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Post-processing	techniques		
for	exoplanet	and	circumstellar	disk	imaging	



The	“3	ques%ons”	about	exoplanets	

To	address	this	astronomers	have	three	main	pathways:	
		

			-	Planetary	forma%on		
			-	Nature	of	exoplanets	
			-	Dynamical	and	physical	evolu%on	of	exoplanets	

Observa%ons	

Simula%ons	 Modelisa%ons	

Instrumenta%on	



Post-processing:	What	we	want	and	why	
Today	reaching	contrast	of	10-6	contrast	at	500	mas,	in	infrared	

Adap%ve	Op%cs	

Coronagraphy	

Post-processing	

•  Detec%on	
•  Characteriza%on:	

-Posi%on	
-Contrast	
-Detec%on	limit	



Basic	idea:		
Find	a	different	behavior	between		
the	speckles	and	the	astrophysical	signals.	
à	Exploit	this	diversity	to	recover	the	signal	

Today,	all	are	based	on	differen%al	imaging:	

1.	Es%mate	the	star	image						
					pour	chaque	image	

	
	
	
	
	
	
	
	

2.	Subtract	it	to	the	image	
	
	
	
	
	
	
	
	
	
	

3.	Combine	all	the	images		
	
	
	
	
	
	
	
	
	
	

Post-processing:	



Current	post-processing:	

Different	type	of	diversi%es	can	be	used:	
•  Reference	(RDI):	many	people	
•  Binary	(BDI):	Rodigas	et	al.	2015	
•  Polarimetric	(PDI):	Kuhn	et	al.	2001	
•  Spectral	(SDI):	Close	et	al.	2005	
•  Coherence	(CDI):	Baudoz	et	al.	2005	
•  Orbital	(ODI):	Males	et	al.	2015	
•  …	
•  Angular	(ADI):	Marois	et	al.	2006	



Current	post-processing:	
Different	type	of	diversi%es	can	be	used:	

•  Reference	(RDI):	many	people	
•  Binary	(BDI):	Rodigas	et	al.	2015	
•  Spectral	(SDI):	Close	et	al.	2005	
•  Polarimetric	(PDI):	Kuhn	et	al.	2001	
•  Coherence	(CDI):	Baudoz	et	al.	2005	
•  Orbital	(ODI):	Males	et	al.	2015	
•  …	
•  Angular	(ADI):	Marois	et	al.	2006	

Requires:	
•  A	close	star,		
•  Same	brithness,	
•  Same	spectral	type	

HD 181296 	
(A0, K=5.01mag)	

HD	142527	
(F6,	K=4.98mag)	



Current	post-processing:	
Different	type	of	diversi%es	can	be	used:	

•  Reference	(RDI):	many	people	
•  Binary	(BDI):	Rodigas	et	al.	2015	
•  Spectral	(SDI):	Close	et	al.	2005	
•  Polarimetric	(PDI):	Kuhn	et	al.	2001	
•  Coherence	(CDI):	Baudoz	et	al.	2005	
•  Orbital	(ODI):	Males	et	al.	2015	
•  …	
•  Angular	(ADI):	Marois	et	al.	2006	

HD	37551	visual	binary	
Distance:	about	4”		

Injected	companion	

Requires:	
•  A	visual	binary	star	



Current	post-processing:	
Different	type	of	diversi%es	can	be	used:	

•  Reference	(RDI):	many	people	
•  Binary	(BDI):	Rodigas	et	al.	2015	
•  Spectral	(SDI):	Close	et	al.	2005	
•  Polarimetric	(PDI):	Kuhn	et	al.	2001	
•  Coherence	(CDI):	Baudoz	et	al.	2005	
•  Orbital	(ODI):	Males	et	al.	2015	
•  …	
•  Angular	(ADI):	Marois	et	al.	2006	

Assumes:	
•  Fraunhoffer		

•  Limited	at	close	separa%on	
•  OR	absorp%on	feature	needed	



Current	post-processing:	
Different	type	of	diversi%es	can	be	used:	

•  Reference	(RDI):	many	people	
•  Polarimetric	(PDI):	Kuhn	et	al.	2001	
•  Binary	(BDI):	Rodigas	et	al.	2015	
•  Spectral	(SDI):	Close	et	al.	2005	
•  Coherence	(CDI):	Baudoz	et	al.	2005	
•  Orbital	(ODI):	Males	et	al.	2015	
•  …	
•  Angular	(ADI):	Marois	et	al.	2006	



Current	post-processing:	
Angular	differen%al	imaging	(ADI)	

Possible	with	an	alt-az	mount	



Post-processing	
Three	families	

1:	“speckle	subtrac%on”	 2:	“Match-filtering”	 3:	“Machine	learning”	

SODINN	
Gomez-Gonzales	et	al.,	2017		

ANDROMEDA	
Cantalloube	et	al.,	2015	

FMMF	
Ruffio	et	al.,	2017	

Use	the	massive	
sample	of	images		
+	neural	network	

Use	the	expected	pa_ern	of	
the	planet	as	a	model		
+	inverse	problem	approach	

Differen%al	imaging	
techniques	alone	

Only	detec%on	
Not	mature	yet	

Automa%c	detec%on	
+	characteriza%on	

Visual	detec%on		
+	post-characteriza%on	

…Improvements…:	
Pairet	et	al.	2018	
BoOom	et	al.	2017	
Bonse	et	al.	2019	
…	
	
	

PACO	
Flasseur	et	al.,	2018	



Basic	idea:		
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Today,	all	are	based	on	differen%al	imaging:	
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Post-processing:	



Current	post-processing:	
1-	Classical	ADI	
Es%mate	of	the	star	=	temporal	median	of	the	sequence	

Model	PSF	

-
Σ	rot	



Current	post-processing:	
2-	LOCI	based	algorithms	
Es%mate	of	the	star	=	local	linear	combina%on	of	the	images	

Min(	σres
2)	=	Min			

All	the	images	(t)	
Binary	mask	

Images	 Linear	coefficients		
Real	>	0.	

