Lecture 25

1. Discovering the Milky Way

The Milky Way has always been an inspiring sight,
and figures prominently in religion, literature, dan
poetry However, partly because a lot of it is hiuldbg
dust (seen prominently here) it was very hard to
figure out how it is built. The Herschels, in trad
1700s, attempted to observe the shape of the Milky
Way by subdividing the sky into a series of square
areas and counting the number of stars in eaclnpatc
They thought that the Sun is located near the cerfite
the Milky Way -- their counts showed a nearly
symmetric drop-off in all directions from the Sun.

Herschels' Map of the Milky Way (the sun is the
bright dot near the middle):

But, they were unaware of the existence of intdestdust that was cutting off their view
toward the true center of the system. More stantowere available in ~1920 when
Dutch astronomer, Kapteyn, made a modern versioHarschel's Milky Way model:
Kapteyn had the Sun slightly offset from the cermdkthe Milky Way, but still didn't
appreciate the deception caused by dust! Harlowpl8iaaround 1915, was interested in
studying the distribution of globular clusters amnbat he might learn about the Milky

Way from them. Shapley took advantage of 2 facts:

1) globular clusters can be seen at relativelytgtesdances

2) globular clusters contaliRR Lyrae stars, a type of pulsating variable star that lman

used to measure distances



Shapley found the globulars form a nearly spherntsiribution around a point in the
direction of the constellation Sagittarius. Shaplegsoned that the location at the center
of the globular cluster distribution must indic#éte location of theenter of the galaxy
which he placed at a distance of nearly 30 kilopess

The modern distance is 8000 pcs -- again, Shapbey tricked because he didn't know
about dust and how it was dimming the RR Lyraesstartop of the inversé raw.

2. Structure of the Milky Way

The Milky Way has a distinct shape, formed by tive¢ major components that make up
the galaxy:

1. A thin disk made up of spiral arms.
Within these arms are plentiful
guantities of the gas and dust out of
which stars are produced, and these
are constantly being formed.

2. A central bulge made up of older
stars.

3. Amore mysterious element - a
dark halo of unknown composition.
There are no luminous stars in this
halo, but we know it is there
because it exerts a gravitational
pull on visible matter.

The Sun is located around 28 000 light

years from the Milky Way's centre,

equivalent to roughly two thirds of the

way from the centre, a distance confirmed

by data acquired by ESA’s astrometric

satellite Hipparcos. The Solar System is

found in a smaller spiral arm called the

Local or Orion Arm. This arm connects

two much bigger arms, the Sagittarius Arm and thies@&us Arm.

3. Mass of the Milky Way

The total mass of the Milky Way is assumed to bkeast 600 billion times the mass of
the sun, while the densely packed visible partnly @00 billion times the mass of the

sun. This discrepancy in numbers is believed tocwesed by the dark matter in the halo,
since it seems to be taking up mass, but doesittoemadiate light. This "missing mass"

accounts for almost 90% of the mass in the univdtgen though scientists don't know
what it is, they know it's there because they ceted it by the gravitational effect it has

on the surrounding visible objects.



Unfortunately, this unknown dark matter is also tbHetermining factor in the
evolutionary future of the universe. If there i® tiittle of it to gravitationally bind the
universe together, it can continue expanding fareifethere is enough, though, the
universe might slow down the expansion, come toak, land begin to contract and
eventually collapse. This is why it is so importémfind out just what dark matter is and
how much of it there is.

4. Age of the Milky Way

It is extremely difficult to define the age at whithe Milky Way formed, but the age of
the oldest star in the Galaxy yet discovered isneged to be about 13.2 billion years,
nearly as old as the Universe itself.

This estimate is based on research done in 20@&tognomers Luca Pasquini, Piercarlo
Bonifacio, Sofia Randich, Daniele Galli, and Ral&a&. Gratton. The team used the UV-
Visual Echelle Spectrograph of the Very Large Taedpe to measure, for the first time,
the beryllium content of two stars in globular ¢ersNGC 6397. This allowed them to
deduce the elapsed time between the rise of tee deneration of stars in the entire
Galaxy and the first generation of stars in thestely at 200 million to 300 million years.
By including the estimated age of the stars in dlabular cluster (13.4 + 0.8 billion
years), they estimated the age of the oldest statse Milky Way at 13.6 = 0.8 billion
years. Based upon this emerging science, the Gathot disk is estimated to have been
formed between 6.5 and 10.1 billion years ago.

