Galaxies

Prof. Benedikt Diemer

Chapter 1 ¢ A brief history of galaxies



§1.1 * Early attempts to understand the nebulae
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e Saw craters and mountains on the Moon (not a perfectly round body)

* |dentified four satellites of Jupiter (“Galilean moons”)

* Observed phases of Venus (killing the geocentric solar system model)

e Resolved the diffuse Milky Way into many faint stars

Found the same for other known “nebulae” (which were star clusters)
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Andromeda

e Andromeda was first described by
Persian astronomer Abd al-Rahman
al-Sufi as a “little cloud” in 964

e Simon Marius first looked at it with

a telescope and found that it did

not resolve into stars

Marius:

Among them the first is that with the spy-glass, from 15 December 1612 | discovered and
observed a fixed star with a certain wonderful shape that | cannot find in the entire heavens. It
is near the third and northernmost [star] in the belt of Andromeda. Without the instrument the
same is seen as some sort of little cloud; and with the instrument no distinct stars are seen as in
the nebular star in Cancer and other nebular stars, but rather only white rays, which the closer
to the centre the brighter they come out; in the centre there is a dull and pale light; and its
diameter is about a quarter of a degree. About the same brilliance appears when a bright
candle is observed through a clear lantern from a long distance.



Charles Messier (1730 - 1817)

dentitied many nebulae (fuzzy patches of light)
Published Messier Catalogue in 1780

ntended as aids to comet hunters to reject “uninteresting” objects

Image: NASA / HST / Wikipedia



The Messier Catalog

By Lefty’s Astrophotography
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Globular clusters (29)
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Open clusters (26)

.
.
.-
> -
0..'. -4' OII . o,
- - R % " ¥ z
- B -
- . ..
L 3 : o
5% . . - ot ® . 2
. » . o e iy
4 s - - e
. -
< X
< - .
o e R oF B o
: G s » .
St ah S RO e
. o S 3
e o B i
’ - 3
: R St Ne Dy
- o s o 7
. % P g
v . s g Rhng
AT -l ' s
. o % . 3 3
* . .. R - f.M g
4 Ve :
. . . >
» . L 1
00... By A B E .
. ..o 'R. .no . % .
P o™ .0 . TR Bagll .|-
7 ., Y . .
e i bt N i
“ PR L Rk
" S - P ol ) ..lr ®e )
- "
: e R ey
S e % et o . 3 b
-y B i . 3 s
. AR SRS D g T )
. b e 1 7
R R S
o 2 S35 - ’Q: Nl *» -
1 g . . Y, Al
k75 . Poa) 2
‘. ' o il o
3 x by -...0 .t = o -o. s
- (R . ek 5
y o g : . '.Mo.... .
- - o, 3
[ . 5 ... .c L 00.. e
2 7 v
* 2 - - . .:... -

e 3 " o
IR St b S -
v o s
- o ., . .

PR Te

i .
.o : .. S . .
-

.. &
R % NG " »
- ... - . - N . "
. | e .. - . - s

Lefty’s Astrophotography

.
. ¥ 4
- . -J » e Rk 3 - "
. % . .uu., . .3 " 0.0 .. 4
TR - . .. - "
. Py R F O ’ .. 2 - " ' A J

