Halo formation and satellite galaxies



Formation of the Milky Way
(more than 10 biIIion years agq)

Gas and dust
.. falltoplane .~

Halo—disordered
- motion
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Closest galaxy to the Milky Way: Sagittarius Dwarf Elliptical Galaxy (SagDEQG)
(discovered in 1994, opposite side of the galactic core from Earth)

The Milky Way

_ Large Magellanlc C10ud _
' Dlstance from Galachc Center 50 koc A

A : AndeicoR ',:_'Sag/ttar/us Dwarf Ell/ptlcal Galaxy g ', iy

~ . Distance: 780 kpc

oA ST _.‘p - Size: 3 kpc : s

" Distance from Galactic Center: 1542 kpc '

A Dlstance from the Sun 20 T2 kpc ;% . i :
-Small Magellanic Cloud
-Distance from Galactic Center: 61 kpc

SagDEG is old & metal poor galaxy with little interstellar dust and
composed largely of Population II stars, best seen in near infrared



Sagittarius Dwarf Elliptical Galaxy

Sagittarius



Sagittarius Dwarf Elliptical Galaxy

- |t started as a round shape
« It passed through plane of Milky Way several times in the past
- Now ripped apart into a long stellar stream

(artist’s impression)



Classification of galaxies



Classification of galaxies according to their morphology

Elliptical galaxy .~ . =~ .~ =
. L sy Lo o o - Spiral galaxy

Irreqular galaxy




Edwin Hubble's
Classvification
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Hubble types

Classification scheme for galaxies

(from De Vaucouleurs 1959)

brightness

. no regulants
centrally : _

i 1SC Or svmnmuaemnn
concentrated disc

no spiral arms spiral arms

O ® ® @ @ &

] - . \'l
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¢ ) (@ / ’ Large Magellanic Cloud
il / ' Jalk
Andromeda .
'4 . )
| (W ] i
N Hy \
Milky Way
unbarred barred unbarred barred
ellipticals lenticulars spirals rreguiars

Hubble classes
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Andromeda galaxy

Ultra-violet X-ray

isible

\

Infrared

Radio



Spiral galaxies

Edge on spiral galaxy Face on spiral galaxy
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Irregular galaxies

¥, N s

CCIOUd

NGC 1427
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Two elliptical galaxies, which one is larger?

Dwarf elliptical galaxy
y AL W | Giant elliptical galaxy




Lenticular galaxies

- NGC 524 © NGC 936
@



Classification of elliptical galaxies: EO, E1 ... E7

f=(a-b)/ax10
For a = b —— f = 0, spherical galaxy EO

Most flat elliptical galaxies: E7
Typical elliptical galaxies: E3



Elliptical galaxies

Type EO Type E4 Type E5

.

. NGC 4552 NGC 4472 NGC 4621



/
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Galaxy type: SOr (ring galaxy)

Hoag's Object
Galaxy type: SOr (ring galaxy)
Distance 183 +8 Mpc



Peculiar galaxies have abnormal features

Peculiar elliptical galaxy with jet
(origine: supermassive black hole
at center)

Galaxy type: EO pec

Distance: 16.40 + 0.50 Mpc Galaxy: Messier 87



Peculiar galaxies have abnormal features

Pa

'Tadpole Galaxy =

Interacting galaxies |
Galaxy type: SB pec R P
Distance: 130 Mpc SRR | o



Peculiar galaxies have abnormal features

NGC 2207 - . R T L
s
.... ::;’55
‘ ‘Jl
B v ic2163 X
g * e | (highly distorted by strong tidal forces)

Colliding galaxies
(early phase of interaction)
Distance: 24.9 + 12 Mpc



Galaxy collision: final faith of Andromeda & Milky Way

Pl Colllsmn Scenano for Mllky Way
o Tanguum ,.; and Andromeda Galaxy Encounter o

M33)

. Andromeda
N (V31)