5. Stars of the Milky Way

Resolution of M31 enabled Baade (1944) to discemdistinct populations of stars. The
disk of M31 yielded HR diagrams like those of géilaopen clusters, while the bulge
yielded HR diagrams like those of globular clustdiisese two categories were adopted
as the archetypical examples of Populations | §rreéspectively.

The idea of stellar populations, each characterizgda distinct spatial distribution,
kinematics, and metal content, proved to be a kegept in interpreting observations of
our own galaxy.

The idea of continuous transitions between poputati although appealingly simple, has
come under considerable revision in the light ofwnevidence. In particular, the
realization that the central bulge is metal-riclaldnges the one-dimensional taxonomy
of traditional stellar populations. At present tisaxy is thought to contain two or three
luminous populationse(g. Wyse 1992). Thehin disk and stellar halo correspond to
Baade's Pop. | and I, respectively. Still undebate is the existence ofthick disk
population which might correspond to the thick disken in some other disk galaxies.

Thin disk (Population 1)



The thin disk of the Milky Way has sustained ongostar formation for10710 years.
Consequently it contains stars with a wide rangeagés, and the thin disk may be
divided into a series of sub-populations of inciregsige.

The spiral-arm population is the youngest in the disk; it appears to trdee d$piral
pattern of the Milky Way. This population is contrated very close to the disk plane,
with a scale height of100 pc . Representative objects include H | and molectilawds,

H 1l regions, protostars, stars of types O & B, enggants and classical cepheids. The
metallicity of this population is somewhat highleam that of the Sun (MB81).

Attempts have been made to reconstruct the largle-stistribution of the H | from 21-
cm observations. The radial distribution is lesstiadly concentrated than the disk stars,
and the inner3 kpc are almost free of neutral hydrogen (MB81); thes Milky Way is
one of those galaxies with a central hole in Htlisl now realized that non-circular
motions seriously confuse "galactic velocity tormagry'.

Thedisk population proper is more smoothly distributed and does eetrsto trace the
spiral structure. This population may be furtheébdivided into young, intermediate, and
older categories, with ages ef, -5, and~10*10"9 years, respectively (MB81). The
characteristic scale-height of this population @ases with age, ranging from00 to
~700 pc , while the metallicity declines to perhap0% of the solar value.
Representative objects include stars of type A later, planetary nebulae, and white
dwarfs.

Stellar halo (Population II)

The stellar halo of the Milky Way includes the systof globular clusters, metal-poor
high-velocity stars in the solar neighborhood, ametal-rich dwarf stars seen toward the
galactic center. While star formation in the outato largely ceased more thaori10
years ago, the situation in the inner kpc of the galexyot so clear.

Globular clusters are the classic tracers of the galactic halo;rtepatial distribution
provided the first real clues of the true size ahdpe of the galaxy. Thaetal-poor
clusters have a nearly-spherical distribution editggn to many times the Sun's distance
from the galactic center, while timeetal-richclusters are concentrated towards the center
of the galaxy and may have a more flattened digtiob (Harris 1976).

Metal-poor subdwarfs in the solar neighborhood have large velocitiehwespect to
the Sun and other disk stars. These stars areghityheccentric orbits about the galactic
center; the net rotation of this population is antsuo less thar4o km/sec , while their
random motions are quite large. The metallicitylefse stars ranges from.1 to~10%

of solar (MB81).RR Lyraevariables are useful in tracing the large-scasgritiution of
this population because they can be identified losirt characteristic light variation
throughout the stellar halo.



The shape of the metal-poor halo population reptessomething of a puzzle. Direct
star-counts indicate that the halo is only mildattened, with an axial ratiga > ~0.6  ;
the degree of flattening seems to decrease withrdis from the center of the galaxy. On
the other hand, the nearby metal-poor subdwarfse ham anisotropic velocity
distribution, withsigma_r/sigma_z = ~2 , SO this population is expected to hawe<

0.4 orless (Gilmorest al. 1989).

Metal-rich subdwarfs in the central bulge of the galaxy are observeduth Baade's
window and other regions of low absorption. Thesessspan a wide range of metallicity,
from ~0.1 to > 100 % of solar (Searle & Zinn 1978). The inner kpc ¢ toulge also
appears to contain stars of type A, implying tlahe star formation has occurred rather
recently (Gilmoreet al. 1989).

