Chapter 16

The Milky Way Galaxy

Shape of the Milky Way
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* Uniform distribution of stars in a band acrossshe
lead Thomas Wright, Immanuel Kant, and William
Herschel in the 18century to suggest the Milky Way
is a disc distribution of stars with the Sun néwr t

center
3

Jacobus Kapteyn determined the diameter of theyMM¥ay to be
20 kpc with the Sun near the center

Harlow Shapley found the diameter to be 100 kpb& wie Sun 2/3
from the center

Both were not aware of the dimming effects of dust

Shapley, using globular star clusters for distagdisnot
distinguish RR Lyrae from Cepheid varialt

* Correcting for dust

The Milky Way

The pale band of light spangled with stars
stretching across the sky is thiklky Way, a
swath of light named by the ancient Greeks

In the 17 century, Galileo showed the Milky
Way is millions of stars too dim to see
individually

Today we know the Milky Way is a slowly
revolving disk of stars, a galaxy

We also know today that the Milky Way is
filled with stars of various sizes, many of them
found in clusters, and clouds of gas and dust

Shape of t

he Milky Way

display.

William Herschel’s sketch of the Milky Way, from
1748. This sketch led Herschel (and others) teebel
the Milky Way was disk-shaped (correct), and that t
solar system was near the center of that diskeat t
position of the yellow dot (incorrect) A

Size of the Milky Way

effects and variable sta @
types, astronomers
conclude the disc has a8
30 kpc diameter with th|
Sun 2/3 from the centel

Discovery that nearly al
disc-shaped galaxies
have spiral arms implie(
Milky Way is a spiral
too.



* TheDisk

* TheDisk

Structure and Contents of the Milky Way
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— Spiral arms distribution
of stars, gas, and dust
with a diameter of about
30 kpc (100,000 light-
years) and plane tilted
with respect to Earth’'s
orbit around Sun

— Differential rotation with
all objects circling in the
same direction: 240
million-year period at . e
220 kmi/sec at the Sun’s  [JEEES ! orm
orbit (about 8.5 kpc out
from center)

Sun’s location

e Al
(approx. 100,000 lightyears)

Top view

Structure and Contents of the Milky Way
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— Most of galaxy is hidden
from Earth due to dust
obscuration including the
centralnucleus with its
dense swarm of stars and
gas in which a massive
black hole may reside

— Radio and infrared
telescopes can “see”
entire galaxy: Radio
observations suggest :
larger warped disc of gas . Bl arm
(out to nearly 40 kpc)

Sun'’s location

<———30kpc———————>
(approx. 100,000 lightyears)

Top view

Mass and Population of the Milky Way

* From its rotation and effects on nearby galaxies,
mass of Milky Way is 2 x 10Mg

From large difference between this mass and what is
observed, astronomers conclude Milky Way is
embedded in vast halo of material that emits no
radiation (at any wavelength)dark matter

Assuming that the average star has a mass similar t
that of the Sun, then based on the Milky Way’s
mass, there are roughly 100 billion stars

Structure and Contents of the Milky Way
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* TheDisk

— High density of stars
near center (10
million stars per
cubic light-year) to
low density farther
out (0.003 stars per
cubic light-year at
Sun)

—Dust and gas is N
nearly 15% of the - Spiral arm
disc’s mass

Sun’s location

e e
(approx. 100,000 lightyears)

Top view

Structure and Contents of the Milky Way

* Halo B — ;

— Roughly spherical region
with disk embedded

— Contains mainly old
stars, such as globular
clusters

— Large amounts of dark
matter may also be
present

* Bulge
— Flattened collection of /
stars surrounding dense
core of galaxy Globular

— About 1/3 the diameter clusters
of the galaxy

Dark matter halo

Side view

Age of the Milky Way

* Using stellar aging techniques, astronomers had
estimated the galaxy’s most ancient stars to be
about 15 billion years old

* More recent model calculations and observations
suggests the old star ages are more like 13 billion
years

* A rough estimate of the Milky Way then is about
13 billion years



Stars of the Milky Way Stars of the Milky Way

* The Mass Function
— From a stellar census one can derive the number of

« Stellar Censuses ;stars_of each mass, technically known ashss
= . ) unction
— Counts that list all known stars of a given typain R 1 e i
region of space is called a stellar census gssie e_rmmes & '_ ecycleo _a Pk
; ; * The evolution of the Milky Way will then depend on:
* All star types are represented in the Milky Way - x 7
9 b — How many stars of each type it contains (A galaith wnly
* By analyzing the relative numbers of stars of egple,

massive stars will evolve quickly)

