ASTR 1040: Stars & Galaxies
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blowout in
a NGC 3709

Prof. Juri Toomre _TAs: Daniel Sega, Max Weiner
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Surprises with Our Milky Way Galaxy

Revisit spiral pattern making in galaxy disk
Consider rotation curve of our galaxy, and the

unseen mass (dark matter) that it implies

Examine how 21-cm radio emission works:
can map our galaxy (and its spiral structure)

Super-massive black hole at center of MW
Edwin Hubble using "Cepheid variables’

showed Andromeda is a distinct ‘island
universe "— another Galaxy !

Our Schedule

* Homework #10 due today (submit to
Canvas “Assignments”, new HW #11
available (from “Modules”)

* Overview read Chap 20 “Galaxies and
Foundations of Modern Cosmology”

* Then read with care 20.2 ‘Measuring
Cosmic Distances' and 20.3 ‘Hubble's Law’

We are Zoom-Interactive

* “Raise Hand” (Max monitors “Participants”)

» “Send Chat” Message (Max will act)

« Juri will get to your question or comment
within at most a few minutes

* If pressing, Unmute your mike and ask
question

» We are happy to adjust “how to interact”,
with your advice and experience

4/3/20

INTERSTELLAE DusT
oo MiNGR CoMPonET | BT Bi€ EFFecTr !

REVISIT 1. Pempening of Ut 2 Reoseunic”
SEATRING OF BUUER Prictonis
BY Dusr PARTICLEr OR GRARIE “R ddens
o DusTaRAw - MATLE OF fces : (]
M ; ) @socn.mr  the light
1] S :
A little DUST S.l:::fnhmw oF MocEees !
4 P TEU# ~ Zo- dok
goesa,ong }..—...mg.!w_q T peereR. Tittousn BT i
way! e B, 1€, vty
X 2. GENERAL ExTiicTion of FMMING OF LigHT
Confusing to St Atens prne. conoE ™ mecyr  ADSOIDS
i the light
distance & 3 Prstimnn o Lowr ig
CO’OI‘ MASHETIC. FiELDs CAn SERGE To ALIEN

Turr §RApAT WprcH MAY FE ELOLGHTED b SHmPE

=2 [EUESTVE ALSeRPon OF LICHT
& ONE RENTmon]

Clouds + dust
in Eagle Nebula




Rosetta
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carving +

B dust filaments

Dark and dusty stellar nurseries
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Stellar jewels
N Spitzer IR

WHERE are we in MW?

Dust makes it hard to
estimate distances
(stars dimmed)
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Globular clusters on
COBE IR sky image

Shapley s (1920)
distances to

globular clusters:
Sun at 18 kpe from
center (twice too far!)

Why spiral arms?

”»

n -
stars move in and
out of denser
regions

More like ripples in &
pond than arms of
a pinwheel

In dense regions, star
formation is more
intense, so ‘arms”
are brighter

. >
W12 WhirBbol i .

Push and pull of
.gravity in disk

Gas/stars are pulled a
little forward or
backward toward
the high density
regions

Such clumping helps
create a spiral .
pattern ‘traffic jam”

Read with care
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DENSITY WAVES AND SPipAL heMS
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Stars and gas

move through
spiral wave

Star birth strongly
enhanced by shock |

SPIRAL DENSITS WAVE (S A Rotamwic (Fints) Pammesny
Wimh STAs  GAS Moving THeoucH T

atomic-hydrogen
clouds

s
molecular clouds hot bubbles

All spiral galaxies
are constantly changing

supernovae and

star formation stellar winds
" o Cycle of
ey St star-> gas
formation 9 star

Crash/bang of star birth and recycling: rotating
through the spiral arms in the disk

..

Bright
0é&B
stars
mark the
spiral
pattern

M51
Whirlpool

HST

infrared
Spitzer

Q: Why does ‘M51 — Whirlpool ” have open
spiral structure, and ours is pretty ragged?

A: Collision with companion galaxy enhanced its spiral wave




-
NGC 6118 Spirak+ SN (VLT): -

® ...

Questions or Comments

Break-Out Room: Meet & Greet

Stars moving in circles: orbital velocity law
Mgz =R x V2/G

mass radius orbital ...faster orbit,
inward velocity more mass
solar system ~ >
T [ e gtseage ST
? 200 »f\/}}/ =
: - MW rotation curve
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Reality for the Milky Way

* Rotation curve is = _300 |
£ adun e
<200 |- N
* Most of the mass
of the galaxy §
must be outside 100
the solar circle! 5 ||
o
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distance from center of Milky Way
(thousands of light-years)

* But few stars,
little gas there...

DARK MATTER ! probably in large halo -
outweights stars+gas by factor of about 10 !

Massive dark matter halo for MW

» Stars and gas
are embedded
in @ much larger
dark matter halo

» Don 't know what
dark matteris ...
probably not

baryonic (usual
protons, neutrons,

electrons)

Role of dark matter on rotation profile
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Dark matter halos for all galaxies

* Presence revealed

dark matter

Y
(motions of stars in
galaxy)

« Dark matter extends 7
beyond visible part of
the galaxy -- mass is
~10x stars and gas !

* Most likely subatomic
particles, as yet
unidentified (weakly
interacting massive
particles — WIMPs ?)

Poll 1 Why Halo stars poor in metals

* Why are stars in the halo poor in the common
elements carbon, nitrogen and oxygen?

¢ A. Those elements have been used up in halo
stars

e B, C, N and O are biological elements, and
there is no life out there to make them

e C. The halo stars formed before these elements
were made in abundance

e D. Making C, N and O requires massive stars,
and these have been absent in the halo

Multiple SN: Super-bubbles

» When multiple
bubbles join (from a
cluster) they can
create superbubbles.