<Collision i in i
4 bllllon years ?70ra S|mple close encounter'? s

Milky Way




Peculiargal.axie;s. have abnofrhal-fec’ttur’és' i
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| . s "+ NGC4874 .
™ -~ v L -
» ‘ ; ° Rt . . .4 . :

Supergiant elliptical galaxy NGC 4874 P e

Near center-of cluster of galaxies Coma B A

Galaxy type: cD EO . |

Size: ~800 kpc g & | S i o ’

"Mass in stars: M~ 3x101 Me | y

Total mass: M ~ 1x10713 Mo -
Distanc&: 109 Mpc DRGCERN W



Properties of galaxies with different morphologies

Property

Ellipticals

Spirals

Irregulars

Fraction = 60% < 30% = 15%
Total mass 10°- 108 Mg 10°-10"2 Mg 107 - 1019 Mg
Luminosity 10°- 101 L 10°- 101 L 107-1010L¢g

Diameter (0.01 =5) duw | (0.02 —1.5) duw | (0.05 - 0.25) duw
Wolecular & low 5-15 % 15 — 25 %

atomic gas




Stellar mass function of galaxies in nearby universe

Milky Way

Large Magellanic Cloud

10,0(®/[Mpc™ dex™"])

@ Observations
Model

Number of galaxies per unit volume & mass interval

7/ 3 9 10 11
10 10(Meatars/Mo)
Galaxy stellar mass =————————|—



Measuring the mass of galaxies



- Method 1: rotation curve of spiral galaxies .
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Galaxy type: Scd
Distance: 730 - 940 kpc



Method 1: rotation curve of spiral galaxies
A B C

Velocity from Doppler shift:
E L )\obs _ >\’res :

C )\TGS
Larger velocities imply larger masses

blueshifted
A § 5

}\fobs

Emission line in B Ares xofbs

spectra of a galaxy -
redshifted
C

<«—— Dbluer wavelength redder —p»

Copyright © 2004 Pearson Education, publishing as Addison Weslay,




Hydrogen emission at A = 21 cm of spiral galaxies to measure Doppler shift

= rotation velocity at large distance from center
Result: galaxies can rotate so fast if a large componen[ made of invisible matter (dark matter)

T
L 2 . -.~
" ) A

o F Moving away: from us
‘{red shift

Spiral galaxy Messier 33
Galaxy type: Scd '
Distance uncertain: 730 - 940 kpc

Moving ‘towards us

(blue-shift)



Hydrogen emission at A = 21 cm of spiral galaxies to measure Doppler shift

N

Rotation curve of Messier 33

Total mass: M =5x1010 Mg

Observations
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Orbital speed (km/s) —

Rotation curves of nearby spiral galaxies

3ol
300 NGC 4378
25 NGC 3145
. NGE 1620
200 -
, NGC 7664
150
100 /
!
50
5 10 15 20 295

Distance from center of galaxy (kpc) —-



Matter of spiral galaxies dominated by Dark Matter Halo

dark matter

luminous matter

4

Dark matter halo: hypothetical large envelope surrounding galactic disk
of matter that is not made of atoms and that does not emit light



Method 2: velocity dispersion of stars in elliptical galaxies

-
o i e A For virial theorem, kinetic energy of
p A T R stars related to gravitational potential:
AR Ex=-E4/2
s large Av — large M
g
| i Av o< (M/R)"2
A M & R: mass & radius of galaxies
; .‘..
. :
' - , Doppler shift of many stars
E, : I = velocity dispersion Av




Method 3: X-ray image of elliptical galaxies
(temperature of gas T ~ 106 K) -

| Large extent of X-ray emission
=> high T — large M

(high gravity field prevents gas to escape)

. Optical image (red) & X-ray emission (white contours)
X-ray emission larger than stellar component



Method 4. gravitational lensing

»

Large deflection angle of lensed galaxy
. —> large M of the lens

. . ; Deflection angle: 8 = 4GM/(dc?)
Foreground object:

