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« THEMILKY WAY GALAXY

e Type: Spiral galaxy composed of a highly flattened disk and a
central “dliptical” bulge. The disk isabout 100,000 light years (30kpc)
In diameter.

« Theterm spiral arisesfrom the external appearance of our galaxy.
Seen from a distance, the starsin thedisk appear to be concentrated
In a spiral like pattern.

e Number of Stars: 100 billion (101)
e Mass: 5x 10 Solar masses.

e Size of Disk: 100,000 Light Years (30 kpc)

e AQE: 15hillion years (3 times age of Sun)

« TheSunliesin thedisk of the Galaxy, about 8.5kpc from its center.
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 The Large-Scale Structure of the Galaxy

On alarge-scale the Galaxy can be broken up into 3 different parts:

1. The Nuclear Bulge.

Contains the galactic nucleus densely packed old stars (Population I1), and interstellar gas
and dust. Thisisthe center of the Galaxy. Overall thisregion has a flattened spherical shape
which isabout 5000pc in diameter. It does not exhibit spiral structure.

2. The Disk.

Outsidethe bulgeisthe pancake-like (or pinwhesel-like) structure called the Galactic disk. It

Isvery thin (itsthicknessis 2% of itsdiameter) and it exhibits concentrations of starsin a

spiral pattern. Thedisk containsinterstellar gasand dust, and young stars (Population 1),

\(/jv_ith the youngest stars often residing in the spiral arms. Approximately 80000 ly in
lameter .

3. TheHalo.

Thisisalarge spherical region about 130,000 light yearsin diameter that surroundsthe
Galaxy and contains old stars(PopuIatlon [1), globular clusters (also Population I1), and
someinterstellar gas. The amount of gasin the large halo is small compared to the amount
of gasin thethin disk.

Thereisprobably also an outer halo, composed of non-luminous matter, with a diameter of
200,000 to 300,000 light years. Itis. Weknow thismatter is present only because of its
gravitational attraction on luminous matter.
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» Contents of the Milky Way Galaxy

1. Gas and dust.
— A great deal of gasliesbetween the stars, and isreferred to asthe INTERSTELLAR MEDIUM.

2. Stars
— Main sequence, red giants, white dwarfs, neutron stars, black holes.

3. Clusters
— Galactic clusters.
— Globular clusters.

4. Emission Line Nebulae.
— Objectswhich contain gasthat gives off electromagnetic radiation at specific energies (or
wavelengths).
— Examples:
* Supernovaeremnants.
* Planetary nebulae.
* HIl regions.

— Thenebula can appear red or green, depending on the wavelength of the dominant emission
line.

5. Reflection Nebulae.
— Objectswhich contain dust that reflects the light of nearby stars. A spectrum of areflection
nebula lookslikethe spectrum of thestarlight it isreflecting.
6. Dark Nebulae.

— Objectswhich contain dust that hindersour view of background stars. Thus, adark nebula
might look like a blank region of the sky wherefew or no stars are seen (except for foreground
stars). A dark nebulaisa visually non-luminous body.
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e 7. Dark Matter

— Probably makes up 80-90% of our Galaxy’s mass.
We don't know what the dark matter is!
— Possibilities:
* Brown dwarfs, Small black holes(MACHOQs)

* Neutrinos (if they have mass)
e WIMPs

— Whilewe can't seethedark matter, we know It exists
since its GRAVITY influencesthe motion of the

visually luminous stars. Most of the Dark Matter
residesin the Halo.
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o Stellar Populations

Two stellar populations which give infor mation on the birth of our galaxy.

Population |

Age

Composition:

L ocation:

Sun:

Population [1

Age:

Composition:
L ocation:

Type:

106 to 5 x10° years.
» Regarded asyoung stars.

Hydrogen, Helium but 2-3% (by mass) is metals (Oxygen etc).

Lieinthedisk.

»  Circular orbitsin disk. Orbit galactic center.

Population |
» All O and B starsare Population I.

10 years (or older).
» Regarded asold stars.

Hydrogen, Helium but lessthan 0.05% (by mass) is metals (Oxygen etc).

Liein the halo and bulge.
» Movein éliptical orbitsnot confined to the disk. also have higher space motionsthan Pop. | stars.

Red stars (generally).
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e Clusters of Stars

* A star cluster referstoaregion in spacein which thereis
a large concentration of stars.

 Twotypesof clusters:
— 1. Open Clusters (sometimes called Galactic Clusters).
— 2. Globular Clusters.

 Clustersareimportant for two reasons.

— 1. All starsin acluster are approximately the same distance from
us. Thismeansthat a HR diagram can be plotted for a cluster
mor e easily, without making correctionsfor variationsin distance.

