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TALK OVERVIEW

•HISTORY OF IMAGING EFFORTS

• FRUITION: 2008 - CURRENT

• FUTURE PROSPECTS FOR IMAGING

PLANETS IN REFLECTED LIGHT, 

INCLUDING HABITABLE PLANETS
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EXOPLANET: NOUN. A PLANET

ORBITING A STAR THAT IS NOT

OUR SUN

- MERRIAM-WEBSTER DICTIONARY.  
FIRST USE 1996
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Exoplanets have been imagined by 

philosophers, writers & artists for generations

Where to look for them ?  How to see them ?

Only in the past 30 years have they come into 

view

Background art ©  1979 Paramount Pictures Corp.
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INFRARED ASTRONOMICAL 

SATELLITE (IRAS)

• FIRST SPACE INFRARED

OBSERVATORY

• 0.5 CM CRYOGENIC

TELESCOPE

• OPERATED IN LOW EARTH

ORBIT FOR 10 MONTHS IN 1983

• PRIMITIVE DETECTORS LIMITED

SPATIAL RESOLUTION TO ~1 
ARCMIN; MAPPING, NOT

DETAILED IMAGING

• ALL-SKY SURVEY AT 12, 25, 60, 
AND 100 M (CORRESPONDING TO

COOL MATERIAL AT 270, 130, 60, 
AND 30 DEGREES KELVIN)
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KISS Coronagraphy Workshop

EXTRASOLAR DEBRIS DISKS WERE DISCOVERED 
BY IRAS MEASUREMENT OF EXCESS STELLAR 

EMISSION IN THE INFRARED: 

• Found around nearby main-sequence 

stars, prominent examples being  

Vega, Fomalhaut,  Eridani, and       

 Pictoris (edge-on disk, lower right)

• Dust clouds created by collisions 

between asteroids & comets

• Disk masses very small, < few lunar 

masses.  Not a planet-forming disk

• ~100  AU scales: Kuiper Belts

• The best evidence for extrasolar 

planetary systems prior to 1995

Smith & Terrile 198468/22/2016



GL 229 B: 

THE FIRST CONFIRMED BROWN DWARF

• DISCOVERED AT PALOMAR 60” IN CORONAGRAPHIC IMAGING SURVEY BY

NAKAJIMA & GOLIMOWSKI (1994; LEFT PANEL.  HST IMAGE AT RIGHT)

• COMPANION TO A RED DWARF STAR (M1 V, DISTANCE 5.8 PC), SEPARATION 36 
AU 

• DOZENS OF OTHER BROWN DWARF COMPANIONS ARE NOW KNOWN, AND

HUNDREDS OF ISOLATED BROWN DWARFS FLOATING IN ISOLATION.  
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UNLIKE ANY STAR:   LIKE JUPITER, SPECTRUM OF  

GL 229 B IS DOMINATED BY METHANE.  950 K, HOT !

• DOZENS
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Plot by Mike Cushing



EVOLUTION OF BROWN DWARFS AND LOW MASS STARS

• STARS: LONG LIFE AT A STABLE TEMPERATURE

• BROWN DWARF: CONSTANTLY COOLING DOWN
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Plot of Burrows 1997 

models by Mike Cushing

Stars

Brown 

Dwarfs

Planets

Inferred mass of 

brown dwarf 

strongly depends 

on Its age !!



SINCE PLANETS ARE MORE DETECTABLE WHEN 

YOUNG AND HOT, FIND THEM BY LOOKING FOR 

COMPANIONS TO THE YOUNGEST STARS

• NEAREST GROUPS OF NEWLY FORMED STARS (TAURUS, 
OPHIUCHUS, CHAMAELEON) ARE A BIT DISTANT: 120-140 
PC

• BETA PICTORIS TURNS OUT TO BE FAIRLY YOUNG AT 20 
MYRS AGE AND ONLY 20 PC AWAY

• YOUNG STARS ARE BRIGHT IN X-RAYS.  SEVERAL NEARBY

STELLAR “MOVING GROUPS” IDENTIFIED STARTING IN LATE

1990S: IDEAL TARGET STARS FOR IMAGING YOUNG

PLANETARY COMPANIONS

• MANY SEARCH PROGRAMS KEYING ON METHANE

• PLANETHOOD DEPENDS ON ACCURACY OF AGE

DETERMINATION AND COOLING MODELS
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FIRST 

EXOPLANET 

IMAGE ?

