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ABSTRACT
For the past 400 years, astronomers have sought to observe and interpret the Universe by building more powerful telescopes. These incredible instruments extend the
capabilities of one of our most important senses, sight, towards new limits such as
increased sensitivity and resolution, new dimensions such as exploration of wavelengths across the full electromagnetic spectrum, new information content such as
analysis through spectroscopy, and new cadences such as rapid time-series views of
the variable sky. The results from these investments, from small to large telescopes
on the ground and in space, have completely transformed our understanding of the
Universe; including the discovery that Earth is not the center of the Universe, that
the Milky Way is one among many galaxies in the Universe, that relic cosmic background radiation fills all space in the early Universe, that that the expansion rate of
the Universe is accelerating, that exoplanets are common around stars, that gravitational waves exist, and much more. For modern astronomical research, the next
wave of breakthroughs in fields ranging over planetary, stellar, galactic, and extragalactic science motivate a general-purpose observatory that is optimized at nearand mid-infrared wavelengths, and that has much greater sensitivity, resolution, and
spectroscopic multiplexing than all previous telescopes. This scientific vision, from
measuring the composition of rocky worlds in the nearby Milky Way galaxy to finding the first sources of light in the Universe to other topics at the forefront of modern
astrophysics, motivates the state-of-the-art James Webb Space Telescope (Webb).
In this review paper, I summarize the design and technical capabilities of Webb and
the scientific opportunities that it enables.
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1. Telescopes
In 1610, a picture seen through a telescope changed forever our most basic understanding of the Universe and what our place within it was. The idea that the Earth was not
at the center of the Universe existed at the time of Galileo’s observation, but verifying this Copernican model required the human eye to see something in support of its
predictions. In this case, Galileo’s 37 mm telescope collected about ∼50× more light
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than the human eye, and revealed that there were faint moons orbiting the planet
Jupiter, and, therefore, not everything was orbiting Earth. This scientific discovery
sparked rapid advances in optics and telescope design to see deeper and sharper into
space, and, since then, progress in astronomy has been tied directly to advances in
telescope engineering. With each successive increase in aperture size, new instrumental
capability, and other technology, we are able to see the Universe in a different light
and reshape our understanding of what our place within it is. This progression began
with larger refractors on the ground, then the first reflectors, and, in the modern age,
with very large ground-based telescopes and space-based observatories.
1.1. Ground-Based Telescopes
Refracting telescopes with focal lengths of many tens of meters were being constructed
by the mid 1600s and the first reflectors also started coming online. These telescopes
expanded the census of moons in our solar system and stars in the night sky, and
also provided important lessons to fine tune the engineering strategy for building
a robust telescope. By the 1700s, astronomers were making multi-year voyages to
the Southern hemisphere to catalog thousands of stars and discover strange nebulous
objects [1–3]. In the late 1700s, Herschel built several reflectors including a 1.26 meter
telescope that was the world’s largest. He used his telescopes to discover several moons
of Saturn, the planet Uranus, and also cataloged nebulae and clusters that formed the
foundation of the New General Catalog (NGC). To study these objects in more detail,
astronomers constructed even larger telescopes in the coming decades such as Lord
Rosse’s 1.83 m Leviathan of Parsonstown. Mid-1800s drawings of objects observed
through this telescope, such as the Whirlpool Galaxy M51, reveal clear spiral structure
and the companion NGC 5195 galaxy.
The era of modern large reflecting telescopes, with silvered mirrors and other new
technologies, began a century ago with the 1.5 m Hale (1908) and then the 2.5 m
Hooker (1917) telescopes at Mt. Wilson Observatory. Observations by Edwin Hubble
with the latter telescope resolved “The Great Debate”, and showed that nebulae such
as Andromeda in the night sky had distances much greater than the size of the Milky
Way galaxy, and, therefore, were entire galaxies themselves [4]. By the 1930s and 40s,
astronomers were motivating much larger telescopes such as the 200-inch at Palomar,
which would be completed in 1948. Now considered a “moon shot” of its generation,
this telescope was a marvel of engineering. It was used to measure the expansion rate
of the Universe [5], to discover quasars and active galactic nuclei in the distant reaches
of the Universe [6], and to time-tag stellar populations in the Milky Way to better
understand the formation process of our Galaxy. By the 1970s and 80s, multiple 4meter class telescopes were online throughout the world, and by the 1990s, the first of
the 10-meter class telescopes were built using a new technology involving a segmented
mirror design (i.e., the Keck Observatory). Today, astronomers are building multiple
20 – 40 meter segmented telescopes.
1.2. Space-Based Telescopes
During the same time that the 200-inch at Palomar was about to begin operations,
astronomer Lyman Spitzer published a paper in 1946 titled, “Astronomical Advantages of an Extra-Terrestrial Observatory” [reprinted as 7]. Spitzer identified several
limitations of ground-based astronomy, including the extinction of gamma rays, x2

rays, ultraviolet, far-infrared, and long radio wavelengths by the Earth’s atmosphere,
the blurring of visible light that passes through the atmosphere, and engineering limitations of the then large telescopes due to flexure by gravity. To push astrophysics
beyond these limitations, Spitzer presented a bold vision to place a large telescope
in space.1 This observatory, “The Large Space Telescope”, now Hubble, became a national priority for the USA and was completed in 1985, launched in 1990, and first
serviced in 1993. Due to its stable environment, low background, and advanced technologies from multiple servicing missions, Hubble remains today, 28 years later, our
most powerful telescope to study the nearby and distant Universe. Similar to Galileo’s
and Edwin Hubble’s discoveries, Hubble revealed to us how much more complex the
Universe is than we perceived. Hubble showed us that our Milky Way galaxy is just
one out of hundreds of billions of galaxies in the Universe [8–10].
Since the time of Hubble, the astronomical community has prioritized technologies
for space astronomy through a scientific process known as “The Decadal Survey”.
Once every decade, hundreds of astronomers write papers to describe the leading
research problems in their respective fields. The synthesis of this input motivates new
telescopes. Moving forward with the Hubble Space Telescope was the top priority in
the 1972 Decadal Survey. The Chandra X-Ray Observatory was the top priority in the
1982 Decadal Survey and the Spitzer Space Telescope was the top priority in the 1991
Decadal Survey. Combined with the Compton Gamma Ray Observatory, this array of
multi-wavelength facilities became known as astronomy’s “Great Observatories”. Most
areas of modern-day astrophysics have been transformed by these missions, as well as
by the many dozens of smaller space telescopes launched during each of these eras.

