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Mission 
Microvariability and Oscillations 
of STars / Microvariabilité et      
Oscillations STellaire
First space satellite              

``designed for 
``asteroseismology

Small optical telescope &  
ultraprecise photometer 
precision: ~ few ppm = μmag

Canada’s first space telescope 

Canadian Space Agency (CSA)

MOST at a glance 



Satellite 
54 kg, 60×60×30 cm
Power: solar panels

peak ~ 38 W
Attitude Control System:

reaction wheels
pointing accuracy ~ 1”

Communication: S-band
frequency ~ 2 GHz 

8 Lifetime: 4 – 7 years 
+? CONTRACTORS: Dynacon Inc.

U of T Institute for Aerospace Studies

PROJECT             
BUDGET            ~ US$6M

MOST at a glance 



Mission Scientist 
> 54 kg, 182 cm high
Power: hydrocarbons  

peak ~12 MW at disco/pub 
Attitude uncontrolled

reactions slow
doesn’t always have point

Communication: loud
high-frequency

Lifetime: fun while it lasts  
CONTRACTORS: my parents

MY                
SALARY                ‹< US$6M

MOST at a glance 



Instrument 
Maksutov telescope

aperture = 15 cm
field of view = 2° diameter

single broadband filter 
380 ≤ λ ≤ 750 nm

twin E2V 47-20 CCDs
Science and Startracker
Fabry microlenses produce 
pupil images of star and sky

University of British Columbia
CRESTech, Spectral Applied Research
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Maksutov telescope

aperture = 15 cm
field of view = 2° diameter

single broadband filter 
380 ≤ λ ≤ 750 nm

twin E2V 47-20 CCDs
Science and Startracker
Fabry microlenses produce 
pupil images of Primary Star 
and sky backgrounds

Ceravolo Optical Systems (Ottawa)
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CCD QE
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Instrument 
Maksutov telescope

aperture = 15 cm
field of view = 2° diameter

single broadband filter 
380 ≤ λ ≤ 750 nm

twin E2V 47-20 CCDs
Science and Startracker
Fabry microlenses produce 
pupil images of Primary Star 
and sky backgrounds

Frame Buffer

ACS CCDSCI CCD

Frame Buffer

MOST Detectors:
Custom packaged
Marconi 47-20 CCD

Micro Lens
Array 

SCIENCE ACS

E2V Technologies (formerly Marconi)
Chelmsford, UK
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Instrument 
Maksutov telescope

aperture = 15 cm
field of view = 2° diameter

single broadband filter 
380 ≤ λ ≤ 750 nm

twin E2V 47-20 CCDs
Science and Startracker
Fabry microlenses produce 
pupil images of Primary Star 
and sky backgrounds

Frame Buffer

ACS CCDSCI CCD

Frame Buffer

MOST Detectors:
Custom packaged
Marconi 47-20 CCD

Micro Lens
Array 

Advanced Microoptic Systems
(Saarbrücken, Germany)
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Instrument 
Maksutov telescope

aperture = 15 cm
field of view = 2° diameter

single broadband filter 
380 ≤ λ ≤ 750 nm

twin E2V 47-20 CCDs
Science and Startracker
Fabry microlenses produce 
pupil images of Primary Star 
and sky backgrounds

Advanced Microoptic Systems
(Saarbrücken, Germany)

~1500 lit pixels fixed on CCD;
insensitive to flatfielding errors

MOST at a glance 



15-cm Maksutov telescope
single broadband filter 

380 ≤ λ ≤ 750 nm
twin 47-20 CCD detectors

Science and Startracker
1K × 1K; 3 arcsec/pixel

Fabry microlenses produce 
pupil images of 1 Primary 
Star and sky backgrounds
Direct Imaging field for   
PSF photometry of 3-6 stars
Startracker photometry of   
up to 30 stars

Instrument 
~ 2.2 pixels

MOST at a glance 



15-cm Maksutov telescope
single broadband filter 

380 ≤ λ ≤ 750 nm
twin 47-20 CCD detectors

Science and Startracker
1K × 1K; 3 arcsec/pixel

Fabry microlenses produce 
pupil images of 1 Primary 
Star and sky backgrounds
Direct Imaging field for   
PSF photometry of 3-6 stars
Startracker photometry of   
up to 30 stars

Focal plane 

15 Mon

V588 Mon

V589 Mon

NGC 2264

0.5º
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circular polar orbit
altitude h = 820 km
period P = 101 min
inclination i = 98.6º

Sun-synchronous
stays over terminator

CVZ ~ 54° wide 
-18º < δ < +36º
stars visible for up to 8 wks    
without interruption

