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First Light and Re-Ionization Assembly of  Galaxies

Birth of stars and  
proto-planetary systems

Planetary systems and the  
 origin of life
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NIRCam

JWST’s Science Instruments
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Transit Science with JWST
• Broad wavelength coverage with multiple 

spectroscopic capabilities including enhancements 
added for transit science observations
➡  Stable  observing platform:  L2  Orbit
➡  Bright observing limits 
➡  Large, 6.5 meter aperture

Emission spectroscopy

➡ Composition
➡  Atmospheric structure  

(T-P profile)
➡  Global energy budget
➡  Clouds

Transmission Spectroscopy
➡  Composition
➡  Scale height
➡  Clouds
➡  Planetary mass 
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Observatory Sensitivity: Spectroscopy

www.stsci.edu/jwst/science/sensitivity

http://www.stsci.edu/jwst/science/sensitivity
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Observatory Sensitivity: Spectroscopy
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Near-IR Spectrograph (NIRSpec)
• Developed by European Space Agency and GSFC (MSA)

•  Operating wavelength: 0.6 – 5.0 μm
• 1.6” x 1.6”  fixed slit for transit spectroscopy

11 

NIRSpec Optical Configurations 

Grating Filter Wavelengths Resolution 
PRISM CLEAR 0.6 – 5.0 30 – 300 

 

G140H F070LP 0.7 – 1.2 1300 – 2300 
F100LP 1.0 – 1.8  

1900 – 3600 G235H F170LP 1.7 – 3.0 
G395H F290LP 2.9 – 5.0 

 

G140M F070LP 0.7 – 1.2 500 – 850 
F100LP 1.0 – 1.8  

700 – 1300 G235M F170LP 1.7 – 3.0 
G395M F290LP 2.9 – 5.0 

“100” 

“1000” 

“2700” 
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Bright Limits versus J Band Magnitude 
http://www.cosmos.esa.int/web/jwst/exoplanets 
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" 2048 x 32 subarray for gratings,  512 x 32 subarray for prism 
" Assumes ADC saturation at 77,000 e–.  Well depth is 120,000 e–. 
" Plotted limits are 5% fainter than prediction based on ground tests 

HD 97658 b 

HD 149026 b HD 17156 b 

Kepler-21 b 

Clampin/GSFC JWST 

NIRSPec  
Bright  
Limits
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Near-Infrared Camera (NIRCam)

• Operating wavelength: 0.6 – 5.0 μm
• Spectral resolutions: 4, 10, 100
• Dichroic: 0.6‐2.3 μm &  2.4‐5 μm channels
• Nyquist sampling: @ 2 μm (0.032”/pix) & 4 μm (0.064”/pix) 
•  Detector sub-arrays: rapid readout ➠ brighter targets

• Transit Photometry: 4λ,  8λ, 12λ  defocused imaging
• Avoid saturation of bright targets for light curves
• 8λ  gives K=4 saturation limit w/160x160 subarray, 

versus  K=9 imaging saturation limit w/64x64 subarray
• Transit Spectroscopy: Slitless spectroscopy R~1700 w/ filters

➡ F322W2: 2.42 μm - 4.03 μm
➡ F444W:  3.89 μm - 5.00 μm
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FGS/NIRISS

• Fine Guidance Sensor/Near-Infrared Imager & Slitless 
Spectrograph

• Developed by the Canadian Space Agency 

• Operating wavelength: 0.8 – 4.8 μm
➠  Broad-band guider  operates in closed  

loop with fine steering mirror
➠  Exoplanet grism : R700, 0.6 μm- 3 μm  w/Defocused Image

➠  bright targets
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Real data vs simulation 

Excellent correlation between data and simulations.!

Simulation!