2. The James Webb Space Telescope
The James Webb Space Telescope (Webb) is one the largest and most complex science
programs ever undertaken, and is designed to answer forefront questions about the
origins of planets, stars, and galaxies in the Universe [11–13]. Representing the next
step in the evolution of space telescopes, Webb is built with innovative technologies to
explore the Universe beyond Hubble and Spitzer’s reach,
• An 18-segmented 6.5 meter primary mirror coated in gold, with adjustable optics
and built-in integrated wavefront sensing,
• A 21 × 14 meter sunshield with 5-layers of 25 – 50 micrometer thick Kapton to
passively cool the observatory to a cryogenic temperature of 40 Kelvin,
• An advanced array of infrared-optimized instruments with dozens of highresolution imaging, multiplexed spectroscopy, and coronagraphy observing
modes. Webb’s sensitivity will extend from the red part of the visible spectrum
at 0.6 microns to mid-infrared wavelengths of 28.8 microns,
• A deployable design that enables launch from a rocket with a 5-meter fairing,
• A 10-year science mission goal from a thermally stable solar orbit 1 million miles
from Earth at the second Lagrange point.
The Webb project is led by the USA’s National Aeronautics and Space Administration (NASA), working in conjunction with the European Space Agency (ESA) and the
Canadian Space Agency (CSA). The formal partnership on Webb is 80% NASA, 15%
ESA, and 5% CSA. The mission lead is NASA’s Goddard Space Flight Center (GSFC)
1 The

original idea of launching a telescope into space via a rocket was outlined by Herman Oberth in 1923.
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Figure 1. A birds-eye view of the 6.5 meter 18-segmented primary mirror and attached secondary mirror
of Webb. This picture is taken just after the telescope and instruments (mated to the back of the mirror)
were removed from the NASA Johnson Space Center’s Chamber A test facility, after successfully completing
a ∼100 day cryovacuum test campaign in 2017 [14,15]. A number of the Webb engineers involved in the test
surround the mirror. Image Credit: NASA/C. Gunn

and the observatory contractor is Northrop Grumman Aerospace Systems. The science
and flight operations center is the Space Telescope Science Institute (STScI). Dozens
of other industry and academic partners are integral to the development of Webb.
Figure 1 shows a beautiful picture of Webb’s optics following a 2017 cryovacuum
test campaign at NASA. This 6.5 meter “Golden Eye” is the most powerful telescope
ever built.
2.1. Observatory Design
Webb has a novel “open” design that flows directly from its science requirements
[13,16–18]. The top and bottom sides of the observatory are separated by a 21 ×
14 meter 5-layer sunshield. As Webb orbits the Sun once every year, the bottom-side
of the sunshield will always face the Sun, Earth, and Moon and will directly receive
Solar radiation and reach temperatures of 358 Kelvin. Each layer of the sunshield
blocks and re-directs the heat to protect the top-side of the observatory and maintain
it at a cryogenic temperature of ∼40 Kelvin. The optics and instruments of Webb are
on the cold (top) side of the observatory and the spacecraft is on the bottom (hot)
side.
The optics of the telescope are a three-mirror anastigmat with focal ratio f/20
and an effective focal length of 131 meters [e.g., see 19,20]. The primary mirror of
Webb contains 18 thin and light-weight hexagonal beryllium mirror segments, each
measuring 1.32 m across (flat-to-flat) and weighing just 20 kg without the support
infrastructure. The surface aberrations on each mirror segment are <30 nm rms [21].
4

After bouncing off the primary mirror, photons will reflect off the 0.74 m secondary
and enter the Aft Optics System located at the center of the primary [e.g., 22,23]. This
contains a 0.73 × 0.52 m concave aspheric tertiary mirror that receives the incoming
light beam, cancels out aberrations, and sends it to a flat fine steering mirror for
image stabilization [24]. The fine steering mirror has a surface figure of <25 nanometer
rms and adjusts continuously along two axes to suppress jitter and deliver diffraction
limited performance (i.e., the optical system will produce images with a resolution as
good as the theoretical limit for the telescope)[25]. The light beam then goes to the
scientific instruments (see § 3), which are mounted to the back of the primary mirror.
All of the Webb mirrors are coated in a 1000 angstrom thin layer of gold to achieve
>98% reflection of infrared light [26].
The top side of the telescope is connected to the bottom (hot) side by a deployable tower that passes through the sunshield. The bottom side of Webb contains the
spacecraft and several other components that are essential to Webb’s functionality,
as described in [27]. This includes the attitude control system that maintains Webb’s
pointing accuracy and stability (see § 2.4). Webb also has thrusters that will be used
initially to insert the observatory into its orbit, and then during operations to dump
angular momentum that is built up through the execution of its observing program
and to maintain the telescope’s orbit (see § 2.2). The thrusters operate using fuel,
which is the only consumable on Webb (intended to last &10 years). To help conserve fuel, a momentum trim tab is located on the back of the observatory to balance
out solar pressure and manage the effects of the reaction wheels. The bottom-side of
Webb, which will receive constant illumination, also contains solar panels to power
Webb’s computer and the warm electronics in the spacecraft. Communications with
Webb will use NASA’s Deep Space Network. A high-gain antenna on the bottom of
the observatory will receive commands and also transmit scientific data and telemetry
from Webb’s computer to Earth [28].
2.2. Launch, Deployment, and Orbit
The launch and deployment of Webb is a major technical challenge. The size of the
observatory in the fully deployed configuration is >10 meters in two dimensions and
>20 meters in the third, whereas the fairing of the ESA’s Ariane 5 launch vehicle
has a diameter of 4.6 m and a length of 16.2 m. To fit inside the rocket, Webb’s
components have been built to carefully fold together such that the effective volume
of the observatory is significantly reduced. Just minutes after the launch when Webb
enters space, the first deployments (e.g., the solar panel) will be undertaken and the
unfolding of the observatory will begin (see Figure 2).
Webb’s deployments will take approximately one month to complete, and include
many small components such as the antenna, momentum trim tab, radiator shield,
primary mirror actuators, etc. This first phase of the commissioning of the mission
also includes several mid-course corrections, subsystem check outs, and appropriate
modifications to electric heaters in the instrument module that prevent condensation
from forming as residual water in Webb’s components escapes into space. At the end
of the first month, Webb will be ∼1.4 million km from Earth and will begin its L2 halo
orbit. It is during this time that Webb enters phase 2 of its commissioning timeline,
which will last three months. First, the Near Infrared Camera (NIRCam) and Fine
Guidance Sensor will be activated and used to obtain images of a bright star in order
to locate and identify the positions all of Webb’s mirrors. Initially, the mirrors will
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Figure 2. A graphical illustration of the Webb launch and deployment. The images on the left show the
telescope folded up and stowed at the top of the Ariane 5 launch rocket, and subsequent images to the right
show the folding down of the long “palettes” that house the sunshield, telescoping booms on the side of the
observatory to extend the folded sunshield, tensioning of the individual sunshield layers, and the deployment
of the secondary mirror and primary mirror segments. Image Credit: Pictures of Webb stages obtained from
Northrop Grumman

