
The Milky Way: A structural overview



Galactic Coordinate Systems

Galactic (angular) coordinates

ℓ : galactic longitude (0 = galactic center, 90 = direction of rotation)
b : galactic latitude (above/below the plane)
(d : distance from Sun)

R☉

d



Galactic	Center
ℓ = 0°, 𝑏 = 0°

Large	Magellanic	Cloud
ℓ = 280°, 𝑏 = −33°

North	Galactic	Pole	(NGP)
𝑏 = +90°

South	Galactic	Pole	(SGP)
𝑏 = −90°

Galactic	Plane
𝑏 = 0°

Remember, the NGP isn’t a point “above” the 
Galactic center, it’s a point “above” the Sun, 
directly up out of the disk.

ℓ = 180° ℓ = 90° ℓ = 270° ℓ = 180°ℓ = 0°



Galactic Coordinate Systems

Galactic (angular) coordinates

ℓ : galactic longitude (0 = galactic center, 90 = direction of rotation)
b : galactic latitude (above/below the plane)
(d : distance from Sun)

Physical cylindrical coordinates

R : radial coordinate (not to be confused with R0!)
𝜃 : angular coordinate
z : height above disk plane R0

d

R
z
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Galactic Coordinate Systems

Galactic (angular) coordinates

ℓ : galactic longitude (0 = galactic center, 90 = direction of rotation)
b : galactic latitude (above/below the plane)
(d : distance from Sun)

Physical cylindrical coordinates

R : radial coordinate (not to be confused with R0!)
𝜃 : angular coordinate
z : height above disk plane

Kinematics (all in km/s)

U: R velocity (−dR/dt); positive ⇒ towards center
V: 𝜃 velocity (R d𝜃/dt); positive ⇒ direction of rotation
W: z velocity (dz/dt); positive ⇒ northwards

Important: V velocities are (usually) defined after 
removing the circular velocity of the disk.

So a star on a circular orbit will have V=0 km/s.
(+U,+V,+W) = (in, forward, up)



The Local Standard of Rest

Imagine a point at R0 moving on a circular orbit around the 
galactic center. This is called the local standard of rest (LSR), 
and we want to measure the motion of stars with respect to 
this frame.

How do we measure the velocities of stars?

• line-of-sight radial velocity (vlos in km/s)
• proper motion (two sky components, in arcsec/yr)
• distance (d in pc; converts proper motion to speed)

These things give us the velocity of the star with respect to the 
Sun. We want velocities in the Galactic coordinate system 
relative to the LSR. This involves:

• Transformation of coordinates (“simple” geometry)
• Removal of the solar motion (surprisingly complex!)

(U☉,V☉,W☉) ≈ (11,12,7) km/s

R0
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R
z

𝜃



Stellar Kinematics and the Solar Motion

Disk stars move on roughly circular orbits, with relatively small random 
velocities, characterized by a Gaussian velocity dispersion in each 
coordinate.

These dispersions together define the “velocity ellipsoid”: (𝜎! , 𝜎" , 𝜎#).

If, on average, the local solar neighborhood moves with the LSR, nearby 
stars should have average 𝑈 , 𝑉 , 𝑊 = 0,0,0 .

Measure velocity distributions, look for a non-zero mean velocity: this 
traces the Sun’s motion.

U, W velocity distributions after correction for solar motion ⇒

The distributions are symmetric and Gaussian-like.        
(Remember, a Gaussian plotted logarithmically is a parabola....)

The measured standard deviation is the velocity dispersion of the 
sample of stars.

U: in/out motion
U☉  = +11.1 km/s 

W: up/down motion
W☉ = +7.25 km/s

Schoenrich+10



Measuring the Solar Motion: Asymmetric Drift

The distribution of velocities in V shows different behavior,  the distribution of stellar V velocities shows many stars 
with negative V velocities (lagging the Sun’s motion).

This is referred to as asymmetric drift.

