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The galaxy cluster Abell 520: visible light
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What is a galaxy?
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What is a galaxy?
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What is a galaxy?
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The Andromeda “nebula” (M31)
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As seen by Messier in the XVIII century... ... and by the Hubble Space Telescope



What is a "nebula”?
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Malta, 24/09/2014

XVIII century: Messier and Herschel point out the
existence of “nebulae” in the sky

COSMO in the MED Chiara Ferrari



Measuring distances ...

S = luminosity
| = flux

mmtensity at
swface of sphere

, I
S _ o
47712

sphere area

41712

source strength

r
As distance increases
intensity decreases



Measuring distances to galaxies

Hubble Space Telescope = WFC3/UVIS
Time

Cepheid Variable Star V1 in M31

ﬁ;—\ég H. Leavitt

STScl/AURA

(

NASA, ESA, and the Hubble Heritage Team




Our Galaxy is not Unique!
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Our Galaxy is not Unique!

Andromeda's Distance From Us (to Scale)

100,000 140,000
light years light years
- 2.5 milli
= | 2 Miion |
€ light years | &
N AN
Milky Way Andromeda

www.waitbutwhy.com

1 parsec = 3.26 light years = 3.0857%x10'° m

We use kpc and Mpc in extra-galactic astrophysics










Size of Hubble eXtreme Deep Field on the Sky
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. Hubble extrem® Deep Field (XDF) "
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Power density (10" wattsim*® )
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Galaxy and stars colors

483 nm

' A T=2898 X 10° m-K

pea
The wavelength of the peak of
the blackbody radiation curve
6000 K gives a measure of temperature.

i Visible \

1580 nm:

!

00 500 7 1000 1500 2000 2500
966 nm (IR) Wavelength {nm)

Surface
Temperature (K)

Time on Main

/— Sequence (million years)

20 Mass/M

102

http://csep10.phys.utk.edu/astr162/lect/index.html



Galaxy colors

Elliptical galaxy Spiral galaxy

Malta, 24/09/2014 COSMO in the MED Chiara Ferrari
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Galaxy colors

Elliptical galaxy
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Stars spectra
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An ideal
thermal spectrum
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Animation by G. Rieke



Spectrograph I Observed spectrum
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\ I Continuum spectrum
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Star Region of Very.th.ot stars
emitting cold exciting gas

continuum The Earth atoms

light

* The Earth.
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Star
emitting
continuum
light

Pure
continuum
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Region of
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absorption lines due
to the cold gas
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Galaxy morphologies

Hubble's Galaxy Classification Scheme

Sb

Sc

» = 45

Malta, 24/09/2014 COSMO in the MED Chiara Ferrari




Galaxy morphologies

Lot 4 billion years
11 billion years
¢« 5 & S5 e e 8 oW ® P
& =R b D99 * 8 ) »
[— .' .

http://www.spacetelescope.org
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Morphological evolution

The Evolutionary Merger Scenario

Spiral Galaxies

Elliptical Galaxy

Malta, 24/09/2014 COSMO in the MED Chiara Ferrari




Morphological evolution

The

Spiral Galaxies

Elliptical Galaxy

=

Malta, 24/09/2014 COSMO in the MED Chiara Ferrari
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INTERACTING GALAXIES

HuBBLE SPACE TELESCOPE
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"A rose made of galagies"

http://chandra.harvard.édu/
Credits: NASA, ESA and the Hubble Heritage Team (STScI/AURA)



http://chandra.harvard.edu/
Credits: NASA, ESA, the Hubble Heritage Team (STScl/AURA)-ESA/Hubble Collaboration and A. Evans (University of Virginia,
Charlottesville/NRAO/Stony Brook University), K. Noll (STScl), and J. Westphal (Caltech)
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One or more telescopes (powerful...) The sky (without clouds...) Wonderful images of the sky !

