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The hunt for extrasolar planets
 Does life exist outside of our Solar System?
 Intense focus on detection of planets outside of 

our solar system in the past few decades –
exoplanets

 First official observation and discovery of an 
exoplanet: 1992

 As of July 1, 2019, 4096 confirmed planets in 
the Extrasolar Planets Encyclopedia

 Of these, 97% are, however, indirect 
measurements
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Coronagraphy
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Light from an exoplanet is typically over ten million times 
dimmer than the star it orbits – in order to directly view the 
planet, one must block out the starlight.

Strategy adopted from 
studying the corona of  the 
sun: block out the sunlight 
directly, allowing the 
“halo” to be viewed.

Device is a “coronagraph.”



Wavefront manipulation
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For stars, simple blocking of  light is imperfect. Light is a 
wave, and will diffract around obstacles and around corners!

Water wave diffraction in a harbor, Alexandria, 
Egypt. From Logiurato, “Teaching waves with 
Google Earth.”

Wave diffraction by an aperture.

Can we use wave effects to improve the performance of  a 
coronagraph?



Waves and wavefronts
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Monochromatic (single frequency) waves wiggle up-and-down 
periodically as they travel. We visualize these waves by marking the 
“up” parts of  the waves, which we call “wavefronts.”

Locally, most waves in three-dimensional space (like light and sound) 
have planar wavefronts: they look like a stack of  parallel planes in 
space.

Maximum height of  wave is called amplitude; location in the “up-
and-down” motion is called phase.



Singular optics and vortices
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Not always, though! In any complicated superposition of  waves, 
we find regions where the wavefronts do something very odd:

“Visual inspection shows that there are 
finite regions, several wavelengths in 
extent, which have, to a sufficient degree 
of  approximation, the character of  a 
homogeneous plane wave and also retain 
this character as the wave propagates.  
Hence, these regions indeed satisfy the 
above postulated conditions for “regions 
of  good approximation”.  Only the zero 
points seem to be exceptions.  However, 
just because the amplitude vanishes there, 
they do not produce any stronger effect 
than other points of  varying intensity.”

-- Sommerfeld, Optics (1964)



Singular optics and vortices
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Nye and Berry demonstrated in 1974 that such regions where the 
amplitude vanishes and the phase is singular almost always are lines 
in three-dimensional space around which the phase has a circulating or 
helical structure – optical vortices.

Gave rise to the subfield of  “Singular optics.”



Analogy with crystal dislocations
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These local “defects” in the periodic structure in a wave have strong 
analogies in crystals. Defects in crystals are known as “dislocations” 
and come in two types: “edge” and “screw.”



Types of wave dislocations
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Two basic types of  dislocations (singularities): those that lie 
perpendicular to the direction of  the wave (edge dislocation) and 
those that lie parallel to the direction of  the wave (screw dislocation)

Screws can be left-handed or right-handed.

Most interesting for us!



Waves and parking garages
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Wavefronts of  screw dislocations are very much like decks of  a 
parking garage: go around a central singularity (pillar) of  your parking 
deck, you end up on a different level than you started!



Vortices are “generic”
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The most famous experiment where there are zeros of  wave 
amplitude does not represent the “typical” behavior of  such zeros! 
Most people know Young’s double slit experiment:



Young’s experiment
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Two spherical or circular waves emanating from the holes end up 
interfering with each other.

Two aperture interference in Rimini, Italy. From 
Logiurato, “Teaching waves with Google Earth.”

Thomas Young’s sketch of  light wave interference, circa 1800.



Young’s experiment
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Points where waves interfere and produce zeros are lines on the 
measurement screen, or surfaces in three-dimensional space!

Measurement screen

Simulation of  bright and dark lines on 
measurement screen



Vortices are “generic”
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Simulated measurement screen pattern

But for three or more pinholes, the zeros are lines in three-dimensional 
space, and appear as points on the measurement screen. This is the 
typical, or “generic,” type of  interference effect one gets with waves.

Three pinhole experiment

The wave has a “screw” or “parking lot” structure around each of  
these zero lines!



Vortices are “generic”
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Whenever coherent (single frequency) light is illuminating a rough 
surface, one gets speckle! The dark spots in a laser pointer’s speckle 
are optical vortices! Created from laser reflecting from lots of  differet 
rough patches on surface.



The phase picture of vortices
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We usually only measure waves – and their vortex structures 
– in the cross-section of  a traveling beam. What does the 
phase look like in that case?



Vortex beams
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In laboratory experiments, beams known as Laguerre-
Gauss beams carry a definite phase “twist” in their core:
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“Topological charge”
 The phase of a beam always completes an integer 

number of cycles as one “moves” around the center of 
the singularity.

