
Physics	of	planetary	
atmospheres	

Lecture	1:	
Detection	and	Observations	of	
Exoplanetary	Atmospheres	



Course	info	

•  PhD	course	(master	students	should	talk	to	Andreas	
Korn	about	getting	credits).	

•  Book:	"Exoplanetary	atmospheres:	theoretical	
concepts	and	foundations"	by	Kevin	Heng,	Princeton	
University	Press,	2017.	

•  Web	page:	
http://www.astro.uu.se/~piskunov/TEACHING/
PLANETARY_ATMOSPHERES/index.html	

•  No	exam,	but	homework,	project	and	class	
presentations.	



The	First	Discoveries	

•  Planets	around	pulsars	
	
	
	

•  Planets	around	solar-type	stars	



Discovery	of	exoplanets	

•  Pulsars	timing	methods:	<10	
•  Radial	Velocity	(RV)	method	>1000	
•  Transit	photometry	method	>2500	
•  Direct	imaging	method	>20	
•  Gravitational	microlensing	method	>30	
•  Astrometry	method	=1	



Radial	Velocities	



Radial	Velocity	method	

•  Typical	amplitude	of	planetary	orbital	velocity	
along	any	given	direction	is	between	1	and	300	
km/s.	

•  We	do	not	see	the	planet	L	
•  The	star	also	moves	around	common	gravity	
centre	but	velocities	are	between	1	cm/s	and	
100	m/s.	

•  Measuring	such		velocity	requires	advanced	
instrumentation,	simultaneous	calibrations	and	
long	observing	sets.	



RV	observations	
Cross-correlation	of	spectra	like	the	one	below	
gives	the	change	of	radial	velocity.	



RV	analysis	

•  This	method	can	also	discover	multiple	planets	
	
	
	
	
	

•  What	do	we	get	from	RV	curves?	
–  Period	
–  Amplitude	of	RV	
–  Eccentricity	
– Mpsini	(i	–	is	the	inclination	of	the	orbit	to	the	line	of	sight)		



Transit	photometry	



What	are	the	chances	to	see	a	transit?	
•  Assuming	random	inclination	of	the	orbital	plane	to	
the	line	of	sight	we	can	see	the	transit	if:	
	
	
where					is	the	radius	of	the	orbit	and								is	the	
radius	of	the	star.	
	
	
	
	

•  Of	course,	we	will	still	see	the	eclipse	from	any	side	
along	the	orbit.	

�R?

a
 tan ✓  R?

a
<latexit sha1_base64="nIYLFDUkDOAc3so0XlYomc1+NXw=">AAACHXicbVBNSyNBFHzjrh8bv7J63EuzIngxzIhgjuJePEbZRCETwpvOG9PY0zN0vxHCkD/ixb/ixYOyyLIX8bR/ZTuJh924BQ3VVfXofpUUWjkOw9dg4cPHxaXllU+11bX1jc36562Oy0srqS1zndvLBB1pZajNijVdFpYwSzRdJNffJv7FDVmncvOdRwX1MrwyKlUS2Uv9+uF+nFqU1Xk/dox2XOE41hQzmpiHxDi5zAdEv74TNsIpxHsSvZGd4+bvnwIAWv36r3iQyzIjw1Kjc90oLLhXoWUlNY1rcemoQHmNV9T11GBGrldNtxuLXa8MRJpbfwyLqfr3RIWZc6Ms8ckMeejmvYn4P69bctrsVcoUJZORs4fSUgvOxaQqMVCWJOuRJyit8n8Vcoi+DPaF1nwJ0fzK70nnoBGFjejMt3ECM6zAF/gKexDBERzDKbSgDRJu4R4e4Sm4Cx6CH8HzLLoQvM1swz8IXv4AzP2lzg==</latexit><latexit sha1_base64="5Qo4HdEvnJW3r+l5Of1gCr1Sb7s="></latexit><latexit sha1_base64="5Qo4HdEvnJW3r+l5Of1gCr1Sb7s="></latexit><latexit sha1_base64="ylSfrRligvi0nQsOB0n4AgBRJNU=">AAACHXicbVBNSwMxFMz6bf2qevQSLIIXy64IehS9eFSxWuiW8jZ924Zms0vyVihL/4gX/4oXD4p48CL+G9Pag7YOBCYz80jeRJmSlnz/y5uZnZtfWFxaLq2srq1vlDe3bm2aG4E1karU1COwqKTGGklSWM8MQhIpvIt650P/7h6Nlam+oX6GzQQ6WsZSADmpVT46CGMDorhuhZbADAoYhApDAh1SFwmGl8kAb5UrftUfgU+TYEwqbIzLVvkjbKciT1CTUGBtI/AzahZgSAqFg1KYW8xA9KCDDUc1JGibxWi7Ad9zSpvHqXFHEx+pvycKSKztJ5FLJkBdO+kNxf+8Rk7xSbOQOssJtfh5KM4Vp5QPq+JtaVCQ6jsCwkj3Vy664MogV2jJlRBMrjxNbg+rgV8NrvzK6dm4jiW2w3bZPgvYMTtlF+yS1ZhgD+yJvbBX79F79t6895/ojDee2WZ/4H1+A7kyo4c=</latexit>

