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Are there other worlds 
in the Universe?



The first ones found...

...in 1992, but around a PULSAR!



Indirectly Detecting Planets

• ~300 planetary systems indirectly 
detected by radial velocity reflex 
motion

• CANNOT see the planet - only 
its influence on the parent star

Zhatt



Transits



Transits

• Primary transits give star/planet ratio

• Follow-up radial velocity confirms them

• Don’t need big telescope for this!

• In space, CoRoT and Kepler



HD 189733Gliese 876 Gliese 436

HD 80606HD 179949

HD 149026Ups And Tres-1

HAT-P-2

Using Spitzer for Transit followup

Chart from oklo.org

Lots of interesting systems!



Detecting Planets

• Radial Velocity technique leads the way!

• Transits are catching up though......

• Others are microlensing, astrometry



Why not Direct Imaging?
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Why not Direct Imaging?

• 20 years ago, astronomers assumed other 
planetary systems would be like ours

• We assumed that direct imaging would see a 
planet first

• Because these extrasolar planet systems 
look VERY DIFFERENT compared to ours, 
Radial Velocity and Transits are detecting 
them first!



How we see things



Light as a series of waves

Distant Star



Light as a series of waves

Distance between one trough
and the next is the wavelength

Distant Star



Light as a series of waves

Distance between one trough
and the next is the wavelength

Distant Star



Light as a series of waves

Distance between one trough
and the next is the wavelength

Distant Star



Light as a series of waves

Distance between one trough
and the next is the wavelength

Distant Star

Blue light is 0.4 millionths of a meter
Red light is 0.8 millionths of a meter



Light as a series of waves

Distance between one trough
and the next is the wavelength

Distant Star

Blue light is 0.4 millionths of a meter
Red light is 0.8 millionths of a metermicrons



Where do planets glow?

Adapted from Burrows, Sudarsky and Hubeny 2004

M BandL BandH Band

Young, high mass 
planets

Older, lower mass 
planets



MMTO 6.5m Telescope



Focusing light

Light from star

Image of star
here



Not-so-point sources
Blue Light Green Light Red light

Airy Disk



Not-so-point sources
Blue Light Green Light Red light

Airy Disk

This is called
DIFFRACTION LIMITED IMAGING



Not-so-point sources

Airy Disk

Planet a million times fainter at 0.5 arcsec
Corresponds to Jupiter around a star 30 light years away



Diffraction

Why are they not 
point images?



But wait! It gets tougher...



But wait! It gets tougher...
• When we use telescopes on the ground, we 

rarely see diffraction limited images



Turbulent Atmosphere



Turbulent Atmosphere



What we’d like to see...

Credit: G.Bacon, NASA and ESA



2M1207b

...but what we really see

GQ Lup b SCR 1845 b

AB Pic b
Confirmed planetary mass 

companion to a Brown Dwarf



“Telescopes … cannot be so formed as 
to take away that confusion of the Rays 
which arises from the Tremors of the 
Atmosphere. The only Remedy is a 

most serene and quiet Air, such as may 
perhaps be found on the tops of the 
highest Mountains above the grosser 

Clouds.” (Isaac Newton, 1730)

‘Seeing’ is the problem



Remove the effects of the atmosphere
with ADAPTIVE OPTICS!



Deformable Secondary 
Mirror
Great for thermal infrared

2mm thick by 640 mm diameter

336 voice coil actuators

Undersized pupil
for IR observations
(effective D=6.35m)



AO correction 
- the longer the wavelength,
the more stable star’s image



AO correction 
- the longer the wavelength,

the more stable the PSF



The Lyot Project http://lyot.org/

http://lyot.org
http://lyot.org


Thermal Imaging with Clio
Built by Prof. Phil Hinz

• 3 to 5 micron imaging camera/coronagraph



Background star

Typical Clio Observation



Background star equivalent in 
brightness to a planet of 5Mjupiter.

A Background Star

Pluto’s orbit



Diffraction Effects

Vega at 5 microns

Fake 10 Mjup planet
at 20 AU

...but could you find a planet closer in?



Why does Image 
Subtraction not work?

• Two images taken about 20 minutes apart are 
not identical

• Quasi-static ‘speckles’ are present in all images



But wait! It gets even 
tougher...



Coronagraph

• ‘Looking at the Sun’s Corona’

• Invented by Bernard Lyot



Coronagraphy

• “Cover the star with your thumb!”

• Removing diffraction from star whilst letting 
planet light through



Diamond turned optic



It works...

April/May 2006



Ice Line Survey Sensitivity

RV planets
Direct Imaging



• Play animation



Procyon B

dM=11mag
2.46 arcsec
0.6 hours



Procyon B

dM=11mag
2.46 arcsec
1.5 hours



Pi 3 Ori
d=7pc

5 AU 10 AU

1.5 Gyr

jupMass limit: 11M     in to 5 AU



Conclusions

• Thermal imaging is sensitive enough                                
(assuming models are close to reality...)

• No planets so far... but watch this space!

• 8 stars out of 25 observed, no planet candidates



Fomalhaut

Hubble Space Telescope in 2006

Dust Belt



Fomalhaut



Fomalhaut

Pluto’s Orbit

Clio at MMT
Dec 2006

Nothing bigger than 2 Jupiter Masses



HR 8799

• Images with Clio tonight!



Beta Pic
2 A.-M. Lagrange et al.: A probable giant planet imaged in the β Pictoris disk

(CONICA; Lenzen et al. 2003) detector, in order to study the im-
mediate circumstellar environement of β Pic.