One or more computers Some physics
(powerful...) (more or less complicate..) Wonderful images of the ‘“‘sky” !



http://hubblesite.org/videos/
Credits: Visualization: F. Summers (STScl) - Simulation: C. Mihos (CWRU) & L. Hernquist (Harvard)
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The Very Large Array (VLA)




THE ELECTROMAGNETIC SPECTRUM

X-RAYS UV VISIBLE  INFRARED RADID
5
TYPICAL $IZE PROTONS ATOMS BACTERIA TV SIGNALS DIAMETER
1044 10°A 1A 100 A 1yum 0.1 mm 1em 1m 10m  10km  10Pkm  10°km 107 km
WAVELGNGT" 1 1 1 1 1 1 1 1 1 1 |4 1 1 | | 1 | | 1 | L 1 | |
[
B | | L 1 ] | 1 ] 1 | | 1 1 1 | ] 1 | ) 1 1 | ] 1 | | 1 1 | ] | ]
FREQUENL:Y 10 10" 107 10° 10 10 100 1 10 100 1 10 0.1
GHz GHz GHz GHz GHz GHz GHz GHz tHz YHz iz Hz Hz

ifferent view of the sky:
radio observations




The atomic gas content of galaxies

Plate 1.6 Van de Hulst reading his paper on the 21 cm hydrogen line. (This
photograph taken in 1955 is a reconstruction of the 1944 meeting).
(By courtesy of H. C. van de Hulst, Leiden)

Predicted by Van de Hulst in 1945 ... ... and detected by Ewen & Purcell in 1951



The atomic gas content of galaxies

Gamma X Visible Infrared . Micro Radio
rays rays . i waves waves
: R IR

Ultra
violet

herschel

... and detected by Ewen & Purcell in 1951



The atomic gas content of galaxies

* During low energy collisions, electrons

Higher energy Spin
state flip : : : :
@ (@ flip their spin (from anti-parallel to
parallel). Collisional excitation
;Ltzg,M:,Ei)ﬁ\ * A longer time later, electrons flip back
(average time = 10 000 yrs)
n=1,° J=1/2 i:l) i « 21 cm radiation is emitted
* It happens in galaxies due to:
Hydrogen hyperfine Nuclear Electron | huge amount of gas: 109-1010 |\/|@
structure spin spin
1s .~ ls_gxm-ﬁev ! ii. very low density: <1 atom/cm?®
~_ E |
/5§1420 MHz
A=21cm

Figures from http://hyperphysics.phy-astr.gsu.edu



Yun et al., 1994, Nature, 372, 530



Interacting Galaxies Arp 104

i

NASA, ESA, and the Hubble Heritage Team (STScl/AURA) - HST WFPC2 - STScl-PRC09-18

ubble

eritage




 Explosive Outbursts

e Life

eue )
Cycle of |
. Massive Stars ’

Neuvutron
Star / Pulsar

star forming nebula . Interstellar Medium



Radio emission from galaxies
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Radio emission from galaxies

“electron

proton

hydrogen atom

M82 observed with MERLIN at 5GHz

p s
1




Birth and death of stars

Explosive Outbursts

Interstellar Medium



Credit: NASA, ESA, and the Hubble Heritage Team STScI/AURA)-ESA/Hubble Collaboration. Acknowledgement: B. Whitmore
( Space Telescope Science Institute) and James Long (ESA/Hubble)



* Composite Infrared
e
-
. " Visible
“ .
Interacting Antennae Galaxies Spitzer Space Telescope ¢ IRAC

Visible: M. Rushing /NOAO
NASA / JPL-Caltech / Z. Wang (Harvard-Smithsonian CfA) ssc2004-14a



| Star

Infrared
Stellar
absorption lines
Blackbody . A
spectrum : : o N
p Co . . 1
. 2

- Blue light
Z%C;n{’ght greatly reduced
detectable

reduced
L > -
. \ : Visible
EPEnEne Telescope AW

: -
(b) e

Intensity

Stellar .
absorption:

/ lines still

2005 Pearson Prentice Hall, Inc.

Interacting Antennae Galaxies Spitzer Space Telescope ¢ IRAC

Visible: M. Rushing /NOAO
NASA / JPL-Caltech / Z. Wang (Harvard-Smithsonian CfA) ssc2004-14a



A multi-wavelength view of the Milky Way

radio continuum (408 MHz

Mass in stars ~ 10" M

Mass in gas ~ 10"° Me
Mass in dust ~ 108 Me

Total mass ~ 10'2 M,

molecular hydrogep:
% i T S Ay

i 5

infrared

mid-infrared

R

" ~-W.