be misaligned by several millimeters. Through an iterative process involving segmentlevel wavefront control [29], Webb’s mirrors will be aligned to tens of nanometers
through adjustments in six degrees of freedom and in radius of curvature by way of
high-precision actuators on the back of each segment [e.g., 30]. During this phase of
commissioning, the other science instruments will also be activated and checked out,
and the Mid Infrared Instrument (MIRI) will begin its active cooldown via a cryocooler
(see § 3.4). Co-phasing of Webb’s mirrors will proceed through an iterative process
involving multiple science instruments and multi-field sensing and control [31,32]. The
final two months of commissioning comprises phase 3, where each science instrument
is independently focused, calibrated, and characterized and used in observatory level
tests such as thermal slew, stray light, mechanism disturbance, and moving target
tests. Once Webb has passed all of its commissioning milestones, approximately six
months after launch, the scientific program will begin. Throughout operations, fine
adjustments to Webb’s alignment will be made periodically to ensure that the telescope
performs as a single 25.4 m2 primary mirror [33].
Webb will orbit the L2 point approximately once every six months at a distance
ranging from 250,000 to 832,000 km.
2.3. Sky Visibility
Unlike Hubble and other low Earth orbit satellites, Webb’s sightline to astronomical
objects will not be periodically occulted by the Earth or Moon. However, to fully block
out light lines from the Sun, Webb’s boresight (the path from the center of the primary
through the secondary) must be between 85 – 135 degrees of the Sun line at all times.
Over this range, the optics of the observatory will always be in the shadow of the
sunshield. The torus formed around the sky from this field of regard includes about
40% of the sky, which represents the instantaneous visibility region for Webb. As Webb
moves around the Sun, the torus moves across the sky to sweep out all right ascension
and declinations. Given the design and orbit of Webb, the sky visibility includes all
of the sky for 51 days of continuous observing each year, 30% of the sky for 197 days
per year, and a small part of the sky for 365 days per year (i.e., “continuous viewing
zones” that are within five degrees of each ecliptic pole) [34].
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2.4. Pointing Stability
Webb’s pointing accuracy and stability is achieved first through coarse pointing by its
attitude control system. This is a combination of three star trackers (small telescopes
that use star patterns for coarse alignment) that point the observatory, six reaction
wheels that rotate the observatory, and eight gyroscopes that track and control how
fast the observatory is turning [27, A. Cohen, private communication]. Finer pointing
for astronomical observations requires Webb’s Fine Guidance Sensor, an infrared camera with two 2.15 × 2.15 arcmin usable fields and λ = 0.6 – 5.0 micron sensitivity [35].
The Fine Guidance Sensor will identify and guide on stars as faint as J = 19.5 (AB
mag), which gives Webb a 95% probability of finding a guide star anywhere on the sky.
The final pointing stability for relative offsets is 6 milliarcsec rms and the absolute
accuracy is limited to the 1 arcsec rms accuracy of the guide star catalog [36].
2.5. Thermal Background and Optical Performance
As an infrared observatory, Webb’s performance is critically dependent on achieving
a stable thermal environment with excellent control of stray light (i.e., anything that
doesn’t come from the science field of view). Taking full advantage of Webb’s highresolution instrumentation also requires superb wavefront sensing and alignment to
deliver excellent image quality from the optics to the science instruments [37,38].
Webb’s giant sunshield is the observatory’s first line of protection from the radiation
of the Sun, Earth and Moon, as well as other stray light on the back side of the
observatory. The sunshield will reduce the incident radiation on Webb’s top-side by a
factor of 10 million, down to milliwatt levels [27].
Webb includes several additional design elements to eliminate potential stray light
lines from other celestial objects, zodiacal light from the solar system and Milky Way,
and the observatory’s own self-emission [39]. These include a “frill” around the primary
mirror, a thermal shield (“bib”) under the primary mirror, and a baffle, pupil mask,
and field stop in other locations of the optical system [40,41]. At most wavelengths with
λ < 15 microns, the background is dominated by in-field zodiacal emission whereas
observations at λ > 15 microns will be dominated by thermal self-emission from Webb
itself.
The optics are designed to deliver diffraction limited performance at λ > 2 microns,
and therefore Webb will have excellent image quality over most of its wavelength range
[19,42]. More information on the image quality across all Webb instruments is described
in [43].

3. The Scientific Instruments
Behind Webb’s 18-segmented 6.5 meter primary mirror are four complex instruments
and their supporting subsystems [44]. The science instruments enable an array of
imaging, spectroscopy, and coronagraphy modes covering the wavelength range λ =
0.6 to 28.8 microns [45–47]. Unlike Hubble, Webb’s instruments cannot be upgraded so
the initial suite has been designed with technologies to maximize competitiveness over
the lifetime of the mission. The capabilities include multiple ultra-sensitive and highresolution imagers operating at the diffraction limit, the first space-based multiobject
spectrograph, integral field spectroscopy over five separate wavelength regions, single
object and wide-field slitless spectroscopy, coronagraphy at multiple near- and mid7

infrared wavelengths, and more. The instrument modes on Webb offer many specific
configurations (e.g., read out patterns, subarrays, time series) to allow for broad science
applications targeting a wide range of astronomical targets (e.g., moving bodies in the
solar system, bright stars hosting planets, rapidly varying objects, etc.).
The four Webb instruments are,
3.1. The Near Infrared Camera (NIRCam)
NIRCam is Webb’s workhorse imaging instrument at near-infrared wavelengths, and
offers significant gains over previous high-resolution cameras on space-based telescopes
[48–52]. The instrument has dual modules that are independent and redundant, and
each points to adjacent fields on the sky separated by 44 arcsec. Each of the NIRCam
detectors has sensitivity from λ = 0.6 – 5.0 microns, but a dichroic mirror splits the
beam into a short wavelength (λ = 0.6 – 2.3 microns) and long-wavelength (2.4 –
5.0 microns) channel. Within a module, the two channels observe the same field. The
typical imaging observation can therefore achieve the full 2.2 × 4.4 arcmin field of view
in both a short wavelength filter and a long wavelength filter (i.e., the simultaneous
field of view of a NIRCam image will be 2.2 × 4.4 arcmin). The filter complement on
NIRCam includes 10 broadband filters (R = λ/∆λ ∼ 4), 11 medium band filters (R ∼
10), and 3 narrow band filters (R ∼ 100).
NIRCam’s detectors have a pixel scale of 0.032 arcsec on the short wavelength
channel and 0.064 arcsec on the long wavelength channel, so both detectors achieve
Nyquist sampling of the diffraction limit at 2.0+ and 4.0+ microns. In comparison Hubble/WFC3-IR does not achieve Nyquist sampling of the diffraction limit and
Spitzer only reaches it at λ > 24 microns. To enable observations of brighter astrophysical sources (e.g., Jupiter) up to a factor of 200 and/or to collect higher-cadence data,
NIRCam detectors can be read out in smaller subarrays in imaging and time-series
observing modes. NIRCam’s imaging mode is expected to be used for a very wide
range of astrophysical investigations in full frame, subarray, and multi-field mosaic
configurations.
In addition to high-resolution imaging, NIRCam has a mode for wide-field slitless
grism spectroscopy on its long-wavelength channel, over λ = 2.4 – 5.0 microns [52–54].
This mode can obtain a spectrum of every object in the 2.2 × 2.2 arcmin field of view,
with spectral resolving power R = 1600 at λ = 4 microns decreasing to R = 1130 at
λ = 2.4 microns. Time-series observations of single sources with the grism can also
utilize rectangular subarrays for shorter frame times. NIRCam’s spectroscopic mode is
expected to be used heavily for planetary transit detections, but also for line-emitting
galaxy and other targets.
NIRCam also contains a mode for Lyot coronagraphy at both short and long wavelengths [55,56]. Coronagraphy enables high-contrast imaging by suppressing the light
of a bright object to reveal fainter companions. The inner working angle ranges from
0.13 to 0.88 arcsec half-width half-maximum (HWHM) and the contrast is ∼10−5 at
0.5 arcsec separation and ∼10−6 at 1.5 arcsec separation. NIRCam coronagraphy is
expected to be used to discover exoplanets, to image the circumstellar environments
of massive stars, and for other studies of bright central region sources as such active
galactic nuclei host galaxies.
A picture of NIRCam is shown in Figure 3.
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Figure 3. The Near-Infrared Camera (NIRCam) on Webb can be used for high-resolution imaging, wide-field
and time-series single object slitless grism spectroscopy, and coronagraphy at near-infrared wavelengths (see
§ 3.1). NIRCam was built by a team at the University of Arizona and Lockheed-Martin’s Advanced Technology
Center. The Principle Investigator of NIRCam is Marcia Rieke. Image Credit: Lockheed Martin