• TARGET IS A YOUNG

BROWN DWARF IN TW 

HYDRAE ASSOCIATION, 

~25 JUPITER MASSES

• COMPANION IS

INFERRED TO BE GIANT

PLANET WITH ~6 

JUPITER MASSES

• CHAUVIN ET AL. 2004

8/22/2016KISS Coronagraphy Workshop 11



MEANWHILE, INDIRECT 

METHODS OF PLANET 

DETECTION HAD BEEN 

RAPIDLY PROGRESSING
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RADIAL VELOCITY TECHNIQUE: MEASURES 

DYNAMICAL DISTURBANCE OF HOST STAR DUR

PLANET’S GRAVITY AND ORBIT

• FIRST PLANET (“HOT JUPITER”) 
DISCOVERED IN 1995

• MASS MEASURED HAS SIN(I) 
AMBIGUITY

• A COUPLE HUNDRED RV PLANETS

KNOWN BY 2005, INCLUDING

SOME NEARBY STARS (EPSILON

ERIDANI).  MOSTLY JUPITERS, BUT

SOME NEPTUNES

• METHOD DOES PRODUCE TARGETS

FOR IMAGING SEARCHES – THESE

WERE INITIALLY AIMED AT FINDING

ADDITIONAL PLANETS IN THE SYSTEMS
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51 Pegasi

Mayor & Queloz 1995



TRANSITING PLANET: IS IN AN EDGE-ON 

ORBIT THAT BRINGS IT ALTERNATELY IN 

FRONT OF AND BEHIND ITS STAR.  

• TARGETS NOT ACCESSIBLE TO IMAGING DUE TO VERY SHORT ORBITAL PERIODS
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FIRST PHOTONS DETECTED IN TRANSITING 

PLANET USING SPITZER, 2005
(DEMING ET AL; CHARBONNEAU ET AL.)
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MICROLENSING PLANETS FOUND STARTING 

IN 2004

• BRIGHTNESS OF

BACKGROUND

STAR IS

MODULATED BY

FOREGROUND

STAR/PLANETS

PASSING IN FRONT

OF IT

• PLANETS TOO

DISTANT - NOT

ACCESSIBLE TO

DIRECT IMAGING

(OR ANY !) 
FOLLOWUP
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FINALLY EXOPLANET IMAGING DETECTIONS: 

1.  BETA PICTORIS PLANET IN 2009 (LAGRANGE ET AL.)

8/22/2016KISS Coronagraphy Workshop 17Planet orbiting at 9 AU, nearly in

disk plane.  Figure by D. Mawet



1. BETA PICTORIS PLANET SPECTRUM: HOT: 1650 K, 

10-12 JUPITER MASSES, 20 MYRS.  METHANE NOT 

DETECTED, LIKELY DUE TO DUSTY ATMOSPHERE
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Chilcote et al. 2015



• SPECTACULAR SYSTEM OF

4 PLANETS ORBITING 40 

MYR OLD A STAR

• ALL ARE MASSIVE:  ~> 8 

JUPITER MASSES AND HOT
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FINALLY EXOPLANET IMAGING DETECTIONS: 

2.  HR 8799 PLANETS (MAROIS ET AL. 2008, 2010)
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2. THE HR 8799 DEBRIS DISK 

(Su et al. 2009)

see also 

Chen et al. 2009,

Reidemeister et al. 2009

 INFRARED EXCESS SHOWS

TWO BLACKBODY-LIKE

COMPONENTS

 SIMPLE BLACKBODY GRAINS

WOULD PRODUCE THIS IF

LOCATED IN BELTS AT

 9 AU   (T= 150 K)

 95 AU (T=  45 K)

 DYNAMICALLY VIABLE: THIS

PLACES THE DUST INTERIOR

AND EXTERIOR TO THE

PLANETS IMAGED AT 15, 27, 
43, 68 AU
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2.  DISK/PLANET ARRANGEMENT IN THE HR 8799 

