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Topics in Observational 
astrophysics

Ian Parry, Lent 2020

Lecture 24
Exoplanets ‐ 6

• Direct imaging combined with spectroscopy
• Reflected light from exoplanets
• Contrast v angular separation for Earth‐sized planets in the HZ
• How big a telescope do we need to search for bio‐signatures?
• LUVOIR and HABEX
• Starshades
• SUPERSHARP

Direct imaging and spectroscopy

• We’ve already seen how the light from a planet can be separated from much 
of the light from its parent star using high contrast imaging (HCI).

• We can potentially take the spectrum of this separated exoplanet light which 
might be sitting on a speckle background which is ~1000x brighter than the 
planet itself.

• There are two things that make this very difficult:
1. The contrast (i.e. [planet brightness]/[host star brightness]) is very small: 

between 10‐5 and 10‐11 for reflected light at optical wavelengths.
2. The angular separation between the planet and its host star is very 

small: less than 300mas for planets in the HZ.

• This means we need a big telescope to minimize λ/D and a HCI system to 
reduce the background from the host star.

• Also, it helps enormously to observe from space to avoid image blurring by 
our atmosphere and confusion due to the bio‐signatures of our atmosphere.
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The reflected-light contrast of a 
planet can be written as

Where p is the geometric albedo, ϕ(α) is 
the phase law, sometimes called the 
integral phase function, at phase angle α, 
rp is the planet radius, and a is the 
distance from planet to star, here simply 
written as the semimajor axis. For a 
Lambert sphere the phase law is

For example, in an edge-on system,
ϕ(0) = 1 at superior conjunction,
ϕ(π/2) = 1/π at maximum elongation, and 
ϕ(π) = 0 at inferior conjunction.

From Traub and Oppenheimer, 2010
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95% of known transiting 
planets have a<0.4 AU

Reflected light from exoplanets

Planet-star contrast for face-on circular orbits. The mean size of the habitable zone is 
plotted as short vertical lines for host star spectral type. The eight planets in our solar 

system are plotted using their initial letters. Note that ~95% of known transiting planets 
are to the left of the vertical dashed line at 0.4AU. 

Easiest to 
observe in 
this corner

Hardest to 
observe in 
this corner

From Parry et at, 2018, 
arXiv:1801.06111
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Proxima b

Underlying figure from Lawson 2012 (JPL Document D-77698)

Apparent separation on the sky measured in arcsec
HDST = High Definition Space Telescope = LUVOIR-A

• Blue lines are for earth-
sized planets at 3 different 
distances (purple line 
from previous plot).

• Solar system objects are 
shown for a sun-like host 
at 10pc.

• Curves for solar system 
objects  are driven by the 
phase change as it orbits 
its host (edge-on orbit 
assumed).

• The Proxima b point 
assumes it’s a super-earth.

HABEX

Resolving the 
nearby 
habitable zones 

• For eta-earth=0.1 and for 100 resolved 
planets we need to be able to resolve 
1000 habitable zones.

• From our knowledge of the local stars 
we know that there are 1000 stars with 
HZs bigger than 60mas (to the right of 
the vertical line).

• Need a 9m telescope for IWA=60mas
• Most of these have an apparent HZ 

semi-major axis of between 60 and 
100 mas

Credit: Ranjan Vasudevan
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Figure from Stark et al 2015

Number of targets 
(yield) v telescope size

• Approximately	yield	∝	D3

• Figure	shows	yield	for	one	year	of	
observation	time	in	total.	Assumes	
a	circular	primary	mirror	and	takes	
into	account	exposure	time	
required	to	get	adequate	S/N	ratio

• Need	to	unfold	to	between	13m	‐
19m	to	get	50‐100	targets.

• To	search	for	bio‐signatures	we	
need	a	telescope	that’s	bigger	than	
the	fairing	diameter	(~4m)	of	
current	rockets	such	as	an	Ariane	
rocket	– need	to	unfold.

= HDST (High Definition 
Space Telescope)

LUVOIR-A
15m

LUVOIR-B
8m

Habex
4 m telescope
52 m star-shade
76,600 km separation

JPL

Goddard
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From the LUVOIR 
final report 2019

From the LUVOIR final report 2019
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From the LUVOIR 
final report 2019

From the Habex
final report 2019
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From the Habex
final report 2019

Starshades

• For high contrast imaging of a faint exoplanet next to a 
bright star we can use a coronagraph and a DM to make a 
dark hole as we saw earlier.