3.2. The Near Infrared Spectrograph (NIRSpec)
NIRSpec is Webb’s workhorse spectroscopic instrument at near-infrared wavelengths
[57–60]. The instrument has sensitivity over a broad wavelength range of λ = 0.6 –
5.3 microns, designed to complement NIRCam (and NIRISS) imaging. NIRSpec offers
three distinct spectroscopic modes; single slit spectroscopy, integral field spectroscopy,
and multi-object spectroscopy, each with resolving powers of R ∼ 100, 1000, and 2700
depending on the disperser choice. The full NIRSpec field of view is 3.6 × 3.4 arcmin
and the detectors have a pixel scale of 0.1 arcsec [61].
Spectroscopy with NIRSpec in its lowest resolution mode (R ∼ 100) utilizes a prism
with sensitivity over the full λ = 0.6 – 5.3 micron wavelength range. For higher resolution spectroscopy in any of the modes, NIRSpec offers three medium resolution
gratings with R ∼ 500 – 1300 and three high resolution gratings with R ∼ 1500 –
3500.
Slit spectroscopy with NIRSpec can achieve higher sensitivity and contrast than
other modes as the slits are cut into an opaque mounting plate. There are five slits
available with three different sizes; 0.2 × 3.2 arcsec, 0.4 × 3.65 arcsec, and 1.6 ×
1.6 arcsec. This mode is expected to be used to target single objects over a range
of brightnesses, from faint high-redshift galaxies to young Milky Way stars in star
forming regions with variable backgrounds. A specific bright object time-series mode
(with the 1.6 × 1.6 arcsec slit) is optimized for exoplanet transits observations that
require high-precision time-series spectroscopy over long durations [62].
NIRSpec’s integral field unit is a powerful tool to enable 3D spectral imaging over a
contiguous area of the sky [63,64]. The aperture for the spatially resolved spectroscopy
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Figure 4. The Near-Infrared Spectrograph (NIRSpec) on Webb can be used for low and medium resolution
slit, integral field unit, and multiobject spectroscopy at near-infrared wavelenths (see § 3.2). NIRSpec was
built for ESA by Airbus Industries. The microshutter array and detectors were built by NASA. The Principle
Investigator of NIRSpec prior to Dec 2011 was Peter Jakobsen and the instrument’s development since that
time has been guided by Pierre Ferruit. Image Credit: Astrium: NIRSpec

is 3.0 × 3.0 arcsec. Each of the spatial elements comprising the data cube are 0.1 ×
0.1 arcsec, so there are 30 image slices per observation (each 0.1 × 3.0 arcsec). Webb +
NIRSpec therefore makes it possible to obtain spatial and kinematic characterization
of bright and faint spatially extended sources on many scales, from measuring variations in the atmospheric and surface composition of moons of solar system planets to
mapping the structure and environments of distant emission line galaxies.
NIRSpec offers the first space-based multi-object spectroscopy through a four quadrant microshutter array spanning the full 3.6 × 3.4 arcmin field of view [65–67]. In total,
the instrument contains ∼250,000 of these microshutters, each one spanning an open
area of 0.20 × 0.46 arcsec. The microshutters can be configured from high-precision
astrometry and opened as individual, small groups, or columns to form multiple apertures. This mode allows Webb to simultaneously target many sources (up to &100) at
high-spatial resolution for near-infrared spectroscopic applications within rich fields of
stars and galaxies and extended targets.
Webb’s tremendous sensitivity combined with NIRSpec’s wavelength coverage, high
spectral resolution, and diversity of modes will bring forward breakthroughs in spectral characterization of astrophysical sources. Large spectral windows from ∼1.3 –
1.9 microns, ∼2.2 – 3.2 microns, and ∼3.6 – 5.3 microns are all accessible at R > 2500
with NIRSpec. Any metric combining sensitivity and resolution for NIRSpec is orders
of magnitude more powerful than previous space-based observations.
A picture of NIRSpec is shown in Figure 4.
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Figure 5. The Near-Infrared Imager and Slitless Spectrograph (NIRISS) on Webb can be used for parallel
imaging, single-object and wide-field slitless spectroscopy, and interferometry at near-infrared wavelengths (see
§ 3.3). NIRISS was built by the CSA. The prime contractor is Honeywell (formerly COM DEV). The Principle
Investigator of NIRISS is René Doyon. Image Credit: Honeywell / COM DEV

3.3. The Near Infrared Imager and Slitless Spectrograph (NIRISS)
NIRISS is a near-infrared imager, spectrograph, and interferometer with sensitivity
over λ = 0.6 – 5 microns [68]. The imaging capabilities are similar to the long wavelength channel of NIRCam and can be used as a parallel camera to increase Webb’s
near-infrared survey efficiency. The field of view is 2.2 × 2.2 arcmin, the pixel scale is
0.065 arcsec.
The spectroscopic capabilities of NIRISS include both single-object and wide-field
slitless modes. The single-object mode provides slitless grism spectroscopy from λ =
0.6 – 2.8 microns, at a spectral resolving power of R ∼ 700. This mode offers two
rectangular subarrays (96 × 2048 pixels and 256 × 2048 pixels) that are optimized for
time-resolved spectroscopy of bright objects (up to J = 6.75 in Vega mags). NIRISS
slitless spectroscopy is expected to be used for observations that require high-precision
and spectrophotometric stability, such as transiting exoplanet studies [e.g., 69].
The wide-field slitless mode uses two orthogonally-oriented grisms to mitigate blending and enable low resolution spectroscopy with R ∼ 150 over a wavelength range of λ
= 0.8 – 2.2 microns. Most objects within the 2.2 × 2.2 arcmin field of view will have
a spectrum (e.g., applications targeting faint emission-line galaxies at high redshift
explored through Lyα).
NIRISS also offers a first-time space-based opportunity with aperture mask interferometry [70] through a seven aperture non-redundant mask and three medium-band
or one wide-band (red) filters [70–73]. This mode enables high-contrast imaging by reducing the full JWST aperture to seven much smaller apertures through a pupil mask.
The interferogram produced by these apertures consists of a narrow central diffraction
core surrounded by an extended pattern of faint fringes that sample a unique (i.e.,
“non-redundant”) set of spatial frequencies. This mode can reach 10−4 contrast ratio at separations of 70 – 400 milliarcsec, at wavelengths of 3.8, 4.3, and 4.8 microns.
11