SYSTEM MIRRORS THE SOLAR SYSTEM

 Planet e found in the gap between inner belt and planet d
 Suggestion that belt edges may be located at major resonance
 There are many other debris disks with two distinct belts : 

natural targets for further imaging planet searches
Marois et al. 2010



2. HR 8799 SPECTRUM OF OUTERMOST PLANET

HIGH SPECTRAL RESOLUTION & CROSS-

CORRELATION DETECTS H2O, CO, MAYBE CH4
(BARMAN, KONOPACKY ET AL. 2015)
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3.  THE CURIOUS CASE OF FOMALHAUT:

KALAS ET AL. 2008 FOUND OBJECT ORBITING 

NEAR INNER EDGE OF DUST RING – THE LONG 

EXPECTED RING PERTURBER ? 
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Planet? spectrum 

is dominated by 

reflected light –

requires a 

substantial 

circumplanetary

dust disk



3. THE CURIOUS CASE OF  FOMALHAUT: KALAS

(2013) IMPROVE ORBIT AND FIND THIS OBJECT 

CAN’T BE THE RING PERTURBER

• DEPROJECTED

OVERHEAD VIEW OF

BEST-FIT ORBIT

• WILL CROSS RING

~2032

• ORBIT MAY BE

ALIGNED TO UNSEEN

DISK PERTURBER AS

PLUTO’S IS TO

NEPTUNE

• SHOWS IMPORTANCE

OF KNOWING ORBITS

8/22/2016KISS Coronagraphy Workshop 24



STATE OF THE ART FOR EXOPLANET 

SPECTROSCOPY TODAY: GEMINI PLANET IMAGER
Gemini Planet Imager detection of 51 Eri b

Contrast 2x10-6 at 0.45 separation

Hot young planet, 2 Mjup, Teff ~ 700 K

CH4, H2O absorption.   Macintosh et al. 2015

Result illustrates how ground AO does well 

at   1.5 m, and effects of telluric absorption
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EXOPLANET SPECTROSCOPY: ADVANCES IN 

TEMPLATE CROSS-CORRELATION 
R= 100,000 SPECTRA CAN TAKE ADVANTAGE OF THE MULTIPLICITY OF 

MOLECULAR BANDS IN EXOPLANET ATMOSPHERES 

Left: Spectrum inferred for hot 

Jupiter HD 189733b by cross-

correlating molecular 

template spectra with 

integrated light of star+planet

(VLT CRIRES; Birkby et al. 2013)

Right:  Cross-correlation of CO 

and  H2O lines with the 

spectrum of young giant 

planet  Pictoris b.  An 

equatorial rotation velocity of 

25 km/sec was inferred for the 

planet (VLT CRIRES; Snellen et 

al. 2014

) 8/22/2016
KISS Coronagraphy Workshop
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BOWLER ET AL. 2016 COMPILATION OF 

EXOPLANET IMAGING DETECTIONS:
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Available information from

selected exoplanet samples  
Sample Planet 

Radius

Planet 

Mass

Planet

Orbit

Characterize

Atmosphere

System 

context 

view

RV No Lower limit Yes No Shorter 

periods & 

larger 

masses

Transit Yes Yes if RV, or if 

TT varies

Yes if RV Yes for larger 

planets  & 

scale heights

Short 

periods and 

coplanar

μLensing No Yes partially No Usually No

Imaging of 

self-luminous 

planets 

Estimate 

from 

radiometry

Yes, estimate 

from theory 

and age

Yes Yes Larger 

masses, 

longer 

periods

Imaging of 

reflected 

light planets

Poorly 

constrained

No Yes Yes Longer 

orbital 

periods
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KNOWN EXOPLANETS BY DISCOVERY METHOD
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Technique Number as of  

18 Aug 2016

Astrometry 1

Eclipse timing 8

Transit timing 15

Imaging 42

Microlensing 39

Orbital brightness modulation 6

Pulsar timing / pulsation 7

Stellar radial velocity 592

Transit 2664



KNOWN EXOPLANETS BY DISCOVERY METHOD
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THE ROAD AHEAD
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The James Webb Space Telescope
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GJ 1214b, Kreidberg et al. 2014

Cautionary tale:  So far, HST transit spectra of 

mini-Neptunes are featureless; Clouds, hazes ?
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NEED FOR DIRECT IMAGING SPECTROSCOPY

