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EXPANDING THE FRONTIERS OF SPACE ASTRONOMY



First exoplanet detected in 1995…!

… In 2018, 3700 confirmed exoplanets & 4500 Kepler candidates !
Planets not to scale!
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Planet Size!

“Fulton Gap”!
(Fulton et al, 2017)!



In the era of Webb

~100 exoplanets observed using low-R 
spectroscopy or broadband photometry!

In the era of Hubble & Spitzer

Potential to characterize >300 
exoplanets at high resolution and 

across a broad range of wavelengths!



JWST

HR	8799	
LBT	3.8	µm	
Maire	et	al.	2014	

Webb will observe at infrared wavelengths 
where exoplanets emit most of their light  !



Webb will probe exoplanets in primarily two ways…

High-Contrast Imaging! High-Precision Time-Series Observations!



High-Precision Time-Series Spectroscopy and Imaging with Webb!

Time-series observation (TSO) modes exist for 
all four of Webb’s instruments:!
•  Disabled dithers by default!
•  Exposures can exceed 10,000 seconds!
•  Enabled subarrays for bright targets!

!
Spectroscopy: 0.6 -12 microns (3 instruments)!
Photometry: 0.6 - 26 microns!
•  Enables exploration of a broad range of 

molecular signatures and more!!
!
Probe exoplanets at mid-IR wavelengths (> 5 
microns) for the first time since 2009, the end 
of the Spitzer Cryogenic Mission!!

!
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Webb’s Most Anticipated Spectroscopic Modes

Bean et al. (in prep)!



Beichman et al (2014)!

Saturation Limits:   J~7.2 (256 x 2048 subarray)  J~6.2 (96 x 2048  subarray)

NIRISS Single-Object Slitless Spectroscopy (SOSS) !
0.6 - 2.8 microns!

First space-based instrument 
mode designed specifically for 
high-precision time-series 
observations of exoplanets!!

R~700!



NIRCam Photometry & Slitless Grisms!
0.6 - 5 microns!

J~4 bright limit 

Dozen Filters (W,M,&N) 
0.6 - 2.5 microns

Weak Lens (WLP8) 

F322W2+F444W
2.5 - 5.0 microns
in 2 transits/eclipses 

+!

R ~ 1400



NIRSpec Fixed “Slit” (1.6” x 1.6” aperture) !
0.6 - 5 microns!

J~5-6 bright limit 

NIRSpec Spectrum Resolving Power

G235H G395H

PRISM

G140M
G235M G395M
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MIRI Slitless Low-Resolution Spectroscopy (LRS)!
5 - 12+ microns!

R~100!

K~6.5 bright limit (NG=5) 



Webb Photometric Modes for Time-Series 
Observations 

MIRI NIRCam
Deming et al. (2009)!



Webb High-Precision Time-Series 
Spectroscopic Modes!

NIRCam�
  2.5-5 microns

Slitless Spectroscopy
   K > 3.5, R~1450
  

  

MIRI�
  5-12+ microns �

Slitless Spectroscopy
    K > 6, R~100

NIRISS�
   0.6-2.8 microns

Slitless Spectroscopy
      J > 6, R~700 �

NIRSpec�
  0.6-5 microns
   
1.6” x 1.6” large aperture
   J > 5,  R~2700
   J > 6,  R~1000
   J > 10,  R~100

Single Transit/Eclipse 
Precisions ~30-100 ppm!

Grism Slitless Spectroscopy: Simulated Data 
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Clear 1000×Solar + 0.002 

Cloudy Solar 

h"p://www.stsci.edu/jwst/instruments/nircam4

Optical Layout 

NIRCam Instrument Throughput 

G = supported for 
use with grism 
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P = in pupil wheel 
(includes throughput 
of a filter in filter wheel) 
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Short Wavelength Long Wavelength 

W, M, N filters have R ~ 4, 10, 100, respectively 
WL: Weak Lens (defocus for alignment or bright star imaging) 
PAPPA: Pupil Alignment Pinhole Projector Assembly 
DHS: Dispersed Hartman Sensing (subaperture grisms) 
IPR (Internal Phase Retrieval) Wedge to measure NIRCam  
    wavefront errors using LEDs mounted on coronagraphs 

NIRCam: 0.7-5 µm imaging + 3-5 µm spectroscopy 

Developed by the University of Arizona with Lockheed Martin ATC 
• Operating wavelength: 0.6 – 5.0 microns  