Observations at multiple wavelengths can constrain the spectral properties of the companion target. NIRISS aperture mask interferometry can observe bright targets in an
80 × 80 pixel subarray (for short frame times and quick read outs), though options
to perform aperture synthesis imaging are also available. Aperture mask interferometry can be used to detect brown dwarfs and exoplanets that are up to 9 magnitudes
fainter than their host stars [74], to study winds around massive stars, to measure the
structure of nearby active galactic nuclei [75], and other similar applications.
The NIRISS instrument is packaged together with Webb’s Fine Guidance Sensor,
but the two are independent.
A picture of NIRISS is shown in Figure 5.
3.4. The Mid Infrared Instrument (MIRI)
MIRI is a versatile instrument that extends Webb’s sensitivity into mid-infrared wavelengths with four core capabilities; photometric imaging, low-resolution slit or slitless
spectroscopy, medium-resolution integral field spectroscopy, and coronagraphy. Unlike
Webb’s other instruments, MIRI will be actively cooled to 6.7 deg Kelvin with an
electric cryocooler. The sensitivity range of MIRI is designed to start where the nearinfrared cameras end (i.e., λ = 4.9 microns) and extend well out into the mid-infrared
spectrum with a red cutoff of λ = 28.8 microns [see 76–78, for more information].
MIRI offers high-resolution imaging over wavelengths of λ = 5.0 – 27.5 microns.
The field of view is 1.23 × 1.88 arcmin on a single 1k × 1k detector with pixel
scale of 0.11 arcsec [79,80]. This pixel scale is 12× finer than that of the InfraRed
Array Camera (IRAC) on Spitzer, 25× finer than that of the Multi-Band Imaging
Photometer (MIPS) on Spitzer and is also finer that of the Wide Field Camera 3
(WFC3/IR) on Hubble that operates in the near infrared (λ = 0.9 – 1.67 micron).
MIRI observations achieve Nyquist sampling of the diffraction limit at all wavelengths
longer than 6.25 microns. MIRI includes 9 broadband filters with central wavelengths
ranging from λ = 5.0 to 27.5 microns. Similar to NIRCam, MIRI imaging can also be
executed with short integrations through several subarrays when observing brighter
objects (up to >30×) or high sky background regions. MIRI imaging is expected to
be used for a wide variety of astrophysical studies, ranging from solar system objects
to the analysis of dust and gas in Milky Way star forming regions to the discovery of
first galaxies in the Universe.
Spectroscopy on MIRI includes a low-resolution slit (0.51 × 4.7 arcsec) or slitless
configuration [81] and a medium resolution mode through one of four integral field
units [82]. The low-resolution spectroscopy covers a wavelength range from λ = 5 –
12 microns with resolving power R = 40 at λ = 5 microns increasing to R = 160 at
λ = 10 microns. Slitless observations can be especially important for high-precision
time-series spectrophotometry observations of bright stars with transiting exoplanets.
Spectroscopic time-series observations of exoplanets with MIRI can utilize a subarray
mode with fast readout times (0.159 seconds), enabling observations of stars as bright
as K = 5.65 (vs K = 8.3 with the slit).
Compared to the low-resolution modes, MIRI’s medium resolution spectrometer
uses four integral field units (channels) to enable significantly higher resolving power
and spatially-resolved spectroscopy with R ∼ 1330 – 3750 over λ = 4.9 – 28.5 microns.
The central wavelengths of each channel are 6.4, 9.2, 14.5, and 22.75 microns and
the fields of view range from 3.5 to 7.5 arcsec going from the shortest to longest
wavelength channels. The integral field units split the field of view into spatial slices,
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Figure 6. The Mid Infrared Instrument (MIRI) on Webb can be used for high resolution imaging, lowresolution slit or slitless spectroscopy, medium-resolution integral field spectroscopy, and coronagraphy at midinfrared wavelengths (see § 3.4). MIRI was built by a European consortium led by Principle Investigator Gillian
Wright. The detectors were developed by Raytheon. NASA’s Jet Propulsion Laboratory integrated and tested
the core instrument flight software and detector systems. The science team lead is George Rieke. Image Credit:
Science and Technology Facilities Council (STFC)

each of which produces a separate dispersed ”long-slit” spectrum. The integral field
units have 21 slices with widths of 0.176 arcsec in the shortest wavelength mode (4.89
– 7.66 microns) and 12 slices with widths of 0.645 arcsec in the longest wavelength
mode (17.66 – 28.45 microns). Post-processing produces a composite 3-dimensional (2
spatial and one spectral dimension) data cube combining the information from each of
these spatial slices. The sensitivity and fields of view of MIRI’s integral field units are
well suited to target everything from solar system ice giants to young disks in Galactic
star forming regions to structure in galaxy lensing maps. This spectroscopy is therefore
a key tool to study the early stages of star and planet formation and galaxy evolution.
MIRI integral field spectroscopy can be used simultaneously with the adjacent MIRI
imager.
MIRI includes two different types of coronagraphy for mid-infrared high-contrast
imaging at four wavelengths [83]. There are three four-quadrant phase masks at λ =
10.65, 11.4, and 15.5 microns (field of view of 24 × 24 arcsec) and one Lyot coronagraph
at λ = 23 microns (field of view of 30 × 30 arcsec). Each of the four-quadrant phase
masks has coronagraph filters to automatically select a narrow spectral bandpass centered the wavelengths above. The inner working angle of MIRI’s four-quadrant phase
masks ranges from 0.33 to 0.49 arcsec, and for the Lyot coronagraph it is 2.16 arcsec
(at 22.75 microns). MIRI’s coronagraphs can be used extensively for direct imaging of
young and self-luminous exoplanets with masses down to 0.1 – 0.2 MJup . [49] demonstrate that the success rate of directly imaging more massive (Jupiter sized) planets
at larger separations of ∼60 AU will be high. The coronagraphs can also be used to
study debris disks and quasar/AGN host galaxies.
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Figure 7. The 5σ sensitivity of Webb for imaging observations is shown for integrations of 10,000 s (top-left)
and 50 hour (top-right). Similar diagrams for spectroscopy are shown in the bottom row. The data points,
curves, and colors represent distinct observing modes as indicated in the legend. The limits that Webb reaches
in most of its modes are substantially deeper than current capabilities. Image Credit: K. Pontoppidan

A picture of MIRI is shown in Figure 6.
3.5. Sensitivity of Instrument Modes
The sensitivity of Webb across all instruments and imaging and spectroscopic modes
is presented in Figure 7 [84]. For broad-band near-infrared imaging, Webb can reach
near >29.5 AB mag (at 5σ) at 2 and 4 microns in just 10,000 s (top-left panel) and
>31 AB mag in deeper integrations (e.g., 50 hours; top-right panel). At 1.5 microns,
these limits are 1.5 mag deeper than Hubble capabilities. At mid-infrared wavelengths,
the sensitivity at 10 microns is 25.5 AB mag (5σ, 10,000 s). These limits are more
than 2.5 mag deeper than Spitzer capabilities.
For spectroscopy, Webb can reach down to >26.5 AB mag at near-infrared wavelengths using its low-resolution NIRSpec prism (available with all modes) in 10,000 s
(bottom-left panel). Higher-resolution modes have brighter limits. The NIRISS widefield slitless spectroscopy mode can reach ∼25.5 AB mag in this integration time.
For mid-infrared spectroscopy, MIRI can reach 25 AB mag and 23 AB mag at 5 and
10 microns in low resolution slit mode and 20 AB mag at 5 – 10 microns in medium
resolution mode in 10,000s integrations. At comparable resolutions and wavelengths,
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Webb spectroscopy is several orders of magnitude more sensitive than previous capabilities.
More information on the capabilities of all four Webb instruments is available online
at several websites2 as well as in the Webb online user documentation system.3 A table
summarizing all of Webb’s instruments modes is provided in Appendix C.

