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The Milky Way on the sky in December
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The Milky Way
is not alighed
with the ecliptic.

The sky map of
the whole year
shows the milky
way divides

the whole sky
into two equal
parts.
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Structure of
the Milky Way

Spiral galaxy:

most of forming
stars (+gas & dust)
lie in the spiral arms
and around the center
(optical wavelength
is dominated by OB
stars).

Most of the old stars
are located in the
galactic halo.

Gas & dust obscure our view |

to the galactic plane

- How do we know?

Ans: through the

light at longer wavelengths
than optical.
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 Top view

| W ‘Michael Zeilik: Astronomy :

> Nuclear bulge

120,000 ly —




Number density of -

stars at'the center.is about - -
105 higher than that *. '
in the soIar nelghborhood

. 47 TUC

Glfll}lllal‘

|11:Ler

. Globular Clusters
.are very old: little
~ gas, many evolved
~~. stars, low metal
"+ content




The solar system
does not lie at the center of
the Milky Way

[ SN R
R n‘o‘-.‘ u i
Cepheid variables: 0
* Found throughout the Galaxy
* Pulsation periods of 1 to 50 days

* Luminosity related to pulsation period

RR Lyrae variables:
* Found in globular clusters
* Pulsation periods less than a day
* All have about the same luminosity
| 11 | | | | |
1 2: 35 10 20 50 100
Pulsation period (days) —

Discovering the Universe, Seventh Edition
©2006 W.H. Freeman and Company

We know (1) the

distance to the galactic i likters

center (2) the orbital speed

of the solar system (230km/s,

or 230 million years per orbit)
2006/12/20 BEiE BE - H

L ]

clt
i
o



S Direction of

A hydrogen map of the Milky Way - [

B

v |

Higher energy Spin
state flip i

8 OSED
L
1420 MHz
A=21ecm

21-cm radiation from hydrogen atoms
Doppler shift > location and speed J

of the hydrogen atom gas
Radio map is a bit complicated:

many branches & spurs
i " ;

Relative flux

i T 20.6 20.7 20.8 20.9
Wavelength (cm)

Center w 5 i s 4 L e
= Oy X — s DT TR N
of Galaxy e 0. £ .. -~~~ SadittatiusArm =~
Solar System . \'.:'
\ -r" ‘.‘- ‘ y e

Figure 15-9
Discovering the Universe, Seventh Edition

© 2006 W.H.Freeman and Company
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A dust map of the Milky Way

Far-infrared - dust distribution
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The Galaxy is rotating

If our Galaxy rotated like a solid disk, Since the Sun and stars obeyed Kepler's
the orbital speed would be greater for third law, the orbital speed is less for stars
stars and gas in larger orbits. and gas in larger orbits.

Sun’s
Stars would remain ! Stars in smaller orbits orbit
lined up. Sun‘sorbit would rapidly overtake those in larger orbits.
+ +
Galactic center Galactic center

Figure 15-17
Discovering the Universe, Seventh Edition
© 2006 W. H.Freeman and Company
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Rotation curve = dark matter

Actual rotation
curve of our Galaxy

300 |-

0 L
£
S 200} N Keplerian
9 s / orbits
3 .
o If there was no material beyond .
= the visible edge of the Galaxy, "'~.~
.g orbital speeds at large distances S~o,
2 100 should decline as shown by the
O dashed line: This is not whatis
observed.
Sun
. s | . |
20,000 40,000 60,000

Distance from galactic center (ly)

Figure 15-18
Discovering the Universe, Seventh Edition

© 2006 W.H.Freeman and Company
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Rotational curve = dark matter

NGC4378
NGC 3145

NGC 1620

N N
S Uun
o O

NGC 7664

=
e U
© O

~ 90% is dark matter
(missing mass)!

w
S
&
=
g
@
v
o
7]
I
=
o
Rem
o

n
o

| | | |
20,000 40,000 60,000 80,000

Distance from center of galaxy (ly) —

Figure 16-28
Discovering the Universe, Seventh Edition
© 2006 W.H.Freeman and Company
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Gravitational Microlensing (5 JJ {535 5)

1919 solar eclipse tested general relativity

20}
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e
8¢5
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1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 5 10 15 20
Days

Figure 15-19b
Discove the Uniy

Figure 15-19a
Discovering the Universe, Seventh Edition
©2006 W.H. Freeman and Company

In the past, gravitational microlensing studies did not find
substantial events to support that unseen small celestial bodies
(such as low mass stars, brown dwarfs) are dark matters in the Milky

Way.
2006/12/20 =S RRE - A - KB 13
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The Local Group (45 A E¥)

M32 m31
NGC 205
/

__._——Aml I

Mm33 And ]

7 NGC 147
“NGC 185

And |
.Draco
: Ursa Minor. itk
IC1613— uglﬂurlus—- ilky
Dwarf 'Wuy Galaxy
Sculptor © \~1mc
Fornax Carina
NGC 6822 1,000,000 ly
2,000,000 ly
3,000,000 ly

Flgure 16 18
Disc ing the Universe, Seventh Edition
@2006W H.Freeman and Company
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Large & Small Magellanic Clouds