The density profile of the inner stellar halo hagit measured from counts of RR Lyrae
variables (Oort & Plaut 1975). A power-law wittho(R) ~ R~-3 matches the
observations quite well. A similar power law, waltslightly steeper slope, also matches
the density profile of the outer halo as tracedhgyglobular clusters (Harris 1976).

Thick disk (Intermediate Population I1)

The true nature of this stellar population is noimpletely clear; although it was
originally classified as Pop. Il (halo), it is mufthtter than any halo population observed
at the solar radius. Kinematic studies imply tlne thick disk rotates with a velocity of
~180 km/s (Gilmore et al. 1989), compared to the less themkm/s rotation of the
metal-poor subdwarfs. This would indicate that tthiek disk is more closely associated
with the thin disk population, which rotates-aro km/s . Metallicity measurements also
support the idea that the thick disk is distinanir the stellar halo; the characteristic
metal abundance of thick disk stars25% of solar, while the stellar halo is significantly
more metal-poor in the solar neighborhood.

It is less obvious if the thick disk is distinctoin the thin disk; in many respects it
appears to represent a continuation of the trehadsetallicity, velocity dispersion, and

scale height with age that we see in the thin d@3k. the other hand, the velocity
dispersion and scale height of the thick disk ageiicantly greater than even the oldest
thin disk sub-population, suggesting that someadisnuity might occur between these
groups.

6. Star Clusters

Stars do not occur in space at completely arbitpdages. Some, such as the Sun, are
single (field star), but others are members of gpair form multiple-star systems. Still
others form clusters of various types, and sizéofAthem are condensed from clouds of
gas and dust.

Two main types of star clusters occur: the smatl aparse open (galactic) clusters
containing tens to thousands of young stars, aedaige and dense globular clusters



containing up to several million stars. Large-sagieupings of some stellar types are
called associations.

An OB Associationis a group of stars of spectral types O and B dénatclose together,
because they were all formed from a single cloudad. Since O and B stars are very
bright their lives are short (up to about 20 milligears), they do not have time to wander
far away from their place of origin. Stars lightean those of spectral types O and B are
also formed from the same cloud of gas, and resitiee same region of space. When the
O and B stars have all reached the ends of thags lionly the lesser stars are left and
form an open cluster. T associations are groupsewf-born stars before the ignition of
nuclear burning.

A globular clusteris a group of stars packed

so densely in the cluster's core that it is
difficult for ground-based telescopes to make
out individual stars. Those in the core of

Omega Centauri (to the right) are so densely
packed that occasionally one of them will

actually collide with another one. Even in the

dense center of Omega Centauri, stellar
collisions will be infrequent. But the cluster is

so old that many thousands of collisions must
have occurred. When stars collide head-on,
they probably just merge together and make
one bigger star. But if the collision is a near
miss, they may go into orbit around each
other, forming a close binary star system.
Omega Centauri is the most luminous and
massive globular star cluster in the Milky

Way. It is one of the few globular clusters that
can be seen with the unaided eye.

Open clusterof stars can be near or far, young or old, antuskf or compact. Open
clusters may contain from 100 to 10,000 starsphlivhich formed at nearly the same
time. Bright blue stars frequently distinguish ygan open clusters. M35, pictured in
Figure 06-03a on the upper left, is relatively hgaat 2800 light years distant, relatively
young at 150 million years old, and relatively dgé, with about 2500 stars spread out
over a volume 30 light years across. An older armentompact open cluster, NGC
2158, is visible in the same picture on the lowghtt NGC 2158 is four times more
distant that M35, over 10 times older, and much emor

compact as it contains many more stars in rougigysame

volume of space. NGC 2158's bright blue stars l=alé

destructed, leaving the cluster to be dominatealtdgr and

yellower stars. Figure to the right shows the ogi@n cluster

Pleiades, also known as the Seven Sisters and &e&dsi



7. Gas and Dust

Stars are formed from interstellar clouds which eneated by gas and dust clouds that
orbit with the stars in our galaxy. The gas cloadasist of mostly hydrogen (71%) and
helium (27%). The dust clouds consist of solid amdroscopic particles of silicates,
carbon, and iron compounds. Interstellar gas isllsul0,000 degrees Fahrenheit. At
that temperature atoms and molecules in a gas nmweslowly to generate much
pressure. Because the atoms have little movemergal may not have enough pressure
to support itself against gravity. As a result tfes can form clusters, gas clouds that
collapse due to a collision with another gas clowd other occurrence.

