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Fundamental Problems with 
Differential Imaging



It does not work within 
≈ 3 λ/D of the star

But that is the most productive part of 
the image!
• Not enough diurnal rotation
• Statistical Penalty (Mawet et al.)
• Way to close to center for SDI to help



Contrast vs. Separation.  Colored circles show a simulation of model planets, ranging in size from Mars-
like to several times the radius of Jupiter, placed in orbit around ~200 of the nearest stars within 30 pc. 
The model assumes roughly four planets per star with a mixture of gas giants, ice giants, and rocky 
planets, and a size and radius distribution consistent with Kepler results. Color indicates planet mass 
while size indicates planet radius. Crosses represent known radial velocity planets at their maximum 
possible contrast values. (WFIRST website)
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more ADI problems
• ADI implicitly assumes that the aberrations are not 

evolving during the course of the observing period 
(hours, days, or more).  But, due to varying mechanical 
and thermal stress, they are.

• ADI will remove any feature with circular symmetry, 
whether or not it part of the image.  Thus, it is not true 
imaging.

• Self-subtraction is very problematic since the most 
informative images are the closest in time and have the 
least diurnal rotation.  



β pic results from MagAO Clio, ADI (KLIP) processing. 
(Morzinski et al. 2015)



ADI problems, cont’d.
• Wind characteristics change over time, resulting 

in a turbulent PSF that changes
• Any pointing jitter changes PSF with coronagraph 

(unless the coronagraph is pupil plane only) 
• Speckle cancellation/“dark hole” methods won’t 

work nearly as well in space (more later)
• Arbitrary parameters in ADI processing



HD106906 pic results from GPI, ADI (KLIP) processing. 
Kalas et al. 2015)
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Q: Then, What Can Be Done?

A: Take millisecond data in the 
science camera in sync with the 

WFS  comprehensive statistical 
inference solution to estimate

aberrations and planetary image
simultaneously

Why?



ms imaging + statistical inference
leaves no information on the table 

• takes advantage of millisecond information not 
available in exposures that average over the 
turbulence  can work near IWA of 
coronagraph (no Mawet statistical penalty) 

• can utilize constraints from diurnal rotation (as 
ADI does)

• can utilize multi-wavelength constraints (as 
SDI does

• point-source assumption not necessary (but 
can be used)



Information Content of Millisecond 
Exposures in Ground-Based 

Exoplanet Imaging



ms exposures and self-coherent 
cameras are the only things that can 

find planets within 
≈ 3 λ/D of the star because 

differential imaging does not.



SELEX and MKIDS 
near-IR detectors!

Capable of kHz readout rates and have sub-electron 
read noise.   Need to explore how they can be applied.

Least controversial motivation to study millisecond 
focal plane sensing: 



What happens on ms time-scales?
• At the center of a planet’s Airy disk, the AO 

system holds its intensity nearly constant 
(unless near IWA)

• At the center of a planet’s Airy disk, the stellar 
intensity is fluctuating wildly.

• The ms fluctuations of the speckle light encode 
information about the aberrations, carrying a 
tremendous amount of information about them

• This information is readily (maybe not so 
readily…) available since the residual phase is 
measured by the WFS.



Illustration of Available Info: Vibration 
Detection with FP Sensing

• Turbulent modulation of speckle caused high 
frequency vibrations.  Red: 10 Hz  Black: 100 Hz.

Frazin,
SPIE 2014



My Coronagraph Simulations
• I started with a series of 4000 measured 

wavefronts from the AEOS AO system (thanks 
to  Lewis Roberts at JPL)

• Then I simulated how a simple stellar 
coronagraph would respond to these 
wavefronts

• I included “unknown” aberration in the optical 
system, including a sinusoidal term with a 
spatial frequency that placed a speckle exactly 
over the simulated planet.



Aberration (pupil plane)

Aberration used in simulation (sinusoid + 
Zernicke polynomials).



Image of Star w/ Aberration

Image plane manifestation of  aberration 
used in simulation (flat wavefront).  One of  
the dots is exactly coincident with a planet.



Coronagraph (Companion 1%)
sqrt(Intensity)



Red: stellar speckle intensity (normalized at planet position.  Black: Planet 
intensity (normalized) at same position.

I demonstrated this effect analytically using physical optics arguments in 
my 2013 ApJ. 

Coronagraph Simulations



Q: How do you use the ms
information?

A: 2 methods: 
- “statistical deconvolution”

(treat as histogram)
- comprehensive regression 

approach 
(treat as time-series)



“statistical deconvolution”



“statistical deconvolution” idea:
histogram fitting

• Histogram of stellar speckle intensity at any 
pixel is given by modified Rician distribution -
2 free params

• At planet position, histogram of planet 
intensity is given by histogram of Strehl ratio 
(Maréchal approx.) – 1 free param

• Fit 2 histograms to get planet intensity and 
modified Rician parameters



“statistical deconvolution” issues 1:

• Validity of modified Rician assumption: 
ignores polarization (see Gladysz), phasor
amplitudes are not identically distributed, 
phasor phases are not uniformly distributed 
over (-π, π)   Not modified Rician, and 
finding the correct distribution likely will be 
difficult



“statistical deconvolution” issues 2:

• Planetary intensity does not follow Strehl ratio 
if it is too close to the center, but that is the 
most fruitful region in the image.

• Treats data only as histogram, does not use 
spatio-temporal relationships between SC 
data (example: does not take advantage of 
dark speckles to constrain planetary intensity)

• However, it is worth more investigation.



• The major cause of difficulty is the quasi-static 
speckles that remain after averaging over the 
turbulence.

• The quasi-static speckles are caused by quasi-
static aberrations in the optical system.

• I showed mathematically that the wavefront 
sensor data stream and millisecond exposures 
can be used to simultaneously determine the 
aberrations and the planetary image self-
consistently, obviating the need for differential 
imaging.

Comprehensive Regression Approach:





How does the regression approach 
work?

• Create ms data cubes, one for the SC 
measurements and another for the WFS 
measurements

• Make a model that connects the WFS data 
cube to the AO residual phase

• Make model that connects the SC data cube to 
the unknown parameters that describe the 
optical aberrations [either explicitly or, more 
easily, in terms of an Emprical Green’s 
Function (EGF)] and the planetary image.

• Use statistical inference procedure.



Regression approach can include:

• Diurnal rotation constraints (used by ADI)
• Multi-wavelength constraints (used by SDI)
• Polarization constraints (used by PDI)
• Speckle cancelation strategies
• Multi-DM modulation
• Self-coherent camera information  



Bayesian/EiV approach 



Potential Hurdles
• Detector readout noise – New generation of 

NIR detectors is capable of kHz readout and 
about 1 e noise per pixel.

• Need precise calibration of WFS – Solve for 
bias and gain errors (as shown in equation)

• 1 kHz rate  1 M images in 17 m.  Huge data 
processing demand – Sequential estimation 
based on Kalman filtering

• Need models of AO residual reconstruction 
error 

• Complicated but interesting statistical issues –
Collaborate with statistician
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