CV1RR (October 2013)!
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Saturation limit vs wavelength 
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500 - 850
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420 - 1310
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NIRSPEC/CLEAR/PRISM
NIRSPEC/F070LP/G140/M
NIRSPEC/F100LP/G140/M
NIRSPEC/F170LP/G235/M
NIRSPEC/F290LP/G395/M
NIRISS/ORDER 1/80P
NIRISS/ORDER 1/256P
NIRISS/ORDER 2/256P
NIRCAM/F277W
NIRCAM/F322W2
NIRCAM/F356W
NIRCAM/F410M
NIRCAM/F444W
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NIR Bright Limits
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Mid-Infrared Imager (MIRI)
• Developed by the MIRI  European Consortium & JPL
• Operating wavelength: 5 – 29 μm

➠  R ~ 100 slitless spectroscopy
➠  R ~ 3000 spectroscopy via integral field units
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MIRI Bright Limits 

11 

MIRI can observe bright stars! 

• All mags are for 2 frame integrations to 80% full well 

 New focal plane electronics will speed readouts by ~10% (0.1 mag fainter limits)  

• Imaging mode uses 64 x 72 subarray 

• LRS uses SLITLESSPRISM 430 x 72 subarray 

• MRS Band 2C is full frame  

 

 

 

 

!! !!

Brightest!
Observable!
with!subarray!

Brightest!
Observable!with!
subarray!

Mode! Disperser/Filter! G0!(K!mag)! M5!(K!mag)!

Imaging' F770W' 5.86' 6.28'

Imaging' F1130W' 3.31' 3.75'

Imaging' F1500W' 3.43' 3.86'

Spectrograph' Band2C' 3.74' 4.09'
LRS' PRISM' 4.41' 4.83'

23 September 2014 Transits with JWST MIRI 11 
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Operational Concerns
• Decorrelation of pointing

➡  JWST pointing specified for short wavelengths (~7 mas)
➡  FGS provides telemetry: guide star centroids every 60 sec
➡  New calibration mode defined for transit and coronagraphs

➡ Fine steering mirror offsets permit a star to be scanned around a 
detector pixel to calibrate pixel response function (~mas steps)

• Thermal stability:  JWST is designed to be stable. Verification 
planned for commissioning

• Antenna re-point every 10k sec produces 0.1” jitter for ~1 min

• Momentum unloading and stationkeeping burns likely limit 
maximum pointed observing time T ≤ 50 hrs
➡  Momentum unloads more frequent: driven by science program
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JWST: Observing Constraints
!  Sun angle constraints: instantaneous coverage over 35% of sky

! Field of Regard is an annulus with rotational symmetry about 
   the  L2-Sun axis, 50° wide

! The observatory will have  
full sky coverage over a  
sidereal year  

360°

45°

Toward 
the Sun

North 
Ecliptic Pole

5°

Continuous 
Coverage 

Zone North

Continuous 
Coverage 

Zone South
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Which Mode Do I Use?

0.6 μm 2 μm 3 μm 4 μm 5 μm1 μm

R~500-1300  
  ~1500-3500 R~700-1300  

  ~2000-3500
R~700-1300  
  ~2000-3500

NIRSPec

R~30-100

R~150

R~700 NIRSS

NIRCam
R~1700

R~1700

5 μm 15 μm 20 μm 25 μm 28 μm10 μm

LRS R~100

R~2400
R~1600 R~800

MIRI
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Gas Giants
• Gas Giant Planets: Comparative planetology programs
➡ Single transit, high fidelity spectra of transiting gas giants
➡ Multi-λ  coverage provides context: breaks model degeneracies

19 

HD 189733b Gas Giant 

•  Only 1 transit (top) or eclipse (bottom) plus time on star for each (1 NIRSPec + 1 MIRI) 

•  Multiple features of several molecules separate compositions, temperature, and 
distributions (J. Fortney group models + JWST simulation code) 

H2O 
H2O 

H2O 

H2O CH4 

CH4 

H2O 
H2O H2O H2O 

CH4 

CH4 

NIRCam grisms MIRI LRS HST G141 

Greene et al.2014: NIRCam
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Simulated NIRISS HD 189733 Observation
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Fig. 21.— top,left) Simulation of GJ 1214b observed with NIRISS for a 50⇥ solar atmosphere with

haze (model from J. Fortney). This simulation assumes 12 hours of clock time spent over 4 transits.