. d: distance of the lens from Earth
luminous red galaxy (lens)

\ o

| Background object: distorted and
" v amplified light of blue galaxy (lensed)

Cosmic Horseshoe
Redshift (distance) of lens: z = 0.446
Redshift lensed galaxy: z = 2.379



Method 5 (stellar component only): population synthesis model of galaxies

Population synthesis model of an elliptical galaxy
120 : — - - :

-

Best fit (combination of many

Observed spectrum
| \ models of stellar spectra)
| O0) | Wit Ly

| ‘ A ’ | / ’ ’ .9\- W7 e I W \ \
é ‘ 'M % A 'l". f ( ~‘- I "“om ..',"-" » ‘(-.D‘ o
- | ¥ A
:h_-: \” 4 ' ' " ! '
£ . Models of stellar spectra
] (
g W \ ") Stellar class
D - |
z
; 40
g8 I
B
o . ’ &

20 IV G\ | KM \

| OB\
rGK 1 M I
(' .. - P— : - - —h - . S — - > W— - -~
350.0 440.0 520.0 600.0 680.0 760.0 8$40.0

wavelength/nm

Total number of stars in best fit necessary to explain observations gives stellar mass



Stellar mass depends on initial mass function (IMF) for stars

2 _lll | | lllllll | | lllllll I | lllllll I _l

A - :
S PPINN -
E - -
= 0  Turn off? -
é - Salpeter IMF: .
o 5 E(M) oc M- :
. - x =235 -
o % —2 [ -
2 N _ i
o o0 - _
n ) _ -
- p— - -
o —4 F The Sun _
O C ]
O - -
E - -
) ~ -
Z - i
—6 — -

-llll | | lllllll | | lllllll | | lllllll | -l

N 1 10 100
Mass of stars (in units of M@)

Corollary 1: stellar mass of galaxies dominated by small (then cold) stars
Corollary 2: stellar mass best estimated using near infrared observations



Distance of galaxies



Astronomical distances: found from one method to calibrate other methods
—> from near universe to largest distances

Distance ladder

(Other estimators

Gravitationally lensed QS0S sl

Sunyaev-Zel'dovic effect m—l)

Supernovae

—

Tully-Fisher relation/D-0 method/Fundamental Plane
e

RR-Lyrae stars and Cepheids
e
Miscellaneous stellar techniques Hubble law
Main-sequence Fitting <€ Cosmological models
- Mutual gravitational attraction (for redshift v/c > 0.1)
Proper Motions dominates over cosmic expansion
] —~~
3 5 & 7
C:aral_lex ) o g § *g’
= = 3 =
3 ® E w» 2 O @
® %3 o T < = O ®
= — © o = -— - o O E
2 b 8 o 2 ™ e el o
0 4 = I | ' = oy s . = z|.~.~ i

109 1p10

-
o)
==

1 10 100 1000 10% 10% 10% 10f
Distance (parsec)



Distances measured from standard candles
(same class of objects have similar luminosity L)

L\

/ F = A2 Emitted power
Observed flux (known for standard candles)
(measured on Earth) \

\LT Distance can be derived

M=m-5log(d)+5

Absolute magnitude \

known for standard candles -
( ) Observed magnitude Distance (in parsec) can be derived



Cepheid variable stars as standard candles

Apparent magnitude

13.0

14.5

19.0

14.5

14.0

14.5

15.0
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Cepheid variable stars as standard candles

s E Measured period =—> Absolute magnitude M

With measured magnitude m = distance:
= logd=(M-m)/S5—-1

Absolute magnitude

Period (days)

100

Brightness



Tully-Fisher relation

HI

flux

absolute
lurminosity

&
N

S

=

line width

™
7

Y elomt}’ (vmax)

line width

spiral galaxies rotate, and the rotation
speed is proportional to the mass of
the galaxy

measurements of neuiral hydrogen (HI)
display a ‘‘double-homed’’ profile,
where the widih of the line indicaies the

mass
Measured line width = rotational velocity vmax

With Tully-Fisher relation = luminosity L

And measured flux ' = distance:
=[L/(A4nF)]”

a plot of line widih versus absolute
luminosity of a galaxy is called the

Tully-Fisher relation. When calibrated
using galaxies with Cepheid distances,

the TF relation is used to determine
Hubble’s constant.