3 - > 3 .
" 4
$. S5 o ¥ oo ﬂ-. o - Y
' e YR L %, -.. e, . 0
= "
" L 4 P e’ 9 E .
- -.. o.... ’. - ‘ g ” t. l. . . f . 0.
. &8 o.. . ...4‘ . . . Oo . - .
.
s P & . \‘ol‘ o. N ,.. i A
- - - .
- - 2 g ) s TR 2
» o. .‘- 2 » W \. . E w
° po ooco . . -.4 .‘ - l.. "
[ F “2 4 . o » P & e
Py .
.- .
. - y :
- o t\ . - Y™ .
| . .« " . - . ® o
- _ -® -
’ *
. . o tu ™ 3 o ey
- . ’ .
x) 3 o ) R : St
" e . i ik s ¥
- e 4
& e . . .
/ Ly Mg Thdn
. *e ‘
. o aa S g E
I - .. >
- . % N e @ ” 9 < % ¢
. . . v . " % . ¥ " ;
R Toee . b e, .o
. 2 :
v " . i
.0. v . .. 10 . )
o . o ! X
e . l.. «* o 2 I..
. . . - 1 P S
v. a4 .n\ L g Sl X ;
L . ~ - : i
: ; j QO ™ " ‘ . PR 4 o« ®
e " «%- . B, PSR . My P
o -..N\. N L PR ‘Q d 84 iy
M Sy ... .’ ..0. Sk o . P » ..
.. . . - b/ o 4 > 5§ -
.- - . . e, o.“.’.... " M e 5
$ o- 0....... A o&...h-. ¥ -o .. p ”‘-o
" ; ey g N o S A
Mok & . . 3
‘ [ . - * ¥ > N
. - ’ * R 3 : 3
W ‘ ) 3 O .. » 3% A
» - ¢ ™ y
- » e - pey n.. .L.. e .‘. & . . .
P | e ’ . ’
. - l. . . < . : - ; .
| - R PRV S8 1 S ™ e . )
- . S -y . g
oyt . AR ! R e 3
. ® TRl - -
é . TN . S O
» " ... . ..o - J Y )i u. .. s
. . s W y ‘ .
SRR g POu ) o PN _
¥ 38 S AN 5 e |
. . . . . o o p
¢ 2 & 8 ¢ =
a . & -



Gas clouds (7)




Planetary nebulae (4)
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Supernova remnant (1)

Lefty’s Astrophotography



Double star (1)

M40
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Galaxies (40)
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Modern, scientific categories
* Globular cluster (round, compact star cluster)
* Open cluster (less compact cluster of stars)
e Gas cloud (diffuse nebula) In the
e Planetary nebula (gas cloud around single star) Milky Way
* Supernova remnant (leftovers of stellar explosion)
e Double star (two stars that happen to appear close)

e Galaxy (the only objects not in MW)



Immanuel Kant and the Island Universe

Philosopher but also interested in astronomy

Heard about the “nebulae” and postulated that they
are separate "worlds” similar to Milky Way

Called them “lIsland Universes” (1775)
Thomas Wright had proposed similar theory

Views did not take hold becaues there was no direct
evidence yet of other galaxies




William & Caroline Herschel

2.3 o
Nelsiln /mdwé 'y e
267Dec” 23 Al 5 ,;,, /,!*m,./ £ ¢ )e;m b He
/awlé[ o/ /{‘ R’ LJ: Aihonen fus conasdornble
//-_N w.nM e fhe ;inam Ll Ho nué'w[»l can

mgaﬁ/ém et

Ly b P e
/&J' ’I:\A //]!,m, | 5"\

e Discovered thousands of \ L
new nebulae , \i/ .\«.ﬂ,,/,,m

Q/A/wﬂa uq’md«- )c “‘*"”fy}‘"" g/
Wﬁu £ s Drswrn né A‘Z?: - aniertloronst g sdal
zm.w/‘fc ’)J/ﬁ///rxr(p/:lﬂﬁﬂ@u/

4 anll come A /X’C/’J?‘(Ap/mt‘/\ Lrwe

 Thought they could be star
collections like MW o G

e Concluded Milky Way was a e
disk with the Sun at the R—
center (map from 1785) _

aa// .
A..*f n & A.‘é on //u 4'2 ya»cjlt, 3 ,4‘7
ot &rm(‘/ inte /e ,:ntu {_]/ i kS

I

NV
Y
YAV

AN

(L4
S
L0

Sav
(T
I
-'. /!\‘

<

“
VAN
"%

A
7
AN

\J




John Herschel (son of William)

e Observed nebulae in greater
etail, made lots of sketches




Whirlpool Galaxy (M51 a/b)

Drawing by Lord Rosse (1845)



Spectroscopy: William & Lindsay Huggins

e Huggins took spectra ot celestial objects (about 1860 - 1900)

e First to distinguish star-like spectra of Andromeda galaxy from
emission line spectra of gas clouds in the Milky Way



§1.2 ® The Great Debate and the 20th century




“Spiral nebula” Messier 51 by George Ritchey, 1910



. : | M51 by Hubble Space Telescope



Heber Curtis




What are the nebulae?