 This multiple is known as the “topological charge”
 Topological charge is a generally conserved quantity in 

wavefields
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Generation of vortex beams
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Traditional method for generating optical vortices: transmit 
a plane wave or Gaussian beam through a spiral phase plate: 

If  optical path is integer number m of  wavelengths, 
vortex beam of  topological charge m is generated 

Optical thickness:



Applications of vortex beams

 Vortex beams carry orbital angular momentum; 
can be used to trap and rotate particles

 Robustness of vortex (charge conservation) 
allows vortex to be used in free-space optical 
communications as information carrier

 Sharpness of vortex phase structure used in 
image processing and even superresolution

 Intensity null used in developing new 
coronagraphs for exoplanet hunts
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The hunt for extrasolar planets
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As telescopes and detectors have become more sensitive and 
sophisticated, researchers have turned to hunting for planets 
around distant stars, ideally Earth-like planets that could hold 
life.
First confirmed detection: a 
planetary system around the 
millisecond pulsar 
PSR1257+12, by Wolszczan 
and Frall in 1992 (Nature).

Detected period variations in pulsar timing corresponding to 
periodicities of  66.6 and 98.2 days: a pair of  planets orbiting 
the neutron star!



Direct vs. indirect detection
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In 1995, the discovery of  the first exoplanet found orbiting a solar-
type star was announced by Mayr and Queloz. They measured 
Doppler shifts in the spectra of  light coming from the star 51 Peg, 
and found it varied with a period of  4.23 days, distinct from the 30-
day rotation period of  the star.  Planet orbiting at 0.05 AU!

These indirect methods can only give 
us mass and orbit of  planets.

Need to directly image light from 
planets in order to detect spectral 
signatures of  life!

Light from planets is very dim.



The Lyot coronagraph

23

The Lyot coronagraph, invented by 
French astronomer Bernard Lyot in 
1939, images sun onto occulting spot 
which blocks most of  the light. 

Diffraction causes light to leak 
through the “Lyot stop.”



The vortex coronagraph
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In 2005, Foo, Palacios and 
Swartzlander introduced the 
vortex coronagraph to 
overcome theoretical limits of  
Lyot coronagraph.



How does it work?
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Input light that hits one side of  the phase plate head on 
(like light from the target star) ends up being canceled out 
by light that hits the other side of  the phase plate.  Light 
that comes in from an angle travels different lengths 
through the plate and is only partially canceled.



The “Ring of fire”
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When a vortex of  charge 2 is used 
as a mask, almost all of  the light 
from the central object can be 
diffracted outside a central disk. 
This light can be blocked by the 
Lyot stop.



Achromatic vortex mask
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Problem: a vortex mask is very sensitive to the wavelength of  light, 
but astronomical objects are typically quite broadband. 

Solution: one can design achromatic vortex masks out of  multiple 
materials, just like achromatic doublet lenses are used to correct for 
chromatic aberration.



First laboratory demonstration
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First experimental test in 
2006 by Lee, Foo, Johnson 
and Swartzlander  (Phys. 
Rev. Lett.) used a pair of  
closely-spaced optical 
fibers.



First astronomical demonstration
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First test in astronomy was a modest 
affair: imaging the binary star system 
Cor Caroli, with a separation of  19.3 
arcsec and a magnitude difference of  
2.7 (Swartzlander, Ford, Abdul-Malik 
et al., Opt. Exp. 2008). Primary star 
was suppressed 97%.



Vector vortex coronagraph
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In recent years, vortex coronagraph designs have become more 
sophisticated: the “vector vortex coronagraph” introduced in 2005 
(Mawet, Riaud, Absil, Surdej, Astro. J.) works as a zeroth-order 
diffraction grating to create a +2 order vortex mask for one polarization 
and a -2 order vortex mask for the orthogonal polarization:

Simulation of  resolving 15 order of  
magnitude lower companion!



First exoplanets
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The first exoplanet was imaged with a vortex coronagraph in 2009 by 
Serabyn, Mawet and Burruss, and reported in 2010 in Nature. 

Three exoplanets around star HR 8799 were imaged using a 1.5 m 
diameter subaperture of  the Hale telescope.



Recent results
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In 2017, collaborators (Serabyn et al. Astro. J. 153:43, Mawet et al. 
Astro. J. 153:44) used a vortex coronagraph on the NIRC2 infrared 
imager at Keck II to image both a debris disk around star HD 141569 
and an exoplanet around the star HIP 79124.



Outlook
 Vortex coronagraphs are now being used in serious 

astronomical testing
 Results are superior to traditional Lyot coronagraphs
 Advanced models coming: coronagraphs now being 

designed that can block multiple stars at once! 
(Aleksanyan, Kravets, and Brasselet, Phys. Rev. Lett. 
2017)
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Coming in October 2019!
Falling Felines and Fundamental Physics
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