What’s going on? Schoenrich+10



Consider three stars on different orbits, each one passing through the solar circle (R0):

Star A: 
Elliptical orbit reaching R0 at apocenter.
Stars move slowly at apo, so  v𝜃 < vcirc
This star lags the LSR (V<0)

Star B: 
Elliptical orbit reaching R☉ at pericenter.
Stars move fastest at peri, so v𝜃 > vcirc, 
This star leads the LSR (V>0)

Star C:
Circular orbit at R☉ always
It moves at the circular speed v𝜃 = vcirc 
This star moves with the LSR (V=0)

Measuring the Solar Motion: Asymmetric Drift



Measuring the Solar Motion: Asymmetric Drift

Consider stars on three orbits, each  through the solar 
circle (R☉ ):

• Star A: v𝜃 < vcirc, lags the LSR
• Star B: v𝜃 > vcirc, leads the LSR
• Star C: v𝜃 = vcirc, moves with the LSR

The distribution of velocities in V shows different behavior, 
a long tail of stars to negative velocities: asymmetric drift.

Schoenrich+10

In the plot of velocities, we see more “laggers” (negative 
velocities) than “leaders” (positive velocities). Why is this?

The density of stars is higher as you go inwards, so in the 
solar neighborhood there are more stars inside us coming 
out than outside is coming in. More laggers than leaders.

The mean V velocity is biased, so we can’t simply use <V> 
to determine solar motion.



Schoenrich+10

U velocity dispersion

U velocity dispersion for stars along the color-magnitude diagram.

Remember, U velocity is galactocentric radial velocity (“in-out”).

Upper main sequence: very low dispersion

Lower main sequence: moderate dispersion.

Metal poor main sequence (“subdwarfs”): high dispersion

Evolving subgiants: high dispersion

Horizontal branch stars: high dispersion

What is the common theme here? Mean stellar age.

(Remember: a star doesn’t have a 
velocity dispersion, but a population of 
stars does....)

note that 𝑣!" ≈ 𝜎#"  
In other words, this is showing the U (radial) velocity dispersion 



Asymmetric Drift

Asymmetric Drift Velocity for stars along the color-magnitude diagram.

Mean V-velocity (“forward-back”)

Schoenrich+10

Older populations have higher random velocities 
and lag the LSR more.

Argues that stars are born on circular orbits, but 
as time goes by, their trajectories are scattered 
more and more: higher random motions.

What would scatter stars?

Over time, repeated gravitational encounters with 
giant molecular clouds or spiral arms acts to 
slowly scatter stars off their initially circular 
orbits.

à Older stars have higher random motions.



Measuring the Solar Motion: Effect of Asymmetric Drift

Dehnen & Binney 98

Average (U,V,W) velocities and total 
velocity dispersion (S) as a function 
of color ⇒ 

Blue stars: young
Red stars: mix of ages

Things to note:

• Average U and W velocities are 
uncorrelated with color. These are 
giving good estimates of U☉ and 
W☉.

• Average V velocity strongly 
correlated with color. Measures a 
combination of V☉ and drift 
velocity. Drift velocity is smaller 
for young populations.



Measuring the Solar Motion: Correcting for Asymmetric Drift

Inferred solar motion (U,V,W) as a function of total velocity dispersion (S)
Dehnen & Binney 98

Define the solar motion with respect to a 
hypothetic population with zero velocity 
dispersion. 

Plot mean motion as a function of 
dispersion; solar motion is defined by the 
y-intercept (zero velocity dispersion).

This dataset (Dehnen & Binney 98): 
(U☉, V☉, W☉) = (+10,+5,+7) km/s

Updated analysis (Schoenrich+10):
(U☉, V☉, W☉) = (+11,+12,+7) km/s

With the Sun’s motion solved, we can 
characterize stellar kinematics using a 
well defined framework: the LSR.



Velocity dispersion of stars: Recap

An individual star has a position and a velocity, giving it a six 
dimensional coordinate in phase space: (�⃗�, �⃗�)

The kinematics of stellar populations in the solar neighborhood 
can be described using mean velocities and velocity dispersions 
(spread in velocities).

• Mean velocities, after correction for solar motion:
𝑈 , 𝑉 , 𝑊 = (0, 𝑣$ , 0)

• Velocity dispersions: (𝜎! , 𝜎" , 𝜎#)
also known as the velocity ellipsoid

Velocity dispersion is a measure of random (non-circular) motion.