KISS Coronagraphy Workshop

Transit spectra probe only the 

tenuous upper atmosphere.  Will not 

detect H2O in troposphere of an 

Earth-like planet

Curves show spectra relative to 

mean optical flux level

GJ 1214b model spectra by 

Caroline Morley and Mark Marley

Atmospheric features are

more readily detected by  

imaging than by transits
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NEED FOR DIRECT IMAGING SPECTROSCOPY

KISS Coronagraphy Workshop

Transit spectra probe only the 

tenuous upper atmosphere.  Will not 

detect H2O in troposphere of an 

Earth-like planet

Curves show spectra relative to 

mean optical flux level

GJ 1214b model spectra by 

Caroline Morley and Mark Marley

Atmospheric features are

more readily detected by  

imaging than by transits
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FUTURE EXOPLANET SPECTROSCOPY:

TRANSITS WITH JWST, STARTING IN 2019

EXCELLENT RESULTS CAN BE EXPECTED FOR MINI-NEPTUNES

BIOSIGNATURES IN SUPER-EARTHS WILL BE EXCEEDINGLY DIFFICULT

SEE

PRESENTATIONS

FROM 2015 

JWST 

TRANSITING

EXOPLANET

WORKSHOP, 

ONLINE AT STSCI

Schwieterman et al. 2016

10 transits, photon-limit

Schwieterman et al. 2016

HZ Earth, nearby 

M star host
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FUTURE EXOPLANET SPECTROSCOPY:

EXTREMELY LARGE GROUND TELESCOPES, 2024+ 
SOLAR SYSTEM ANALOGS OUT OF REACH

Traub et al. 2016

38, 25, and 30 m 

telescope 

projects are 

underway 

Instruments for 

high contrast 

imaging not 

available until 

end of the 2020s

Favorable 

contrast of 10-8 in 

M4+ star HZs; a 

dozen targets 

may be doable 
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FUTURE EXOPLANET SPECTROSCOPY:

WFIRST MISSION, 2025 

• SPACE TELESCOPE WITH 2.4 M APERTURE FOR

WIDE FIELD NEAR-INFRARED IMAGING (DARK

ENERGY, EXOPLANET MICROLENSING)

• CORONAGRAPH ADDED IN 2014. WILL BE

FIRST FLIGHT OF WAVEFRONT-CORRECTING

DEFORMABLE MIRRORS THAT SHOULD ENABLE

10-9 CONTRAST, 130 MILLIARCSEC INNER

WORKING ANGLE AT 0.55 M

• CORONAGRAPH IS A TECHNOLOGY DEMO

THAT WILL IMAGE & MAKE SPECTRA OF

KNOWN RV PLANETS, DUST DISKS, AND

MAYBE A COUPLE SUPER-EARTHS.  R= 70.

• STARSHADE OPTION UNDER CONSIDERATION
8/22/2016KISS Coronagraphy Workshop 38
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NEARBY RADIAL VELOCITY PLANETS ARE 

ACCESSIBLE IN REFLECTED LIGHT AT 

CONTRASTS OF 22 MAG  FEW TIMES 109



IMAGING DETECTION OF SOLAR SYSTEM 

PLANETS REMAINS VERY DIFFICULT
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109 to 1010

contrast in 

reflected light

(visible & near-

infrared)

105 to 107

contrast in 

thermal emission 

(mid-infrared)

Des Marais et al. 

2002



OBSERVING REQUIREMENTS 

FOR IMAGING HABITABLE PLANETS 

IN REFLECTED STARLIGHT

• TO GET A SIGNIFICANT SAMPLE OF SUN-LIKE STARS FOR STUDY, 

NEED TO BE ABLE TO STUDY TARGETS OUT TO DISTANCES OF AT

LEAST 15 PARSECS

• AT THAT DISTANCE, ANGULAR SEPARATION OF HZ IS ~ 67 

MILLIARCSEC.  COMPARABLE TO HST IMAGE RESOLUTION !   