At the native NIRISS resolution, individual lines penetrate the haze despite the very flat spectrum

up to 1.7µm. top,right) Simulation of HD189733b observed with NIRISS. This target requires 6.5

hours of clock time if a slew+detector stabilization overhead of 30 minutes is assumed and twice

the amount of time is spent out of transit as in-transit. To prevent saturation, a reset+read mode

is used rather than a reset+read+read mode. bottom, left) Simulation of an Earth-size water world

planet with half the Earth’s density observed with NIRISS. We stack 5 transits and assume J=8.0

for a late M (3200 K) star of 0.2 Sun radii orbiting in the habitable zone. This target requires 32

hours of clock time if a slew+detector stabilization overhead of 30 minutes is assumed and twice

the amount of time is spent out of transit as in-transit. bottom,right) Secondary eclipse simulation

of the brown dwarf LHS 6343 C observed with NIRISS. A single secondary eclipse (5 hours of clock

time) delivers a high quality spectrum allowing precise spectral typing to determine the brown dwarf

temperature and thus constrain observationally the radius, mass, temperature and luminosity.

Courtesy NIRISS team
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Superearths
• Survey properties of super  

earths and mini-Neptunes
➡  Core composition
➡  NIR and MIR 

• GJ 1214 has a flat spectrum
➡   Clouds become 

 transparent at long-λ
➡  High resolution NIRISS  

observations could 
capture lines penetrating 
 the haze  
(Beichman et al. 2014)
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for a late M (3200 K) star of 0.2 Sun radii orbiting in the habitable zone. This target requires 32
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time) delivers a high quality spectrum allowing precise spectral typing to determine the brown dwarf

temperature and thus constrain observationally the radius, mass, temperature and luminosity.
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Fig. 4.— Top,left) The distribution of exoplanets across the full range of mass and radius. Solar

system planets are denoted as green triangles. top,right) A close-up of planets with masses less

than 10 MJup showing a range of bulk densities ranging from predominantly water and volatile

rich to dense, rocky-iron bodies. The shaded area corresponds to the likely properties of Kepler-

78b (Howard et al. 2013). bottom) HST observations of the spectrum of GJ 1214b with ⇠25 ppm

precision (Kreidberg et al. 2014) along with various theoretical models none of which provide a

particularly good fit to the data. One possible interpretation for the relatively flat spectrum is

the presence of clouds or photochemical haze. (Kempton (2014), this workshop; (Kreidberg et al.

2014)).

trade-o↵ in terms of time investment vs. scientific return will need to be confronted when

planning observing strategies aimed at characterizing this group of planets.

Kriedberg 2014
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MIRI Broadband Imaging
• Filter imaging is also possible e.g. 12 μm - 28 μm MIRI 

bandpass of MIRI

• Deming et al. 2009 simulated a broad band detection of 
CO2 in super earth  
emission, with M dwarf  
parent star

•  Detection of CO2 feature  
in ~50 hr for ~300-400K  
2 R⊕ planet around M5  
star at 10 pc

– 47 –

Fig. 9.— Relative flux versus wavelength for a super-Earth model (Miller-Ricci et al. 2009).

The blue line shows the blackbody continuum, and the red brackets denote the bandpasses

of MIRI filters at 11.3− and 15 µm.
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Exoplanet Climates
• Full phase curve spectroscopic mapping

➡ Atmospheric circulation
➡ Atmospheric structure

➡ T/P  profiles 
➡ Composition

• Superearth & mini-neptune phase curves
➡  Establish presence of an atmosphere on rocky planets
➡  JWST will be able to measure the broad-band phase curves of 

hot super-Earths and mini-Neptunes down to ≤ 4 R⊕

• Secondary eclipse mapping e.g. Knutson et al. 2007

Ian Crossfield, Sagan Fellow
2014/09/23

Transit Spectroscopy Overview
(Exoplanets with JWST/MIRI)