Velocity dispersion and asymmetric drift all rise with mean age of 
the population being studied.

Inference: Stars are born on circular orbits, then scattered to 
higher random motion with time.
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Structure of the Milky Way Disk

Density distribution roughly follows an exponential in R and z:

𝜌 𝑅, 𝑧 = 𝜌P𝑒 ⁄RS T$𝑒 ⁄R U T%

where ℎ% 	and	ℎ& are the radial scale length and vertical scale height, 
respectively.

Radial scale length ℎ% ≈ 3 kpc (estimates range 2.5 – 3.5 kpc)

Vertical scale height ℎ& turns out to have a complex dependency on 
Galactic radius and stellar spectral type.

COBE infrared all sky map

Spacelab K-band (near-IR)
profiles (Kent+ 91)

Longitude essentially 
measures (angular) radius 
from galactic center.

disk

bulge

https://ui.adsabs.harvard.edu/abs/1991ApJ...378..131K/abstract


Scale Heights for different 
populations 

What is this trend showing?

Why might we expect this? Main sequence lifetime (Gyr)
Ryan+ 17

Spectral Type

scale height

ℎ! (pc)



Galactic disk

Solar neighborhood

Vertical velocity dispersion: Why do we care?

Why would velocity dispersion and scale height correlate? Because of gravitational balance.

Think of a star oscillating up and down in the disk, held by the gravitation force of some mass M. We can 
balance kinetic and potential energy: !

"
𝑚∗𝑣$" ≅

%&'∗
$

  or, more simply: 𝑣$" 	≅
"%&
$

.

What is M? think of a patch of the disk with radius 𝑟 and surface density Σ' 
(in M☉/pc2). It will have a mass of 𝑀 =	Σ'𝜋𝑟(. 

If 𝑟 ≈ 𝑧, we can put that in for M and get 𝑣( ≅ 2𝜋𝐺Σ'𝑧

Now consider of a group of stars. Replace individual values 𝑣(, 𝑧  with 
ensemble values 𝜎#( , ℎ&  to get: 𝜎#( 	~2𝜋𝐺Σ'ℎ&

This is known as the Oort Limit, and can be used to estimate the total mass 
density of the Galactic disk in the solar neighborhood. 

Current estimates come in at Σ0 ≈ 70 M☉/pc2 or so.

z

r



Disk Stars: Metallicity

Stars in the solar neighborhood show a spread of metallicity.

Nordstrom+ 04

solar metallicity

Notes:

• [Me/H]: metallicity

• The Sun is slightly on the high end of the 
distribution

• The distribution is asymmetric, with a tail to low 
metallicities.

https://ui.adsabs.harvard.edu/abs/2004A%26A...418..989N/abstract


Individual Stars
Garnett & Kobulnicky 00, updating Edvardsson+ 93

Old open star clusters
Binney & Merrifield Fig 10.23

Age metallicity relationship (AMR) shows  a lot of scatter. Some studies suggest a trend, others do not.

Disk Stars: Age – Metallicity Relationship

young stars
metal-rich

older stars
metal-poor

Again, the age-metallicity relationship has a lot of scatter. There are old 
stars with high metallicity and younger stars with low metallicity.

https://ui.adsabs.harvard.edu/abs/2000ApJ...532.1192G/abstract
https://ui.adsabs.harvard.edu/abs/1993A%26A...275..101E/abstract


Andrievsky+ 04

Gradient from Cepheids

Gradient from Open Clusters
Yong+ 12

Disk Stars: Radial Metallicity Gradient

The mean metallicity of the Galaxy’s disk 
declines as a function of radius.

Outer disk is metal poor compared to the 
inner disk.

https://ui.adsabs.harvard.edu/abs/2004A%26A...413..159A/abstract
https://ui.adsabs.harvard.edu/abs/2012AJ....144...95Y/abstract


Thin and Thick Disk

Scale height can be better fitted as a combination of two exponentials:
• Thin disk: ℎ& ≈ 300 pc
• Thick disk: ℎ& ≈ 1 kpc

Gilmore & Reid 1983

vertical height from midplane

2MASS near-IR map

thin disk

thick disk

https://ui.adsabs.harvard.edu/abs/1983MNRAS.202.1025G/abstract


Thick Disk

The thick disk is thicker but more centrally concentrated 
than the thin disk.

