich)

• Population II star (metal-poor)
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A third population was introduced in 

1978

• Population III star (extremely 

metal-poor)



THE DYNAMICS OF POPULATIONS





ASTROSEISMOLOGY

The study of the internal structure and 
dynamics of stars.

Analysis of stellar oscillations or vibrations. 

To determine:

- the star's age,

- composition and mixing,

- temperature,

- size. 

NASA/JPL-Caltech

David Guenther, Saint Mary´s University
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