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Weak scintillation

Optical (naked eye)

- Twinkling stars

Radio (particularly at lower frequencies)

- Ionospheric scintillation

- Interplanetary scintillation

- Interstellar scintillation



Start

Finish

Principle of least time 
(Fermat’s principle)



Principle of least time

We can take this principle as a starting point to 

understand how simple optical components work.

But the principle usually prompts most people to 

ask how light is able to

1. “solve” the problem of finding the quickest 

path

2. Do it at the speed of light

There is only really one possible way, and that is 

to explore every possible path in parallel.



Thin screen.

● Take the simpler case of propagation in free space (i.e. no phase screen – we’ll add 

that later)

● Examine very small deviations from the quickest path

Screen 
placed a 
distance z 
from 
observer

Plane wave (Source at infinity)
- Wave front arrives parallel to the 

screen
- Easy to generalise to source at any 

distance

Dotted line is straight from observer to source
(z axis) 𝑟 = 0

𝑟

Observer
𝑧 = 0



Thin screen

● Shortest path is obviously a straight line for free space

● Paths that deviate slightly by ±𝑟 at the screen arrive at the observer having 

travelled Τ∼ 𝑟2 2𝑧 further.

● Quadratically increasing phase for paths further away from straight line

Observer

e.g. by Taylor expansion of 𝑧 1 − cos Τ𝑑𝑟
𝑧

𝑟

𝑧

𝑧 = 0
Τ∼ 𝑟2 2𝑧



Thin screen

● Rate of change of phase is what makes the point on the direct line of sight unique
● Except for a very small path on the screen close to the direct path, light from any other 

small patch on the screen will arrive incoherently and will (almost) cancel out.

● Fresnel scale 𝒓𝑭 =
𝑧𝜆

2𝜋
Characterises the size of this special region†

● Distance from r=0 where geometric 
phase is 1 radian

Observerscreen
†NB 2𝜋 not always included; see Wikipedia for 
form with source not at infinity



Fresnel-Kirchoff Integral
Vector sum of all points along the screen gives received signal (amplitude and phase)

Euler Spiral From Feynman lectures in physics (Vol 1, ch 26)

Area near C (region where phase is 

in range(−𝜋, 𝜋)) is first Fresnel 

zone



Fresnel-Kirchoff Integral
By placing slits and phase screens on our thin screen we can 
use this simple picture to explain

- Lenses (converging and diverging)

- diffraction

- Weak scintillation

“Weak” in this context means that phase fluctuations are 
always small compared with geometric phase:

𝑟𝐹 ≪ 𝑟diff

𝑟diff is the distance over which the phase of the screen 
changes by 1 radian (big 𝑟diff means weak scatter)



Please see this github gist

https://gist.github.com/johnsmorgan/6821781fccd6b02e0aaeec3d08c0e313

You will need to download and run the notebook 
to see the plots

https://gist.github.com/johnsmorgan/6821781fccd6b02e0aaeec3d08c0e313


Aside (Fourier Transform relationship between aperture and PSF)

this lecture

The Fresnel-Kirchoff integral resembles a Fourier Transform

In fact, it can be reduced to a Fourier Tranform if two conditions are met (details in this lecture)

1. Τ𝐷 𝑧 ≪ 1 (where 𝐷 is greatest dimension of the aperture, 𝑧 is distance to screen)

2. Τ𝐷2 𝑧 ≪ 𝜆

Neither applies in far-field (most astronomy)

As well as near-field problems, there are also other simple optical systems that can’t fulfil these 

requirements.