It is kinematically hotter than the thin disk.

It is older and more metal-poor than the thin disk.

Total luminosity of thick disk ≈ 10% that of the thin disk

Edvardsson+ 93

Thin Disk Thick Disk

Scale height (ℎ&) 300 pc 1 kpc

Scale length (ℎ%) 3−4 kpc 2 kpc

(𝜎! , 𝜎" , 𝜎# , 𝑣$)
Kinematics

≈ (30, 20, 20, 15) km/s ≈ (60, 40, 40, 30) km/s

Stellar pops Mix of stellar ages, 
more metal-rich stars

Old stars, somewhat 
more metal-poor

vertical velocity dispersion (𝜎!) 
increases at low metallicity.

vertical velocity dispersion (𝜎!) 
increases for old stars.

https://ui.adsabs.harvard.edu/abs/1993A%26A...275..101E/abstract


Hayden+15
Metallicity structure of the thin and thick disk

R

z

https://ui.adsabs.harvard.edu/abs/2015ApJ...808..132H/abstract


Metallicity structure of the thin and thick disk

R

Short burst:
low [Fe/H], 
high [⍺/Fe]

Gradual 
sustained SFR:

high [Fe/H], 
low [⍺/Fe]

Remember how [⍺/Fe] and [Fe/H] track star 
formation and enrichment history.

Look at radial metallicity trends for stars in the disk plane.

As radius increases, [Fe/H] decreases, but stars remain relatively solar in [⍺/Fe]. 

This is a sign of slow “inside-out” formation of the thin disk. Star formation and 
chemical evolution may have been going on longer in the inner disk, but overall 
everything has been built-up slowly over time.



Metallicity structure of the thin and thick disk

R

Now compare to stars over the same radial range, but higher up in height (z).

Inner parts look very different – lower metallicity and strong ⍺-enhancement. But only the inner parts. Outer parts still 
look “normal”. This is the signature of the thick disk -- built up earlier and faster than the thin disk, but also not as radially 
extended.

This argues that the thick disk is not just scattered thin disk stars, or else the thick disk would have the same metallicity 
pattern as the thin disk. 

z



Metallicity structure of the thin and thick disk

R
At even higher distances from the plane, inner regions are almost all thick disk. Outer regions still look similar at all 
heights; high Z stars in the outer disk are not thick disk stars, they are probably just scattered thin disk stars.

z



Hayden+15
Metallicity structure of the thin and thick disk

R

z

https://ui.adsabs.harvard.edu/abs/2015ApJ...808..132H/abstract


Milky Way Disk: Inferences on Formation and Evolution

Thin disk

• Formed through continuous, on-going star formation: Mix of stellar ages, smooth metallicity distribution, 
solar [⍺/Fe] ratios

• Hints of “inside-out” formation: metallicity gradient (maybe also the age-metallicity relationship?) shows 
inner regions more chemically evolved, maybe formed a bit faster than outskirts

• Dynamically calm process (low velocity dispersion)

Thick disk

• Formed earlier (lower metallicity) and faster (higher [⍺/Fe] ratios) than the thin disk.

• More centrally concentrated process (shorter radial scale length)

• More “dynamically active” process (higher velocity dispersion)



Thick Disk Formation Scenarios I : Early Satellite Accretion

Early in the Milky Way’s history, a LMC-ish satellite fell in and heated (scattered) existing disk stars. ⇒ thick disk 

Afterwards, the gas re-settles into the disk and continues forming stars. ⇒ thin disk

Mihos & Hernquist 1995

Astronomy lingo: in terms of dynamics, “cold” means 
ordered motion with low velocity dispersion, while “hot” 
means disordered motion with high velocity dispersion. 
Disks are “cold”, bulges and ellipticals are “hot”.



Thick Disk Formation Scenarios I : Early Satellite Accretion

As the satellite falls in, it stirs up the orbits of 
stars and increases their velocity dispersion 
(random motion).

This ”disk heating” puffs up the existing disk and 
makes it thicker.