— How fast each type is created (Fast creation wiltkly deplete
gas resources)

deducing the galaxy’s history is possible

Stars of the Milky Way Two Stellar Populations
* Some results: * Population | . i
— Dividing the number of stars in the Milky Way bg ige — Age: generally young
gives a star creation rate of 3-5 stars per year (10° to a few times
— Most numerous stars turn out to be dim, cool, nedrés 10°) years

(mass about 0.5 })

— Color: blue (generally,
— The average mass for Milky Way stars is ~4 M

— Location: disk and

— Stars more massive than 10Q klre rare concentrated in arms
— Current research suggests that brown dwarfs (aitars” of — Orbit: approximately
mass less than 0.08Jylare more numerous than ordinary circular in disk
stars — Heavy-element
— Itis important to be aware of “selection effectstien content: high (similar Side view
interpreting data: “Absence of evidence is not enitk of to Sun) A
absence”; i.e., there may be things there you dzse®) 16
Two Stellar Populations Two Stellar Populations
* Population 11 . + Division of stars into
— Age: old (about 10) two g_rou;?_?_ can be
years oversimpli ication
i — Sun does not fit in either
— Color: red

category, but is usually
considered a Pop | star

— Inspires creating sub-
groups

— Location: halo and
bulge

— Orbit: plunging

. * Subdivide each
through disk population intcextreme
— Heavy-element andintermediate
content: low (16 to Side view * Old-disk population
102 S ) A sometimes used for stars
un

like the Sun ——
17 P



Two Stellar Populations
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* The two populations
show that star formation
has not occurred
continuously

— Pop Il formed in major
burst at galaxy’s birth
during its initial collapse

— Pop | formed much later
and are still forming
today

* Pop | stars used to map
spiral arms in vicinity

around Sun Top view
B

Open Clusters

* Contain up to a few hundred members in a volume of
typically 7-20 light-years across

* Pleiades (or the Seven Sisters) is an excellemhpbea

* Also called “galactic clusters” since most lie ialagtic
disk

* Formed when interstellar gas clouds are compressed
and collapse upon entering the Milky Way’s spiraha

* About 20,000 open clusters currently exist, many of
them obscured by the dust of the galactic disk

21

Open Clusters
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n
clusters

Star Clusters

* Some of the Milky Way’s * There are two types of star
stars are gravitationally clusters
bound together in groups — Open Clusters
calledstar clusters — Globular Swsters

Open Clusters

* Within spiral arms, very young stars may group
together in loosassociations a few hundred
light-years across
— Single large open cluster near their center
— Birthing gas and dust still present

* After hundreds of millions of years, the stars
gradually leave and the cluster dissipates

22

Globular Clusters

* Contain far more stars than open clusters,
from a few hundred thousand to several
million per cluster

* Have large radii, 40-60 light-years across

* The strong gravity pulls the stars into a ball
denser than that found in open stars

* About 150-200 globular clusters outline the
halo and bulge of the Milky Way



GlobularClusters Star Clusters

o mpania, . Paminion ks forpescucion o claiy
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Open and globular
clusters reflect the
properties of Pop |
and Il stars — Open
clusters are generall
Pop | and globular
clusters are always

clustors

Globular
clusters

Pop I =
Gas and Dust in the Milky Way Gas and Dust in the Milky Way
* The space between stars is * Interstellar clouds seen
not empty: it contains directly or detected by
interstellar matter their effect on light from
composed of gas and dust distant stars
— Most of the gas and dust - Gas and dust imprint
exists in the galactic plane narrow absorption lines o
— Even here it clumps into starlight passing through
clouds a few light-years to a interstellar clouds: such & ) o s
few hundred light-years lines can give cloud’s — Dust isum to nm in size,
across composition, temperature, made of silicates and
— Typical densities are a few density, and speed carbon compounds, and
gas atoms per cubic — Gas found to be 71% H, perhaps coated with ices
centimeter (air has 10 27% He, 2% heavy of water, carbon
atoms per cubic centimeter elements monoxide, and methyl
27 alcohol  »g
Scattering Scattering
* The light from a star _ o
. . ¢ This scattering is mos
dims and reddens as it effective when the _
passes through an light's wavelength is |l *I;\A S
N ) tar is yellow. =~
interstellar cloud with Z:’;"i"r']'er than the dust @ s
dust + The optimum
o Light is randomly scattering for oo
S reflected from the |nterste|lar_dust and
dust f . molecules in the 8
ust surtaces in a Barth's atmospher_e 1S * Earth’s sky is blue and the
process called If_orhblue and ultraviolet setting Sun red because of
scattering ight scattering

29 30



Reddening

* The loss of blue
light from a star due
to scattering in an
intervening cloud is
calledreddening

* An interstellar cloud
that completely
obscures the stars
behind it is called a

dark nebula
31

Dark nebula

Reflection Nebula

.