* If the superbubbles
reaches the edge of
the disk, it can blast
hot gas out of the
Galaxy!

— Some will rain back
down and mix into the
galaxy

Artist's conceptic‘:\h/@mﬁuter Simulation.

Super-bubbles in spiral galaxy NGC 3079

Super-bubbles
in Large Magellanic
Cloud (LMC)

(nearby galaxy)

CARTEON SKETey oF ‘o GaLhxy (Miky-uhy)
FAKe oftri - APMED SPoAL

Exeonvew -

Q: Just HOW do we
know that MW has
Spiral structure?
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emission
(radio)

Sampling
neutral hydrogen
atoms (cold)

also how MRI
does it in medical
imaging!
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Radio map (21 cm) of spiral structure in MW

Galactic center in direction of Sagittarius:
IR reveals a dense star cluster

Radio
mapping
of galactic
center

Ragged spiral
structure revealed
Emitted radio
waves can
penetrate through
gas and dust
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Zooming in on
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SgrA* VLT in IR + adaptive optics

orbits

S2 Orbit around SgrA

1994.32  1995.53

1992.23

Star motion
around
black hole
at galactic
center

VLT: IR+AO

Keck/UCLA
Galactic Center Group

1995-2012

Orbits of stars
indicate mass
of ~4.2 million
Mg, within
45AU!

SgrA*
Orbits

Keck
UCLA

Keck/UCLA Galactic
Center Group

Rotation velocity at galaxy center

- b : High speeds near Sgr A*
é’ F __ suggest a very massive
2 200 L ~  object in a small region.
g [ Some of central mass
3 [ is stars, joined by
B oy
= 4.0 million (+/- 0.2
g'r solar mass
8 F BLACK HOLE
3
*or But further 20%
1 L L1l 1 1 1 i ty 'mm
1 2 5 10 20 50 distance determination

angular distance from Sgr A* (arcseconds)

Black hole still less than 1/1000 of MW mass
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Sag A*
in Chandra
X-ray view

Exhibits
outbursts,
but starved
of fuel ?

Question: Why no powerful jet and accretion
disk near MW’s supermassive black hole?

* Modest
emission in
X-rays...though
other signs of
activity

* Answer: maybe
it has eaten all it
can - at least for
now ?

Questions or Comments

' HOW DID IT ALL BEGIN?
Measuring galactic distances

Edwin Hubble made
breakthrough using
Cepheid variables
to measure distance

Found Andromeda
far outside Milky Way

Huge step forward in
thinking about universe

NGC 4414

PULSHTING VARIELE Smgs

STARS PECOME UNITARLE TO (AEGY- AMPLTUDE
PULTATIGNS Af THEY EVoerE Ackorr WEREILITY T0EP ™

Cepheid variable

slars as distance AS STSPUIDS , Y Exphap AP Conrer,
indicators: f’f““‘ﬂ“ s‘bfmf;" :;1;:\;’]:0 D: 5 _CEM
- 24
“Standard candlle " [l e T
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# I e
@ { o £ Tweoms) 42
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Vital discovery by L

Henrietta Leavitt (1912)

12 4610 10 M6
Period (days) —

Cepheid stars in H-R diagram

* “instabiliy strip "~
region in H-R diagra
with large, bright stars

*» Outer regions of star are
unstable and tend to
pulsate

* Star expands and
contracts, getting brighter |
and fainter

-1
£
S
13
me (days)
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Cepheid variable
stars

t brightness

apparent brig)

30,000 -
3 10000
Period - = S0 I

Luminosit, g OOR . .

relation 4 B = e brighter Cepheids
1000 * have longer periods
;5 10 30 100
period (days)

Andromeda found to be far o_utg[d_e Milky Way
— another ‘Island umverse galaxy!

» Edwin Hubble in 1924
identified Cepheids in
Andromeda (M31) >
showed they were far
outside of Milky Way!

* Now known distance:
2.54 million ly (778 kp)

* His first big discovery (more
to come) ...

Hubble using new
100 " Hooker telescope
at Mt. Wilson (above LA)

100 " Hooker telescope et Mt Wilson

b j Ty
4 Begms new era in 1924 !
[ e B b N (T

Andromeda found to be far outside Milky Way —
another ‘Island universe ": galaxy!

Hubble (and Jeans) at new 100 * Hooker telescope on Mt. Wilson

Edwin Hubble in 1924
identified Cepheids in
Andromeda (M31) 2>
showed they were far
outside of Milky Way!

Androimeda —M31 (Sb)

’ e

NGC205
-

Flrst galaxy shown
by Hubble (1924)
to be a distinct
‘island universe *

: 2..54 million ly away 260,000 ly in diamete
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i LATEST IR IMAGING '

M31 from WISE + M32 (below) +M110 wvec 205

HUBBLE'S "TUNING Fork”

prore | "MOEFPHOLOGICAL " CLASTIFICATION

‘Hubble’s oF GhixEs
ischemeto . .. Bhsep o SRUCTUEE (PnpE)
label galaxies spirals S ..
(O
ellipticals E /@* A

(85— <@~ 1% * lenticular

-] o Er
@
Sy @) ‘:)
e
S e

“Tuning fork ” shown with mugshots of galaxies
spirals

lliptical:

+ some . e,
‘Irregulars ” barred spirals SB™
NoT AN Evetvrionagy SeQuence !
. NGC 4414
Spirals
~80% of galaxies

* Disks (with spiral
arms) +

» Spheroids

(bulges+thalos)

M100

centar
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