MOST

orbit normal vector

to Sun

CVZ = 
Continuous 
Viewing 
Zone

Orbit 
MOST at a glance 



Performance 
Sampling: up to 10×/min
Fabry Imaging

targets: 0.3 < V < 7.0
S/N per exposure ~ 6000

Long time coverage
record to date: 50 days

High duty cycle up to 99%
sometimes outages per orbit    
due to extreme stray light

e.g., 4 days of ζ Oph
Walker et al. 2005 ApJL

MOST at a glance 



Performance 
Sampling: up to 10×/min
Fabry Imaging

targets: 0.3 < V < 7.0
S/N per exposure ~ 6000

Long time coverage
record to date: 50 days

High duty cycle up to 99%
sometimes outages per orbit    
due to extreme stray light

very clean spectral window
sometimes aliases at MOST 
orbital frequency of 165 μHz
not 1 cycle/day = 11.56 μHz

e.g., 4 days of ζ Oph
Walker et al. 2005 ApJL

e.g., roAp HD 24712

black =
WET 
2000

red =
MOST

2004

MOST at a glance 



Performance 

RRd star AQ Leo

V = 12.7
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Performance Procyon
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MOST science 



51 Peg b 51 Peg a

Sun-like stars
asteroseismology
surface spots, activity

ancient halo intruders
magnetic (Ap) stars
massive evolved stars

wind turbulence
pulsations

exoplanet systems

Procyon 

Wolf-Rayet star
HD 56925

pulsating protostars
red giants

Science Targets 
MOST science 
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(Guinan et al. 1999)

“pre-teen” version of Sun
G5Ve age ~ 0.6 – 0.8 Gyr

kappa 1 Ceti Differential rotation 



(Schaeffer et al. 2000)

(Walker et al. 1995;
Cumming et al. 1999)

hyperactive  
fast rotator: P ~ 9 d

“superflares”?

Doppler exoplanet searches
no companions found 

(Guinan et al. 1999)

“pre-teen” version of Sun
G5Ve age ~ 0.6 – 0.8 Gyr

kappa 1 Ceti Differential rotation 



kappa 1 Ceti light curve modeled by differentially rotating
. starspots at different latitudes

Rucinski, Walker, Matthews et al. 2004 PASP

ΔΩ / Ω ≈ 0.04

29 d

0.
01

 m
ag

duty cycle: ~97%

kappa 1 Ceti Differential rotation 



2003

2004

2005

2006

HJD - 2451545

3 spots

2 spots

2 spots

2 spots

MOST light curves and best-fitting spot models

~9 days

2%

kappa 1 Ceti Differential rotation 

Walker, Croll, Matthews et al.  ApJ 2007



kappa 1 Ceti 

Walker, Croll, Matthews et al.  ApJ 2007

A rotation profile     
for a star other than the Sun

Best-fitting periods vs. 
star spot latitudes for
three epochs. 

Ellipses indicate 68% 
confidence limits 

Red curves indicate solar
period-latitude relation:

Pβ = Peq  / (1 – k sin 2 β)

for the confidence limits  
on  Peq and k

Differential rotation 
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Sun-like stars
asteroseismology
surface spots, activity

ancient halo intruders
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wind turbulence
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P     = 3.3125 dRV
1 

m
m

ag

Tail wags dog!

Star-exoplanet coupling 

MOST exoplanet science 



tau Bootis 
MOST showed that exoplanet affects star
new measurement of star’s magnetic field

MOST science 



measurement of eclipse of giant planet albedo
search for transits at other periods
timing of successive transits  

eccentricity, moons? 
Earth-sized planets? 

MOST space
observations
of HD 209458

2004

2005

45 days

HD 207458 



MOST Direct Imaging photometry

search for transits at other periods

primary transits removed;
artificial transits imbedded in data2004 light curve

Croll, Matthews et al. 2007, ApJ, in  press

HD 207458 



1/3 R J

search for transits at other periods

MOST Direct Imaging photometry

Croll, Matthews et al. 2007, ApJ, in  press

HD 207458 



search for transits at other periods
timing of successive transits 

Mars

Earth

Venus

Mercury

variations in transit tim
e interval (sec)
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Variations of transit times in Solar System

HD 207458 



P = 99.8 d

P = 46.4 d

P = 28.0 d

P = 19.2 dH
ol

m
an

 &
 M

ur
ra

y 
20

05
Sc

ie
nc

e 
30

7,
 1

28
8

variations in transit tim
e interval (sec)

Variations of transit times in HD 209458: predicted

Miller-Ricci, Sasselov, Matthews et al. 2007, ApJ, in press

search for transits at other periods
timing of successive transits 

HD 207458 
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Variations of transit times in HD 209458: observed

Miller-Ricci, Sasselov, Matthews et al. 2007, ApJ, in press

search for transits at other periods
timing of successive transits 

HD 207458 



Variations of transit times in HD 209458: observed
… can already exclude:

Earth in an outer 2:1 resonance
(based on Holman’s model)
Earth-like planets with e > 0.15                                 
near 3:1 and 4:1 resonances
sub-Earth planet in an inner 1:2 resonance

eliminating one of the options for obliquity tides              
on HD 209458b (Winn & Holman 2005)

search for transits at other periods
timing of successive transits 
Miller-Ricci, Sasselov, Matthews et al. 2007, ApJ, in press

HD 207458 



So whatSo what?