* A nebula may be seen in the visible as the redsitaolight
reflecting off the dust — such a nebula is calledflection
nebula 33

Interstellar Gas

* Interstellar gas clouds
that emit visible light
are callecemission
nebulas

— To emit this light, the
cloud must have a
source of energy,
usually a nearby star

— Hot, blue stars are
especially effective at
energizing a gas
cloud

35
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Reddening Qnd Obscuration

These galaxies v These golaxies ‘T
fous

invisible fo us lo ile.

* The large amount of dust in the galactic plane cedwalmost to
zero the number of distant galaxies that can be sdhbis region
of the sky is called theone of avoidance (the galaxies can still

be “seen” in the radio and infrared) 3

Interstellar Gas

* Interstellar gas plays a crucial

role in providing material for

creating stars and a repository
for matter blown out by dyirgess
stars

Interstellar gas also helps
astronomers map the Milk:
Way since molecules withi
the clouds emit at
wavelengths that can
penetrate dust

And, of course, the visible
wavelengths of many gas

clouds provide spectacular A
images

* Clouds that are hot
enough to ionize
hydrogen will give
off a very
characteristic red
color as electrons
recombine with
protons — these
clouds are calle#!|
regions (the Il
indicating ionization)

36



Interstellar Gas

* Maps of radio and
optical
observations of
HIl regions are the
best evidence we
have that the
Milky Way is a
spiral galaxy

37

Mapping the Milky Way

* Radio emissions are not only
valuable for mapping gas
distributions in the galaxy,
but also for identifying the 8
types of molecules that exis
in space
— Examples: H(molecular

hydrogen), OH (hydroxyl
radical), CN (cyanogen
radical), CO (carbon
monoxide), HO (water), NH
(ammonia), HCOH,
(formaldehyde), HCOOH
(formic acid), CHCH,OH
(ethyl alcohol or ethanol) 39

Density-Wave Model
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(1) Interstellar cloud
approaches orm.

41

Mapping the Milky Way

* Most interstellar gas
clouds are too remote
from hot stars to be seen
in the visible
— We detect these clouds by @8
measuring their radio 7 o
output

— For hydrogen, thel-
centimeter radiation is the
radio emission that comes
from the “spin flip” of the
bound electron

/ (

F

\

\
x | )
Center of galaxy / w/ /
\ // /

\
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Spiral Arm Models

* Density-wave model

— Stars travel around the center of the galaxy iir then orbits

— Stars and gas traveling in the disc will bunch sipheey enter
an arm and will spread out as they leave

— This bunching is similar to that of cars on a fragwexcept
gravity causes the bunching of the stars

— Gas entering the arm is compressed initiatingfetanation

— The newly created and very luminous O and B stansinate
the gas and dust in the arms

— Having very small lifetimes, the O and B starsluéore
leaving the arm region thus making the spiral amose
conspicuous than surrounding regions

— Theory has difficult time explaining longevity gfisal arms,
but observed aging of O and B stars across the iarms
consistent with the theory

Spiral Arm Models

» Sdf-propagating star formation model

— This theory proposed to explain ragged-appearing af some
galaxies

— Star formation begins at some random location énghlaxy
creating a collection of stars

— As these stars heat the gas around them and tes lames
explode, the disturbance sets off a star formatian
adjoining gas cloud

— The process continues as long as there are enatgghdtars
and gas to propagate the star formation process

— Differential rotation of the galaxy then spreads shars out into
a spiral arm

— The random nature of the triggering star formasbould give

a spiral galaxy a ragged look and this is obseimeshme
galaxies



Self-Propagating Star Formation
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Diameter of the Milky Way

* Globular cluster methoc =

— Globular cluster
distances and directions i
determined using period 7"
luminosity relation for ' A
variable stars .

— Geometric center of I
globulars then marks thel—
center [

Globular clusters

Sun '

— Distance to center from ‘w _
Sun is then found to be .
8.5 kpc N

Mass of the Milky Way

Copyright © ine.

