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1 Mpc = 3.0857⇥ 1022 m
<latexit sha1_base64="rlpsxiE4ebkceWgLRpGgzOD4MTM="></latexit><latexit sha1_base64="rlpsxiE4ebkceWgLRpGgzOD4MTM="></latexit><latexit sha1_base64="rlpsxiE4ebkceWgLRpGgzOD4MTM="></latexit><latexit sha1_base64="rlpsxiE4ebkceWgLRpGgzOD4MTM="></latexit>

Friedman-Lamâıtre-Robison-Walker Metric
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Hubble-Lamâıtre Law
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Zwicky, 1937, Apj, 86, 217

  “The observation of such gravitational lens effects 
promises to furnish us with the simplest and most 
accurate determination of nebular masses. No 
thorough search for these effects has as yet been 
undertaken. It would seem, perhaps, that if the masses 
of field nebulae were, on the average, as great as the 
masses of cluster nebulae obtained in section iii, 
gravitational lens effects among nebulae should have 
been long since discovered. Until many plates of rich 
nebular fields taken under excellent conditions of 
seeing have been carefully examined it would be 
dangerous, however, to draw any def in i te 
conclusions.”

http://nedwww.ipac.caltech.edu/level5/Sept01/Zwicky/Zwicky3.html


Apparent deflection angle α



Lensing and Time Delays
⬧ Images seen in directions 

perpendicular to the 
wavefronts 

⬧ Wavefronts from the 
same event in the object 
arrive at different times



First Extragalactic Observations

⬧ 1979 Walsh, Carswell, & Weyman 
serendipitously discovered the first multiple 
image quasar. Two quasar images at z=1.41, 
lens galaxy at z=0.36. 

⬧ Lynds & Petrosian (1986), Soucail et al. 
(1987) discovered giant luminous arcs in the 
cluster of galaxies A371.











A Gravitational Lens Analogy (see 
Refsdal & Surdej 1994)
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Lenses for Different Mass 
Distributions



Zemax 
Modeling



The Optimal Gravitational Lens 
Telescope (OGLT)

Surdej et al. 2010



GTM as a Segmented Vortex 
Telescope could become an  OGLT

Treviño, López-Cruz, & Chávez-Cerda,2013



Gravitational Lensing by a Black  Hole

Can we push our analogy based on refractions? 



Orbiting Rays of Light
What kind of refractive index is needed?
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Caustic Network in the Universe



⬧ Mysterious 'Giant arcs' in A370,Cl2244

⬧ Paczynski suggests lensing
⬧ 1987 Fort et al. confirm. Spectroscopy.

⬧ Clusters are more massive than expected

History



Lens Equation 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Science
⬧ Initially we proposed to use APEX+LABOCA to 

map the pressure wave in the Bullet Cluster (1E 
0657-56) (2008). 

⬧ Kathy Horellou and her team join us. They have 
proposed a similar project on APEX Swedish time.  

⬧ We were surprised to discovered 17 sub-millimeter 
galaxies (SMG) behind the Bullet Cluster, which at 
the time none of them had measured redshifts 
(2009). 

⬧ In this talk I present the results from our  
APEX+LABOCA observations and our follow-up 
observations on the brightest SMG, aka SMM 
J065837.6-555705 (SMM J0658), Cosmic Seagull 
using ATCA CABB (3mm and 7mm) and ALMA



The Bullet Cluster (1E 0657 -57) was discovered by Tucker et al. (1995) using Einstein IPC. 
Tucker et al. (1998) used ASCA data and derived T= 17 keV (5.2 X 108  K), it’s one of the 
hottest known cluster. Established as a cluster-cluster merger by Tucker et al. (1998) using 
ROSAT. The  most luminous synchrotron radio halo (Liang et al. 2000). Supersonic merger 
Mach=2-3 shock: v=4000-5000 km/s (Markevitch et al. 2002)



Liang et al.  (2000) 
1.3 GHz ATCA 
observations



Physical Properties of the gas in the Bullet 
Cluster (Markevitch et al. ,2002)



The discovery of the brightest SMG behind the Bullet Cluster 
was done by Wilson, Hughes, Aretxaga et al. (2008) using  
AzTEC (First light Instrument of GTM Alfonso Serrano) on  
ASTE (ALMA’s prototype antenna).

zphot = 2.7± 0.2
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The 17 sources detected by APEX/LABOCA 850µm 
observations. The black contour shows the 2 mJy/beam level. 
The red inner dashed circle marks the 10 arcmin used for 
analysis (<zphot> ~1.3, Rex et al. 2009). (185 scans/8 min  int.)

Johansson et al.  2010, A&A, 514, A77



Johansson et al.  2010, A&A, 514, A77



 APEX+LABOCA



Left: signal-to-noise map with overlaid circles indicating extracted submm sources. The contours show the the projected 
mass density from the weak lensing analysis by Clowe et al. (2006). The contours range from 40 to 85% of the maximum 
value and are spaced by 15%. The weak lensing map was retrieved from the website http://flamingos.astro.ufl.edu/1e0657/
public.html. The rectangles show the regions of complete coverage of Spitzer MIPS (small rectangle) and IRAC (large 
rectangle). Right: signal map (in units of Jy/beam) with contours of the X-ray surface brightness from XMM-Newton 
observations. The noise level in the signal map increases rapidly towards the outskirts because of the low coverage there.

https://www.aanda.org/articles/aa/full_html/2010/06/aa13833-09/aa13833-09.html#Clowex2006th
http://flamingos.astro.ufl.edu/1e0657/public.html
http://flamingos.astro.ufl.edu/1e0657/public.html




The bullet has the most lensed 
galaxies

Clusters observed with 
APEX/LABOCA by 
Johansson,Sigurdarson 
and Horellou (2011)
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Zphot=2.9+0.6-0.3 
by Rex et al. 2009
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20 mJy



That is all fine for imaging. 
But we need spectroscopic 

redshifts!! 

