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http://chandra.harvard.edu/ 
Credits: NASA, ESA, CFHT, CXO, M.J. Jee (University of California, Davis), and A. Mahdavi (San Francisco State University)

The galaxy cluster Abell 520



The galaxy cluster Abell 520: visible light

http://chandra.harvard.edu/  
Credits: CFHT, A.Mahdavi (UVic.)



What is a galaxy?



What is a galaxy?

The Milky Way by W. Herschel
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ESA/Hubble & Digitized Sky Survey 2. Acknowledgment: Davide De Martin (ESA/Hubble)
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As seen by Messier in the XVIII century... ... and by the Hubble Space Telescope
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C. Messier W. Herschel

H.D. Curtis H. Shapley
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H. Leavitt



E. Hubble
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Courtesy: 2014 American Institute of Physics
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Hubble eXtreme Deep Field (XDF)

http://www.spacetelescope.org
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http://csep10.phys.utk.edu/astr162/lect/index.html
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Elliptical galaxy Spiral galaxy
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Elliptical galaxy Spiral galaxy



Stars spectra



Animation by G. Rieke



White light 

Source

Observed spectrum

Continuum spectrum

Spectrograph

!
!

Same gas, but cold

Emission lines 
!Hot gas

White light Absorption  lines 



Star 
emitting  

continuum 
light

Region of 
cold  
gas The Earth

Pure 
continuum

Presence of 
absorption lines due 

to the cold gas

Very hot stars 
exciting gas 

atoms

Gas cloud

The Earth

Presence of emission 
lines due to the hot gas



Star 
emitting  

continuum 
light

Region of 
cold  
gas The Earth

Pure 
continuum

Presence of 
absorption lines due 

to the cold gas
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http://www.spacetelescope.org
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Hubble eXtreme Deep Field (XDF)

http://www.spacetelescope.org





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

"A rose made of  galaxies"



http://chandra.harvard.edu/  
Credits: NASA, ESA, the Hubble Heritage Team (STScI/AURA)-ESA/Hubble Collaboration and A. Evans (University of Virginia, 
Charlottesville/NRAO/Stony Brook University), K. Noll (STScI), 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 
(powerful...)

+

Some physics 
(more or less complicate..)

=

Wonderful images of the “sky” !



http://hubblesite.org/videos/  
Credits: Visualization: F. Summers (STScI) - Simulation: C. Mihos (CWRU) & L. Hernquist (Harvard)









The Very Large Array (VLA)



A different view of  the sky: 
radio observations

The Very Large Array (VLA)
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Predicted by Van de Hulst in 1945 … … and detected by Ewen & Purcell in 1951 
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… and detected by Ewen & Purcell in 1951 
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Figures from http://hyperphysics.phy-astr.gsu.edu
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Yun et al., 1994, Nature, 372, 530
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M82 observed with MERLIN at 5GHz
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M82 observed with MERLIN at 5GHz



Birth and death of  stars



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)
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Credits: Radio: WSRT/R. Braun; Infrared:NASA/Spitzer/K. Gordon; Visible: Robert Gendler;  
Ultraviolet: NASA/GALEX; X-ray: ESA/XMM/W. Pietsch
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Courtesy: CANDELS 
(Cosmic Assembly Near-Infrared Deep Extragalactic Legacy Survey) 
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Malta, 24/09/2014 COSMO in the MED Chiara FerrariNASA, ESA, S. Baum and C. O'Dea (RIT), R. Perley and W. Cotton (NRAO/AUI/NSF), and the Hubble Heritage Team (STScI/AURA)

Hercules A radio galaxy

Optical + Radio
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Examples of  radio galaxies

Courtesy: G. B. Taylor, VLA
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HI image of M33 (NRAO)
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Rubin et al. 1978  
(from rotational velocity of stars)

Bosma 1978 
(from HI measurements)
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Soucail et al . 1987

Dark matter evidence 
through galaxies



Abell 1689HGC 87
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Abell 957

M ≤ 1013  MSun M ≈ 1014  MSun M ≥ 1015  MSun
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Malta, 24/09/2014 COSMO in the MED Chiara FerrariCredit: NASA, ESA, the Hubble SM4 ERO Team, and ST-ECF

Soucail et al . 1987

Dark matter evidence 
through galaxies
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Coma clusterF. Zwicky

MCluster ≳ 400 ∑ MGalaxies
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Hubble original diagram (1929)

cz ⇡ H0D
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F. Zwicky

MCluster ≳ 400 ∑ MGalaxies



Abell 1689HGC 87
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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 ?



Why elliptical galaxies 
dominate in clusters ?

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

Why galaxies are not 
distributed in a nearly 
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Balogh et al. 04
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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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Optical: NASA/STScI, ESO/VLT, SDSS
X-ray: NASA/CXC/Caltech/A.Newman et al/

Tel Aviv/A.Morandi & M.Limousin
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Diffuse (10-5 - 10-1  atoms/cm3) 

and very hot (107 - 108  K!!!)


ionised intra-cluster gas


Böhringer & Werner 2009
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Optical + X-rays
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• Galaxies: ≈2-5% MCluster 

• Hot diffuse ICM: ≈10-15% MCluster 

• Dark Matter: ≈80-85% MCluster

Malta, 24/09/2014 COSMO in the MED Chiara Ferrari
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Newly formed stars                                                      Stripped Interstellar Medium

Kapferer et al. 09

Kenney et al. 04 Cortese et al. 07
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The VIVA Survey (VLA Imaging of Virgo in Atomic gas)  
Imaging survey in HI 



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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The “Bullet Cluster”



The “Bullet Cluster”
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Optical (DSS)

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

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

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

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

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

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



Magnetic fields on the large-scales: galaxy clusters

The Coma cluster,
LOFAR 150 MHz  Bonafede et al (in prep)

~3.3 Mpc

Spectacular radio emission from galaxy clusters

The Coma cluster observed with LOFAR @ 150 MHz 
Bonafede et al. (in prep.)  



PLCKG287 observed with the GMRT @ 325 MHz and 610 MHz  

Bonafede et al. 2014

Spectacular radio emission from galaxy clusters



Abell 3376 observed with the VLA@1.4 GHz 

Bagchi et al. 2006

Spectacular radio emission from galaxy clusters

CIZA = the ”Sausage” cluster

3

WSRT 1.4 GHz , ROSAT X-ray overlays 
(van Weeren et al. 2010, Science)

• z=0.19
• X-ray luminous
• Disturbed morphology
• Merger in the plane of the 

sky
• Twin, outward travelling 

shock waves
• Ingredients: 

▫ Two big relics
▫ Some smaller patches of 

diffuse emission
▫ Some interesting 

radio galaxies

April 24, 2013, Modern Radio Universe

1.4 Mpc

CIZA  2242 observed with the WSRT@1.4 GHz 

van Weeren et al. 2010



The Square Kilometre Array

The biggest radio telescope in the world 
1 km2 = 140 football pitches !!!



The Square Kilometre Array



The Square Kilometre Array



The VIVA Survey (VLA Imaging of Virgo - z=0.0038) in Atomic gas)  
Imaging survey in HI 

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

!
(see e.g. van der Hulst et al. 2014)



Magnetic fields on the large-scales: galaxy clusters

The Coma cluster,
LOFAR 150 MHz  Bonafede et al (in prep)

~3.3 Mpc

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

Not only for the local universe, but out to z ~ 1.0 
(see e.g. Ferrari et al. 2014)



Thank you  !

Chiara Ferrari 
!


