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L d .
100 1 j BREAKING NEWS!
Chapter 14 Reading Assignment due now! | = |
: e | 1  Gas cloud orbiting the
_ _ _ _ ol | i Y 1  SMBH in the center of
Turn in extra credit planetarium and public | ~ #7171 ourGalaxy over a half
: : N L hour — more evidence
observing reports up front when complete | | T t must really be a
—~100 _ = _ black hole.
Midterm 2 next Friday! | 1
00 0 -100

https://www.nytimes.com/2018/10/30/science/black-hole-milky-way.html|?
action=click&module=Well&pgtype=Homepage&section=Science
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Hubble Deep Field Details HST - WFPC2

PRC96-01b - ST Scl OPO - January 15, 1996 - R. Williams (ST Scl), NASA
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Classifying Galaxies

® Groups of 2-4, one sheet per group

® One person from each group raise your hand (so TAs can
efficiently pass out dead tree shavings)

® First step: Once | display the 8 galaxies onscreen, begin!
What is the overall shape of the galaxy? Is it smooth or
mottled? What else do you find notable about it?

® When finished with Questions 1-4, display your ABCD
card so | know when you’re done.
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Chapter 14: Measuring GaIaX|es

Midterm 2 in one week!
No office hours today
New Galaxy Zoo HW due on Wednesday

Turn In extra credit planetarium and public
observing reports up front when complete

https://apod.nasa.gov/apod/ap170510.html
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NGC 4731
. Question 5: Try to incorporate these into

your classification. Where would they go?
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Hubble’s Classification Scheme: Tuning Fork Diagram

S‘B.b SBc
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Appearance depends on orientation...

(@)
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...and the motions of stars

...on complex,
irregular orbits.

in all directions...

©
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Bulges and Ellipticals
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| & Stars in the disks of spiral
Barlike galaxies move together...
bulge

Spiral arm———

\&\

E) Bulges of spiral galaxies
are like elliptical galaxies:
stars move in irreqular orbits

ﬂﬂﬁf\/\f\/\/\/\/ in all directions.

'

ASTR/PHYS 1060: The Universe

Disk and Spiral Galaxies

N\

Which type of galaxy (Disk or
Elliptical) is our galaxy, the
Milky Way?

...on nearly

circular orbits. Why dO you thlnk SO?

Fall 2018: Chapter 14
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Visual luminosity relative to Sun

NGC 2362  h + x Persei

A @ | hese clusters are
10 very young. h+x Persel
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Color vs stellar age

A) Older stars have bluer
colors

B) Older stars have redder
colors

C) Stellar colors do not
depend on age

Fall 2018: Chapter 14
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Which galaxy is oldest?

Which galaxy is prettiest?

ASTR/PHYS 1060: The Universe Fall 2018: Chapter 14



Why is there a connection between shape &
stellar age?

Hint: it’'s analogous to planets in star systems

Stars form from gas — gas settles into a disk due to angular momentum conservation!

ASTR/PHYS 1060: The Universe Fall 2018: Chapter 14
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Spiral arms are density waves (like sound waves)

Spiral arm

Dust lange
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Spiral arms are traced by
concentrations of gas and
dust, seen here as dark
absorbing lanes...

...and by emission

from [EIEY, [efl,
and [[eliirEY] gas.
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(Galaxies are not isolated

Fall 2018: Chapter 14
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| Sideways Stellar Motions Suggest Shell in Milky Way Halo

Ancromeda
Ay

b 4

Milky Way Galaxy

https://www.youtube.com/watch?v=52k-VryS1hs
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Sideways Stellar Motions Suggest Shell in Milky Way Halo

Midterm 2 this Friday!

New Galaxy Zoo HW due on Friday i
(but preferred by Wednesday)

Turn In extra credit planetarium and public
observing reports up front when complete

https://www.youtube.com/watch?v=52k-VryS1hs
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What i1s the dominant factor that determines a
galaxies appearance?

A) Total Mass
B) Age of stars
C) Environment

D) All of the above

ASTR/PHYS 1060: The Universe Fall 2018: Chapter 14
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What are galaxies mostly made of?

p— A) Stars
iy galaxy\ B) Stellar Remnants
\ C) Gas
/ D) Who knows?

DEUGANEUCIAIEUIN The luminous galaxies we
see sit within larger, more
massive dark matter halos.