R?
<latexit sha1_base64="dmy4mrciLCCL8jxQdAtmtGlYxU8=">AAAB7nicbVA9SwNBEJ2LXzF+RQUbm8UgWIU7m1gGbSwTMR+QHHFvs5cs2ds7dueEcORH2FgoYuvvsbPxt7j5KDTxwcDjvRlm5gWJFAZd98vJra1vbG7ltws7u3v7B8XDo6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQz9VuPXBsRq3scJ9yP6ECJUDCKVmrd9boGqe4VS27ZnYGsEm9BStWT+vcDANR6xc9uP2ZpxBUySY3peG6CfkY1Cib5pNBNDU8oG9EB71iqaMSNn83OnZBzq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx7U/E/r5NieOVnQiUpcsXmi8JUEozJ9HfSF5ozlGNLKNPC3krYkGrK0CZUsCF4yy+vkuZl2XPLXt2mcQ1z5OEUzuACPKhAFW6hBg1gMIIneIFXJ3GenTfnfd6acxYzx/AHzscP2OeRaA==</latexit><latexit sha1_base64="7/ydocw5fIIA/+Ev9quNhAtmLMY=">AAAB7nicbVA9SwNBEJ2LXzF+RQUbm8UgWIU7Gy1DbCwTMYmQHGFvs5cs2ds7dueEcORH2FgoYmvjv/AX2Nn4W9x8FJr4YODx3gwz84JECoOu++XkVlbX1jfym4Wt7Z3dveL+QdPEqWa8wWIZ67uAGi6F4g0UKPldojmNAslbwfBq4rfuuTYiVrc4Srgf0b4SoWAUrdS66XYMUt0tltyyOwVZJt6clCpH9W/xXv2odYufnV7M0ogrZJIa0/bcBP2MahRM8nGhkxqeUDakfd62VNGIGz+bnjsmp1bpkTDWthSSqfp7IqORMaMosJ0RxYFZ9Cbif147xfDSz4RKUuSKzRaFqSQYk8nvpCc0ZyhHllCmhb2VsAHVlKFNqGBD8BZfXibN87Lnlr26TaMKM+ThGE7gDDy4gApcQw0awGAID/AEz07iPDovzuusNefMZw7hD5y3Hyo3kyQ=</latexit><latexit sha1_base64="7/ydocw5fIIA/+Ev9quNhAtmLMY=">AAAB7nicbVA9SwNBEJ2LXzF+RQUbm8UgWIU7Gy1DbCwTMYmQHGFvs5cs2ds7dueEcORH2FgoYmvjv/AX2Nn4W9x8FJr4YODx3gwz84JECoOu++XkVlbX1jfym4Wt7Z3dveL+QdPEqWa8wWIZ67uAGi6F4g0UKPldojmNAslbwfBq4rfuuTYiVrc4Srgf0b4SoWAUrdS66XYMUt0tltyyOwVZJt6clCpH9W/xXv2odYufnV7M0ogrZJIa0/bcBP2MahRM8nGhkxqeUDakfd62VNGIGz+bnjsmp1bpkTDWthSSqfp7IqORMaMosJ0RxYFZ9Cbif147xfDSz4RKUuSKzRaFqSQYk8nvpCc0ZyhHllCmhb2VsAHVlKFNqGBD8BZfXibN87Lnlr26TaMKM+ThGE7gDDy4gApcQw0awGAID/AEz07iPDovzuusNefMZw7hD5y3Hyo3kyQ=</latexit><latexit sha1_base64="42ymWHPolUtcWYJMxOYzlVq79O0=">AAAB7nicbVA9SwNBEJ3zM8avqKXNYhCswp6NlkEbyyjmA5Ij7G32kiV7e8funBCO/AgbC0Vs/T12/hs3yRWa+GDg8d4MM/PCVEmLlH57a+sbm1vbpZ3y7t7+wWHl6Lhlk8xw0eSJSkwnZFYoqUUTJSrRSY1gcahEOxzfzvz2kzBWJvoRJ6kIYjbUMpKcoZPaD/2eRWb6lSqt0TnIKvELUoUCjX7lqzdIeBYLjVwxa7s+TTHImUHJlZiWe5kVKeNjNhRdRzWLhQ3y+blTcu6UAYkS40ojmau/J3IWWzuJQ9cZMxzZZW8m/ud1M4yug1zqNEOh+WJRlCmCCZn9TgbSCI5q4gjjRrpbCR8xwzi6hMouBH/55VXSuqz5tObf02r9poijBKdwBhfgwxXU4Q4a0AQOY3iGV3jzUu/Fe/c+Fq1rXjFzAn/gff4ASk+Pgw==</latexit>