Spectroscopic phase curves are 
already here with HST/WFC3:

WASP-43b
K. Stevenson et al.
 (in review)Full phase curve spectroscopy: Wasp 43b - Stevenson et al. 2014
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Earths?
• Earths around M stars will be very challenging: Targets 

• Need to achieve  ≤10 ppm performance over multiple transits e.g. 
Deming et al. 2009, Batalha et al.  2013, & Barstow et al. 2015

16 J. K. Barstow et al.

Figure 18. As Figure 2 but for 30 primary transits of an Earth orbiting an M dwarf. The spectrum on the right is binned up by a factor
5 to make the ozone band at 9.6 microns more obvious. The CO2 band at 4.3 microns is also clearly visible.

explicitly on determing cloud properties using JWST trans-
mission spectra.

5.5 Other instruments and observing scenarios

In this paper, we have considered the instruments and modes
which allow us to maximise the wavelength coverage ob-
tainable with JWST for the smallest number of separate
transit observations. Other observational scenarios are pos-
sible, and may indeed be preferable for secondary transit or
for less active stars. Two other near-infrared instruments,
NIRISS and NIRCam, will also have the capability to do
transit spectroscopy, although neither can capture the 0.6—
5 µm wavelength region simultaneously. The NIRISS slitless
spectroscopy mode covers 0.7—2.5 µm and is specifically de-
signed for transit spectroscopy, so this will be a useful tool
for capturing that specific wavelength range. NIRCam offers
the opportunity for slitless spectroscopy between 2.5 and 5
µm, at R 2000.

NIRSpec and MIRI can both be used at higher resolving
power than considered here, and whilst this also limits the
instantaneous spectral range achievable, these modes will no
doubt be useful. For example, higher resolving power can
resolve the shapes of bands in secondary transit sufficiently
to provide constraints on vertical variation of trace species,
or probe narrow line cores above the cloud level in primary
transit that would otherwise be missed. The MIRI integral
field unit’s greater wavelength range provides the potential
to place stronger constraints on gases such as CO2 that have
significant bands longwards of 12 µm, and may also be useful
for secondary transits of cooler planets where their flux may
be expected to peak. The bright target limit for NIRSpec is
also less stringent when using higher resolution modes, as the
photons are spread out more across the detector, avoiding
problems of saturation. In future work we aim to consider
some of these observations; however, we stress that stitching
together more segments to make a coherent spectrum will
require a better understanding of systematics.

6 CONCLUSION

JWST will be a powerful tool for exoplanet transit spec-
troscopy of a wide range of planets, due to its broad wave-
length coverage and high sensitivity. This is the first space
telescope built in the exoplanet spectroscopy era, and so for
the first time we have the opportunity to test and charac-
terise detectors prior to launch with a view to using them
for transit spectroscopy. This should allow us to achieve the
required precision of 10—100 ppm in transit depth.

JWST will allow us to characterise the temperature
structure and atmospheric composition of hot Jupiters orbit-
ing bright stars, with gas abundances retrieved down to 0.5
ppmv even for systems at large distances, ensuring a large
range of accessible targets. It will also improve our under-
standing of cloudy super-Earths such as GJ 1214b by provid-
ing more wavelength coverage to allow distinction between
different cloud models, and would enable us to determine
some properties of Earth-like planets around cool stars pro-
vided they are close enough. However, accurate retrievals
for many of these objects will depend on either observing
relatively inactive stars, or using stellar monitoring as in
Pont et al. (2013) to correct for the presence of starspots.
For high SNR targets such as the hot Neptune-M dwarf
system considered here, stellar activity is likely to be the
limiting factor on how accurately we can constrain the at-
mosphere, as a 10% star spot coverage can lead to errors of
up to an order of magnitude in the H2O abundance retrieval.

7 ACKNOWLEDGEMENTS

JKB and PGJI acknowledge the support of the Science and
Technology Facilities Council for this research. LNF is sup-
ported by a Royal Society University Research Fellowship.
We thank the anonymous reviewer for some very helpful and
constructive comments.