Maps that have been made by radio telescopes Hamensthat gas clouds are not
uniform, they can embody smaller clumps that amesdethan the other clumps. When
one of these dense clumps collapses the gas claydbneak up allowing for multiple
stars to be created by one gas cloud. That explenysstars are usually grouped and all
the same age.

Astronomers believe the transformation from gasualéo star takes place in several

stages. During the first stage a dense clump walgtoud collapses and heats up. During
the second stage any rotation of the dense ob@tdris it and give it the appearance of a
disc. Approximately one million years later thekdferms into a Protostar. From there

the star forms into a main sequence star and so on.

At visible wavelengths, dust has a great effecthanlight than the gas. The presence of
interstellar gas can be seen when you look at pleetsal lines of a binary star system.
Among the broad lines that shift as the two stabst @ach other, you see narrow lines
that do not move. The narrow lines are from muddearogas in the interstellar medium

between us and the binary system.

A dark nebula is a type of interstellar cloud that is so dertsa it obscures the light
from the background emission or reflection nebula

(e.g., the Horsehead Nebula, to the right) or that

blocks out background stars (e.g., the Coalsack

Nebula).

The extinction of the light is caused by interstell
dust grains located in the coldest, densest pdrts o
larger molecular clouds. Clusters and large
complexes of dark nebulae are associated with
Giant Molecular Clouds. Isolated small dark
nebulae are called Bok globules.

The form of such dark clouds is very irregular: ytheave no clearly defined outer
boundaries and sometimes take on convoluted sémpeshapes. The largest dark
nebulae are visible to the naked eye, appearindasls patches against the brighter



background of the Milky Way.In the inner regionsdairk nebulae important events take
place, such as the formation of stars.

8. Motion of Stars

Spiral arms are regions of stars that extend from the centespoal galaxies. These
long, thin regions resemble a spiral and thus gpieal galaxies their name. Spiral arms
contain a great many young, blue stars (due tdnitdfle mass density and the high rate of
star formation), which make the arms so remarkable.

The pioneer of studies of the rotation of the Ggalard the formation of the spiral arms
was Bertil Lindblad in 1925 . He realized that ttiea of stars arranged permanently in a
spiral shape was untenable due to the "windingndii@”. Since the angular speed of
rotation of the galactic disk varies with distarfoem the centre of the galaxy, a radial
arm (like a spoke) would quickly become curvedtes galaxy rotates. The arm would,
after a few galactic rotations, become increasirglyved and wind around the galaxy
ever tighter. Or, the stars on the outermost eddgleeogalaxy would have to move faster
than those near the center, as the galaxy rotAleisher behavior is observed. Bertil
Lindblad proposed that the arms represent regibreloanced density (density waves)
that rotate more slowly than the galaxy’s stars gasl As gas enters a density wave, it
gets squeezed and makes new stars, some of wieighaut-lived blue stars that light the
arms.

Lin and Frank Shu in 1964 hey suggested that the spiral

ffﬁ/s I/ \\ arms were manifestations of spiral density waves,
kj‘/ 4 attempting to explain the large-scale structursmfals in

\ 5’1/]// terms of a small-amplitude wave propagating witkedi

angular velocity that revolves around the galaxg apeed

different from that of the galaxy's gas and stds.the
compression wave goes through, it triggers stam&tion on the leading edge of the
spiral arms. They assumed that the stars travelliptical orbitsand that the sizes as
well as the orientations of their orbits are sligivarying from each other, i.e. the
ellipses vary in their orientation (one to anoth&r)a smooth way with increasing
distance from the galactic center. This is illusdain the diagram. It is clear that the
elliptical orbits come close together in certaiaas to give theffectof arms.

\ This idea was developed into density wave theorZb¢.

Alternative hypotheses that have been proposedviewsaves of star formation moving

about the galaxy, also called the self-propagattag formation (SSF) model. This model
proposes that star formation propagates via theraof shock waves produced by stellar
winds and supernovae that compose the interstelétium. The arms appear brighter
because there are more young stars (hence morevenassght stars). These massive,
bright stars also die out quickly, which would legust the (darker) background stellar
distribution behind the waves, hence making theesawsible.



The different hypothesis do not have to be mutuadglusive, as they may explain
different types of spiral arms. While stars, theref do not remain forever in the position
that we now see them in, they also do not folloe éihms. The arms simply appear to
pass through the stars as the stars travel in ahigits.