a
<latexit sha1_base64="1i6iwZ5BAwdoqtjAA18vYOZ2xac=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjEIVuHORhsxaGOZgHlAcoS9zVyyZm/v2N0TwhGwt7FQxNZ/xt7O/8bNo9DEDxZ+fN8MOzNBIrg2rvvt5FZW19Y38puFre2d3b3i/kFDx6liWGexiFUroBoFl1g33AhsJQppFAhsBsObSd58QKV5LO/MKEE/on3JQ86osVaNdoslt+xORZbBm0Pp6rNw+QgA1W7xq9OLWRqhNExQrduemxg/o8pwJnBc6KQaE8qGtI9ti5JGqP1sOuiYnFinR8JY2ScNmbq/OzIaaT2KAlsZUTPQi9nE/C9rpya88DMuk9SgZLOPwlQQE5PJ1qTHFTIjRhYoU9zOStiAKsqMvU3BHsFbXHkZGmdlzy17NbdUuYaZ8nAEx3AKHpxDBW6hCnVggPAEL/Dq3DvPzpvzPivNOfOeQ/gj5+MHMWSOrg==</latexit><latexit sha1_base64="OKJ/jXqn07plwrIYnWnQJfIKuZE=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxVoZ18wSt6E5FF8GdQuPxwL5L3L7fcyX+2ujFLI5SGCap10/cS086oMpwJHLmtVGNC2YD2sGlR0gh1O5sMOiLH1umSMFb2SUMm7u+OjEZaD6PAVkbU9PV8Njb/y5qpCc/bGZdJalCy6UdhKoiJyXhr0uUKmRFDC5QpbmclrE8VZcbexrVH8OdXXoTaadH3in7FK5SuYKocHMIRnIAPZ1CCGyhDFRggPMATPDt3zqPz4rxOS5ecWc8B/JHz9gMi85Ai</latexit><latexit sha1_base64="OKJ/jXqn07plwrIYnWnQJfIKuZE=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxVoZ18wSt6E5FF8GdQuPxwL5L3L7fcyX+2ujFLI5SGCap10/cS086oMpwJHLmtVGNC2YD2sGlR0gh1O5sMOiLH1umSMFb2SUMm7u+OjEZaD6PAVkbU9PV8Njb/y5qpCc/bGZdJalCy6UdhKoiJyXhr0uUKmRFDC5QpbmclrE8VZcbexrVH8OdXXoTaadH3in7FK5SuYKocHMIRnIAPZ1CCGyhDFRggPMATPDt3zqPz4rxOS5ecWc8B/JHz9gMi85Ai</latexit><latexit sha1_base64="gcKcGoF7RWGWOZwWwpaemuXpmJc=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVadFCtuXV3AbJOvILUoEBzUP3qDxOWxSgNE1TrnuemJsipMpwJnFX6mcaUsgkdYc9SSWPUQb44dEYurDIkUaJsSUMW6u+JnMZaT+PQdsbUjPWqNxf/83qZiW6CnMs0MyjZclGUCWISMv+aDLlCZsTUEsoUt7cSNqaKMmOzqdgQvNWX10n7qu65da/l1hq3RRxlOINzuAQPrqEB99AEHxggPMMrvDmPzovz7nwsW0tOMXMKf+B8/gDCHYzh</latexit>