• Alternatively, rather than using an internal occulter at an 
image plane which is after the telescope pupil we can use 
an external occulter which is a long way ahead of the pupil 
plane in a pseudo-image plane.

• Such an occulter is called a starshade.
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Starshades - advantages

• Contrast and inner working angle are decoupled from the 
telescope aperture size.

• IWA is not proportional to λ/D anymore, so can have a small 
IWA with a small D.

• Broad bandpass, high total throughput.

• No constraints on other astronomical instruments.

• No outer working angle.

• 360 degree suppressed field of view.

• Superb starlight suppression (10-10).

• High quality telescope not required - segments & obstructions 
not a problem.

• Wavefront correction with a DM is unnecessary.

• Full-scale end-to-end system test on the ground not possible.

• Long times between observations, might take about a week to 
slew the starshade between targets.

• Number of starshade movements (and therefore number of 
targets) limited by amount of fuel.

Starshades - disadvantages
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Starshade inner working angle (IWA)

• IWA=R/z
• Earth-like planet at 10 pc: need minimum IWA = 100 mas.
• So for D = 4 m, need a star shade which is bigger than D 

so let’s say 2 × R = 6 m, then z ~ 6200 km.

Credits: Shaklan and Roberge

Effects of diffraction

• The geometric shadow is not completely dark because of diffraction.
• A circular starshade can actually create a bright spot (Arago spot).

• Shadow is not dark enough.
• Need to apodise the edges of the starshade. Cannot have partially 

transparent material so use a petal shape instead.
• Can get 10-10 contrast with a reasonably sized starshade (but bigger than 

that calculated from geometrical shadow)
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Starshades

• Shadow is wavelength dependent.
• Redder bandpass needs a larger starshade which has to be 

further away from the telescope to get same IWA and so needs 
longer slew times for retargeting.

• Precise edge profile (~ 50 μm tolerance) required over large 
structure.

• Need knife-edges to prevent sunlight scattering into the 
telescope.

• Need in-orbit deployment of a large structure
• Precise alignment between starshade and telescope needed (± 1 

meter tolerance).

Metrology optics 
at the CoC for 
aligning the 
primary mirror 
segments

Coronagraph/IFS 
module at prime 
focus. Includes optics 
to correct spherical 
aberration.

Service module

Primary mirror 
petals supporting 
mirror segments

Thin sheet sunshades 
stretched between the 
mirror petals

When deployed, this version of the SUPERSHARP concept is 50m 
long and 19mx19m wide. The primary mirror baseline is 24m.

Parry et al, 2018, arXiv:1801.06111 

SUPERSHARP - Segmented Unfolding Primary for 
Exoplanet Research via Spectroscopic High Angular 

Resolution PhotographyThe LUVOIR and 
HABEX proposals are 
very impressive.

However, both 
LUVOIR and HABEX 
will take at least 20 
years to deliver results.

Can this bio-signature 
search be done faster?

Maybe?
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Another simple CAD concept showing how a 24m telescope can be stowed 
inside an Ariane 6 fairing and then deployed to its full extent. 

The SUPERSHARP yield calculator

Credit: Vasudevan

Most exposure times in range
100 - 1000 hours
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The SUPERSHARP yield calculator

Credit: Vasudevan

The SUPERSHARP yield calculator

Credit: Vasudevan

GM K

Sun-likeRed dwarfs
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The SUPERSHARP yield calculator

Credit: Vasudevan

Exo-Earths in the HZ

200 mas

exoplanet

Host star position

Simulation of a single channel in the SUPERSHARP data cube (7.5nm bandpass, after speckle 
background subtraction) of a HZ super-Earth orbiting a hypothetical G star at 5pc distance from the 
Earth. Bit like Tau Cet (3.7pc), Sigma Dra (5.8pc) , Eta Cas (5.9pc), and Epsilon Eri (3.2pc). The 
integration time is 500 hours and the image scale is 3.2 mas/pixel. The planet image can be 
distinguished from the planet-like speckles because the speckles move with wavelength and so appear in 
different positions in other slices of the data cube while the planet image stays still. 

Simulated data –
models an integral field 
spectrograph at the 
back of a coronagraph

From Parry et at, 2018, 
arXiv:1801.06111