Enters the Australian Telescope 
Compact Array and the Compact 

Array Broadband Backend (ATCA/
CABB)







Gonzalez et al. 2010 PAH redshift, z=2.791 +/- 0.007 
CO(3-2) ➔ 91.23 GHz; CO(1-0) ➔ 30.41 GHZ





CABB 



The first 3mm CABB channel map. Observed on 
October 17-18, 2010 with ATCA 



Lline=3.25 X 107 S Δv νobs
-2 DL

2(1+z)-3  
(Solomon & Vanden Bout 2005) 







zCO = 2.7795± 0.00.10
CO(3� 2)

CO(1� 0)
= 0.56
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z = 2.7793± 0.0003
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Gas Mass and Dynamical Mass
CO-H2 conversion. 
Taking 

  

Formula by Papadopoulos et al. 2000; taking  <sin i> = 0.5; L = 1 kpc 



Comparison with other highly 
magnify galaxies 



SMG are usually ULIRGS





The Cosmic Seagull
Enters ALMA  Cycle 3 Observations, band-3 and band-6



The best model of the Bullet Cluster





Mdyn = (6.3± 0.7)⇥ 1010 M�
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The Stellar Mass
A1+A2



Newest Parameters



Conclusions
⬧ First to measure the Cosmic Seagull 

redshift. 
⬧ First to measure the rotation  curve of the 

Cosmic Seagull. 
⬧ Improvement to the Bullet Cluster’s lens 

model. 
⬧ To be continued…



Conclusions
⬧ Clusters of galaxies acting as natural telescopes 

allow us to study faint SMG. 
⬧ We have detected CO for the first time using ATCA/

CABB We have refined on the redshift on the 
brightest SMG behind the bullet cluster.  

⬧ The derived  masses are consistent with galaxies 
smaller than the Milky Way. Therefore S1 (SMM 
J0658) should be more representative of the overall 
population of galaxies at z ~3. 

⬧ Observations with ALMA will allow us to impose 
tighter constrains on the physical properties of this 
rather interesitng low-mass galaxy. 
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Clusters of galaxies
⬧ Composition: (not just galaxies!)

⬧ 1014 Solar Masses
⬧ ~1 % of mass is in galaxies
⬧ ~10 % of mass is hot gas (108 K)
⬧ the rest is dark matter
⬧ Also contains large scale magnetic fields (hard to explain 

their origin by initial conditions)
⬧ Distort the CMB through the Sunyaev-Zeldovich Effect.

⬧ Interesting questions
⬧ how much mass?
⬧ 'slope' of central profile
⬧ subclumps?



Weak versus strong lensing
⬧ Strong lensing:

⬧ multiple images
⬧ banana shaped arcs
⬧ Σ>Σc
⬧ inner parts of massive clusters/ galaxies

⬧ Weak lensing
⬧ ellipse orientation is changed
⬧ low-mass clusters, outer parts of massive c.













Shear maps:  
average galaxy shapes











Gravitational telescope
⬧ Systematic scan of high magnification regions for 

Lyman-a emission at z>5

⬧ A2218

⬧ 2 images, 1 source fits lens model well

⬧ only 106 Mo - first stars?

⬧ recently found z~10 galaxy this way!





Cluster weak lensing: results
⬧ Observations 

⬧ MS1054
⬧ Dahle et al 2002

⬧ Analysis of shear maps
⬧ fit parameters of eg. isothermal sphere
⬧ recovery of circular profile
⬧ 2d reconstruction



MS1054
⬧ z=0.83 one of the highest z clusters

⬧ Studied by both

⬧ Clowe et al.  Keck

⬧ Hoekstra et al. HST

⬧ see Marshall et al for comparison of both







HST 
reconstruction





Largest single survey so far
⬧ X-ray flux selected

⬧ 38 clusters at 0.15 < z < 0.35

⬧ Field of view: 20' x 20'  (UH8k camera)

⬧ 2 colour imaging: I, V

⬧ improves selection of background galaxies

⬧ Dahle, Kaiser, Irgens, Lilje, Maddox 2002



Deep optical images

William Herschel Telescope
La Palma, Canaries

16’x8’ arcmin
R<25.5
30 (15) gals/sq. arcmin



PSF anisotropy ε swirl 
patterns

 Ground based limits: 3-10% rms reduced to ≈ 0.1% 
The most serious systematic: inherent in tracking

Raw Corrected



First Results with ATCA  

5-Antana Interferometer



Conclusion

⬧ Clusters of galaxies acting as 
gravitational lenses are allowing us to 
explore the formation of galaxies at an 
very large distances and detail.