Probability	of	transit	

•  The	probability	is:	
	
	
	

•  We	ignored	the	size	of	the	planet	and	
assumed				to	be	small.	

•  None	of	these	is	true	for	hot	jupiters	but	is	
good	enough	for	most	other	planets.	
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Transit	search	

•  First,	as	confirmation	for	RV	result	
•  Then,	independent	massive	searches:	COROT	
and	KEPLER	from	space,	WASP,	TRAPPIST	from	
the	ground	
	
	
	
	
	

•  Main	idea:	Looking	at	many	stars	continuously	



Kepler	

•  Kepler	field	
140000	stars	
	
	
	

•  Kepler	light	curves	



Closer	look	at	the	light	curve	

Period	

De
pt
h	



Even	closer	look	

The	comparison	of	the	two	times	combined	with	depth	gives	the	
inclination	of	the	orbital	plane	and	the	ratio	of	planet-to-star	radii.		



Ingres,	egress	etc.	



If	observations	were	perfect	…	
We	could	derive	transit	would	also	provide:	
•  Period	
•  Size	of	the	planet	(relative	to	the	star)	
•  Stellar	limb	darkening	
•  Planet	albedo	(fraction	of	reflected	light)	
and	combined	with	the	RV	orbital	solution:	
•  Planet	mass	density	(Earth,	Neptune,	Jupiter)			
•  Variation	of	planet	irradiation	(elliptic	orbit)	
•  Presence	of	other	planets	



...	but	observations	are	not	perfect		

•  Spatial	resolution	is	usually	poor.	There	is	a	chance	to	
have	more	than	one	star	contributing	the	the	light	
curve.	
	

•  In	this	case	an	eclipsing	binary	star	with	a	third	star	on	
the	line	of	sight	can	mimic	planetary	system.	
	

•  Large	amplitude	of	RV	variations	will	reveal	such	cases.	
	

•  This	was	not	understood	when	COROT	and	KEPLER	
missions	were	launched.	Thus	many	of	discoveries	
remain	unconfirmed	(too	faint	for	spectroscopy).	



Direct	Imaging	Method	

•  The	goal	is	to	see	(reflected)	light	from	a	
planet	next	to	a	star	that	is	109	times	brighter!	

•  Three	crucial	ingredients:	spatial	resolution,	
image	quality	and	coronagraphy.	

•  Spatial	resolution	and	image	quality	are	
defined	by	the	size	and	quality	of	the	
telescope	and	the	atmosphere.	The	goal	is	
concentrate	the	light	and	make	targets	on	
optical	axis	to	be	perfectly	symmetric.	