— 2. All starsin a cluster formed at approximately the same time,
and had the sameinitial composition. They aretherefore excellent
candidatesfor comparing with stellar evolution models (compare
theoretical and observed H-R diagrams).
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o Open Clusters (also called Galactic Clusters)

« Havethefollowing properties.
— 1. Noregular shape.
— 2. Contain hundreds of stars.
— 3. Found in the Galactic disk.

— 4. Spectral analysis shows that they have chemical compositions
likethe Sun (Population | type stars).

— 5. They have long main sequences on the HR diagram which
indicatethat they areyoung (e.g., many contain young hot O and
B type Population | stars).

* Theageof acluster can be determined from the spectral
types of its most massive (or luminous) main sequence
stars. e.g.

— If an open cluster has O stars, it must be lessthan 107 yearsold,
since otherwisethe O starswould have used up their hydrogen
fuel and evolved off the main sequence.

— An open cluster with no main sequence stars earlier than B5 (ieno
O to B4 stars) must be approximately 108 yearsold.
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e Globular Clusters

 Havethefollowing properties:

— 1. A regular spherical shape (round) with the stars more closely
packed toward the center.

— 2. Contain 10* to 10° stars per cluster.

— 3. Spatial densities (ie stars per cubic parsec) are much higher
(million times) than near the Sun.

— 3. They arefound in the Galactic halo.

— 4. Spectral analysis showsthat they have a smaller amount of
heavy elementsthan the Sun (hence Pop. I1).

— 5. They have short main sequences on the HR diagram which
Indicatethat they areold (i.e., they do not contain O, B, A, and F
Population |1 stars).

 Theclustersmust beold (greater than 10° years)
because, if they were not, F starswould still be present on
the main sequences.
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* Neutral hydrogen emission (21-cm Emission)

* A powerful way to study the hydrogen in the Galaxy isto make radio observations using
21 cm wavelength line radiation of neutral hydrogen. Both emission and absor ption of
21 cm radiation from neutral hydrogen can be studied.

« 1. A neutral hydrogen atom will @mit 21 cm radiation when the spin of the electron and
proton in the atom changes (flips) from both spinning in the same direction to
spinning in opposite directions.

— Theatom may be excited by collisonswith electrons or other atoms. After being excited, an
atom will typically wait 107 year s befor e decaying back to the ground state.

» 2. Aneutral hydrogen atom will a0s0rb 21 cm radiation when the spin of the electron
and proton in the atom changes (flips) from spinning in opposite directions to
both spinning in the same direction.

d Note

— Thespinning isdueto thefact that both electronsand protonscarry a property called “ spin”
which makes them behave astiny magnets.

e HI observationsare used to probe:
— The motion of material about the center of our Galaxy.
— Thestructure of the disk, and hencethe disks spiral structure.
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In addition to HI, modern radio telescopes also use molecules as
probes of theinterstellar medium.

— eg’
e CO (carbon monoxide) is often used to study molecular cloudssincethe
hydrogen is molecular, and difficult to detect.

e Other molecules used include CH, OH, NH.

In some regions conditions ar e such that a particular molecule
“masers’. Maser refersto microwave amplification by

stimulated emission of radiation. (Laser = light
amplification ...).

Another type of radio emission (which occursover a continuous set
of radio wavelengths) is synchrotron emission. Thisariseswhen
electronscircle around under the influence of the Galactic magnetic
field.

Synchrotron emission is often termed non thermal emission asit tells
you nothing about the temper ature of the gas.
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- The Spiral Structure of the Galaxy

 Thesgpiral structure of the Galaxy can betraced by observing the locations
of galactic clusters, young O and B stars, and HIl regionswhich are
concentrated in the spiral arms.

« Therearetworeasonswhy spiral structure may be present in a galaxy.

— 1. Supernovae explosions will sweep up gasinto elongated string-like structures
where new starswill form. Therotation of the galaxy, which can be observed by
studying stellar proper motions and Doppler shifts, then ordersthese
concentrations of starsinto a spiral-like pattern.

— 2. Thedensity wave theory of spiral structure predictsthat therotation and
gravity of the massin the galactic disk itself will cause the for mation of spiral
patterned regions where starsform and spend mor e time. While starsrevolve
around the galactic center they move more slowly in the spiral armsthan when
they are out of the spiral arms.

« Because of star formation, our galaxy isconstantly changing. As noted
previoudly the spiral arms are delineated by massive starsand HIl regions.
Since massive starslivefor lessthan 108 years, the starsthat trace the spiral
arms areforever changing.
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* Measuring the Mass of the Galaxy

The mass of the Galaxy can be measured by observing the rotation velocity of gas
and stars about the Galactic center.

The mass can be deduced from therotation rate using Newtonstheory of gravity.
Newtonstheory allows 2 assumptionsto be made.

— (a) All themassinside a stars or bit acts asthough it were concentrated at 1 point.

— (b) The mass outside the or bit can beignored.

If we know an objects orbital velocity, and its distance from the galactic center, we
can deducethe massinterior toitsorbit. Asweincreasetheinterior mass an object
hasto revolve around its center of motion faster to keep itself from falling inward
duetotheforcesof gravity.