Malta, 24/09/2014 COSMO in the MED Chiara Ferrari



A multi-wavelength view of galaxies

n‘ N %

Ultra-violet

Credits: Radio: WSRT/R. Braun; Infrared:NASA/Spitzer/K. Gordon; Visible: Robert Gendler;
Ultraviolet: NASA/GALEX; X-ray: ESA/XMM/W. Pietsch

Malta, 24/09/2014 COSMO in the MED Chiara Ferrari




Spectral Energy Distribution (SED)

optical near-IR far-IR
100 E ] T RRL T
Sb spiral Elliptical Mrk231 (AGN) 7
. h Sd spiral Arp220 QSO (dotted) _|
1§ 3
N
n
O
-
-
S 01 | E
ap ' ;
>
m
0.01 5 =
0.001 3 -
; Courtesy: CANDELS
(Cosmic Assembly Near-Infrared Deep Extragalactic Legacy Survey)
0.0001 ul sl S
0.1 1 10 100 1000
wavelength (um)
Malta, 24/09/2014 COSMO in the MED Chiara Ferrari



* ¥

* . Hercules A radio galaxy
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NASA, ESA, S. Baum and C. 0'Dea (RIT), R. Perley and W. Cotton (NRAO/AUI/NSF), and the Hubble Heritage Team (STScl/AURA)



Examples of ﬂgdio galaxies

Courtesy: G. B. Taylor, VLA



4]  The HI Nearby Galaxy Survey (THINGS)
F. Walter, E. Brinks, E. de Blok, F. Bigiel, M. Thornley, R. Kennicutt
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Galaxy rotation curves

Hl image of M33 (NRAO)

A ‘_//\ blueshifted

C redshifted /L

«—— bluer wavelength redder —»

Copyright @ Addison Wasley.

Malta, 24/09/2014 COSMO in the MED Chiara Ferrari



Galaxy rotation curves

300 . | | | |
kms” /Ll | sbe-sc 67w | Sbe-sc NGC 8D Rubin et al. 1978
200 ]—— | (from rotational velocity of stars)
Sc NGC 2998 |
- Sc NGC 3672 | kms
S |
0 | | | 00 |
| | B
| |

0
0 5 10 5 20 25 30 3B 40  45kpcS0

Bosma 1978

(from HI measurements)

Scd

See e.g. Faber & Gallagher (1979)
for a review of this very active field
in the 70’s

Malta, 24/09/2014 COSMO in the MED Chiara Ferrari



M(r)=M — v(r) = (GM/r)'/? = const x r—1/2 M(r) =kr — v(r)=(GM/r)'/? = const

50 - 3300 L
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(b) (c)

Copyright @ Addison Wesley Copyright @ Addison Wesley
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M(r)=M — v(r) = (GM/r)'/? = const x r—1/2 M(r) =kr — v(r)=(GM/r)'/? = const
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Dark matter evidence in galaxies

g —— 0% THEN HOW )
G . 200 30 ¢ ) M| WYUKNOW | 1T
i R A B SO ={ IT'S THERE?
SIS R (x 10001y) .
: e ' : . ; 3 . .. oo . (- =

Malta, 24/09/2014 COSMO in the MED Chiara Ferrari



Soucail et al . 1987

Dark matter evidence
through galaxies

Fig. 1 : CCD image of the A370 center with a R filter at the F/2 C.F.H.T. focal reducer (exposure time 10 mn)



From groups to rich clusters

\.

M<10" Msun | . o .. Y e ..'-.M2.'|0_15 My = & o

»
.