ASTR/PHYS 1060: The Universe Fall 2018: Chapter 14
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What are galaxies mostly made of?

. rotational ueldcilv
(km/s)

L
- .
-

50000 “ 100000
distance from center Liight years)
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Can estimate the
mass of elliptical
galaxies from its
hot, X-ray
emitting gas

ASTR/PHYS 1060: The Universe
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G X U V | R
Fall 2018: Chapter 14
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What is dark matter?

e Most likely a new kind of matter
(but possibly a modification to
general relativity)

e Does not absorb or emit light

e |nteracts very weakly, except
through its gravity

e WIMP or MACHO? Axion or
sterile neutrino?

ASTR/PHYS 1060: The Universe Fall 2018: Chapter 14 27



Active Galactic Nuclei (AGN) <—> Supermassive Black Holes (SMBHSs)

more or less all galaxies have an SMBH, and its mass is proportional to the mass of its bulge

Cygnus A Galaxy

. . L
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Centaurus A
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But how are galaxies moving?

'

Waves that reach this Waves that reach this
observer are spread out to observer are squeezed to
longer, redder wavelengths | | shorter, bluer wavelengths
(lower frequency). (higher frequency).

J \_

Moving source 8

of light w‘”(This observer sees |
no Doppler shift.

J

ASTR/PHYS 1060: The Universe Fall 2018: Chapter 5 29
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Doppler Shift of Light
A - A

observed

A

\'

C

emitted

emitted

Which spectrum is moving away
from us the fastest?

Fall 2018: Chapter 5

30



\'

C

)" - )\' emitted

Almost all galaxies are moving observed _
away from us. )\.

emitted

€D Absorption lines in a
nearby star appear at Arest = 656.3 NM
their rest wavelengths. .. [

A star in the Milky Way

0.75

A galaxy with \ r ...but absorption lines in the ‘
v, = 7,600 km/s spectrum of a distant galaxy
are redshifted by the galaxy’s :
\ \ v, is calculated from

motion away from us.

the measured redshift.

| l
! i

0.40 0.45 0.50 0.55 0.60 0.65 / 0.70 0.75
Wavelength, 4 (um) Aobserved = 672.9 nm
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We live in an expanding “balloon universe”

ASTR/PHYS 1060: The Universe Fall 2018: Chapter 14
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Activity Instructions

® Groups of 3-5 people

® HAND IN ONE SHEET WITH ALL GROUP MEMBERS
NAMES

® Materials: Balloon, String, Ruler (or any reference
length), Marker, [Stopwatch or clock]

® Roles: Secretary, Balloon Blower, Measurer, Speaker,
[Time Keeper]

ASTR/PHYS 1060: The Universe Fall 2018: Chapter 14
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Chapter 14: Measuring GaIaX|es

Midterm 2 this Friday!
Galaxy Zoo HW due Friday

Ch. 15 & 16 Reading Assignments due
Monday & Wednesday

TA Office Hour Reviews in JFB 325
today and tomorrow

https://apod.nasa.gov/apod/ap170510.html
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Additional discussion questions

® Was there anything special about your reference
galaxy? If you had picked a different reference galaxy,

would the slope of your line be different?

® Parts of your balloon may have expanded faster than
others because they have more or less stretchy balloon
stuff. How Is this similar to some places in the actual

universe?

ASTR/PHYS 1060: The Universe Fall 2018: Chapter 14
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What are the spiral nebulae?

Harlow Shapley

MW is whole Universe
Q' Sun is in outer part of the MW
x- M31 would have to be at an insane
distance to be similar
x e we can see rotation in the Pinwheel
@ X ¢ this one nova in M31 would have
been impossibly bright

ASTR/PHYS 1060: The Universe

The great debate of 1920

Herber Curtis

MW is one of many galaxies

e Sun is at the center of MW

&+ M31 has too many novae to be just
a galactic nebula

Q- we see dust lanes in other nebulae,
like the MW’s

Fall 2018: Chapter 14 36



Edwin Hubble settles the debate

ASTRONOMER HUBBLE

Wiall Palomar's 200-inch cye sce an exploding universe!

e . M31: Andromeda Galaxy

ASTR/PHYS 1060: The Universe Fall 2018: Chapter 14
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H U bb|e’S LaW ( Hubble’s original proposal that

the universe is expanding was
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Distance Ladder

ASTR/PHYS 1060: The Universe

Spe,ctrosgo

v s

gic Parallax

¢epheid?
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PA=

Earth today

Pg=

1 arcsec 1/2 arcsec

DN

1 arcsec

Earth 6 months later

Cepheid Variables

Luminosity N

Parallax

ASTR/PHYS 1060: The Universe

Tim?