Faber-dackson relation in elliptical galaxies

' L] L] 1 l L] L] I I L] L] L] l

400 y

Av =0

300

200 F

100
90 F
80 F

70 F
60 F -

velocity dispersion o (km/s)

50 1 | 1 1 1 | 1 1 1 | 1 1 1 |
-16 -18 -20 =22
Absolute magnitude (M3)

Equivalent to Tully-Fisher relation seen for spiral galaxies



Redshift and expansion of the Universe



Expansion of the Universe & the Hubble law

More distant galaxies moving away from Milky Way faster than closer galaxies

Edwin Hubble (1929):
2y Experimental confirmation that v oc d

Georges Lemaitre (1927):
Recession velocity v proportional to their distance d

The Universe must Be Expanding!

Since 2018 called Hubble-Lemaitre law



Hubble’s original data of “Extra-Galactic Nebulae” (1929)

A
° /‘//
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Distance (parsec) i >

Hubble-Lemaitre law: v = H, x d
v: velocity
H,: Hubble constant _ _
d: distance First measured expansion rate: H,= 500 km s-! Mpc -!

Measured today: H, = 70 km s-! Mpc -!



Expansion of of the Universe

Wavelength of cosmic radiation is stretched = Universe gets colder



Expansion of of the Universe & cosmological redshift
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Redshift is Doppler effect due to expansion of the universe

Higher velocity = Larger Doppler effect

Star
400 500 600 /700
Wavelength A (NM)  e———————g-
redshift > Ao = Ar — 5~ U ¢ linear approximation
Ar C (valid for 7 < 0.1)



log d [Mpc]

Distance d vs. redshift 7

log 7

3 | | | 1 I I 1 I | | I | | I | I I 1 ] I ] I | |
-oTH
_ A ggp Hubble-Lemaitre law:
®
"= SNla w=v="Hoxd
- 0 SNII v: recession velocit i
> oéephelds - 4 —
¢ S7 c: light speed
: _pie" i
- o, 2 :
Zge
1 &0 -~
8 e 2 :
de) Ho =770 km s~! Mpc-!
EN- - Hubble constant (exact value still debated) -
O 3 ‘l | | 1 I | 1 | 1 I | 1 1 | l 1 | 1 | | 1 | 1 1
-3.9 -3 - 2.0 -2 -1.9



distance (Gly) or lookback time (Gyrs)

Parameters given by
Big Bang & Cosmological Model

m

. =70 km/s/Mpc,  =0.26, flat

Present Age = 14 billion yea

IS —————————r————————
| Example: a galaxy observed with redshift z = 2
- Distance of galaxy from Earth at time when light left (distance then): ~ 5.8 Gly el
. Distance at time of observations (distance now): ~ 17.5 Gly s gl ]
3() |- - Time it takes to light to reach Earth (lookback time): ~ 10.5 Gly ,.,—” 4
-« Age of universe of observed galaxy: 14 — 10.5 = 3.5 Gyrs o a .
s - -
| | _—" distance now 4
| Gly: 10° light years L o .

| Gyrs: 109 years @5
25 // -
2 / 4
~ 4

~

/ -
2 // -

"

lookback time

distance then

A 1 A A . .S l y- A V8

5 6 7 3 9 10
redshift (z)
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, =70 km/s/Mpe, Q = 0.26, flat

Present Age = 14 billion yea

Parameters given by
Big Bang & Cosmological Model

e ——— :
Recession velocity (more general for z > 0.1): -
v (1+2)2-1 P e i
¢ (1+2)2+1 . il i
_—" distance now 4
/// .