Subset	of	the	images	

Model	of	star	to	be	es%mated	



Current	post-processing:	
3-	PCA-based	algorithms	
Es%mate	of	the	star	=	linear	combina%on	of	the	images	decomposed	on	orthogonal	basis	

3.6 -2.2 -0.79 0.65 2.1 3.5 4.9 6.4 7.8 9.2 1

Beta	Pictoris	



Current	post-processing:	
The	caveats	

•  On	the	technique	itself:	
-Bad	es%ma%on	of	the	speckle	field	
-Not	robust	to	hot	pixels,	sudden	flux	varia%ons…	
-Not	suitable	for	extended	features	

	
	
•  On	the	observables:	

-No	absolute	detec%on	criterion	(visual)	
-Deriva%on	of	detec%on	limits	(empirical)	
-No	direct	characterisa%on	(ajer	detec%on)	

	
	

Astrometry	 Photometry	
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Post-processing:	



STIM-map	
Method	

The	paper	is	now	on	ArXiv:	
	h_ps://arxiv.org/pdf/1810.06895.pdf	

INPUT:	The	cube	of	subtracted	images	
						à	The	cube	is	then	combined,	using	the	temporal	informa%on	

	

•  Take	into	account	the	“real”	residuals	distribu%on	(ajer	a	PCA)	
	
•  Bound	this	distribu%on	to	reject	the	null	hypothesis	(no	companions)	H0		

(and	therefore	accept	H1)	
	
•  Empirical	and	analy%cal	proof,	submi_ed	to	MNRAS:	Pairet	et	al.	2018	



STIM-map	
Automa%que	detec%on	

(1)	Threshold	determina%on		

STIM-map	 Inverted	
STIM-map	
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ANDROMEDA:	inverse	problem	approach	

1st	step:	ADI	
	

à	“Whitens”	the	speckle	noise	
à	Specific	planet	signature	

2nd	step:	Maximum	Likelihood	
	

à	Es%ma%on	of	the	flux	
à	Provides	a	detec%on	map	

=	J(r0, a) 
p

2	σn2(r)	



SNR	map	

This	is	the	only	signal		
above	5	sigma	!	
->	SNR51Eri	=	8	sigma	

ANDROMEDA:	inverse	problem	approach	
Detec%on	maps	

Cantalloube	et	al.,	2015	

Disadvantages:	
•  Requires	a	post-normaliza%on	

Detec%on	map		
From	ANDROMEDA	

Advantages:	
•  Very	quick	
•  Direct	characteriza%on	
•  Automa%c	detec%on	
•  One	user-parameters	



ANDROMEDA:	inverse	problem	approach	
Modifying	the	MLE	using	an	L1-norm	



ANDROMEDA:	inverse	problem	approach	
Modifying	the	MLE	using	an	L1-norm	



ANDROMEDA:	inverse	problem	approach	
Detec%on	maps	with	the	L1-norm	

Cantalloube	et	al.,	in	prep	

Advantages:	
•  Be_er	accuracy	
•  Smaller	error	
•  Be_er	sensi%vity	
•  No	user-parameters	

Disadvantages:	
•  Longer	computa%on	%me	
•  Residuals	close	to	the	axis	
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Post-processing	
Machine	learning	(SODINN)	

A_er	an	ADI	processing	
Classifier	H0	vs	H1	based	on		
deep	neural	network			
Trained	on	fake	companions	injected	

Gomez	et	al.,	2017	



Post-processing	
New	RDI	techniques	using	libraries	of	images	

Courtesy,	J.	Milli	(ESO)	

•  Large	number	of	images	available	as	references	in	the	archive	
•  No	addi%onal	observing	%me	required	to	observe	a	reference	star	
•  No	sidereal	%ming	constraints	compared	to	ADI	

SPHERE	High-Angular	Resolu%on	Debris	Disk	Survey	(SHARDDS	led	by	J.	Milli)	
55	targets	(~20	000	frames)		
40min	on	source	for	each	target	with	large	field	rota%on	

Pending	ques%ons:	
•  Frame	selec%on	?	
•  Number	of	frames	?	
•  Frame	correla%on	?	



Extended	sources	

Garuffi	et	al.,	2017	

Wish-list:	
•  Face-on	circular	disks	
•  Structures	on	edge-on	disks	
•  Spiral	structures	
•  Total	intensity	imaging	in	IR	
	



Extended	sources	

Milli	et	al.,	2012	

Case	circular	face-on	à	disappears	
Case	edge-on	à	remains	with	separa%on	bias	



Imaging	disks:	
Itera%ve	procedure	

Pairet	et	al.,	2018	



Pairet	et	al.,	2018	

Imaging	disks:	
Itera%ve	procedure	



Imaging	disks:	
Itera%ve	procedure	

Pairet	et	al.,	2018	



Imaging	disks:	
Inverse	problem	approach	

Pairet	et	al.,	in	prep.	

Unmixing	signals	with	wavelet	filtering	and	itera%ve	approach	
IHT:	Itera%ve	hard	thresholding		

On	injected	disk	(GRATER):	
->	residual	structure	to	be	iden%fied	

On-going	work	with		
Université	Catholique	de	Louvain	



Conclusion	

Post-processing	are	essen%al	but:	
•  Robust/unsupervised	detec%on	
•  Extended	objects		
•  Detec%on	limits	

	
	
Other	perspec%ves:	
•  Using	different	diversi%es	
•  Adding	the	instrument	model	
•  Using	meta-data	


