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A Brief History of Light Deflection 

In 1911 Einstein derived:  

Einstein in 1911 was only half right ! 

a =  
2 GMּס 

c2Rּס 

= 0.87 arcsec 

In 1916 using General Relativity  Einstein derived:  

a =  
4 GM 

c2r 

= 1.74 arcsec 

Light passing a distance r from object 

Factor of 2 due to spatial curvature which is missed if light is treated like particles 



Eddington‘s 1919 Eclipse expedition 

confirmed Einstein‘s result 



A Brief History of Light Deflection 

In 1924 Chwolson mentioned the idea of a „factious double star.“ In the 

symmetric case of a star exactly behind a star a circular image would result  

In 1936 Einstein reported about the appearance of a „luminous“ circle of perfect 

alignment between the source and the lens: „Einstein Ring“ 

In 1937 Zwicky pointed out that galaxies are more likely to be gravitationally 

lensed than a star and one can  use the gravitational lens as a telescope 



Einstein Cross 
Einstein Ring 

Evidence for gravitational lensing first appeared in 

extragalactic work 
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Basics of Lensing: 



Basics of Lensing: The Einstein Radius 
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≈ 1 milli-arcsecond 

=> Microlensing 



Magnification due to Microlensing: 

Typical microlensing events last from a few weeks to a few months 



Time sequence: single star 

• Top panel shows 
stellar images at ~1 
mas resolution 
centered on lens star 

• Einstein ring in green 

• Magnified stellar 
images shown in blue 

• Unmagnified image is 
red outline 

• The observable total 
magnification is 
shown in the bottom 
panel 

Animation by Scott Gaudi: 

http://www.astronomy.ohio-state.edu/~gaudi/movies.html 







Time sequence: star + planet 

• A planet in the 
shaded (purple)  
region gives a 
detectable deviation 

A planet lensing event lasts 

10-30 hours 





Mao & Paczynski (1992) propose that  star-planet 

systems will also act as lenses 



• No bias for nearby stars, planets around solar-type stars 

• Sensitive to Earth-mass planets using ground-based observations: 

one of few methods that can do this 

• Most sensitive for planets in the „lensing zone“, 0.6 < a < 2 AU for 

stars in the bulge. This is the habitable zone! 

• Can get good statistics on Earth mass planets in the habitable zone 

of stars   

• Multiple systems can be detected at the same time 

• Detection of free floating planets possible 

The Advantages of Microlensing Searches 

Microlensing is complementary to other techniques 



• Probability of lensing events small but overcome by looking at lots of stars 

• One time event, no possibility to confirm, or improve measurements 

• Duration of events is hours to days. Need coordinated observations from 

many observatories 

• Planet hosting star is distant: Detailed studies of the host star very 

dfficult 

• Precise orbital parameters of the planet not possible 

• Light curves are complex: only one crossing of the caustic. No 

unique solution and often a non-planet can also model the light 

curves 

• Final masses of planet and host stars rely on galactic models and 

statistics and are poorly known 

• Future characterization studies of the planet are impossible 

The Disadvantages of Microlensing Searches 



II. Direct Imaging of Exoplanets 

Techniques & Results 



Reflected light from Jupiter ≈ 10–9 

Challenge 1: Large ratio between star and planet flux (Star/Planet) 



Stars are a billion         times brighter… 



…than the planet 

…hidden  

in the glare. 



Direct Detections need 

contrast ratios of 10–9 to 10–10 

At separations of 0.01 to 1 

arcseconds 

Challenge 2: Close proximity of planet to host star 

Earth : ~10–10   separation = 0.1 

arcseconds for a star at 10 parsecs 

Jupiter: ~10–9 separation = 0.5 

arcseconds for a star at 10 parsecs 

1 AU = 1 arcsec separation 

at 1 parsec 



Younger planets are hotter and they emit more radiated light. These are 

easier to detect. 



Adaptive Optics : An important component 

for any imaging instrument 

Atmospheric turbulence distorts stellar images making them much larger than 

point sources. This seeing image makes it impossible to detect nearby faint 

companions. 