2. Observations and data reduction procedures

2.1. Observations

L
′-band images of β Pic (V = 3.8, L′ = 3.5) were obtained be-
tween 2003 November 10 and 2003 November 17 with NaCo.
The visible wavefront sensor was used with the 14 × 14 lenslet
array, together with the visible dichroic. We used the CONICA
L27 camera, which provides a pixel scale of ∼ 27 mas. Saturated
images of β Pic were recorded, with detector integration times
(DITs) of 0.175 s and number of detector integrations (NDIT) of
100 or 200. Every two exposures1, spatial offsets were applied in
order to allow sky and instrumental background removal. Non-
saturated images were also recorded to get images of the stellar
point spread function (PSF) as well as a photometric calibration.
In such case, we added the Long Neutral Density filter (transmis-
sion ∼ 0.018) in the CONICA optical path, and recorded images
with DITs of 0.4s.

In addition, the binary IDS 22141S3712 (separation
ρ = 6 630 ± 10 mas, position angle PA = 302.06 ±
0.07◦; van Dessel & Sinachopoulos 1993) was observed on
November 11 as an astrometric calibrator. A mean plate scale of
27.105±0.041 mas and a true North orientation of −0.10±0.07◦

were derived and used to calibrate all β Pic images. Saturated
and non saturated exposures were taken on the reference star
HR 2435 (A0II, V = 4.4). The purpose is to correct for the star
halo (the wings of the PSF) present in the saturated exposures.
To optimize the removal of any fixed speckle, β Pic and HR 2435
were observed, as much as possible, at close parallactic angles.
Finally, twilight flat fields were also recorded in L′ band.

The observing conditions varied from exceptional (coherent
energy2 EC > 70%, coherent time τ0 > 20 ms) to reasonable
(EC ∼ 50%, τ0 of a few ms), and sometimes poor (EC ∼ 20–
35%, τ0 ∼ 1–2 ms), over the run; the data quality varies accord-
ingly. The best data set on β Pic was obtained on November 10.
In the following, we will describe the data reduction and analysis
of three sets of data: (A) the very best set obtained on November
10; (B) a set of data with slightly poorer image quality obtained
on the same night, with a shorter total exposure time, and (C) a
set of data with poorer image quality obtained on November 13.
However, Set C is representative of the best data obtained in the
nights following November 10. The instrumental configurations
and the status of image quality for these three data sets can be
found in Table 1.

2.2. Data processing

The first step was the cosmetic correction (bad-pixels, flat-
fielding, background subtraction) and recentering of individ-
ual offset positions of β Pic and HR2435 observations. A
first method was to directly apply standard routines from
the eclipse library (Devillard 1997), using classical cross-
correlation algorithm. A special care was taken to estimate the
background at each given position by averaging images obtained
at the previous and successive offset position in the observing

1 An exposure is completed after DIT × NDIT.
2 Since it is not possible to measure the Strehl ratio on our saturated

data, we can only use the information provided by NAOS to assess the
image quality. The coherent energies are those measured by the system
in K band.
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Fig. 1. β Pic and HR2435 recentered and saturated L′ images (top left
and top right, respectively) in data set A. Below are the divided (bottom
left) and subtracted (bottom right) images. North is up and East is to the
left. A candidate companion is clearly detected at a PA of & 32◦, i.e.,
along the NE side of the disk, at a separation of about 0.′′41 from the
star.

sequence. Alternatively, a second method was used with an im-
proved software dedicated to adaptive optics (AO) image pro-
cessing (see Gratadour et al. 2005). Following a different ap-
proach for the background subtraction, images at individual off-
set positions were recentered using a maximum likelihood al-
gorithm at the level of the tenth of a pixel or better. The same
overall process was used for both the object and the reference.
Consistent results are found in terms of recentering precision
and background subtraction (at less than the backgroung noise
of 0.9 ADU).

As a second step, three parallel approaches were followed to
study the close environement of β Pic:

– first approach consists in removing the PSF wings from the
saturated images of β Pic by a simple minimization of the
residuals. To do so, we first divided β Pic images by the
ones of HR 2435 obtained under similar conditions (same
DIT, NDIT, and pupil position). We then computed the scal-
ing factor to be applied to the reference in order to scale its
flux to that of β Pic. We then subtracted the reference images
to the β Pic ones. Recentering and scaling processes are re-
peated to minimize the residuals with respective precisions
of sub-pixels and 5%. Tests have been performed using ro-
tated images of β Pic for PSF subtraction. However, the fact
that PSF halo is not centro-symmetric and that the statical
aberrations are not overlaid worsen the subtraction process.

– the second approach is to follow the same subtraction se-
quence but applying the maximum likelihood algorithm of
Gratadour et al. 2005 (see Fig. 1). The algorithm is used here
to recenter the reference star with β Pic and therefore confirm
the previous estimation. Similar precisions are achieved.

– the last approach was actually to use the MISTRAL decon-
volution algorithm (Mugnier et al. 2004), based on a maxi-
mum a posteriori scheme. Nevertheless, MISTRAL relies on
a strict convolution process between image and reference
which is not the case for our saturated data. A first step is
therefore to perform a posteriori correction of saturated part
of the image and reference. This is done using a simulated
Airy pattern. The top of the Airy pattern replaces the im-
age saturated pixels. The flux level is adjusted using the first



Thanks for listening!