REFERENCES

Anderson D. R., Smith A. M. S., Lanotte A. A., Barman
T. S., Collier Cameron A., Campo C. J., Gillon M., Har-

– 19 –

low scale height atmospheres) for all but the closest systems without a very large investment

of dedicated telescope time.

Fig. 5.— Predictions for the detectability of the 1-5 µm spectra of a 1 M� planet using JWST to

observe 25 primary transits. The planet is assumed to orbit an M star like GJ1214 and to have any

of three equilibrium temperatures and two di↵erent atmospheric types (top, Hydrogen-rich; bottom,

Hydrogen-poor). The simulations include a wide variety of noise sources (Batalha et al. 2014). In

the H-rich case, the black lines indicate the simulated observations for a star at 4.5 pc while the

green lines indicate the simulated spectra for di↵erent limiting distances. In the H-poor case, the

red lines denote the model and the black lines the observations for a star at 3 pc. Temperature/mass

combinations shaded in red have low SNR (<15) and may be challenging to interpret . (Kempton

(2014), this workshop).

Batalha et al. 2013 show 25 transit 
observations with NIRSpec for 1,4 
and 10 M⊕ planets at a variety of 
equilibrium temperatures. 

Barstow et al 2015 
30 transits show 
detection of ozone 
band at 9.6 μm after 
binning by 5x. The 
CO2 band at 4.3 μm 
is also detected
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Targets for JWST
• Numerous ground-based surveys targeting bright, low-mass stars, 

including MEarth (Nutzman & Charbonneau 2008), NGTS (Chazelas 
2013)  and MASCARA (Snellen et al. 2012).

• K2 survey prediction by  
Crossfield  from  
(Beichman et al. 2014)

• TESS yield prediction from Sullivan et al. (2014) from both observing  
modes (stamps  
& full frame)

– 29 –

Fig. 7.— top, left) The planets detected by TESS (red) will typically be 5 magnitudes brighter than

those found by Kepler (blue) thus making them excellent targets for JWST (Ricker et al. 2014).

top, right) A histogram showing the distribution of planet sizes expected to be found by TESS, either

in the full frame images or in postage stamps selected for closer examination (Sullivan et al. 2014).

(Ricker (2014), this workshop). bottom) Predicted R- and J-band magnitudes of planet-bearing M

dwarf stars found by the Kepler/K2 survey as a function of planet radius (left) and stellar e↵ective

temperature (right; Crossfield, private comm.).

In later JWST observing cycles , the most important source of targets for JWST will

be the all-sky TESS survey (Ricker et al. 2014). The majority of TESS targets will be

bright stars, V < 12 mag (Figure 7). TESS yield simulations (Sullivan et al. in prep)

suggest that TESS will detect approximately 40 Earth-size planets and 340 Super-Earths
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JWST Status: Integration

Science InstrumentsTelescope Mirrors

Telescope Structure
5

Sunshield Shape Test of Flight Layer 4
at Nexolve

Photo credit: ManTech NeXolveSunshield MembraneAft-Optics Bench
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JWST Status: Integration and Test
• Instruments enter last (3/3) cryo-test later this year

• First Chamber-A  cryogenic test of pathfinder completed

• Demonstrated phasing of two mirrors at 40K
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Summary
• JWST provides multiple, capabilities  with  R of  5 – 3000, across a 

wavelength range of 0.6  - 29 μm 

• JWST exoplanet focus will center on transit studies of Hot Jupiters & 
Neptunes and Superearths. 

➡ Detailed high-R studies will require several visits for  0.6  - 29 μm

➡ Bright limits compatible with space and ground-based surveys

➡ Numerous operational capabilities to support transit observations
➡   M stars Super earth characterization will be challenging for the 

smallest planets, & will require significant allocations of time 

• Science Operations: 

• Follow HST  program model

• Need coordinated and focused effort by exoplanet community to 
win JWST time & fully exploit the capabilities of JWST
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