S z=7.54 2=8.26
S 699 Myr after BB 619 Myr after BB

P :

B / Most distant galaxy

// z=11.09
/ 414 Myr after BB
/ . 1
R / Age of the universe -
r—— V
K / - i
/ lookback time ‘
/ 4
i / :
/ 4
/ -
/ . |
oo o distance then '
Hubble Law (linear relation)
/ d U/Ho = ZXC/HO :
R AR Y I o] I U W) S TOY e A L) | |

4 5 6 7
redshift (z)

2 3
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Accelerated expansion of the Universe



Supernovae Type la as standard candles
to measure cosmological distances

Saul Perlmutter Brian Schmidt  Adam Riess

Nobel Prize 2011: "For the discovery of the accelerating expansion
of the Universe through observations of distant supernovae”



Supernovae Type la as standard candles

SN 1998ub

Galaxy Messier 96, observed on Same galaxy Messier 96 observed
17/05/1998, shows supernova event 2 years before (15/04/1996)



Supernova la as standard candles

White dwarf

Companion star

Accretion disk

Standard candle because explosion occurs when mass of white dwarf
reaches a particular value: Chandrasekhar limit M= 1.4 M@



Supernovae Type Ia have similar luminosity at peak

Supernova light curves  _ g

Peak luminosity: T
L =5.5x10° Lo

|

l
-
~N

Type la

@

o

=
T 2
¢ 2
108 —1=-15 &
el @
o - =
3 Typel ll S
= —1-13 &
€ 107 <
=
= |

—1-11
6 | ] | 1 | | |
k2 0 100 200 300

Days after maximum brightness



Supernovae Type Ia as standard candles

Observed distance of a standard candle
d=[L/4nF)]2

Supernovae Ia light curves

—20
7 = Peak luminosity is different
E 19k / F in different supernovae
S / /
=
Z
O -18F
=z
=
517
D ¢
— ¢
>
| [ ]
% ~161"  Bpand absolute magnitude °°
(
-15 ] ] ]
-20 0 20 40 60

Days

e Peak is wider in time for brighter supernovae
e Phillips Relation to infer the “intrinsic absolute brightness” (“standard candle”) of SN Ia



Supernovae Type Ia as standard candles

Supernovae Ia light curve

S | ¢ E Phillips Relation derived from many SN Ia
Mmax( ) ) . '\\ B -20
2} Wocsisnznd M <19
?g’- 25-18
= 17
m -
? 3 08 10 12 14 16 18 2.0
0 10 20 30 40 Am.. (B)

days afterB__

Am,;(B): B-band observed magnitude drop in 15 days after maximum

Mmax(B): B-band absolute magnitude at peak



Supernovae Type Ia as standard candles

ABSOLUTE MAGNITUDE

SCALED MAGNITUDE

py oo B-band absolute magnitude
/ ‘ as measured
e/
/ =
2
3
c
3
S
@)
o & 23
. . <
@
=
1 1 I o
S
0&1“\
by
// . Stretch-factor corrected
9‘\
(N
%
.!’.:
% s.? e After this correction,
vl ‘ supernovae Ia are real
standard candles
I I I
0 20 40 60



Supernova Ia are bright = can be detected at high distance

/ -

April 24, 2006

N\

L

*

redshiftz =1.2

July 5, 2006
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Most distant supernova Ia ever detected . -~ .,
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DistanCe =—-

m—M

A(m—M)

Supernovae type Ia and cosmology: the accelerating Universe

50

45

40

35

I | I I | I R
@® [ Supernova Ia data (2007)

m: observed magnitude
M: absolute magnitude (standard candle)

Lines:
different cosmological models
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The accelerating expansion of the Universe

Change of sign in rate of expansion
From decelerating to accelerating

at redshift z ~ 0.6

n
S
Z
O
%
<
o
>
]

8 g 10 11
LOOKBACK TIME (BILLIONS OF YEARS)

Time since Big Bang