Most galaxies are not isolated in the Universe.
They are bound together by their mutual gravity in structures containing from a few galaxies,
to hundreds or even thousands galaxies

Malta, 24/09/2014 COSMO in the MED Chiara Ferrari



Soucail et al . 1987

Dark matter evidence
through galaxies

Fig. 1 : CCD image of the A370 center with a R filter at the F/2 C.F.H.T. focal reducer (exposure time 10 mn)

galaxy
galaxy cluster

lensed galaxy images

distorted light-rays

Credit: NASA, ESA, the Hubble SM4 ERO Team, and ST-ECF _



Galaxy Cluster Abell 370
Hubble Space Telescope » ACS/WFC

NASA, ESA, the Hubble SM4 ERO Team, and ST-ECF STScl-PRC09-25h




Dark matter evidence through galaxies

MCIuster = 400 Z MGaIaxies

Malta, 24/09/2014 COSMO in the MED Chiara Ferrari



Radial velocity measurements

Malta, 24/09/2014
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v = 30,000 km/s

Malta, 24/09/2014 COSMO in the MED Chiara Ferrari



v = 30,000 km/s

Malta, 24/09/2014 COSMO in the MED Chiara Ferrari



Dark matter evidence through galaxies

MCIuster = 400 Z MGaIaxies

Malta, 24/09/2014 COSMO in the MED Chiara Ferrari



From groups to rich clusters

\.

M<10" Msun | . o .. Y e ..'-.M2.'|0_15 My = & o

»
.

Most galaxies are not isolated in the Universe.
They are bound together by their mutual gravity in structures containing from a few galaxies,
to hundreds or even thousands galaxies

Rich clusters are the largest gravitationally bound virialized systems in the Universe

Malta, 24/09/2014 COSMO in the MED Chiara Ferrari



Abell 902

e

Abell 901/902 Supercluster Dark Matter Map = STAGES
Hubble Space Telescope = ACS/WFC

NASA, ESA, C. Heymans (University of British Columbia), M. Gray (University of Nottingham), STScl-PRC08-03
and the STAGES Collaboration

MAP390404




Abell 902

e

Abell 901/902 Supercluster Dark Matter Map = STAGES
Hubble Space Telescope = ACS/WFC

NASA, ESA, C. Heymans (University of British Columbia), M. Gray (University of Nottingham), STScl-PRC08-03
and the STAGES Collaboration

MAP390404




Galaxy Cluster Abell 520 HST WFPC2 = CFHT = CXO

. > S
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erived from CFHT Mass = derived from WFPC2

o rew g B,

"y'isit‘&-i FST/WEPC2 = CEHT. -~ = " gy X-ray & CXO

NASA, ESA, CFHT, CXO, M.J. Jee (University of California, Davis), and A. Mahdavi (San Francisco State University)
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X-ray = CXO

Luminosity = derived from CFHT

Why elliptical galaxies
dominate in clusters ?

What is this component that
we observe in X-rays ?

Why galaxies are not
distributed in a nearly
spherical way ?
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Why elliptical galaxies
dominate in clusters ?



Galaxy Cluster Abell 1689
Hubble Space Telescope ¢« Advanced Camera for Surveys

NASA, N. Benitez (JHU), T. Broadhurst (The Hebrew University), H. Ford (JHU), M. Clampin(STScl),
G. Hartig (STScl), G. lllingworth (UCO/Lick Observatory), the ACS Science Team and ESA
STScl-PRC03-01a



Cluster environment hostile to star formation
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X-ray = CXO

What is this component that
we observe in X-rays ?



The Intra-Cluster Medium (ICM)

X-ray: NASA/CKC/Caltech/A.Newman et al/

Optical: NASA/STScl, ESO/VLT, SDSS Tel Aviv/A.Morandi & M.Limousin

Malta, 24/09/2014 COSMO in the MED Chiara Ferrari



arbitrary units

arbitrary units

Thermal bremsstrahlung emission

107 K (0.86 keV)
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*  Optical + X-rays




The massive components of galaxy clusters

® Galaxies: ~2-5% Mciuster ,
"® Hot diffuse KM: =10-15% Mciuster °
@ Dark Matter: ~80-85% Mciuster