e Heber Curtis (1917) observed novae (strong flares in stars’ light) in three
spiral nebulae; much fainter than in MW, suggesting great distance

e Harlow Shapley showed that Sun is far out in disk of Milky Way
(but overestimated MW size by factor of three)

° DISC OF
® MILKY WAY

GLOBULAR —_ “ 2
CLUSTERS




The Great Debate

e Shapley
e |[f Andromeda not in the MW, must be
extremely far away Andromeda (M31)

* Pinwheel galaxy seen to be rotating

’
° L \

(wrong)

e Curtis

e More novae in Andromeda than in MW

* Novae appear faint in Andromeda (and
other nebulae)






The distance to Andromeda

e |n 1924, Edwin Hubble first observed a variable star
with properties of a Cepheid in Andromeda

e Determined that Andromeda must be well outside
MW, settling the Great Debate!

MW Andromeda

‘ 780 kpc ‘




velocity v

Hubble-Lemaitre law

Edwin Hubble and his collaborators (Slipher and Humason) systematically
measured the spectra of galaxies

Hubble and Humason combined redshifts (velocities) from spectra and
distances from Cepheids

They found a linear relationship (in 1929):
recession velocity is distance times the “Hubble constant” Hg

Lemaitre had published same result in 1927 (in low-impact journal)
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Cosmological redshift

Redshift is caused by the expansion of space!




Galaxies vs. nebulae

EDWIN HUBBLE %

THE REATLM ()F -
e Roughly in the 1930, the understanding of | 'TI_IE NEBUIJAE

what galaxies are manifested in using the
term “galaxy” rather than “nebula”

e The word comes from Greek yaAa&Lac,
meaning “milky”

Hubble 1936
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§1.3 ® Sky surveys




How are galaxies distributed on the sky?

II. DISTRIBUTION or tae NEBULA..
‘The Great Nebular Groups.

Proctor 1869 e Inspired by a slide by Andrey Kravtsov



Sky surveys

e Issue with catalogs like those of Messier or the Herschels: we
do not know...

e How much sky they searched
e How they selected the “nebulae” to look at

 How good their telescope was (meaning how dim a galaxy
they could see)

e This makes it hard to quantify the galaxy population: how many
galaxies are there per volume? How bright are they?
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Sky surveys

contours for nebulae in Area III, based on smoothed counts by 1° squares.

Shane & Wirtanen 1954



Redshift surveys

. @A2593

@A2657
@4 572

s
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e QObserving galaxies on the sky gives us
two dimensions, but how do we know

how far away a galaxy is?

e \We measure each galaxy’s redshift and (hkm =) 10000 5000 0

use Hubble’s law

e Distance is expressed as redshift or
velocity (only valid at low z!)

0 5000 10000  \}(km$")

Joeveer et al. 1978



First redshift surveys

13" 12"

First CfA Strip
285 < 8« 325

my S 16.6

e CfA surveys obtained redshifts for about 20,000 galaxies
* Slice in z-RA space (projected through some width in DEC)

e Shows large-scale structure, e.g. long filament known as the “CfA Great Wall”

De Lapparent et al. 1986 o see also Geller & Huchra 1983



Sloan Digital Sky Survey (SDSS)

* The key is the word digital

* Most data taken at Apache Point Observatory in New Mexico (one of
the darkest places in the US)

* Umbrella for multiple surveys of “phases,” but we will mostly be
concerned with Phases | and II:

e Step 1: Photograph ~15,000 square degrees with powerful
digital camera in multiple filter bands

* Step 2:
etc.

dentify objects and classity as stars, galaxies, quasars,

* Step 3: Define a sample of galaxies (m, < 17.77) for which to
measure spectra

* Step 4: Create metal plates with pre-drilled holes at positions of
galaxies; place individual fibers on holes; feed to a spectrograph

Images: SDSS Collaboration



SDSS Telescope Operations

w7 ANNN

SDSS Collaboration (youtube)


https://www.youtube.com/watch?v=AHsS57NMQjE&ab_channel=SloanDigitalSkySurveys

Reading

e CFN §2.1-2.3
e MvdBW §1.4, §3.1-3.2