Example	from	the	ESO	VLT	

8m	telescope	with	Adaptive	Optics	(AO)	imaging	
system:	
	

The	separation	between	the	star	and	the	
planet	is	11	times	larger	than	the	orbit	of	
Jupiter.	The	star	is	much	fainter	than	the	Sun.	

Atmospheric	correction	of	Neptune	images	
with	the	latest	ESO	AO	system.	



Coronagraphy	
Suppressing	stellar	light	(Keck	Vortex	coronagraph):	

Original	(log	scale)	 Measured	residuals	<10-3	 Predicted	residuals	<10-8	



Made	in	Uppsala	



AO-Coronagraphy	results	

Image	of	HIP	79124b	planet	in	2017.	X	marks	planet	position	in	2015.	The	
orbit	5	times	larger	than	the	orbit	of	Jupiter.	Serabyn	et	al,	2017,	AJ	153,	43.		



	Gravitational	Microlensing	

•  Gravitational	lens	
Black	hole	in	front	
of	a	galaxy	(simulation,	
Wikipedia).	

•  Typical	light	curve:	



Astrometry	

Systematic	observations	of	stellar	position	may	reveal	
wobbles	around	proper	motion:	

Fitting	an	orbital	solution	would	give	the	period	and	mass	
ratio.	Gaia	satellite	with	its	high-precision	and	long	mission	
will	discover	many	such	systems.	They	are	invisible	to	transit	
or	RV	search.	



Characterisation	of	planetary	
atmospheres	

•  Planetary	atmospheres	may	have	dramatically	
different	transmission	as	function	of	wavelength.	
	
	
	
	
	
	
	
	

•  In	these	cases	transition	photometry	in	narrow-
band	filters	will	show	different	planet	radius.	



Transit	spectrophotometry	

GJ	436b:	a	Neptune-size	planet	orbiting	and	and	M-dwarf	
at	Mercury	orbit.	



Why	is	it	so	bad?	

Venus	transit	of	the	Sun	2012-06-06	



Future	Instruments	

James	Webb	Space	Telescope	(6m	in	space)	will	
do	much	better:	



Transit	Spectroscopy	

•  High	spectral	resolution	with	huge	telescopes	
on	the	ground.	

•  Cross-correlation	method	(Ignas	Snellen):	

Water	in	the	atmosphere	of	HD189733b	with	3.6m	telescope		



Future	of	Transit	Spectroscopy	

•  One	of	the	main	tasks	for	the	coming	30m	
telescopes	ELT,	GMT	and	TMT.	

•  Even	with	an	8m	telescope	already	next	year	
we	expect	to	get	this:	
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Reflected	light	

•  Much	larger	signal.	
•  Probing	most	of	the	planetary	atmosphere.	
•  Either	in	direct	imaging	(but	low	spectral	
resolution)	or	with	high-resolution	by	
measuring	before	and	after	secondary	eclipse.	



Future	in	general	
•  No	matter	what	technique	proves	to	be	first	or	
best	we	would	need	planetary	atmosphere	
models	to	interpret	observations.	

•  Such	models	must	be	based	on	sound	physical	
principles	of	energy	conservations,	interaction	
between	particles	and	particles	with	radiation.	

•  Astronomy	already	today	provides	some	
important	basic	knowledge	abut	planetary	orbits	
and	host	stars.	

•  Modelling	must	be	made	sufficiently	flexible	to	
describe	exoplanets.			



Home	work	

•  What	would	happen	with	orbital	period	of	the	
Earth	if	we	reduce	the	mass	of	the	Sun	by	50%	
but	keep	the	same	orbit?	

•  Compute	transit	duration	for	Venus	and	Mars	
observed	from	a	distant	planet	that	happens	
to	be	in	the	same	plane	as	the	orbits	of	these	
two	Earth	neighbours.	