• Spectral resolution: 4, 10, 100 filters;  R ~ 1700 slitless grisms; coronagraphic imaging 

• Field of view: 2.2 x 4.4 arc minutes 

• Angular resolution (1 pixel): 32 mas < 2.3 microns, 65 mas > 2.4 microns 

• Detector type: HgCdTe, 2048 x 2048 pixel format, 10 detectors, 40 K passive cooling 

• Refractive optics, Beryllium structure 

Supports telescope wavefront sensing 
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3 JWST MIRI & NIRCam 

Flight NIRCam Module B 

Jan 4, 2014 

Module A   (mirror image Module B not shown)
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Stevenson et al. (2016)!



Now that you’ve met JWST’s exoplanet modes and features… !

Let’s talk science!!!! !



Infrared spectrum of Jupiter – Circa 1960’s  

•  Danielson (1966)!
-  IR reflectance spectrum of 

Jupiter!

•  Stratoscope II balloon flight!
-  November 1963!
-  84,000 ft!

•  0.8 – 3.1 µm, R ~ 100!

•  Detect CH4, NH3, and 
collision-induced H2!
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H2O

Webb will provide compositional information 
for a large sample of giant exoplanets 

Bean et al. (in prep)!



Webb will provide compositional information 
for a large sample of giant exoplanets 

Wakeford et al. (2018)!
Greene et al. (2016) !

Estimated JWST 
Precision



Webb will help to determine the nature 
of Super-Earths and Mini-Neptunes  

Launch April 16, 2018!
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Figure 7. Left.—The instantaneous combined field of view of the four TESS cameras. Middle.—Division of the celestial
sphere into 26 observation sectors (13 per hemisphere). Right.—Duration of observations on the celestial sphere, taking
into account the overlap between sectors. The dashed black circle enclosing the ecliptic pole shows the region which JWST

will be able to observe at any time.

the ⇡1.5 N m of angular momentum build-up induced by solar radiation pressure. For this purpose TESS uses
its hydrazine thrusters.

7.4 Ground-based data analysis and follow-up

The TESS data will be processed with a data reduction pipeline based on software that was developed for the
Kepler mission.22 This includes pixel-level calibration, background subtraction, aperture photometry, detrending
with respect to weighted ensembles of target star light curves, and searching for transits with a wavelet-domain
matched filter.

Once the data are processed and transits are identified, selected stars will be characterized with ground-
based imaging and spectroscopy. These observations are used to establish reliable stellar parameters, confirm
the existence of planets, and establish the sizes and masses of the planets. Observations will be performed with
committed time on the Las Cumbres Observatory Global Telescope Network and the MEarth observatory. In
addition the TESS science team members have access to numerous other facilities (e.g., Keck, Magellan, Subaru,
HARPS, HARPS-North, Automated Planet Finder) through the usual telescope time allocation processes at
their home institutions. The TESS team includes a large group of collaborators for follow-up observations and
welcomes additional participation.

8. ANTICIPATED RESULTS

8.1 Photometric performance

Figure 8 shows the anticipated photometric performance of the TESS cameras. The noise sources in this model
are photon-counting noise from the star and the background (zodiacal light and faint unresolved stars), dark
current (negligible), readout noise, and a term representing additional systematic errors that cannot be corrected
by detrending. The most important systematic error is expected to be due to random pointing variations
(“spacecraft jitter”). Because of the non-uniform quantum e�ciency of the CCD pixels, motion of the star image
on the CCD will introduce changes in the measured brightness, as the weighting of the image PSF changes, and
as parts of the image PSF enter and exit the summed array of pixels.

3URF��RI�63,(�9RO�����������������

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 05/15/2015 Terms of Use: http://spiedl.org/terms
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specific to transits (§ 5). Detector issues and features and the
modes of each JWST instrument relevant to transits are discussed
in § 6 and § 7. § 8 presents some illustrative science programs
with an emphasis on cross-instrument capabilities. The chal-
lenges of data processing and community engagement are then
considered (§ 9), and the paper concludes with a summary of the
most important findings (§ 10). Individual presentations at the
Workshop go into much greater detail on these topics than
can be given in this White Paper. These presentations are avail-
able on-line at the NASA Exoplanet Science Institute. Many of
the section headings link directly to these presentations. The
meeting agenda with live links (Appendix A) and a list of attend-
ees (Appendix B) are given in the appendices.