/o arcsec

Fixed direction in space /

>
(e.g., a view toward a very distant star)

Star B

Star B is twice as far away as star A.

Type la SNe

Fall 2018: Chapter 14
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/

Working It 0ut 14.1 | Redshitt: Calculating the Recession
Velocity and Distance of Galaxies

The Doppler equation you learned for spectral lines showed that

>\observed = >\rest
Vr = X C

>\rest

The fraction in front of the c is equal to z, the redshift. Sub-
stituting for the fraction, we get

Vo= Zie

(Note: This correspondence works only for velocities much
slower than the speed of light.)
Suppose a hydrogen line is seen in the spectrum of a distant

galaxy. In the laboratory, this hydrogen line has a measured rest
wavelength of 122 nanometers (nm). If the observed wavelength

of the hydrogen line is 124 nm, then its redshift is

>‘obs',erved = >\rest

e

>\rest
_— 124 nm — 122 nm
o 122 nm
z = 0.016

%

We can now calculate the recession velocity from this redshift:
v; =z X ¢ =0.016 x 300,000 km/s = 4,800 km/s

How far away, though, is our distant galaxy? This is where
Hubble’s law and the Hubble constant (H, = 70 kilometers per
second per megaparsec [km/s/Mpc]) come in. Hubble’s law
relates a galaxy’s recession velocity to its distance and can be
expressed mathematically as v, = Hy x dg, where d is the dis-
tance to a galaxy measured in millions of parsecs (that is, mega-
parsecs). We can divide through by H, to get

Vr
G = Ho
4,800 km/s
do = 70 km/s/Mpc 69 Mpc

From a measurement of the wavelength of a hydrogen line,
we have learned that the distant galaxy is approximately 69
Mpc away.

ASTR/PHYS 1060: The Universe

Fall 2018: Chapter 14
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Midterm 2 Highlight Tour

Emphasize on understanding concepts over memorizing details
But, need to know what terms mean
Example:
Should know the inputs and outputs of the p-p chain, but not necessary to know the

details of each step

25 multiple choice questions (3 pts each), similar to last time
Several short answer questions (more this time, but still 25 pts total)

TA-led reviews In office hours this afternoon and tomorrow

ASTR/PHYS 1060: The Universe Fall 2018: Chapter 14
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Luminosity depends on
Temperature AND Size

...80 a hot
star is more
luminous
than a cool
star of the
same size.

Stefan-Boltzmann Law:
A square meter of a hot
star’s surface radiates
more energy than a
sguare meter of a cool
star's surface...

Wien’s Law:
Blue stars are hot,
red stars are cool.

Measure luminosity
from distance
and brightness.

Calculate
how big

/—" the star
must be.
Measure temperature
from color.

\Wavelength

Intensity

ASTR/PHYS 1060: The Universe
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Binary Stars: Doppler shift proportional to velocity, inversely proportional to relative mass

(a) Time =0

Starsin a binary
system orbit their
center of mass.

. J

(b)

Edge-on observations
show absorption lines
from both stars in the
spectrum.

Spectrum
of binary
system

1/4 x period

1/2 x period

3/4 x period

1 X period

v

Doppler shift

viewer, so It is blueshifted
(shorter [-] wavelengths).

' Star 1 is moving toward the 1

3
A - 0
Doppler shift

 Star 2 is moving away from
the viewer, so it is redshifted

J

ASTR/PHYS 1060: The Universe

\ (longer [+] wavelengths).

> < A i > <€
+ - 0 + -
Doppler shift

r When star 1 is redshifted, 1
star 2 Is blueshifted; and
vice versa.

Fall 2018:

i > < 1
0 + - 0
Doppler shift Doppler shift

Chapter 14

When the stars are moving
neither away from nor toward

the viewer, their lines coincide.

.