1 arcmin

Malta, 24/09/2014 COSMO in the MED Chiara Ferrari



DECLINATION (J2000)

Ram-pressure stripping (and compression)

J R v R 5|

| g NGC 4522
B .. MenR.#1 e Ram-pressure

i (e piem xV?)
10 — j ° Gas Strlpplng 2 11201400
« Gas compression
Kenney et al. 04 |

40 35
RIGHT ASCENSION (J2000)

Kapferer et al. 09

Newly formed stars Stripped Interstellar Medium




Virgo, A Laboratory for Studying Galaxy Evolution
3

’
e+
-
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2V <500 km/s
The VIVA Survey (VLA Imaging of Virgo in Atomic gas) © 600 km/s<'V <1300 km/s
® 1400 km/s <V < 2000 km/s

Imaging survey in HI ® V > 2000 km/s



Luminosity = derived from CFHT

Why galaxies are not
distributed in a nearly
spherical way ?



Hierarchical
structure formation

» Galaxy clusters form through
merging of less massive clusters
and/or accretion of field galaxies or
small groups

* Huge gravitational binding
energies (= 10% ergs) are realised

during major cluster mergers

« Complex evolutionary physics of

clusters

¥
\

Millennium Run<
10.077.696.000"particles » |
5 b Springal aal, (2004) \*‘

Malta, 24/09/2014 COSMO in the MED Chiara Ferrari









Galaxy Cluster Abell 1689
Hubble Space Telescope ¢« Advanced Camera for Surveys

NASA, N. Benitez (JHU), T. Broadhurst (The Hebrew University), H. Ford (JHU), M. Clampin(STScl),
G. Hartig (STScl), G. lllingworth (UCO/Lick Observatory), the ACS Science Team and ESA
STScl-PRC03-01a
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Numerical simulations of the Bullett cluster




A new window on galaxy cluster studies

‘Optical (DSS): . -. =~ .

Radio (NSF/NRAO/VLA/IUCAA/J.Bagchi)

X-ray (NASA/CKC/SAO/Vikhlinin; ROSAT)

~




A new window on galaxy cluster studies

‘Optical {DSS): ... =~

X-ray (NASA/CKC/SAO/Vikhlinin; ROSAT)
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A new window on galaxy cluster studies

‘Optical {DSS): ... =~

X-ray (NASA/CKC/SAO/Vikhlinin; ROSAT)
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The Coma cluster observed with LOFAR @ 150 MHz ¢
Bonafede et al. (in prep.)
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Spectacular radio emission from galaxy clusters
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Bonafede et al. 2014



Spectacular radio emission from galaxy clusters
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THE
BIGGEST
ARRAY

South Africa's plan for the
Square Kilometre Array
(SKA) calls for some
3,000 antennas spaced
over half the continent.

NAMIB{A

SOUTH
AFRICA

@ SKA core site

.Cape Town

The Square Kilometre Array

Square Kilometre Array »
Australia » New Zealand

AN .~

' The outer antennas will form a

¢ rough spiral pattern designed
to maximize the fidelity of the
array's combined image.

@

Potential array station

Ch <y Most of the antennas

o\ 4 would be clustered in

= the Karoo, around the
SKA core, where the
prototype KAT-7 is
almost complete.

5,500km baseline

The biggest radio telescope in the world

1 km? = 140 foothall pitches



The Square Kilometre Array

SAUARE KILOMETRE ARRAY




The Square Kilometre Array




Not only for the local universe, butouttoz ~ 0.8
(resolved) and z ~ 2 (unresolved)

(see e.g. van der Hulst et al. 2014)
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2V <500 km/s
® 600 km/s<V < 1300 km/s

The VIVA Survey (VLA Imaging of Virgo - z=0.0038) in Atomic gas) g ]
Imaging survey in HI 2V > 2000 km/s



Not only for the local universe, butouttoz~ 1.0

(see e.g. Ferrari et al. 2014)
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The Coma cluster (z~0.02) observed with LOFAR @ 150 MHz
Bonafede et al. (in prep.)
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