The known giant planet
is too giant – larger than
theory and data on other
planets predict.
One way to explain this 
would have been the 
gravity of an undetected
Earth-mass planet in a
nearby orbit tidally 
expanding HD 209458b.

HD 209458b

HD 209458 



Rowe, Matthews et al. 
search for transits at other periods
timing of successive transits 
measurement of eclipse of giant planet

Clouds on HD 209458 



reflected
light

thermal
emission Spitzer

infrared

MOST
optical

Deming et al. 2005
Nature 111, 111

Rowe et al. 2006
ApJ

emergent light from planet
wavelength

br
ig

ht
ne

ss

search for transits at other periods
timing of successive transits 
measurement of eclipse of giant planet

Rowe, Matthews et al. 

Clouds on HD 209458 



Spitzer
infrared

MOST
optical

Deming et al. 2005
Nature 111, 111

Rowe et al. 2006
ApJ

Spitzer value  

reflectivity

te
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models of planet atmosphere

search for transits at other periods
timing of successive transits 
measurement of eclipse of giant planet

Rowe, Matthews et al. 

Clouds on HD 209458 



MOST vs. HST in transit monitoring

Clouds on HD 209458 



MOST vs. HST in transit monitoring
Knutson et al. 2006

• MOST transit data leads to slightly larger radius than HST    
but agrees with independent groundbased measurements

nonlinear limb-darkening
Kurucz models
specific to MOST 

bandpass
stellar radius:

1.121 ± 0.003 RSun
planetary radius:

1.346 ± 0.002 RJup

Clouds on HD 209458 



eclipsed exoplanet
V = 7.5
G0 V

Porb= 3.52  days
Mp = 0.68  MJupiter
Rp = 1.35  RJupiter 
Tp = 1130 K

Phase

R
el

at
iv

e 
Fl

ux
eclipse transit

Clouds on HD 209458 



eclipsed exoplanet gives albedo                    
and atmosphere / cloud conditions

Simulated image of class IV planet 
generated using Celestia Software

• Sudarsky Planet types
– I : Ammonia Clouds
– II : Water Clouds
– III : Clear
– IV : Alkali Metal
– V : Silicate Clouds

• Predicted Albedos:
– IV : 0.03
– V  : 0.50

Clouds on HD 209458 



Geometric Albedo

R
ad
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s 

(J
up

ite
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1 sigma
error contours

Best fit parameters:
− albedo : 0.04 ± 0.04
− stellar radius :

1.339 ± 0.001 RJup
− stellar mass 

1.084 ± 0.005 MSun

i = 86.937° ± 0.003°
P  = 3.5247489 d

Clouds on HD 209458 



stellar and planetary radii stellar and planetary masses

Clouds on HD 209458 



today’s high = 1400 °C
high stellar winds
clear HD 209458

MOST upper limit on 
reflectivity already eliminates 
a range of potential models 

for the atmosphere and 
nature of the cloud cover of 

exoplanet HD 209458b

Thermal flow models
of HD209458b

Rowe, Matthews et al. 2007, in preparation

Weather on HD 209458 



transiting exoplanet
V = 7.6
K1 V, Mstar = 0.82  MSun

Porb= 2.22  days
Mp = 1.15  MJupiter

HD 189733 



transiting exoplanet, with starspots

HD 189733 



transiting exoplanet, with starspots

HD 189733 



Are there hot “Earths” in this system?
Timing measurements of groundbased photometry 
(Bakos et al. 2006) (scatter across 10 min):

HD 189733 



Are there hot “Earths” in this system?
Timing measurements of MOST photometry 
(Miller-Ricci et al. 2007) (no variations above 30 s):

HD 189733 



Are there hot “Earths” in this system?
MOST timing measurements of 10 consecutive complete    
transits (Δt = 0 within 30 sec) already exclude:

• planets of 3 Earth masses    
in an outer 2:1 resonance

• Super-Earth planets              
greater than 13 Earth masses   
with eccentrcities e > 0.15
near the 3:1 resonance

HD 189733 



Are there hot “Earths” in this system?