SO TELESCOPE APERTURES 2-3 TIMES HST WILL BE NEEDED FOR

STUDIES AT VISIBLE WAVELENGTHS.  (HST = 2.4 M)

• IN REFLECTED LIGHT, THE EARTH’S BRIGHTNESS PEAKS AT 0.5 

M.  CONTRAST TO THE SUN IS 10-10 AS SEEN AT QUADRATURE.  
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EARTH-LIKE PLANETS IN NEARBY HABITABLE ZONES 

ARE  FAINT: 

LARGE TELESCOPES WILL BE NEEDED TO STUDY THEM



TWO NASA STUDIES JUST STARTED OF POTENTIAL 

FUTURE MISSIONS TO FIND/CHARACTERIZE EXOEARTHS : 

HABITABLE EXOPLANET MISSION (HABEX) AND 

LARGE ULTRAVIOLET OPTICAL NEAR-IR (LUVOIR) SURVEYOR

 Both have goal of studying Earthlike planets in reflected light; they 

differ in levels of ambition, cost, and technical readiness

 HabEx to “search for” signs of habitability and biosignatures

 LUVOIR to “constrain the frequency of” habitability and 

biosignatures = larger statistical survey of exoEarths, larger 

aperture

 HabEx to focus on exoplanets, “best effort” only on general 

astrophysics.   Starshade most likely here.  Study led by JPL/Caltech

 LUVOIR gives equal priority to exoplanets and cosmic origins science, 

is HST-like, an expansive vision.  Study led by NASA Goddard.

 Interim reports late 2017; final reports early 2019.  Next Astrophysics 

Decadal Survey to decide if one of them will go forward
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IMAGING A HABITABLE PLANET   1.

• DISTINGUISHING PLANETS FROM RESIDUAL STARLIGHT BY

REPEATING THE IMAGES AT DIFFERENT WAVELENGTHS OR

TELESCOPE ROTATIONS

• DISTINGUISHING PLANETS FROM BACKGROUND OBJECTS:

• STAR HAS A KNOWN PROPER MOTION ACROSS THE SKY.  BY

OBSERVING IT AT A SECOND EPOCH, THE STAR WILL BE SEEN TO

MOVE RELATIVE TO BACKGROUND OBJECTS AT THIS RATE, 
ALLOWING THEM TO BE REJECTED AS CANDIDATE COMPANIONS

• ORBIT TRACKING: VITAL TO MEASURE THE ORBIT TO ESTABLISH

PLANET LOCATION W.R.T. HABITABLE ZONE, AND TO OBSERVE

ILLUMINATION PHASE SO THAT BRIGHTNESS OF FULLY

ILLUMINATED PLANET CAN BE DERIVED
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ILLUMINATION PHASE AFFECTS 

CONTRAST REQUIREMENT

 THE FULLY ILLUMINATED DISK OF EARTH AT 1 AU REFLECTS

(2/3) X (ALBEDO OF 0.3) X (6,378/1.49E+8)2 =   3.7E-10 OF

SOLAR OUTPUT.  

 AT THE MOST-PROBABLE QUADRATURE GEOMETRY, THE

HALF-ILLUMINATED PHASE IS FAINTER BY A FACTOR OF Π.  

 The imager must detect 
planets at or below the  
contrast level of 10-10

(δmag= 25) in order see 
them around a major 
fraction of their orbits

45



CAPABILITIES OF FUTURE SPACE TELESCOPES 

FOR EXOPLANET IMAGING CHARACTERIZATION:

1.  TARGET SAMPLES

Cumulative number of 

known RV planets and 

HZs that can potentially 

be accessed, as a 

function of how close 

to the star one can 

look.

Values reflect local 

distribution of star types 

& their distances from 

the Sun

Accessing 100 HZs will 

require looking as close 

as 60 mas, which at 

0.55 m could require a 

~6 m  telescope 8/22/2016KISS Coronagraphy Workshop 46



CAPABILITIES OF FUTURE SPACE TELESCOPES 

FOR EXOPLANET IMAGING CHARACTERIZATION:

2.  WAVELENGTH COVERAGE

• THERE ARE STRONG SCIENTIFIC MOTIVATIONS TO MAXIMIZE
WAVELENGTH COVERAGE

• BUT TELESCOPE RESOLUTION GOES AS /D, GIVING A DECISIVE
RESOLUTION ADVANTAGE TO SHORTER WAVELENGTHS

• ALLOWS A SMALLER TELESCOPE TO BE USED FOR CORONAGRAPHY

• FOR A FIXED TELESCOPE OR STARSHADE SIZE, MORE TARGETS WILL BE

ACCESSIBLE AT SHORTER WAVELENGTHS (SEE PREVIOUS FIGURE)

