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Milky Way Structure II

Globular clusters
Galactic halo : /

o

Galactic bulge

Galactic disk - R I Galact|'c _Centef //

O, B stars

Gas and dust s
Emission nebula

Open cluster
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Tidal Streams

Leading arm -

Orphan
stream

& Ursa
Sagittarius ~ Major lI

dwarf

\, \

Trallmg arm

 The tidal streams

can be very long
ived and frace
out the orbit of
the shredded

dwarf/cluster

We can learn
much about the
gravitational
potential of the
Milky Way Galaxy
by the behavior of
the tidal streams.



Dark Matter in the Local group

orbital speed (km/sec)
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* The orbit speed of the
planets follow
“Kepler's” Laws for a
system with strongly
centralized mass

* The orbit speed vs
radius plot for the
Galaxy was
recognized to be very
different starting 40
years ago



The Great Debate 1920

Herber Curtis Harlow Shapley

L The question of whether

the Galaxy was the entire
Universe or just one of
millions of “island
universes” was the subject
of a famous debate in 1920

Issues were about the
distance scale, novae,

supernovae and bad data



Galaxy Size Comparison Chart

A selection of galaxies shown to the same scale

ons of gas

M7

Agiant eliptical at the center gl Virgo Cluster
center, material falinggfo a supermassive
K hole s emitting pogfful jets
000000

NGC 1316 - Fornax A*
NGC 4921
Dusy
Distz a
Diameter : 220,
an unusuely pale appezrance
20000000 LY
o

Distance - 260,000,000 L
Diameter :200000LY
Hercuies A

Giant elliptical galaxy with powerful radio jets.
(shown in pink) powered by a super

disturbed spiral arm black hole at the galaxy’s center

Distance :65,000000 LY tance :2,100,000000 LY M100

Diameter: 75000LY Diameter : 1,500,000 LY (ets) 4
Spiral galay in the Virgo Cluster
Distance : 65,000,000
Diameter : 160,000 LY

Hoag's Object ,
It's headed straight forffs ! Coliision in about 4 bilion years
Distance :2,500000 4

The main stellar disglf about the same size as the Miky
but an extended, failfer disc spans about 220000 LY

Elliptical galaxy surrounded by a ring of b stars NGC 6670
Distance :600000,000 LY
Dia 120000 LY (of outer ring) Two interacting B . The Miky Way
ance : 400,0( oLy
Diameter 120000 LY Itsus!
- Diametaagout 100,000 LY
- Mk Risin

0C

Diameter : 200,00
fiangulum’®

‘Smaller spiral in our
Distance : 2,700
Diameter : 50000

Malin 1
brero’
Arguably the

Spiral galaxy with a prominent Normal stellar disc embedded in & huge, very faint halo
u Distance : 1400000000 LY

iance : 28000000 LY /amteter: 30,000 LY (inner disc)
Diameter : 50,000 LY iameter : 650,000 LY (outer disc)
(image s an original artist's impr
of Melin 1)

ortwheel”

Everyone's favourite
(well, probably)

Distance : 500,000,000 LY
Di 0001 Y

5 ‘}

Yo > Eliptical galaxy with an unusual dust ring
Distance: 90,000000LY
Diarmeter : 150000 LY

Centaurus A

Elltpicel galexy with  prominent dust la
It also possesses radiojets (not shown) o
v size to those of A
e : 13,000,000 LY
Diameter : 97,000 LY

ES0 507-070

remnant of two
300,000000

m Cygnus A
ical galaxy with bright radio jets

(shown in red, image from NRAG)
760,000,000 LY
NGC 6872 00000LY

Claimant for title of largest
Disturbed by recent interactions with 1C
0000000 LY
520000LY
TTHE IMAG
The image was assembled by Rnys Taylor using public domain images from NASA and ESA 100000 LY co0epe
The images have in many cases been processed to remove annaying foregrou

he Sun that spans one
contain artfa

One light d o ayear.
www rhysy net 1 light year = 9,426,000,000 ke or 5879,000,000 mi