No planets from 1.6 – 3.5 Earth radii

HD 189733 



HD 189733 
transiting exoplanet, with starspots

HD 189733 



transiting exoplanet 
with starspots

(Miller-Ricci et al. 2007)
(Croll, Matthews
et al. 2007)

HD 189733 



modeling the
light curve

(Rowe, Matthews 
et al. 2007)

HD 189733 



HD 189733 



HAT-P-1 
the ‘lightest’ exoplanet yet

V = 9.6
G0 V, Mstar = 1.12  MSun

Porb= 4.46  days
Mp = 0.53  MJupiter

transiting giant extrasolar
planets - mean densities

Other exoplanets



HAT-P-1 

transiting giant extrasolar
planets - mean densities

The first question to be answered by MOST is simple: 
Is there another undetected planet capable of gravitationally 
“puffing up” HAT-P-1? A planet of at least 8 Earth masses

Other exoplanets



HAT-P-1 
The first question to be answered by MOST is simple: 
Is there another undetected planet capable of gravitationally 
“puffing up” HAT-P-1? A planet of at least 8 Earth masses

The answer: No
MOST transit timing data is able to say this.

Other exoplanets



Super-Earths 

Earth-like Ocean Planet
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Other exoplanets



Super-Earths 

Could MOST measure the 
density of a super-Earth? 

Planet Transit Depths:
For a Super-Earth model:       455 ppm
For a 20% Ocean Planet:       540 ppm
For a 40% Ocean Planet:       600 ppm
For a Super-Mercury model:  380 ppm

MOST will be able to tell the difference !

Yes!

Other exoplanets
e.g. HD 69830b



Super-Earths 

Could MOST measure the 
density of a super-Earth? 

Yes!
Super-Earths discovered in                          
close orbits around bright stars                     
(V= 5 - 7 mag)  with HARPS spectrograph:

expect ~10 in next 2 years

MOST may be able to measure the 
mean density of a terrestrial planet

outside the Solar System

Other exoplanets
e.g. HD 69830b



Internal and public data archives
ongoing efforts to optimize groundbased software 
for handling MOST photometry
internal archiving formats modified for consistency 
with reduction and processing software
“secondary” target IDs now included in headers

new formats established to anticipate when data 
released to MOST Public Data Archive

UBC software consultant Andrew Walker    
(Sumus Technology Ltd.)
Heather King, undergrad student assistant
(UBC ground station operations, data archiving, 
MOST web site management)



Did I leave
any time for 

questions?

www.astro.ubc.ca/MOST





The bad news for you: 
This part of the talk will be boring 



The good news for Glieseans: 

Possible
Gliesean
sightings

This part of the talk will be boring 



Habitable exoplanets? 
Gliese 581 



Habitable exoplanets? 
Gliese 581 system 

Udry et al. 2007

HARPS data

3 planets around
an M dwarf



Habitable exoplanets? 
Gliese 581 system 

Gliese 581a    M3V  (V ~ 10.5)  L = 0.013 ± 0.002 L๏

P (d)        a (AU)     ( M sin i ) / MEarth

Gliese 581b       5.36      0.041            15.7
Gliese 581c      12.91      0.073             5.1
Gliese 581d      84.4       0.25               8.2

star

exoplanets



Habitable exoplanets? 
Gliese 581c 



Habitable exoplanets? 
Gliese 581c: 
Super-Earth 



Earth-like Ocean Planet
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Habitable exoplanets? 
Super-Earths 



Transit search 



Transit search 
2.2 REarth

0.7 0.8Phase
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30 hrs



Transit search 
1.1 REarth

0.7 0.8Phase
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30 hrs



V471 Tau: An unboring M star 

Kaminski, Rucinski et al. 2007

7 of 10 flares
in 10 days

of MOST data



Matthews, Rowe, Sasselov et al. 2007, in prep.

peak-to-peak variability over 6 weeks < 5 mmag

Gliese 581a: A boring M star 

5 mmag



Matthews, Rowe, Sasselov et al. 2007, in prep.

peak-to-peak variability over 6 weeks < 5 mmag
no coherent variations in phase with 12.9-d period

RV signal not due to rotational modulation 
due to spots or granulation patches 

Gliese 581a: A boring M star 

5 mmag



Matthews, Rowe, Sasselov et al. 2007, in prep.

peak-to-peak variability over 6 weeks < 5 mmag
no coherent variations in phase with 12.9-d period

RV signal not due to rotational modulation 
due to spots or granulation patches 

Gliese 581a: A boring M star 

5 mmag

old star, probably age > 3 Gyr 



Did I leave
time for any 

questions?

www.astro.ubc.ca/MOST