Walker+ 96

before merger

after merger

before 
merger

after
merger

https://ui.adsabs.harvard.edu/abs/1996ApJ...460..121W/abstract


Thick Disk Formation Scenarios II : Turbulent Disk Formation

Simulated galaxy disk at current time… (Brook+ 04) 

Simulations: +, ×
Observations: ▲

… has a disk that shows a velocity 
dispersion that increases with stellar age…

…because back when the disk formed it was very clumpy and turbulent

Gas 

Stars

https://ui.adsabs.harvard.edu/abs/2004ApJ...612..894B/abstract


The Distance to the Galactic Center

1785: William and Caroline Herschel map the Milky Way using star counts 
and find the Sun near the center of the Galaxy.

Oops. In hindsight what went wrong?

Milky Way
dust!



courtesy Rick Pogge, OSU

The Distance to the Galactic Center

1920: Curtis Shapley uses spatial 
distribution of globular clusters, 
finds that they are centered on a 
different. spot in the Milky Way.

Correctly reasons that globulars 
were centered on the location of 
the Galaxy’s center, but 
incorrectly placed it 18 kpc away.

Why did he get it wrong?

Sun



The Distance to the Galactic Center

Modern view of globular cluster distances 
and other tracers gives R☉ ≈ 8 − 8.5 kpc.

Shapley over-estimated the distance to the 
globulars because he didn’t account for 
dust. Dust makes the clusters look dimmer, 
so Shapley thought they were further away.

Harris 99

Sun



The Distance to the Galactic Center

Geometric distance:

Infrared interferometry follows the proper motion 
of stars and gas clouds orbiting the black hole at 
the Galactic center.

Orbits are Keplerian (BH is a point mass).

We can measure the stars orbital proper motion.



The Distance to the Galactic Center

Geometric distance:

Infrared spectroscopy gives 
velocity of the objects as 
well.

Velocity and proper motion 
connected by distance.

GRAVITY collaboration (Abuter+ 2019)

observed 
sky motion

of star 

observed velocity of star 

d = 8178 pc ± 13stat ± 22sys.

(that’s a 0.3% uncertainty!!!)

https://ui.adsabs.harvard.edu/abs/2019arXiv190405721A/abstract


The Milky Way’s Bulge

Classically viewed as an R1/4 spheroid with re ≈ 
2.7 kpc (optical star counts; de Vaucouleurs & 
Pence 78). But even de Vaucouleurs classified 
the Milky Way as a barred spiral!

Kent+ 91 points out that its surface brightness 
profile is better fit by an exponential than a de 
Vaucouleur R1/4 law.

More like a disk?

https://ui.adsabs.harvard.edu/abs/1978AJ.....83.1163D/abstract
https://ui.adsabs.harvard.edu/abs/1978AJ.....83.1163D/abstract
https://ui.adsabs.harvard.edu/abs/1991ApJ...378..131K/abstract


The Milky Way’s Bar

Other hints from gas kinematics and photometry that the Milky Way might have a bar. Best evidence 
came from near IR imaging by the COBE satellite.

near IR: 1.2 − 3.4 micron image

⇐Apparent vertical thickness of the bulge on either side of the Galactic center. 
One side appears thicker because it is closer: a bar, not a round bulge.

left side

right side



The Milky Way’s Bar

Bars are a natural dynamical instability in rotating disks. They buckle vertically, giving the impression of a peanut-shaped 
or X-shaped bulge.

WISE near-IR imaging (Ness & Lang 16)
Barred galaxy 
simulation 
(Mihos+ 95)

YouTube animations 
of bar instabilities:
• Face on view
• Edge on view

https://ui.adsabs.harvard.edu/abs/2016AJ....152...14N/abstract
https://ui.adsabs.harvard.edu/abs/1995ApJ...447L..87M/abstract
https://www.youtube.com/watch?v=v7dNMUGNCao
https://www.youtube.com/watch?v=LZxPOnGpjvo


The Milky Way’s Bar

Robert Hurt (IPAC)

Have this view in your head when 
you look at the night sky!

The structure and kinematics of the 
inner galaxy are well-explained by a 
barred inner disk – no need to invoke a 
separate “bulge” component.