Irregular galaxies

2006/12/20 s P 22 - A% - KB
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The Tarantula Nebula in

Star forming region

LMC
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Sagittarius Dwarf Galaxy

Dwarf elliptical galaxy
discovered in 1994

Closest known galaxy
to the Milky way
(80,000 ly away)

will be absorbed by
The Milky Way

2006/12/20 2ihE 22 - HE - KB 17



31 (Andromeda)filiZZ /2 KEA
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Hubble’s Tuning Fork Diagram

Galaxy classification Normal spirals 32 %
based on shapes Sb

® — & —
e B 22 A% e/
Ellipticals

E7 SO 'or
SBO

Lenticular . &
galaxy ' "%
BHEIRETR opq SBL
Barred spirals

Figure 16-12
Discovering the Universe, Seventh Edition
© 2006 W.H.Freeman and Company
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Morphology
comparison

a M104:an Sa galaxy b NGC 891:an Sb galaxy ¢ NGC4631:an Sc galaxy
;iig:::/irll'g;:he Universe, Seventh Edition
© 2006 W. H. Freeman and Company

a M58:an SBa galaxy b M83:an SBb galaxy ¢ NGC 1365:an SBc galaxy
Figure 16-8

Discovering the Universe, Seventh Edition
© 2006 W.H.Freeman and Company

a M105:an EO galaxy b M49: an E4 galaxy ¢ NGC4526: an E7 galaxy

Figure 16-11
Discovering the Universe, Seventh Edition
© 2006 W.H. Freeman and Company
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Properties of “nearby” Galaxies

6-1 Some Properties of Galaxies

Spiral (S) and barred

spiral (SB) galaxies Elliptical galaxies (E) Irregular galaxies (Irr)
Mass (M) 107 to 4 x 101! 10° to 1013 10%t6-3 x 109
Luminosity (L) 108 to 2 X 1010 3 X 10° to 10! 107 to 10?
Diameter (ly) 1.6 X 105to 8 X 10° 3 X 10%to 6.5 x 10° 3 X 10%to 3 x 10*
Stellar populations disk: young Population T Population II and mostly Population I
central bulge and halo: old Population I

Population II and old

Population I
Percentage of 77% *20% 3%
observed galaxies

“This percentage does not include dwarf elliptical galaxies that are as yet too dim and distant to detect. Hence, the actual percent-
age of galaxies that are ellipticals is likely to be higher than shown here.

Table 16-1
Discovering the Universe, Seventh Edition
© 2006 W.H. Freeman and Company
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Spiral galaxies: Winding Problem

1 2 3
This is not what we see!

4 5 6

Figure 16-5
Discovering t

g the Universe, Seven
© 2006 W. H.Freeman and Compan
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Logarithmic Spiral: Golden ratio

X x+l1 _\/ - Mario Livio: The
Tt 1+\/1+\/1+\/1+ ...... —1.6180339887... Goldon Ratio

nautilus (B i)

" Grand design spiral avrms
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Active Galactic Nuclei (AGN)
Vi e B R

TABLE 17-1 Galaxy and Quasar Luminosities

Object Luminosity (watts)
Sun 4 % 1026

Milky Way Galaxy 1037

Seyfert galaxies 1036 — 1038
Radio galaxies 1036 - 1038  AGN
Quasars (quasi-stellar object/QSO) 1038 — 1042

Table 17-1

Discosiay aiinestswentisilon Probably almost all of galaxies host a
supermassive black hole at their center.

2006/12/20 S 2A2 - H5E - K
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Active Galactic Nuclei (AGN)

Quasar(QSO): AGN far fromus  Galaxies Merge when the Universe
Is young

Quasar Host Galaxies HST « WFPC2

PRC86-35a * ST Scl OPO * November 19, 1996
J. Bahcall (Institute for Advanced Study), M. Disney (University of Wales) and NASA

2006/12/20 2ihE 22 - HE - KB 25



Active Galactic Nuclei (AGN)

Cygnus A (3C 405)

NGC 4261

Accretion Disk

Figure 17-1
Discovering the Universe, Seventh Edition
© 2006 W.H.Freeman and Company
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M87

M87 -- From 200,000 Light-Years to 0.2 Light-Year

(elliptical galaxy
in Virgo Cluster)

-

VLA-90cm

VLBI 1.3ecm

Credit: Frazar Owen [NRAJ), John Birsila {(STScl) and collsagues.
The Malional Radio Aslronamy Obsaralory isa facilly oi 1ha
Mational Science Foundalion, opamiad under coopaalive
agraemen 1by As=socialed U nivarsilies, Inc.