4. Science
The design and capabilities of Webb follow from four scientific pillars that were outlined
in the 2000 Decadal Survey, “Astronomy and Astrophysics in the New Millennium”
[85], and discussed extensively in [13]. These themes – Planetary Systems and the
Origins of Life, Birth of Stars and Protoplanetary Systems, Assembly of Galaxies, and
First Light and Reionization – capture leading research topics in modern astrophysics
and many Webb projects related to the solar system, exoplanets, star formation, stellar
populations, galaxy formation and evolution, cosmology, and other topics will form the
foundation of understanding these global goals.
4.1. Solar System
The most detailed information regarding objects in our solar system has always come
from sending interplanetary missions to visit these worlds. Over the last decade, this
has included analysis of Mars from the Mars Science Lab and Curiosity Rover [86],
characterization of the nucleus and composition of a comet from Rosetta and Philae
[87], exquisite imaging of the surface composition, geology, and atmosphere of Pluto
and Charon from New Horizons [88], detailed investigation of the atmosphere structure, composition, magnetic field, and core properties of the planet Jupiter from Juno
[89], and much more.
Complementing these high-resolution and in-situ studies, flagship observatories have
yielded countless new discoveries in the solar system and have enhanced the scientific
return from Planetary Science missions. For example, the discovery of small moons
of Neptune and Pluto, water plumes being expelled from Europa, the largest ring on
Saturn, and new Kuiper Belt Objects along the trajectory of the New Horizons mission
were made by Hubble and/or Spitzer [90,91,91–95].
To continue this legacy, Webb is designed with specific capabilities to allow new
breakthroughs in a wide range of solar system research themes, This includes the
ability to track moving targets with apparent rates of motion up to 30 milliarcsec/s
and with a pointing stability of 0.05 arcsec, to observe naked-eye bright objects using
subarray modes with very short integration times and rapid readout capability, and
to better schedule and perform data analysis of moving target observations. While
imaging will still be challenging for the brightest objects, such as Mars, Webb will
allow for spectroscopic observations of every solar system target observable. Figure 8
shows a simulated Webb near-and mid-infrared spectrum from λ = 0.7 – 28.8 microns,
with a rich forest of molecular and ice features identified [96,97]. Observations with
Webb’s many modes can characterize the abundance and ratios of different molecules
on asteroids, moons, rings, comets, and planets to understand composition and dynamics, clouds and weather patterns, surface activity and outgassing, and thermal and
2 https://jwst.stsci.edu/instrumentation
3 https://jwst-docs.stsci.edu
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Figure 8. Webb can sample a rich forest of molecular and ice signatures in the λ = 0.7 – 28.8 micron
spectral region for solar system objects and exoplanets. The upper panel shows solar fluorescence fluxes
[96] considering primordial / cometary abundances (H2 O/CO2 /CO/CH4 /NH3 /H2 CO/C2 H6 /HCN/CH3 OH =
100/10/10/1/1/1/1/0.2/2). The lower panel shows ice absorptions computed with a Hapke model [98] assuming thin monolayers of 10/100/10/10 microns (H2 O/CO2 /CO/CH4 ). The spectroscopic databases and models
employed to synthesize these spectra are part of the online Planetary Spectrum Generator [psg.gsfc.nasa.gov
97]. Image Credit: G. Villanueva