• HIGHER RESOLUTION HELPS SEPARATE PLANET LIGHT FROM THE NOISE

OF ASTRONOMICAL BACKGROUNDS

• ADDITIONAL FACTORS FAVORING OPTICAL WAVELENGTHS:

• STARS ILLUMINATE PLANETS MOST STRONGLY 0.4-1.0 M

• STARSHADE SIZE NEEDED IS PROPORTIONAL TO WAVELENGTH, SO

SHORTER WAVELENGTHS ALLOW IT TO BE SMALLER

• BIOSIGNATURES AT SHORTER OPTICAL WAVELENGTHS HAVE BETTER
PROSPECTS OF BEING OBSERVED IN THE NEARER-TERM 8/22/2016KISS Coronagraphy Workshop 47



SPECTRA OF THE 3 “HABITABLE” SOLAR SYSTEM 

PLANETS:  MOTIVATES 0.5-1.5M WAVELENGTH 

COVERAGE
FROM TPF-C STDT REPORT
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CAPABILITIES OF FUTURE SPACE TELESCOPES 

FOR EXOPLANET IMAGING CHARACTERIZATION:

3.  SPECTROSCOPY COUNTS & INTEGRATION TIMES

• RESULTS BELOW ARE FOR 1 SOLAR

RADIANCE EARTH ANALOGS OBSERVED

R= 70 AND S/N OF 10.  COUNTS DROP

BY HALF FOR R= 250 

• CORRESPONDING STARSHADE NUMBERS

SHOULD BE BETTER BUT DEPEND ON TBD

ENGINEERING LIMITS (FUEL, LAUNCH

PACKAGING, ETC.)

• N.B. MULTIPLY TARGETS BY ETA_EARTH

TO GET PLANET YIELD ESTIMATE !

Aperture 4 m 8 m 12 m

Number of targets accessible 

to coronagraph

17 76 158

Number of the above with 

full 0.5-1.0 m spectra

8 42 106

Median integration time (hrs) 251 116 15

Source Count rate 

(photons/sec)

HZ Earth analog 0.02

Foreground zodi 0.004

One exozodi 0.007

Residual starlight 0.03

Detector dark current 0.03
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CAPABILITIES OF FUTURE SPACE TELESCOPES 

FOR EXOPLANET IMAGING CHARACTERIZATION:

4.  SCOPE FOR EXO-EARTH VARIABILITY STUDIES 

• ROTATIONAL MODULATION OF 15-30% MEASURED FOR DISK-INTEGRATED

EARTH BY COWAN ET AL. 2009.  

• CONSIDER 2 HR TIME SAMPLING OF AN EXO-EARTH:  SHOWN BELOW IS

THE NUMBER OF TARGETS BRIGHT ENOUGH TO OBSERVE IN THIS TIME AT

S/N 10.  N.B. MULTIPLY TARGETS BY ETA_EARTH TO GET YIELD ESTIMATE !

• TO DETECT SEASONAL VARIATIONS, THE ORBIT MUST BE WELL-

CHARACTERIZED, THE ILLUMINATION PHASE EFFECTS SUBTRACTED OUT, AND

ROTATION AVERAGED OVER

Aperture 4 m 8 m 12 m

Photometry (R= 5) 10 63 156

Spectrophotometry (R= 70) 3 7 20
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SUMMARY

• EXOPLANET DIRECT IMAGING REVEALS

• THE OVERALL SYSTEM ARCHITECTURE PLANETS & DUST

• SPECTRAL PROPERTIES OF PLANET ATMOSPHERES/SURFACES

• TIME VARIABLE PHENOMENA

• JWST IN 2019 WILL BE THE NEXT BIG STEP IN EXOPLANET

SPECTROSCOPY & IMAGING, FOLLOWED IN 2025 BY

WFIRST, AND THEN LARGE GROUNDBASED TELESCOPES

AT THE END OF THE 2020S

• EARTHLIKE PLANETS AROUND SUNLIKE STARS WILL REMAIN

AN EXCLUSIVE DOMAIN OF FUTURE SPACE TELESCOPES
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EPILOG: DISCOVERING PLANETARY SYSTEMS, 

1610           AND             2008
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