2006/12/20 =
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Unified Model for all AGNSs

Magnetic
field lines

. . ;‘\sluwer—m aving
" | ]

S oY , a5 clouds
ﬂ_‘ér(narmwlines)

dust ring

Jet of relativistic particles

Georetion disk / .
fast-moving

gas clouds
(hroad lines)

seyfert

hlack hale Type 2

Viewing angle of the accretion disk and dust ring deteminesthe
type of active galaxy we will see. For example: 30-60° ahowe
the disk, we can see the broad-line region: & Type 1 Seyfert, but
edge-on, we see just the narmow-line region from clouds further
away from black hole and the warm glow of the dust ring in the
infrarect a Type 2 Seyfert,

c
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-
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]
<

~
7
N
L
g
5
o
i
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MmO OmE

Clusters of galaxies (galaxy clusters) £ & [&

: Milky Way B < N T el

: Perseus-Pisces Superc!uster -90°  @G: Hydra-Centaurus Supercluster
T d H: "Great Attractor"/Abell 3627

- Virgo Cluster/Local Supercluster I: Pavo-Indus Supercluster

- Hercules Supercluster J: Horologium-Reticulum

: Shapley Concentration/Abell 3558 Supercluster

http://spider.ipac.caltech.edu/staff/jarrett/papers/LSS/

2006/12/20 S 2A2 - H5E - K

Region hidden
™. by Milky Way
Coma
Centaurus

Gr‘eat
\attractor
Galactic Puppis
plane

Superclusters
Void

Motions of Sun,
Milky Way, Local
Group...
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Figure 16-21
Discovering the Universe, Seventh Edition
© 2006 W.H.Freeman and Company
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Clusters of galaxies

Hercules Cluster: 700 million ly away
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visible ¢

& s-'tar‘bUr‘s'tw

Figure 16-24
Discovering the Universe, Seventh Edition
© 2006 W.H.Freeman and Company
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Interacting Galaxies

radio (21 cm H gas)
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Starburst Galaxies

http://subarutelesc@

Outflow!

very high irregular galaxy | Ha emission
light (IR .

processed

by dusts)

Tz mass Radio telescope
ratio found H2 also
- burst flowing out of
of star the nucleus of

M82.
The outflow
is driven by
massive stars
o _ (starburst) &
L | _ supernova

. | remnants.

formation

X-ray around the galactic center
(Chandra)

M 82 (NGC 3034) FOCAS (B, V, Ha)

Subaru Telescope, Mational Astronomical Observatory of Japan March 24, 2000

Copyright(€) 2000 National Astranomical Observatory of Japan, all rights reserved
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Another starburst galaxy

NGC 253: 8 million light years away in constellation Sculptor

X-ray might
be driven
by the
interaction
between
the outflow
and the
ambient
gas.

No

neighboring
galaxies to
drive

starbust, but

an interaction
may have happe
a long time ago ———

3 Arc Minutes

http://chandra.harvard.edu/photo/2001/0012/index.html
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Interacting Galaxies

Interaction between the galaxies
has produced new, blue stars

“Tail” of stars and
gas pulled out of the

\/ ' ‘ interacting galaxies

Galaxies with material
flowing between them

. .

NGC 4676

Figure 16-25a
Discovering the Universe, Seventh Edition
© 2006 W.H.Freeman and Company
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Interacting Galaxies

Cartwheel Galaxy (E-Ej_iﬁg%)
visible (Hubble) + radio (H:21cm)_

http://www.phys.ncku.edu.tw/~astrolab/mirrors/apod/ap970224.html

2006/12/20 S L B2 - H5E o K5
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M 31 & the Milky Way will collide

Note that the chance of
direct collisions between
stars should be low during
galaxy collision. Here we

are talking about gravitational
interaction.

36



Content of a cluster of galaxies

« Large and dwarf galaxies, and
sometimes a massive elliptical galaxy
(cD galaxy) at the center

« very hot intergalactic gas (T~10’K >
X-ray emission): how to maintain the
high temperature?

« Dark matter (velocity dispersion of
galaxies; gravitational lensing)

2006/12/20 e 22 - Hw o K 37



Hydra A: a galaxy cluster (K¢ 2 2 H)

X-ray > most of matter is
dark matter (recall 7k 2 EiZgH % FH)

840 million light years away (z=0.054)

visible

http://chandra.harvard.edu/photo/0087/index.html
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ZR=TEY(AMIBA):i7fAMauna Loa

http://www.asiaa.sinica.edu.tw/news/newspaper/AMiBAdedication/amiba_news release ch-AS.pdf

p future problem:
<" Need more
' receivers to
O e F T carry out

' sensible
observations

,_:-___.."._=

/
et = - f_ 3
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Gravitational lensing (& JJi% £2)

Massive -galaxy

c.f. gravitational microlensing (E fIfH3E#%)
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Quasar Q0957+561

foreground o Quasar image (z=1.4136)

galaxy (z=0§fi)

.'bﬁasar image (z=1.4136)

http://www.astr.ua.edu/keel/agn/q0957.html
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A galaxy cluster is a lens!

- 1 -

Galaxy Cluster Abell 2218 (3 billion light years away) HST « WFPC2
NASA, A. Fruchter and the ERO Team (STScl) » STScl-PRCO00-08

2006/12/20 2iE  ERE - Hs - K5 42



2006/12/20

Large-scale structure

filamentary
structure:
wall & void

Right ascension
uoisuddse Jybiy

The 2dF galaxy survey

Figure 16-16
Discovering the Universe, Seventh Edition
© 2006 W.H.Freeman and Company
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