temperature properties.
4.1.1. Near-Earth Objects and Asteroids
Among all objects in the solar system, small asteroids and near-Earth objects are
two of the least well studied. They represent some of the smallest bodies in the solar
system (only ∼10% are >1 km in size), and are the most difficult to visit with direct
interplanetary missions. Knowledge of the properties and orbits of these numerous
small bodies, which have traveled from other parts of the solar system to our proximity,
translate to crucial insights of the past dynamical history of the solar system.
Webb can observe ∼75% of all known near-Earth objects with powerful imaging
and spectroscopic capabilities to establish the diversity of small bodies. Imaging observations with Webb can constrain shapes and potential outgassing, near-infrared
spectroscopy can constrain surface composition (e.g., see λ = 2.5 – 5.0 micron region in Figure 8), and mid-infrared spectroscopy can characterize albedos, diameters,
and shapes for objects much smaller (i.e., meter-size) than current studies [99]. Webb’s
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high-spatial resolution imaging can also resolve asteroids as small as 80 km at distances
of 2.8 AU. For larger asteroids, near-infrared imaging and integral field spectroscopy
can provide compositional mapping across the surfaces of the bodies [100]. Webb can
spectroscopically characterize nearly every selected object in the main asteroid belt
with signal-to-noise ratio >10 in just 1000 s. This capability is especially exciting in
the upcoming era of wide-field and transient imaging with telescopes such as the Large
Synoptic Survey Telescope (LSST), which is expected to increase the census of small
bodies by factors of 10 to 100 over current numbers [101].
4.1.2. Mars
One of the driving research questions in all of space science is to understand the past
habitability of Mars. Webb can advance this theme by building global spectroscopic
maps of the atmosphere over the entire disk of the planet at high resolution in a very
short amount of time. Current missions to Mars provide only local measurements of
composition, while Webb will provde a measure of the total atmospheric column across
the planet [102]. Specifically, secular monitoring on the timescales of months, seasons
and years can explore variations of molecules in the atmosphere that are caused by
changes in surface activity on the planet. Webb’s near infrared sensitivity is ideally
suited to measure key species in the atmosphere. Figure 8 illustrates spectral features
of particular interest for topics such as outbursts of sulfur species such as methane,
ethane, and nitrous oxide that result from volcanic activity, hydrogen chloride in the
atmosphere that vents from acidic (sub)surface liquid water, and variations in isotopic
and abundance ratios of hydrogen that are related to the polar caps [e.g., 103, and
references therein]. These atmospheric data are important clues to understanding the
processes that altered the chemical stability of the Martian atmosphere. Near-infrared
spectroscopy at R ∼ 2700 can achieve ∼100 km resolution on Mars and also be used
to search for organic compounds. In addition to the spectroscopic characterization,
near-infrared imaging of Mars from Webb can help characterize global dust storms
and cloud systems on the planet, and carbon dioxide emission from Mars’ nightside
(Mars is so bright that saturation is a significant problem for dayside observations in
the λ = 0.9 – 1.5 micron range). Webb’s remote characterization of Mars can help plan
future surface exploration of key regions by planetary science missions.
4.1.3. Gas and Ice Giants
Jupiter, Saturn, Uranus, and Neptune are analogs of the giant planets that are being
discovered around nearby stars, and therefore offer a unique opportunity to test and
refine models of planet formation and evolution. The structure and dynamics of giant
planet atmospheres can be complex, and many questions related to circulation, heat
transport, chemistry, and clouds remain unanswered. The spatial resolution of Webb is
comparable to the largest ground-based telescopes, but enable observations at infrared
wavelengths that are only accessible from space.
Webb will explore atmospheric physics in Jupiter and Saturn by studying the stratification of gases such as methane, ammonia, and carbon monoxide due to their varying
strength of their absorption features. The near-infrared part of the spectrum from λ
= 1 – 5 microns is especially rich with absorption signatures from many molecules
[104]. Medium and narrow-band imaging with NIRCam in small subarrays, as well as
near-infrared slit and integral field spectroscopy from NIRSpec, can isolate different
physical process such as the absorption of gas by specific molecules, thermal radiation,
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and cloud opacity [105, e.g., see]. Such observations can constrain wind speeds as a
function of altitude, latitude, and within specific storm systems such as the great red
spot, and the vertical and horizontal cloud structures in the atmospheres of gas giants.
Mid-infrared subarray observations with MIRI can provide complementary studies
of the thermal radiation from specific parts of Jupiter and Saturn (imaging), as well
as absorption and emission features from molecules such as acetylene at 14 microns in
spectroscopic modes (Figure 8).
Observations of the ice giants Uranus and Neptune with Webb will be transformative over current capabilities both in terms of spatial resolution and sensitivity. At
near-infrared wavelengths, Webb imaging can reveal cloud structures and spectroscopy
can be used to correlate the depths of methane lines across different wavelengths to
distinct physical processes occurring at different vertical layers (e.g., scattering from
haze vs clouds). Features in the redder part of the λ = 1 – 5 microns spectral window
allow penetration of clouds to explore deeper into the planetary atmospheres. Specific NIRCam medium-band filters also overlap tritium, carbon monoxide, and other
features that give complementary information on the vertical structure of the planets. At mid-infrared wavelengths, Webb observations can explore the thermal emission
from ice giants through a large number of emission features from hydrocarbons that
cannot be observed from the ground. These observations can constrain photochemical processes, temporal variations in temperature, and help disentangle the causes of
rotational modulation [e.g., 106,107]
One of the many exciting opportunities to study ice giants with Webb involves
spatially resolved spectroscopy with integral field units to measure how the cloud
properties and atmospheric structure changes with latitude and longitude. These observations can constrain atmospheric circulation through dynamical models [104], especially with short and long-term time-series observations. The angular diameter of
Uranus and Neptune are 3.6 and 2.3 arcsec, well-suited to the size of Webb’s near and
mid-infrared integral field units.
In addition to these core studies, Webb is a powerful telescope for target of opportunity investigations in giant planets such as large storm systems [e.g., 108], auroral
processes [e.g., 109], and bombardment events and their subsequent impact on atmospheric dynamics [e.g., 110]. Webb observations throughout the 2020s can establish
the global context of weather patterns and other atmospheric events to complement
high-resolution studies from current and future planetary science missions (e.g., Juno).
4.1.4. Active Moons
The moons of the giant planets of our solar system are believed to exhibit a wide
range of active geology and potential biology. Recent observations by Hubble and
Cassini have revealed plumes of water vapor escaping into space from the icy worlds
Europa and Enceladus [111], indicating the presence of subsurface oceans. Similarly,
Ganymede is believed to host a large underground saltwater ocean [112] and Titan
is believed to have rainfalls and methane lakes [113]. Triton is an active moon with
geysers driven by internal heat and Io is believed to be active volcanic worlds with
geysers and lava flows [114,115]. Webb’s powerful infrared instruments are the next
step in understanding the nature of these worlds [116], and can help guide future
missions to these exotic locations.
For Jupiter’s moon Europa, Webb’s mid-infrared spectroscopy with λ = 5 – 15 microns is an entirely new diagnostic to characterize the composition of the moon’s
surface and search for chemistry (e.g., hydrated minerals) expected from the ocean.
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Titan

Figure 9. The resolved disk of Titan as viewed through a small part of the NIRSpec integral field unit and
its 0.1 × 0.1 arcsec spatial scale. The disk of Titan can be mapped with >50 pixels to obtain spatially-resolved
spectroscopy in the near-infrared. Long-term spectroscopic monitoring can establish the spatial distribution
of molecules such as methane and the movement of clouds and hazes over seasonal time scales. Image Credit:
Cassini-Huygens Mission 2009

Webb data can test diagnostics of carbonic acid and other organic features across Europa’s surface. At near-infrared wavelengths, Webb can build high-resolution maps of
the surface to search for “hot spots” that are indicative of active plumes and then
rapidly follow up successful discoveries with spectroscopy to measure the composition
and temperature.
For Saturn’s moon Enceladus, Webb will complement Cassini’s maps of the moon
by obtaining spectroscopic observations for unique analysis of the surface features.
Time-series observations during a plume outburst can infer the molecular composition
of the subsurface ocean. Webb can search for organic signatures, such as methane,
ethane, and methanol, in the plumes using infrared spectroscopy (see Figure 8).
For Saturn’s largest moon Titan, Webb’s near-infrared spectroscopy will be much
higher resolution than Cassini data, and, therefore, lead to a finer detection and analysis of surface organic molecules. Specifically, the NIRSpec integral field unit can
simultaneously give 3D spectroscopy over 50 spatial elements across the disk of the
moon (see Figure 9). Observations throughout Webb’s 10-year mission goal can establish seasonal shifts and time-variable phenomena [117]. Longer wavelength imaging
observations can also map the distribution of haze and clouds in the atmosphere across
different seasons, and measure the temperatures and abundances of a number of gases.
These key data sets serve as input to test and refine dynamical models of Titan’s atmosphere. Webb is very complementary to Cassini. It provides more global coverage,
better spectral resolution capable of identifying distinct molecular features compared
to the VIMS instrument, and extends the timeline of data.
Jupiter’s moon Io is active and exhibits periodic plume deposits due to volcanism.
The lava flows have temperatures ranging from 500 – 2000 K, have diameters of hun19