Represent real galaxy M = mass of Mi
as single mass, M

Because the Sun's mass, m, is so finy
compared fo the Milky Way's mass,
M, we ignore m and write

3
a

M=~
Pz

* The mass of the Milky Way is determined by using
Kepler's modified third law

* Using the Sun’s distance to the center and itopesf

revolution, the mass interior to the Sun’s orbitdeast
10" Mg 47

Diameter of the Milky Way

* All methods to determine the Milky Way’s
diameter depend on Sun’s distance to center

* Red giant maser method
— Red giant maser radio sources common in inner bulge
— Stars near galactic center move in random direstion

— Assume in a given volume a star moving radially has
the same speed as one moving across the linehdf sig

— Use Doppler shift of radial maser source to deteemi
speed and use this with transverse maser angular
motion to determine distance

— Geometric center of masers gives Sun distancekpt?7
44

Diameter of the Milky Way

* Once distance t0 gy
center from Sun :
found, this is adde(
to distance to oute|@
edge from Sun to [
arrive at the Milky S
Way's diameter — ¢
value of about 40
kpc or more

46

Mass of the Milky Way

Copprpne

275

250 d '_ Measured values

225

200

Rotation speed (km/s)

Average of measured points

175

| . . . . . .
150 0 2 4 6 8 10 12 14 16 18
Distance from center of galaxy (kpc)

* A more refined technique uses the rotation speéds o
stars at a variety of distances from the center gt
calledrotation curve)

* This technique can more accurately determine tresma
of the entire galaxy — the Sun method only estimtte
mass interior to its orbit 48




Mass of the Milky Way The Galactic Center
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* In either method, the speed of stars around thexgal
is crucial and there are many ways to do this —dfvo
them are:

— Use the Local Group of galaxies as a referencedrsince
the stars on the Milky Way move much faster

— Use the distribution of randomly moving globulansters as
on average being at rest

Analysis of the rotation curve also reveals a dark ) ) I
matter halo with a radius exceeding 100 kpc * Because the galactic center is not observable in

the visible, astronomers must rely on radio,
infrared, X-ray, and gamma-ray observations
50
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The Galactic Center A Black Hole?
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» At adistance of 3 kpc, an arc of cold hydrogenepse
outward at a speed exceeding 100 km/sec

* A giant swarm of stars, packed in at millions efrst
per cubic light-year, are arranged in an elongated
structure about 1000 light-years across

* Some energetic event, perhaps a supernova explosion
violently disturbed the center in the not-to-distpast

* Deep within the core lies an incredibly small (10 A
diameter) radio source known as Sgr A*

« A5 x1C M, black hole may occupy the very center of

the galaxy! 51 e gt

Formation of the Milky Way

* Forming galaxies is still a major unsolved

Formation of the Milky Way

problem Copyight  The Mcraw il Comparis i
* Originally, it was thought that galaxies form ARt — e—ammi—H
like stars, but only on a larger scale g s A
— Begin with a million-light-year cloud with 100 NG L Q@
billion solar masses of material h ‘= - mm—

— The cloud gravitationally collapses and breaks up
into stars
* Evidence for this galaxy formation process
can be found in the Pop | and Pop Il stars

53 54



Formation of the Milky Way
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H A few million ly H

Some stars

form.

_ Ny

Slowly rotating pregalactic cloud
of pure hydrogen and helium begins
to collapse under its own gravity.

* The proto-Milky Way
was a giant cloud of pure
hydrogen and helium

* The existence of old Pop
Il stars with very little
heavy elements suggests
they formed at the onset
of collapse and as they
did so, they dropped out
of the gas collapse

55

Formation of the Milky Way
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Disk stafs *
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Halo stars

Stars form in disk; higher-mass stars
in halo die, leaving only low-mass

red stars behind.
C

Formation of the Milky Way

However, the collapse model fails to explain two

important properties of stars

— Pop |l stars appear to have formed over a longe ti
scale than the collapse model allows
— Some stars should have virtually no heavy elements,
but no such stars have ever been observed
59
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Massive stars undergo
supernova explosions.

/

¥ )

Stars continue to form in collapsing
cloud; supernovas add heavy elements|
to gas that begins settling into disk.

B

Formation of the Milky Way

* The massive Pop Il stars
exploded early on,
seeding the galactic cloud
with heavy elements

* By the time the cloud
collapsed into a disc it
was rich enough in heavy
elements to generate the
Pop | stars we see there
today

56

Computer Simulation of Galactic Formation

Formation of the Milky Way

Copyrigh © s Inc.

* Today, astronomers also think the collapse modlel fa
to include the effects of galactic mergers on galand
stellar evolution — merging appears to be the moe,

the exception

60



Population Il Stars The Future of th

ooyt

e Milky Way

* Despite uncertainties, the basic idea of the initial
stars being made of pure hydrogen and helium is
still true — so where are they

* Eventually all gas finds
its way into stars,
which in turn will lock

* Thesepopulation |11 stars may not be observable up material in stellar
for three reasons remnants
— Only short-lived massive population Il stars can » Hundreds of billions of
form — gonsequently none are left today . years from now the
— Population llI stars exist, but are masquerading as Milky Way will fade
Pop Il since their atmospheres have been _ slowly spinning in ’
contaminated by gas ejected when a more massive space, a dark disk of

star exploded
—Pop Il stars may be rare and hard to find

stellar cinders

[or4