QSO and AGN

There are now more than
200,000 QSOs known out
to 12 billion light years

Widely accepted model is
that they are
supermassive black holes
at the centers of galaxies
in an “active phase” of
mass accretion

Lower luminosity, more
nearby systems have also
been identified and are
labeled “Active Galactic
Nuclel”



Iclicker

Which of the following best describes why we think there
many be a dominant dark matter component in the
Galaxye

A. Dwarf galaxy companions have been discovered that
are in the process of being fidally shredded

B. The 4 x 10® M,,,, black hole in the center of the Galaxy
dominates the gravity and dynamics of the Galaxy

C. The spiral density waves in the disk of the Galaxy are
excited by dark matter particles

D. The rotation speed of stars in the outer parts of the
Galaxy are much oo high to be explained only by the
stars and gas seen by their light emission



New material: The Expansion
of the Universe

« Doppler shift
« Galaxy velocities
« The Extra-galactic distance scale



* The Universe was vast
and contained many (at
least 100’s of thousands)
galaxies of different

types

* Telescopes had grown
in size (60” and 100" at
Mt Wilson) and it
became feasible to get
spectra ot galaxies

A 12



The Doppler Shift

* |f alight source is moving toward or away from
an observer (or visa versa) the speed of the light
doesn’t change, but the frequency/wavelength

does.

Waves spread out

Waves bunch up
-~

T~

OBJECT RECEDING:
LONG RED WAVES

AATATAVATAY

OBJECT APPROACHING:
SHORT BLUE WAVES

WW

Transverse motion doesn’ t produce any shift b



 The change in wavelength due to a relative
radial motion is called the Doppler Shiff.

Ao—Ay %

Ao C

Lo= rest’ wavelength

L~ wavelength at speed v’

v = speed toward or away from observer
Cc = speed light

Doppler Movie

® 4






Doppler Shift Example

* You are busy talking on your cell phone and drive
through a red light. You claim that because you
were approaching the traffic light, it was Doppler
shiffed and looked green. How fast would you have
to have been goinge

° @16






( 600nm - 500nm
600nm
=110,000,000miles/hr

)x (3 x10°km / sec) =v =50,000km /sec

600nm = rest wavelength of red light
500nm = wavelength of green light

3x10° km/sec = speed of light
V > speed limit

° ®18



Motions of Galaxies

1912 Vesto Slipher at
Lowell Observatory
made the first Doppler
shift measurement of
what turned out to be
an extra-galactic “spiral
nebula”

Made possible by a
new “fast” camera and

speed gain of a factor
of 30

Andromeda (M31) was
approaching the
Galaxy at 300 km/sec

19
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VOL. Il

THE RADIAL VELOCITY OF THE ANDROMEDA NEBULA

Keeler, by his splendid researches on the nebula,
showed, among other things, that the nebule are generally

spiral in form, and that such nebulz exist in far vaster

numbers than had been supposed. These facts seem to
suggest that the spiral nebula is one of the important
products of the forces of nature. The spectra of these
objects, it was recognized, should convey valuable infor-
mation, and they have been studied, photographically,
first by Huggins and Scheiner, and recently more exten-
sively by Fath and Wolf; but no attempt has to my
knowledge been made to determine their radial velocity,
although the value of such observations has doubtless
occurred to many investigators,

The one obstacle in the way of the success of this un-
dertaking is the faintness of these nebule. The extreme
feebleness of their dispersed light is difficult to realize by

ters. When making this exposure the brightness of the
nebula on the slit-plate compared with that of the clusters
indicated that one night's exposure should suffice for the
single-prism, and suggested that, by extending the exposure
through several nights, one could employ the battery of
three dense flint prisms whose dispersion would make it
possible to observe the velocity of the nebula. The suc-
cess of the plate bore out this suggestion. Indeed, upon
subsequent examination of this plate it was seen that the
nebular lines were perceptibly displaced with reference to
the comparison lines. The next plate secured showed the
same displacement. Still other single-prism plates were
obtained during the autumn and early winter, but the
observing program with the 24-inch telescope did not
allow an opportunity to carry out the original plan to make
the longer exposure spectrogram with the prism-train.

fas. al . ¥Va..

tion for it.