Adaptive Optics (AO) 

The scientific and engineering discipline whereby the performance of 

an optical signal is improved by using information about the 

environment through which it passes 

AO Deals with the control of light in a real time closed loop and is a 

subset of active optics. 

 

Adaptive Optics: Systems operating below 1/10 Hz 

Active Optics: Systems operating above 1/10 Hz 



Example of an Adaptive Optics 

System: The Eye-Brain 

The brain interprets an image, determines its correction, and 

applies the correction either voluntarily of involuntarily 

 

Lens compression: Focus corrected mode 

Tracking an Object: Tilt mode optics system 

Iris opening and closing to intensity levels: Intensity control 

mode 

Eyes squinting: An aperture stop, spatial filter, and phase 

controlling mechanism 



 

 

 
                                        

  

where:  

• P(a) is the light intensity in the focal plane, as a function of angular coordinates a   ;  

• l is the wavelength of light;  

• D is the diameter of the telescope aperture;  

• J1 is the so-called Bessel function.  

 

The first dark ring is at an angular distance Dl of  from the center. 

This is often taken as a measure of resolution (diffraction limit) in an ideal telescope.  

The Ideal Telescope 

Dl = 1.22 l/D = 251643 l/D (arcsecs) 

image of a star produced by 

ideal telescope 



Telescope 

Diffraction Limit 

5500 Å 2 mm 10 mm 

TLS 2m 

VLT 8m 

Keck 10m 

ELT 42m 

0.06“ 0.2“ 1.0“ 

0.017“ 

0.014“ 

0.003“ 

0.06“ 

0.05“ 

0.01“ 

0.3“ 

0.25“ 

0.1“ 

Seeing 

2“ 

0.2“ 

0.2“ 

0.2“ 

Even at the best sites AO is needed to improve image quality and reach 

the diffraction limit of the telescope. This is easier to do in the infrared 



• Turbulence causes temperature 

fluctuations 

• Temperature fluctuations cause 

refractive index variations 

- Turbulent eddies are like 

lenses 

• Plane wavefronts are wrinkled 

and star images are blurred 

Atmospheric Turbulence 

Original wavefront 

Distorted wavefront 





Basic Components for an AO System 

 

1.  You need to have a mathematical model representation of the 

wavefront 

2. You need to measure the incoming wavefront with a point 

source (real or artifical). 

3.  You need to correct the wavefront using a deformable mirror 



Shack-Hartmann Wavefront Sensor 

f 

Image Pattern 

reference 

disturbed 
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af 

Lenslet array 

Focal Plane 

detector 





If you are 

observing an 

object here 

You do not want to correct using a 

reference star in this direction  



Reference Stars 

You need a reference point source (star) for the wavefront 

measurement. The reference star must be within the isoplanatic angle, 

of about 10-30 arcseconds 

If there is no bright (mag ~ 14-15) nearby star then you must use an 

artificial star or „laser guide star“. 

All laser guide AO systems use a sodium laser tuned to Na 5890 Å 

pointed to the 11.5 km thick layer of enhanced sodium at an altitude of 

90 km. 

Much of this research was done by the U.S. Air Force and was 

declassified in the early 1990s. 







Sun, planets, stellar envelopes and dusty disks, young stellar 

objects, galaxies, etc. Can get 1/20 arcsecond resolution in 

the K band, 1/100 in the visible (eventually) 

Applications of Adaptive Optics 



Faint companions 

The seeing disk will normally destroy the image of  faint 

companion. Is needed to detect substellar companions 

(e.g. GQ Lupi) 

Applications of Adaptive Optics 



Applications of Adaptive Optics 

    Coronagraphy 

With a smaller image you can better block the light. Needed 

for planet detection 



Coronagraphs 





Nulling Interferometers 

Adjusts the optical path length so that the wavefronts 

from both telescope destructively interfere at the position of the star 

Technological challenges have 

prevented nulling interferometry from 

being a viable imaging method…for now 



Darwin/Terrestrial Path Finder 

would have used  Nulling 

Interferometry 

Mars 

Earth 

Venus 

Ground-based European 

Nulling Interferometer 

Experiment will test 

nulling interferometry on 

the VLTI  