But it often still gets called a bulge….

We are here



Metallicity in Bulge/Bar/InnerDisk

Gonzalez+ 15

metallicity distribution
of bulge stars

Solar neighborhood
Disk metallicity

Bulge stars show a wide range of 
metallicity, ranging to metal-poor to super-
solar values.

https://ui.adsabs.harvard.edu/abs/2015A%26A...584A..46G/abstract


Age Distribution in Bulge/Bar/InnerDisk

Bulge stars show a range of ages, but are predominantly
old (>8 Gyr).

Many of the oldest stars have high metallicity: Metallicity 
enrichment can happen fast.

Bensby+13

https://ui.adsabs.harvard.edu/abs/2013A%26A...549A.147B/abstract


Metallicity in Bulge/Bar/InnerDisk

Bulge stars show enhanced ⍺-elements 
relative to disk stars.

Indicative of an early period of rapid star 
formation, leading to a population of stars 
which is now old, ⍺-enhanced, and with a 
wide range of metallicity.

“Inside-out galaxy formation” : inner 
regions form first and rapidly, outer 
regions (thin disk) form more gradually 
over time.

Thick disk is somewhat “in between”

Gonzalez+ 15

https://ui.adsabs.harvard.edu/abs/2015A%26A...584A..46G/abstract


The Milky Way’s Stellar Halo

The Milky Way is surrounded by an extended, spheroidal, and 
sparse population of old stars: the stellar halo.

The projected surface brightness is extremely low: µV fainter 
than 30 mag/arcsec2. Cannot detect diffuse light this faint in 
other galaxies, unless they are close enough (dist < few Mpc) 
to resolve their individual stars.

Embedded within the stellar halo is the Milky Way’s globular 
cluster system.

Together, halo stars and globular clusters provide
important clues to the Galaxy’s evolutionary history.



Studying the Stellar Halo: Globular Clusters

Advantage: Easy to see at large distances, can get good ages and metallicities.
Disadvantage: Biased tracer, only about 1% of the mass of the stellar halo.

Multiple component population:
• Outer halo, roughly spheroidal, random motions, [Fe/H] < −0.8
• Inner halo clusters, flattened component, rotating with disk, [Fe/H] > −0.8

Zinn 85

https://ui.adsabs.harvard.edu/abs/1985ApJ...293..424Z/abstract


Studying the Stellar Halo: Globular Clusters

Zinn 85

Advantage: Easy to see at large distances, can get good ages and metallicities.
Disadvantage: Biased tracer, only about 1% of the mass of the stellar halo.

Multiple component population:
• Outer halo, roughly spheroidal, random motions, [Fe/H] < −0.8
• Inner halo clusters, flattened component, rotating with disk, [Fe/H] > −0.8

Number density of globular clusters
falls off with radius roughly as 𝜌	~	𝑟)*.,

Number of clusters per cubic kpc, 
as a function of radius.

https://ui.adsabs.harvard.edu/abs/1985ApJ...293..424Z/abstract


Studying the Stellar Halo: RR Lyrae Stars

Advantage: Relatively luminous, give good distances.
Disadvantage: A rare subset (specific evolutionary phase) of a sparse population.

Layden (1995): Nearby (d<2.5 kpc) RR Lyraes

−2.0 < [Fe/H] < −1.5 (very metal poor):  𝜎los ≈ 120 km/s, vrot/𝜎los ≈ 0
−1.0 < [Fe/H] <   0.0 (moderately metal poor):  𝜎los ≈   50 km/s, vrot/𝜎los ≈ 4

Average velocity relative to LSR:
<U> =   -13 km/s
<W> =    -5 km/s
<V> =    40 km/s  [Fe/H] > −1.0  (moderately metal poor)
<V> =  200 km/s  [Fe/H] < −1.0  (very metal poor)

Metal-poor RR Lyraes are likely a halo population with ages > 10 Gyr

⇒ halo is old, metal poor, and non-rotating
𝜎los means observed 
radial velocity dispersion, 
along the line of sight.

https://ui.adsabs.harvard.edu/abs/1995AJ....110.2288L/abstract


Studying the Stellar Halo: Nearby Halo Stars

Advantage: Greater numbers (selecting all stars, not just a specific evolutionary type) 
Disadvantage: Need to disentangle from disk population. halo:disk ratio is 1:1000. How?