2. KEY SCIENCE OPPORTUNITIES

As a planet passes either in front of or behind its host star we
detect either a “primary transit” or a “secondary eclipse” (Fig. 1).
In the former case we see stellar light filtered through a thin
annulus of the upper atmosphere of the planet. While primary
transit signals are relatively insensitive to the vertical structure
of the atmosphere, the measurements sample only a few scale
heights in the upper atmosphere which may not be representa-
tive of the atmosphere as a whole. In the case of a secondary
eclipse, we directly detect radiation emitted by the star-facing
side of the planet from which we can retrieve both atmospheric

temperature structure and more fully representative chemical
abundances. The figure also shows that it is possible to follow
a planet throughout its orbit to measure its phase curve from
which one can infer important information on the planet’s
albedo (in reflected light) and its horizontal temperature struc-
ture (in thermal emission). In this section, we address science
opportunities for spectroscopy of gas and ice giant planets
(∼0:05–5 MJup, § 2.1.1), Super Earths (∼5–15 M⊕, § 2.1.2)
and even terrestrial-sized planets (∼1–5 M⊕, § 2.1.3 and
2.3.1). JWST will also investigate the dynamical processes of
weather through the study of phase curves (§ 2.2).

2.1. Transit and Secondary Eclipse Spectroscopy

2.1.1. Giant Planet Spectroscopy

With JWST transit spectroscopy we will address fundamen-
tal questions about gas and ice giant planets, putting their pres-
ent-day characteristics into the context of theories of their
formation and evolution. For example, to what extent is metal
enrichment a hallmark of giant planets? How does a planet’s
composition vary as a function of planet mass and migration
history, stellar type and metallicity and, in particular, stellar
C/O ratio (Öberg et al. 2011)? By determining the abundances
of key molecules (Fig. 2; Shabram et al. 2011a), we can begin to
address these and other issues.

FIG. 1.—Illustrative simulated spectra are shown for a smaller (2:0 R⊕) planet similar to GJ 1214b at that planet’s orbital location with the same host star. Primary
(bottom) and secondary (top) transits are shown, and the planet model spectra were based on Fortney et al. (2013). See the electronic edition of the PASP for a color
version of this figure.

1136 BEICHMAN ET AL.

2014 PASP, 126:1134–1173

This content downloaded from 130.167.237.13 on Mon, 11 May 2015 13:40:25 PM
All use subject to JSTOR Terms and Conditions

Webb will help to determine the nature 
of Super-Earths and Mini-Neptunes  



Webb will give us important insights into rocky planet 
atmospheres beyond our Solar System

Credit: NASA/JPL-Caltech/R. Hurt, T. Pyle (IPAC)!

The Seven Earth-Sized 
Planets of TRAPPIST-1!

JWST will give us among the first insights 
into rocky planet atmospheres beyond 
our Solar System

Figure'by'Z.'Berta/Thompson'&'H.'Diamond/Lowe'
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Figures from Natasha Batalha using PandExo!



Webb will give us important insights into rocky planet 
atmospheres beyond our Solar System

Morley et al. (2017)!



Webb will allow us to 
probe the climates of 
distant worlds

Yang et al. (2016)!

Prox Cen b!



•  Webb is best instrument for atmospheric characterization in the 2020s!

•  Webb will revolutionize exoplanet science!
-  From hot Jupiters to temperate Earths!
-  Obtain spectra at significantly higher resolutions and at critical wavelengths 

not previously accessible !
-  Provide most precise constraints on atmospheric composition, thermal 

structure, and climate!
-  Better understand planet formation and evolution!
-  Put our own solar system into context!

•  Webb will open new doors of scientific inquiry!
-  Cycles 1+2: “known unknowns”!
-  Cycles 3+: “unknown unknowns”!

Webb Is Imperative



Backup Slides!



Webb TSO Target Acquisition Strategies!

Offset TA and saturation are proven strategies leveraged by Spitzer and Hubble!

With FGS alone positional errors range from 0.5-1 arcsec (a few pixels)!



The Future of Exoplanets with Space-Based General 
Purpose Observatories is Bright!

20% - 40%!

10% - 20%!

GTO & DD ERS~25%!

GO ????!


