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HOW TO DO PHYSICS??



How to do physics??



GRAVITATIONAL LENSING PRINCIPLES

➤ Common: bending of light by optics 

➤ linear lenses: one sees only a single image of the 
object of interest. 

➤ non linear lenses: wine glass, candle example



➤ by tilting the 
base of the 
wine glass we 
change the 
properties of 
the optical 
lens and thus 
the light path 
we see.



A light source passes behind a gravitational lens (point mass 
placed in the center of the image). The aqua circle is a source 
as it would be seen if there was no lens; white spots are the 
multiple images of the source.





Testing general relativity

Eddington 1919, total solar eclipse



Gravitationally lensed Supernova Ia



➤ strong lensing: visible distortions, Einstein rings, multiple images 

➤ weak lensing: analyzing large numbers of objects —> distortions; stretching of 
background objects; large number of distant galaxies: 

➤ shapes, orientation —> distribution of matter in that area —>dark matter 
distribution. Lambda DCM Model



weak lensing





The effects of foreground galaxy cluster mass on background galaxy shapes. The upper left panel shows 
(projected onto the plane of the sky) the shapes of cluster members (in yellow) and background galaxies (in 
white), ignoring the effects of weak lensing. The lower right panel shows this same scenario, but includes the 
effects of lensing. The middle panel shows a 3-d representation of the positions of cluster and source galaxies, 
relative to the observer. Note that the background galaxies appear stretched tangentially around the cluster.



➤ Microlensing: where no distortion in shape can be seen but the 
amount of light received from a background object changes in time.  

➤ The lensing object may be stars in the Milky Way with the 
background source being stars in a remote galaxy,  

➤ or even more distant quasar.  

➤ The effect is small, such that (in the case of strong lensing) even a 
galaxy with a mass more than 100 billion times that of the Sun will 
produce multiple images separated by only a few arcseconds.  

➤ Galaxy clusters can produce separations of several arcminutes.  

➤ In both cases the galaxies and sources are quite distant, many 
hundreds of megaparsecs away from our Galaxy.

https://en.wikipedia.org/wiki/Milky_Way_Galaxy
https://en.wikipedia.org/wiki/Quasar
https://en.wikipedia.org/wiki/Solar_mass
https://en.wikipedia.org/wiki/Arcsecond
https://en.wikipedia.org/wiki/Galaxy_cluster
https://en.wikipedia.org/wiki/Megaparsec






OGLE

Optical Gravitational Lensing Experiment 

Discovery of a cool planet of 5.5 Earth masses through gravitational microlensing 

Object at a distance > 6.5 kpc



Typical light curve of gravitational microlensing event (OGLE-2005-BLG-006) with its model fitted (red)

• Lens mass distribution. If the lens mass is not concentrated in a single point, the light curve can be dramatically different, particularly with caustic-crossing 
events, which may exhibit strong spikes in the light curve. In microlensing, this can be seen when the lens is a binary star or a planetary system.

• Finite source size. In extremely bright or quickly-changing microlensing events, like caustic-crossing events, the source star cannot be treated as an 
infinitesimally small point of light: the size of the star's disk and even limb darkening can modify extreme features.

• Parallax. For events lasting for months, the motion of the Earth around the Sun can cause the alignment to change slightly, affecting the light curve.

https://en.wikipedia.org/wiki/Caustic_(optics)
https://en.wikipedia.org/wiki/Binary_star
https://en.wikipedia.org/wiki/Extrasolar_planet
https://en.wikipedia.org/wiki/Limb_darkening
https://en.wikipedia.org/wiki/Parallax




QUASARS  - DETECTION

➤ Discovery in the 1960s,  as radio sources 

➤ counterparts in the visible, point-like blemish objects, similar 
to stars 

➤ spectra: strange not stellar like broad emission lines 

➤ 1963 Maarten Schmidt:  wavelengths of emission lines make 
sense <—>strong redshift 

➤ Quasar redshifts: extremely high receeding velocities.

Quasars are extremely luminous objects at great distances









PROPERTIES OF QUASARS

➤ innermost very compact region of a very distant galaxy in 
active state 

➤ enormous amounts of energy emitted within a small spatial 
region 

➤ Quasar’s host galaxy can be only detected in very deep 
exposures 

➤ Variability: from days to decades of years 

➤ broad emission lines, also small emission lines and 
sometimes absorption lines. 

➤ SDSS (Sloan digital sky survey): approx. 200.000 QSO’s



ENERGY PRODUCTION

➤ Accretion of matter on a supermassive black hole 

➤ Mass of the SMBH: 10^7…10^9 M_Sun 

➤ release of gravitational energy  

➤ matter falling towards a SMBH 

➤ up to 10% of rest energy is converted into radiation. 