The magnitude of this velocity, which 1s the greatest
hitherto observed, raises the question whether the velocity-
like displacement might not be due to some other cause,
but I believe we have at the present no other interpreta-
Hence we may conclude that the Andromeda
Nebula is approaching the solar system with a velocity of
about 300 kilometers per second.

20



Slipher 1912-1917

« Slipher continued to
obtain spectra of extro-
galactic nebulae:

- 22 of 25 had red-shifted
spectra (indicating the
galaxies were moving
away)

- Found larger and larger
velocities. Record
became 2000 km/sec
recession speed

21



* Spectral observations of galaxies
were pursued by Milton Humason
and Edwin Hubble, using the
largest telescope in the world, the
100-inch retlector at Mt Wilson

 Measured additional redshifts and
estimated distances to galaxies

22



Extra-Galactic Distance Scale

 Beyond where
trigonometric parallax can
be used to to measure
distances you need to
have “Standard Candles”

« If there is a type of object
with a known infrinsic
luminosity its distance can
be estimated based on its
apparent brightness using
the inverse square law for
dimming

A 23



Cepheid Variables

Pg. 20 40
n]ugg No.30 i No.20 i
. N34 | . No.16
Days o 10 20 o 10 20
m . T M
13.0 - -435
7/
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s
14.0 -3.35
150 {-2.35
16.0 =k -1.35
'x.'.ﬁ;: -
S aars O
17.0 & — ~0.35
Qo Q.5 l.o‘ 1.5 s 2.0 2.3
Logarithm of Period

1908 Henrieta Swope
at Harvard College
published a paper
noting that for a
particular type of star
called a Cepheid
Variable the period of
variability was related
to the maximum
brightness of the stars

24



Luminosity (Solar Units)

106

10°
104

108

102

10

0.1
0.01

0.001

Cepheid Variables

T
Rigel x

X Deneb

* The Period-Luminosity
relation for Cepheids was
a key to establishing the

| Instability s'ripJ

Red

X
X

Sirius "xx

E Main Sequence ’Ss&ﬁs“s:m
B X

X Sirius B
L X

- White Dwarfs %

Procyon B

11

L L 1 L 1
10,000 5,000 3,000
Temperature (Kelvin)

1 1
30,000 20,000

extra-galactic distance
scale
- Bright stars

- Periods of variability are
easy fo measure

- Once the calibration of
the luminosity was
established have a
standard candle

Polaris (the North Star) is a

Cepheid

25



Cepheid Variable Star V1 in M31

Hubble Space Telescope » WFC3/UVIS

Take many images of
a galaxy

ldentify variable stars
and determine period

Compare to
calibration to get
INtrinsic luminosity of
Cepheid

Apparent brightness
compared with
INtrinsic luminosity
gives distance

26 y



Distances to Cepheids

* The plot on the left is
a “log-log” plot with
PERIOD - LUMINOSITY RELATIONSHIP .
equal distances on
the axes separated
by a factor of 10

—
: >
T >

Type | (C]ass]cg] o
Cepheids v

Type Il (W Viginis)

Luminosity (Lsyn)
2

v Capheics * Physics approach is:
20
10t f=I=(L)/(411d2)
11 o0 10! 102 where, f=| is flux, or intensity or
05 1 3 s 10 30 50 100 oppore.n’r brigh’rpess, L is intrinsic
Period (Days) luminosity or radiant energy and
| ' ) ' J d is the distance to the source



Luminosity (Lsyn)

Distances to Cepheids

L
(1) f=4 ¥E 1. Measure period of
T Cepheid in distant galaxy
0 d= L and apparent brightness
4 f or “flux” (f)
2. Read luminosity off P-L
PERIOD - LUMINOSITY RELATIONSHIP .
; e relation and convert to
104} /of" physical units

103t /

- 3. Use formula (2) to gef the

- Cepheics distance to the galaxy
10%a.cor0pa
RR Lyrae
14
05 1 3 5 10 30 50 100

Period (Days) 28



Velocity (km)
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“The results establish a roughly linear
relation between velocities and distance
among nebulae.”