If halo stars are not rotating along with the disk, they will be moving quickly relative to the Sun. 
Look for stars with high proper motion!

High proper motion stars (Carney+ 96)

Disk stars (high proper motion due to close distance)
Halo stars (high proper motion due to high velocity)

Halo stars show low metallicity, little net rotation.

LSR motion

https://ui.adsabs.harvard.edu/abs/1996AJ....112..668C/abstract


Studying the Stellar Halo: Nearby Halo Stars

Advantage: Greater numbers (not selecting specific evolutionary type) 
Disadvantage: Need to disentangle from disk population. halo:disk ratio is 1:1000. How?

If halo stars are not rotating along with the disk, they will be moving quickly relative to the Sun. 
Look for stars with high proper motion!
 

High proper motion stars (Carney+ 96)

Halo stars show a broader range of metallicity than 
globular clusters.

The most metal-poor halo stars known today have 
[Fe/H] < −5, and often show very strange elemental 
abundance ratios. ⇒ tracers of the earliest phase of 
chemical enrichment.

Globular Clusters

Halo Stars

Metallicity [m/H]

https://ui.adsabs.harvard.edu/abs/1996AJ....112..668C/abstract


The stellar halo: Smooth versus Accreted

Original view was that the galaxy formed in a smooth contraction of 
primordial gas (Eggen, Lynden-Bell, & Sandage 1962, aka ELS, or 
monolithic collapse), and the halo should be smooth as well.

A somewhat more realistic version might look like this ⇒

Early rapid formation of halo, followed by subsequent cooling and 
settling of gas into a disk.

Halo formation marked by violent relaxation: Rapid merger of 
comparable-mass things: gravitational potential changes rapidly, 
stars are scattered off their orbits forming a smooth and 
kinematically hot component.

Kalapotharakos 06

https://ui.adsabs.harvard.edu/abs/1962ApJ...136..748E/abstract


The stellar halo: Smooth versus Accreted

But as hierarchical galaxy formation models gained traction, an alternative view rose: the accreted stellar halo 
(Searle & Zinn 1978, aka SZ, or hierarchical accretion)
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https://ui.adsabs.harvard.edu/abs/1978ApJ...225..357S/abstract


Accretion signatures: The Field of Streams

Belokurov+ 06: Select SDSS stars on color: 𝑔 − 𝑟 ≈ 0.4. These would be main sequence turnoff stars with roughly similar 
absolute mags, so apparent mag is a rough estimate of distance. Color code by distance: blue⇒near, red⇒far

http://adsabs.harvard.edu/abs/2006ApJ...642L.137B


Accretion signatures: Multiple tracers

If the Galactic potential isn’t changing 
much, even though stars will diffuse along 
the stream over time, they will conserve 
energy and angular momentum and 
remain kinematically correlated.

Helmi+ 99: Kinematics of nearby (<1 kpc) 
metal-poor RR Lyrae stars.

Find a discrete clump in 
• velocity vz, vr, v𝜙
• angular momentum (J⊥, Jz)

NOT SMOOTH!

https://ui.adsabs.harvard.edu/abs/1999Natur.402...53H/abstract


Accretion signatures: Multiple tracers

Modern view: A little bit of everything. 

• “in-situ halo”: Early formation history probably leads to violent relaxation and formation of a smooth inner halo 
population.

• “accreted halo”: Subsequent accretion builds up the outer halo through disrupted satellites

Current arguments center on the fraction of in-situ vs accreted halo, and how that changes with Galactic radius.

With bigger samples of halo stars and more data, we can search for halo substructure using many tracers: position 
(X,Y,Z) velocity (vx, vy, vz), energy and angular momentum (E, L), metallicity ([Fe/H], [⍺/Fe]), etc.

Important to remember: the ages and metallicities of stars in accretion streams do not tell us about when they fell in to 
the halo, but when they were formed within their satellite. A stream from a satellite that fell in yesterday can easily 
have old stars!