- We have to do the full integral

- However, it’s pretty intuitive

https://www.brown.edu/research/labs/mittleman/sites/brown.edu.research.labs.mittleman/files/uploads/lecture30_0.pdf


c.f. Fourier transform

(Bracewell)

Parkes observation of lunar 

Occultation of 3C273



Fresnel scale (and diffractive scale) examples (from Narayan)

https://ui.adsabs.harvard.edu/abs/1993ppl..conf..151N


Turbulence

Turbulence deserves its own lecture! But briefly

- Turbulence is random but can be described 

statistically

- Structure function

- Power spectrum

- Larger scales dominate

- Inertial range can cover many orders of 

magnitude
From this lecture.

http://www.astronomy.ohio-state.edu/~ryden/ast825/ch7.pdf


● Weak scintillation actually 

produces a diffraction 

pattern on the ground 

(characteristic size of 

patches is 𝑟𝐹)

● Velocity of the screen 

converts from spatial 

coordinates to a temporal 

power spectrum

● Finite source size (or large 

aperture for observing 

instrument) is a 

convolution 

● Scattering is two 

dimensional!

Cronyn (1972)

https://ui.adsabs.harvard.edu/abs/1972ApJ...174..181C
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Integrate along y 
axis

Into two dimensions Axes are defined 
by the velocity 
vector

turbulence 
power spectrum

⨉

𝑓 𝑟 = sin2 𝑟2

All are odd or even functions but plotted with origin at

centre for clarity



Real data (MWA IPS)

● IPS power spectrum

● Note effect of going into the strong regime.



Transition into strong scattering

● Weak scintillation picture we have discussed is only valid when 𝑟𝐹 ≪ 𝑟diff

● In this case, focal length of ‘lens’ is guaranteed to be ≫ 𝑧 (= weak magnification)

● As 𝑟diff approaches 𝑟𝐹 we get strong focussing: big peaks in intensity

● c.f. gravitational lensing terminology

● As 𝑟diff becomes much smaller than 𝑟𝐹 the physics is rather different (a topic for 

another lecture)



Finite sources and 
finite apertures

Both are similar:

● Roughly speaking, both can be thought 

of as a convolution in the time domain
○ = multiplication in power spectrum

○ Suppression of amplitude scintillation

● Each 𝑟𝐹-sized patch of the source 

scintillates somewhat independently

● A large aperture smooths out weak 

amplitude scintillations in a similar 

way but remember that phase is 

affected also

Waszewski+ 2022

https://ui.adsabs.harvard.edu/abs/2022PASA...39...36W/abstract


Summary of weak scatter

- Power spectrum of turbulence (typically negative power law form)

- Multiply by Fresnel filter and integrate along y axis

- Velocity of the screen converts from spatial units to temporal power spectrum

We have assumed weak scattering: 𝑟𝐹 ≪ 𝑟diff

● Consider source structure unless 𝜃src < 𝜃𝐹 (where 𝜃𝐹 = 𝑟𝐹/𝑧)
○ If 𝜃src ≫ 𝜃𝐹 and no small-scale structure at all – no scintillation!

● Consider aperture of observing instrument unless (𝐷 < 𝑟diff)



Additional Slides



Macquart & de Bruyn (2007)

https://ui.adsabs.harvard.edu/abs/2007MNRAS.380L..20M


Macquart & de Bruyn (2007)

Fresnel filter minima can 

become much more 

prominent for high 

anisotropy with structure 

elongated in direction 

perpendicular to velocity.

Inner scale cuts of high end 

of power spectrum for IPS

https://ui.adsabs.harvard.edu/abs/2007MNRAS.380L..20M


Resources

● Narayan (1992) (pdf available on request)

● J-P's lecture notes (pdf available on request)

● Thompson, Moran & Swenson (available online)

● Born & Wolf (in Curtin Library)

● See also Feynman Lectures Vol 1 Ch 26

● Development of weak scattering scintillation theory can be found starting with these 

papers (Paper I, Paper II). See also references in Narayan (1992).

● See this lecture for a great introduction to turbulence

https://ui.adsabs.harvard.edu/abs/1992RSPTA.341..151N/abstract
https://www.springer.com/gp/book/9783319444291
http://link.library.curtin.edu.au/p?pid=CUR_ALMA2196129490001951
https://www.feynmanlectures.caltech.edu/I_26.html
https://ui.adsabs.harvard.edu/abs/1967ApJ...147..433S/abstract
https://ui.adsabs.harvard.edu/abs/1970ApJ...161..755C/abstract
http://www.astronomy.ohio-state.edu/~ryden/ast825/ch7.pdf
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