➤ Luminosity: approx 100 L_Galaxy=10^40 W/s. 

➤ Peak luminosity in UV; but emit from gamma ray to Radio 

➤ Cosmological evolution: quasars were more common in the 
past. ; highest density at redshift z=2. 



TYPICAL STRUCTURE OF A QSO

➤ supermassive black 
hole, SMBH 

➤ continuum emission 
region, accretion disk 

➤ broad line region, BLR 

➤ narrow line region 
NLR 

➤ occasional one or two 
jets are seen. 



The black hole in QSO



QUASARS AND GRAVITATIONAL LENSING

➤ normal lensing 

➤ microlensing







QUASARS AND GRAVITATIONAL LENSING

➤ relatively rare phenomenon 

➤ multiple imaging occurs in 1 out of every 500 quasars 

➤ To identify a quasar-lens system: 

➤ two or more point-like images of the same color with 
separation angle 1-10 arcsec 

➤ identical z 

➤ identical (very similar) spectra 

➤ lensing galaxy visible in between with lower z 

➤ identical or very similar change of brightness after certain 
time delays, parallel light curves

Textbook case multiple quasar



Gravitational lens effect 

this is 2 times the classical value (escape vel=speed of light)



Magnification of the two images!!! 
LN  normal intensity





DETERMINATION OF MASSES AND THE HUBBLE PARAMETER 



speed of light









Own observations



ORM   WHT









SDSS J1004+4112 

rare example of a quasar lensed by 
galaxy cluster!

Zs=1.73

Zl=0.68

max separation 14.6 arcsec

time delay:  

between A and B: 40.6 days

between A and C: 822 days

To obtain 
microlensing: 

correct for the time 
delay, calculate 
residuals



Analysis of 

lightcurves



Intrinsic Variability



Microlensing, variability residuals



WHAT HAVE GRAVITATIONALLY LENSED QSO AND THE SUN IN COMMON?

➤  

Spectral line formation  

Temperature 

pressure 

turbulenceGauss profile 

Lorentz profile



Analysis of spectra: from WHT

BLR: broad line region 

NLR: narrow line region





WHAT CAN WE LEARN FROM QUO SPECTRAL LINES?

➤ Seyfert Galaxies 

➤ emission lines are formed  (a) in the accretion disc (b) in 
clouds of gas illuminated by AGN 

➤ each part of emission disc has different velocity—> line 
broadening 

➤ the faster the gas is rotating around the black hole the larger 
the broadening 

➤ narrow lines appear in outer parts where velocities are lower 

➤ narrow lines do not show a variability—> large emitting 
region 

➤ broad lines can vary on short time scales



FE III COMPLEX









Example 

He 1104… HST 







HE1104-1805 - The light from this quasar 20 billion light-years away in the constellation, Crater, is being lensed by the galaxy WKK93, which is 10 billion light-years 
away. WKK93G is directly between us and HE1104-1805 so that the light from the quasar reaches us via two paths, thus producing two images. The two images are 
about 3 arcsec apart, which is below the resolution of my telescope, though they are nicely separated in the Hubble image. My image shows that there are two images, 
and by counting pixels between the centers of the lobes I can confirm that they are 3 arcsec apart. This is the smallest object I have imaged that shows some 
structure. The lengths of the light paths for the two quasar images differ so that one image reaches us a little over 5 months before the other. 

Because of the expansion of the universe, we are moving away from the quasar as its light heads toward us. When you observe such an object, you are looking back in 
time. The universe was only 2.8 billion years old when the light I captured left the quasar. In the intervening 11 billion years the universe has been expanding so that 
currently the quasar is 20 billion light-years away as determined by its red shift. Also, by the same reasoning the edge of the observable universe, i.e. the part of the 
universe that has had time for its light to reach us since the Big Bang, is about 46 billion light-years away. So the light I captured in those two connected blobs came 
from almost half the distance to the edge of the observable universe.







Microlensing magnification -Theory

Effects of microlensing on the light curves of a lensed object 

are studied by finding configurations of  

compact objects in lens galaxy 

source trajectories

Problem: uncorrelated variability between different images of a lensed source 

Reason: mass distribution (granulation) of the lens galaxies

should match observations!



Magnification maps 

ray tracing; show how caustics are influenced by 

stars of lensing galaxy; shown is the source plane 
As the background quasar and foreground galaxy  
move relative to each other, 
 the source traverses this pattern (white solid line),  
resulting in  

brightness fluctuations due to microlensing.

transformed coordinates 

of the cell center at the source 

plane 





2 bachelor theses completed 

Paper II:  Fe II/ FeIII to be completed end of August 2017 

Paper III: WHT Data  to be completed end of 2017 

work for Master students, doctorands…