J/
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Visual luminosity relative to Sun
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Hot stars
are blue.
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plotted with either spectral type §

or temperature.
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are red.
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Sun has distinct zones,

half way through its 10 billion year lifespan oroton-proton chain burns H —> He, releasing

I neutrinos and positrons (gamma rays)

;‘.r"/ Gamma rays (y)
e_o\ ’,JJ

A N
N g j
Y 4 y
P L
o u
h ¥ p
!
'| b -

/4 2" Positron (e*) Y
= ~ H @ — / @ Neutrino
Energy produced in ...is carried outward ...then by 3 ...then away from —
the Sun's core... first by radiation... convection... the Sun by radiation. e —
Deuterium (2H) 1H o/ \
Helium-3 (°He)
B 1H o
Radiative \ /H AN 4 o
1
e | zone HQ~ (“*He) H

eo/

—r
Convective . 8 e
zone
HQ~ \1111\
\ o Neutrlno

»

In the first step, \1\:"7:\ B3 In the second step, In the final step, helium-3
colliding protons create protons collide with nuclei collide to create
deuterium (2H). deuterium nuclei to helium-4 (“He).
\ ) ’ produce helium-3 (3He). )

. Energy radiated
from the Sun’s surface
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when two *He nuclei fuse to

‘ The triple-alpha process begins
form an unstable ®Be nucleus.

< Gamma ray f
If this nucleus collides with ™ - :Dw/I\TREF
another "He nucleus before (p Degenerato— ——@
it breaks apart, the two will - C cinder
fuse to form a nucleus 4H0
of carbon-12 ('°C).

The energy released is

carried off both by the - . Post-AGE
motion of the 2C nucleus | |EEE— e
: and by a gamma ray. SRR
Triple-alpha process, k W Poetery
3 nebulaf/
burns He —> C R ceal '-
. i (B 103 4(( . . - AuYfllL[U .
in Horizontal Branch E = 10, S g p\.,um
¢ > N e el
phase [ 1 N = Sl //' // -
z 10 Horizontal i
8 S ~branch &=
& 1 - e Sun
G 101 Ccoing”Whitedwgrfs
~ 102§

103 8

I | e |

107 100,000 40,000 30,000 20,000 10,000 8000 3000

Surface temperature (K)

ASTR/PHYS 1060: The Universe Fall 2018: Chapter 14

ASYMPTOTIC GIANT
BRANCH STAR

_ —H-burning shell
— He-burning shell
Degenerate C core

HORIZONTAL
BRANCH STAR
—— H-burning shell

He-burning core

HELIUM
FLASH

"‘Runaway He
burning in
degenerate
core

b RED GIANT
e BRANCH STAR

S8 ~H-burning envelope
~
“Degenerate He core
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"H-burning core
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NGC‘Z&ES_? h + x Persei

@B | hese clusters are .
very young. h + x Persei
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The remarkable agreement

107 between observations of
stars in a cluster (dots)...

10
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...and calculations of where
evolved stars should lie in
the H-R diagram (red line)...
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...until it overfills its
Roche lobe and begins
transferring mass onto
its companion, star 2.

Star 2 gains mass,
becoming a hotter,
more luminous main-
sequence star.

When star 2 evolves
pbeyond the main
sequence, it too
overfills its Roche lobe
and begins transferring
mass onto its white
dwarf companion.

Different possible fates
may await star 1, including

explosions and possibly
complete disintegration
iIn a Type la supernova.

ASTR/PHYS 1060: The Universe

White Dwarf <—> electron degeneracy pressure

r

.

Hydrogen collects on
the surface of a white

dwarf in a binary system. Degenerate

If mass exceeds Chandrasekhar
limit (1.4 Msun)

carbon white
dwarf

Hydrogen skin
accreted from
binary companion
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MASSIVE
MAIN-SEQUENCE
STAR

A massive
main-sequence
star burns
hydrogen in a
convective core...

- -

~

...then

immediately
begins burning
helium in its core
as it leaves the
main sequence.

~ -

Massive stars burn
up to Fe (iron) in its
core, then go
supernovae (Type Il)

a layered structure.