— Edwin Hubble, 1929

 Armed with Cepheid

distances and radial
velocities, Hubble
made a plot of
velocity vs distance
for galaxies

He made this ploft in
1929 with the
remarkable result that
the more distant a
galaxy, the larger its
velocity away from
the Earth

29 A



Expanding Universe

Velocity

in ke In 1931, Hubble and
o000 ; Humason published a
= —1 |second paper on the

distances and velocities

of galaxies using

e L additional distance

" ° | indicators calibrated by
N TE the Cepheid work

1929 data
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Expanding Universe

nebuiain | Pedshifis  The regession

’i e velocities were based

% e = on red-shifted

TN spectral lines

. BT * The shift in spectral

T lines to longer

P wavelengths were

Sorona | - generally accepted
B! 'L"%}_' n to be because the
el E—— galaxies were moving

By (T away from [Eor’rh

.Hy'dra| i“ 1= Taife] (DOpp|€I’ Shlﬂ')
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Side Story:Extra-galactic Distances

The Hubble Constant

L Tu]ly-FisherJ
-...’..

NGC4258| o
Maser Local Group and
~ | HST Cepheids

N _>
. L Group | d
RR Lyrae N ) -
SN 1987A | :
\ T A "
\ LMC Cepheids
Globular Cluster : i 8
RR Lyrae Galactic
RR Lyrae o7
Statistical « Novae
‘ Cluster Cepheids
Globular Cluster || RR Lyrae Ccﬁﬁd

Statistical 1 B-W

The story of the
development of the
extra-galactic distance
scale is long and
interesting and still not
completely settled

Will return to this later,
in general, most are
part of a bootstrap
process

32



Expansion of the Universe

d
80+ 100 120 140 -160 180 200
Distance d (Mpc)

Expansion of galaxies
away from the Milky
Way Galaxy was soon
verified by other
observers

Expansion rate was
named the Hubble
Constant, Hy

Ho=slope of best-fit line
through a plot of

velocity vs distance.
Units are km s! Mpc™!

33 A



The Expanding Universe

* Although the most naive interpretation of all galaxies
expanding away is we are at the center of the Universe,
linear relation between expansion speed and distance is
what would be expected from a uniformly expanding
Universe

— More distant objects naturally move faster in uniformly
expanding medium

* Observers at every galaxy look out and see the other
galaxies rushing away.

® ® 34



The Expanding Universe

/N

G —l

1 )

These people measure their
nearest neighbors to have moved
one unit, the next galaxies to
have moved 2 units...

®35



The Expanding Universe

/NN

>

These people measure their
nearest neighbors to have moved
one unit, the next galaxies to
have moved 2 units...

® 36



Expanding Universe

® 37



Expanding Universe

« At least two theorist
had published
solutions to Einstein’s
General Relativity
equations that
predicted an
expanding Universe

« Alexander Friedmann
(Russian) and Willem
de Sitter (Dutch)

published papers that
Willem de Sitter Alexander Friedmann were Widely ignored

° ® 38



Georges Lemaitre

Belgian Catholic priest G.
Lemaitre had worked at
solutions to Einstein’s GR
equations applied to the
Universe along with
Slipher’s recession
velocities and proposed
that the Universe was
expanding in 1927

39



What does “Expanding”
mean exactly?