M athematically we have ( Kepler's 3rd law)

« (M,+M,) =a3/P2

where M, isthe mass of the 1st body, M, the mass of the 2nd body, P isthe orbital
perr]iod, and a isthe semi-major axis (radius) of the orbit of one object about the
other.
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 Consder themassinsidethe Sun’sorbit around the galactic center.

— Dlstance of Sun from galactic center (a)
=8500 par secs
=2.6x 102 cm
=1.75 x 10° astronomical units

- Or bltal velocity (v)
=230 km/s
=2.3x 107 cm/s
=7.2 x 10" cm/year

« Hence

. = [Length of orbit] / [Sun’srotational velocity]

. =2palv

. = 2x3.14x[2.6x10%2 cm] /[7.2x 10* cm [/ year]

. = 2.3x108years

. M. /Mg, =@/ a)3/ (P/Pg)?

. =(1L.75x10°AU./ 1AU.)® /(23 x 10 yr/ 1yr)?
. =1.0x10% M,

Thus the mass of our galaxy contained inside the Sun’sorbit is approximately 104 M
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Doppler shiftsof starsand gas and proper motions of
starsare used to study motionsin our galaxy. 21 cm
observations and radio observations of molecules
provide a power ful way to study therotation of the disk
to large distances from the galactic center.

The measurementsof orbital velocitiesin a galaxy are
graphed for each radius studied to form a rotation

Curvefor the galaxy. From therotation curve the mass
of the galaxy interior to each radius can be determined.

Studies of rotation curves (in the Galaxy and external
galaxies) suggest that as much as 80% to 90% of the
mass of the Galaxy isnon-luminous dark matter.
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« The Galactic Center

 Observationsof the galactic center areimportant asthey allow usto study the
central regions of a galaxy with a high spatial resolution. Other galaxiesaretoo
distant to study with the same spatial resolution.

« Some of the phenomena occurring in the galactic center may give usinsightsinto
active galaxies and quasers (Chapter 16).

 Conditionsin the Galactic Center arevery different from Solar neighborhood.
— 1 Million stars packed into a cubic light year
— (Only /100 star in asimilar volume near Sun.)

e Problem

— Our view of the galactic center is severely hindered by interstellar extinction. Since our Sun
islocated in the outer part of thevery dusty galactic disk we cannot see the galactic center
In visible or ultraviolet light.

— Astronomers study the galactic center by making observations at infrared and radio
wavelengths since the absor ption at these wavelengthsis consider ably less than at optical
(and ultraviolet) wavelengths.

 Radio observations can be made easily from the ground. Unfortunately ground-
based infrared observations can only be madein afew select windows of the
gpectrum. At other wavelengthsthe Earths atmospher e is opaque. Observations at
these other infrared wavelengths can be made from aircraft (eg The Kuiper
Airborne Observatory) or by satellites (eg IRAS).
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 Thenature of the galactic center isthe subject of an intense debate. The
galactic center may contain

— (a) A massive black hole with a mass a million times that of the Sun.

» |f such ablack hole exists, it must be the intense non-thermal radio source Sgr A*. Sgr
A* isapoint likeradio sourcelocated at the center (or almost) of our galaxy. Some
astronomer s arguethat any black holein the central region must have a masslessthan
100 Solar masses.

— (b) A cluster of young stars.

« Toexplain thelevel of ionization in the galactic center (the hydrogen in theinner most
region isionized) some of the stars must be O stars. Since O starslivefor only 107
years, many of thestarsin thecluster must have formed lessthan 107 year s ago.

— Frominfrared observationswe now have direct evidence for hot young starsin
the galactic center.

— Itisvery difficult to study the hot stars since we can only study them at infrared
wavelengths wherevery little of their energy isemitted. From Wienslaw we
know hot O type stars emit most of their radiation at ultraviolet wavelengths.
Unfortunately all the ultraviolet and optical energy emitted by the starsis
absor bed by the intervening interstellar dust.
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e Formation of Milky Way

e Basic scenario.

Cloud of gaswith mass greater than 10 Solar masses. Poor in metals.
Collapses dueto a gravitational instability (Time scale --- 100 Million
year s?)

First starsformed and exploded, enriching gas with some heavy metals.
These areknown as Pop |11 stars, but have not been detected.

New starsformed. They contain sometrace of heavy elements, and are
the Population |l starswe seetoday.

Star formation was not very efficient, and some gas collapsed to form a
rotating disk. Thisgaswas (relatively) rich in metals coming from Pop. ||
supernovae.

Gasin disk began to fragment, forming Pop. | stars. These starsliein the
disk, likethe gas from which they for med.

« Formation of Milky Way still not well under stood. Many problems
with the simple scenario outlined above?

e.g. No Pop |11 starsfound.
Halo stars have a range of abundances and ages.