-

The ash of one reaction
becomes the fuel for the |
next as the star evolves

HIGHLY EVOLVED
MASSIVE STAR

3 The end:
A degenerate iron
core sits within
“onionlike” shells of
progressive nuclear
burning.

ASTR/PHYS 1060: The U

f

H burning to He
in convective core

Nonburning
envelope

He burning to C
H burning to He

Nonburning
envelope

C burning to
Na, Ne, Mg

He burning to C
H burning to He

Nonburning
envelope

Degenerate Fe core
S, Si burning to Fe
O burning to S, Si
Ne burning to O, Mg

C burning to Na,
Ne, Mg

He burning to C
H burning to He

—Nonburning
envelope

B Asin alow-
mass red giant,
burning occurs

0.01 Ro in a tiny, dense
Je > region at the
1,000 R center of the
giant bloated
star.

Not even electron degenearacy ‘
pressure can stop the collapse
of an iron ash core.

A

| | /
l .J : o""’ 5
_ Iron nucleus o
Neutrinos ' Iron core of evolved &
streaming from massive star Gamma rays o @
collapsing core AV A & 8"
SN &
Q @"W.
( B .
' As the core collapses. the core \ "
[ temperature climbs so high that %

phatons photedisintegrate iron. ..

Elactron
) 4

\ o Neutron

. .and the core becomes so0 dense

Y ‘

Ly that electrons are absarbad by protons / Q

b y in atomic nuclei, ferming neutrons QO " N

\ s f 0 and releasing neulrines. Praton ** Neutrino (v)
- - : )

e
- ~—
‘L-O

& \ ’
A '@ Photodisintegration and

S electron absorption reduce
the prassure in the core.
The collapse accelerates... - /

- l—— B E)
Neutron star

..until nuclear forces suddenly become
repulsive. The overcompressed core
baunces. driving its outer layars

]l, outward through the star. \

B ...and leaving behind the
collapsed ramains of the
- corg, a nautran star.

[) .. blasting forth in a
Type Il supernova. ..

The shock continues through
the outer |layers cf the star...

Shock wave \),K

G
e il

[ The expanding shock is strengthenad

by the pressure ot a hot bubble of
trapped neutrinos from the cora.
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The Hubble tuning fork is a way
of classifying galaxies but is not a
physical or evolutionary sequence.

Irregular “
galaxies

£ Stars in the disks of spiral
galaxies move together...

Arms become more
open and knottier.
The bulge becomes
less prominent.

: B) ...onnearly
Unbarred \ / ' ' circular orbits.
spirals  °

SO

Elliptical > Galaxies become
galaxies more elongaled.

are like elliptical galaxies:
stars move in irregular orbits
in all directions.
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Rotation velocity (km/s)
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If the rotation curve

\

of a spiral galaxy is
flat like this...

¢
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The observed Qc}o S
rotation curve «© .0

...but there is only this
much normal luminous
matter enclosed within
a given radius...

‘

-

...then this much dark

matter must be present

within a given radius to
provide the needed gravity.

40

80 1

20

Radius (thousands of light-years)
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Mass enclosed within radius —»

Normal luminous

matter galaxy \

N\

b

DEUQUEUCIGIEINN The luminous galaxies we
see sit within larger, more
massive dark matter halos.

Galaxies seem to have more mass than
we can see —> dark matter
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Hubble’s law demonstrates that the universe is expanding

30,000

N
O
O
=
S

Modern measurements of
expansion of the universe use
galaxies many times more e
distant than those used by Hubble.) :

10,000

Recession velocity of
galaxy (km/s)

0 =
0 \Hubble’s

original plot
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150

[ The slope of this line is

the Hubble constant, H,,

\

~Hy =70 km/s/Mpc
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300
Distance (Mpc)
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PA=

Earth today

Pg=

1 arcsec 1/2 arcsec

DN

1 arcsec

Earth 6 months later

Cepheid Variables

Luminosity N

Parallax

ASTR/PHYS 1060: The Universe

Tim?

/o arcsec

Fixed direction in space /

>
(e.g., a view toward a very distant star)

Star B

Star B is twice as far away as star A.

Type la SNe
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Spectroscopic
Parallax

The remarkable agreement
10’ g between observations of
stars in a cluster (dots)...

10°
10°
. Horizontal —
[OA-  branch -
: - . ¥+ Red giant
10° A . . branch-..

1 g _ B ...and calculation:
107 S - evolved stars sho
‘ : the H-R diagram (

Visual luminosity relative to Sun
-
no

les strong support
Inderstanding of
tructure and evolution. |
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