Strictly speaking, the expansion is an increase in
the distance between two points in space on large
(cosmological) scales

Can be thought of as an expansion of spacetime
available in the Universe

Photons are stretched by the scale factor

On smaller distance scales local spacetime
distortions do fo matter dominate

Definitely not the maftter in the Universe exploding
INto pre-existing space

40 °



Expanding Universe

* |f the Universe is expanding, it immediately invites
some thought experiments about the future and the
past

 First, imagine running the movie of the Universe
backward: Universe was smaller, denser and hotter

® 4]



As physicists and astronomers
considered the Universe at
earlier and earlier times it
challenged our knowledge of
physics in the 1930s and 1940s,
but did put in place a number
of very specific predictions of
observations that could prove
or disprove the Big Bang model
for the formation and evolution
of the Universe

® ®42
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Sidetrip

« Cosmology: Origin and fate of the
Universe
- Physical Cosmology
-  Mythology/religious cosmology

« Physical cosmology had its start
with the early observations of the
sky that were used to attempt to
understand the motions of the
Earth and other planets in the solar
system against the “fixed stars”. For
most of human existence, physical
and religious cosmologies were
mixed together

® ® 43



Early Cosmology

« Allreligions and cultures
have origin myths and
cosmologys

* The physical cosmology
of today grew out of
the marriage of
science, various
religious cosmologies
and the practical arts of
time fracking by
observing the sky




There are many examples
that demonstrate people
everywhere and for 1000’s
of years have understood
the basic motion of the Sun
and other celestial objects

The models that the vast
majority adopted for the
Universe had the Earth at
the center

45



Celestial Navigation

« Another example of
the practical use of
the motions of
celestial objects was
navigation

* Mixed with religious
practice and beliefs

46
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Earth-Centered Cosmology

« A complication of
putting the Earth at
the center of the
Universe was the
“retrograde motion”
of the planets

« Against the stars,
planets “wanderers”
occasionally reverse
direction in the sky

Mars motion at opposition

48



Earth-Centered
Cosmology

+ The Earth-centered
solution required
“epicycles”
« |n addition to orbiting
around the Earth, the
planets executed

secondary circular
motions




Earth-centered Cosmology

« The same circles
within circles solution
was adopted by
many different
cultures

* As observations
developed longer
and longer baselines,
the number of
epicycles grew

p,..,»ﬂp‘;)_};l W)n‘émﬂb 9‘.&
ol 4_,'1;5 s3e s MJ“)L‘&-‘(;
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Heliocentric Models

Copernicus is credited
with the first defense of
a model for the Universe
that was cenftered on
the Sun




Galileo

« 1609 Galileo built a 1”
diameter refracting
telescope with 3x
magnification and made
observations of celestial
objects

« Could see with higher
resolution and could see
fainter objects




Galileo’s Observations

7 s » Observed four
PR e — faint objects that
2% Qe o« over time were
e O xox shown to orbit
Yr *0 - Jupiter

T mm 2O

e vy » Evidence for
objects that
orbited something

] » *x O =
Hirg O ofher than the
1. meny’ * *»e(D) ECII'Th




Galileo observed imperfections on the surface of
the moon and the Sun

Perhaps most importantly, with the improved
spatial resolution of his telescopes, Galileo
observed that Venus showed different phases



Galileo and Venus

The key
observation that
demonstrated at
least one object in
the Solar System
orbited the Sun
was observing
Venus go through
different phases




Galileo and Venus
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Post Galileo Universe

o After some battles with the Church, the heliocentric
model for the Solar System became widely
accepted. Work by Kepler and Newton established
a physics basis for the motions of objects in the Solar
System

* Next major steps forward: General Relativity and the
recognition of the universe beyond the Solar System
then beyond the Galaxy we have already
discussed

) o5/



Side Trip II

« Early 1900s were revolutionary for physics and our
understanding of the physical Universe

— Einstein’s Theory of General Relativity reshaped our
understanding of the nature of the Universe

- Quantum physics was born and revolutionized our
understanding of the microscopic underpinning of the
Universe

- We got our first handle on the size and contents of the
Universe

° ® 58



End of Material for Q3

 Make sure you know the answers to all the Q3
homework questions
« Topics:
— Close Binary Star evolution (Novae and SN |)
- Special and General relativity
- Escape velocity and Black Holes
- Components of the Milky Way Galaxy
- The zoo of galaxies
- Doppler shift and the expansion of the Universe

° ® 59