dreds of kilometers [118], and have a cadence of several months. Webb’s aperture mask
interferometry mode on NIRISS can spatially resolve the volcanoes [119], and multifilter observations can constrain the specific temperatures of the lava flows. These
observations can yield the composition of the lavas and new insights on the state of
Io’s mantle [120].
4.1.5. Comets
Webb can greatly expand our understanding of comets in the solar system by measuring their composition (e.g., gases and dust), coma and nuclei structure, and evolution
over long temporal baselines. As [121] demonstrate, Webb can easily measure changes
in water, carbon dioxide, and carbon monoxide in comets over different heliocentric
distances ranging from 7 AU to 2 AU. These differences relate to intrinsic cometary
activity and the impact of solar energy in sublimating the ices for each species. At
mid-infrared wavelengths, Webb can study the heterogeneity of comet nuclei through
high-resolution images and integral field unit spectral cubes. For close approaches
of .1 AU, Webb can observe features at the .200 km scale needed to probe distinct active regions. These observations constrain theories of comet formation, for
example, whether they are accreted planetesimals or collisional fragments [e.g., 122].
Mid-infrared observations with Webb can also establish the composition, temperature,
grain-size distribution, and structure of the dusty comae and dust trails of comets
[100]. Webb can also characterize water ice on comet surfaces and comae through lowresolution near-infrared spectroscopy with NIRSpec, detect activity driven by volatiles
carbon monoxide and carbon dioxide at large heliocentric distances through sensitive
near-infrared imaging with NIRCam, and measure the overall sizes, elongation, and
albedo of comets [121]. Taken together, this research can assess the role that comets
likely play in bringing water and other organics from the outskirts of the solar system
to its inner regions (e.g., to Earth in our solar system).
4.1.6. Kuiper Belt Objects and Dwarf Planets
Large objects beyond the orbit of Neptune, such as Pluto, Eris, Makemake, Haumea,
and Sedna, offer unique insights on the initial conditions and early evolution of the
solar system. Most of these objects retain almost all of the material from which they
accreted, as evidenced by absorption features of volatiles such as methane and, on
Pluto, Sedna and Eris, nitrogen [e.g., 123,124]. Much of this material is in the form
of volatile ices that combine, via radiolysis, to form organic molecules. Near-infrared
spectroscopy at λ = 3 – 4 microns with Webb can characterize the molecular composition (nitrogen, carbon monoxide, carbon dioxide ices) of each of these objects in much
greater detail than has been possible so far [e.g., 125], and connect the distribution of
volatile ices to expected seasonal variations.
Mid-infrared thermal observations with Webb on objects such as Eris and Sedna
can enhance the return from earlier Spitzer and Herschel data [e.g., 126,127] and
contemporaneous Atacama Large Millimeter Array (ALMA) data [e.g., 128]. Webb
can also characterize the thermal state of these Kuiper Belt dwarf planets as they
go through seasonal changes. For smaller Kuiper Belt Objects, Webb’s mid-infrared
photometry can provide the first thermal emission data for colder bodies that were too
faint for Spitzer and Herschel. Thermal data at two wavelengths directly measure the
temperature, and therefore can be used to constrain diameters and albedos. Webb can
also, for the first time, resolve the mid-IR thermal emission from primaries and moons
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in the Kuiper belt. This can address many questions regarding these dwarf-planet
systems, and is particularly synergistic with the even higher resolution capabilities of
ALMA.
Webb’s redder sensitivity and higher spatial resolution can improve upon Hubble’s
legacy of discovering rare binary (and even trinary) objects [129,130] and measuring
masses by characterizing the binary orbits. Combined with measurements of the diameters, determined from thermal observations or stellar occultations, the masses can be
converted into bulk densities, which reflect the silicate to ice ratio, internal structure,
and accretion conditions of these objects.
4.1.7. Other Webb Opportunities for Solar System Research
[91] recently discovered the faintest moon of Neptune using Hubble imaging down to
26.5 mag. This object is believed to have a diameter of 16–20 km. Webb can extend
this down to objects that are a few km in size at these distances, likely discovering
large populations of small (faint) moons around giant planets. A particular strength of
Webb is the ability to image at wavelengths where strong methane absorption features
in the atmospheres of the giant planets reduce their brightness by orders of magnitude,
thereby increasing sensitivity to faint nearby objects.
Webb’s resolution can provide exquisite separation and characterization of the rings
of Uranus and Neptune as compared to current ground-based and Hubble studies, and
Webb can also search for predicted rings around Mars, Pluto, and trans-Neptunian
dwarf planets [131]. By measuring the composition of small moons and inner vs outer
rings with molecular spectroscopy, Webb can help constrain models on the formation
process and evolution of these structures.
For Saturn, Webb’s contiguous near- and mid-infrared spectral coverage can fill in
gaps in Cassini observations (e.g., at the 1.65 micron water absorption feature and
between λ = 5 – 8 microns) and achieve higher sensitivity at similar spatial resolution.
Webb data can lead to the best maps of the rings in the thermal infrared to constrain
temperature variations and also potentially discover silicate absorption features to
understand aspects of the composition of the rings that are not water-ice based [131].
An exciting opportunity with Webb will be to enhance characterization of small
bodies in the solar system by observing them during times of predicted occultation
of background stars. The technique offers unique data to reduce uncertainties in the
derived sizes, shapes, and albedos of small bodies [132], by taking advantage of the
refraction, absorption, and diffraction of bright starlight as it interacts with the foreground object. [133] predict 13 stellar occultation opportunities of minor bodies in the
outer solar system during Webb’s first five years, including Eris, Makemake, Quaoar,
Sedna, Haumea, and others. The technique can also be used to perform high-precision
studies of the geometry and structure of planetary rings.
An excellent summary of Webb’s broad applications for solar system research is
available in a series of white papers [see 134, and references therein].
4.2. Exoplanets
Since the discovery of the first Jupiter-mass object orbiting a Sun-like star in 1995
[135], the field of exoplanet research has exploded. The census of confirmed exoplanets
grew from tens in the early 2000s to hundreds by 2010 to several thousands today. The
Kepler Space Telescope has told us that essentially all stars have planets, and that the
size distribution of planets is such that most of them are small objects between the
21

radius of Earth and Neptune [136].
Over the past 20 years, exoplanet research has generally focused on discovery. A
multitude of techniques, such as radial velocity, transit photometry, direct imaging,
microlensing, astrometry, and others have been used on ground and space-based telescopes to discover exoplanets orbiting other stars, and to begin inferring their bulk
properties such as mass and radius and their orbital properties such as period, eccentricity, and inclination [e.g., 137]. These experiments have been highly successful, but
have also been optimized in ways to maximize statistical metrics for studying planetary demographics. As a result, our census of interesting planets for follow up detailed
study, such as nearby rocky exoplanets orbiting bright stars, is highly incomplete.
The soon to launch Transiting Exoplanet Survey Satellite (TESS) will change this,
by monitoring more than 200,000 nearby stars in an all-sky survey and discovering
>300 planets with radius less than twice that of the Earth (i.e., super Earths) and
1000 nearby planets with radius less than four times that of the Earth [138,139]. A
schematic showing the expected census of nearby exoplanets in the TESS era, and
their sizes, is shown in Figure 10.
Both the Hubble and Spitzer Space Telescopes, as well as 6–10-m class groundbased telescopes such as Magellan, VLT, Gemini, Keck, Gran Telescopio Canarias,
and others have begun to extend exoplanet research from the discovery phase to the
characterization phase. This breakthrough has been largely enabled by taking advantage of the geometry of systems where planets pass in front of and behind their host
stars as seen from the observed line of sight [e.g., 140]. During the former (i.e., transit) phase, the light from the background star filters through the planet’s atmosphere
and is imprinted upon with spectral features of the planet’s atmospheric composition.
The spectrum of the planet is simply the ratio of the combined spectrum during the
transit to the spectrum of the star (either before or after transit). Transit observations
yield the planetary radius (measuring the drop in the amount of stellar flux during
the transit) and the atmosphere’s opacity (measuring the planet’s apparent size at
different wavelengths). Together, these measurements yield atmospheric properties of
the atmosphere (chemical composition, temperature structure, presence of clouds).
During the latter phase when the planet is about to pass behind the star (i.e., secondary eclipse), the total star and planet (thermal and reflected) light is measured.
The spectrum of the planet during this phase is simply the ratio of the stellar spectrum (during the eclipse) from that of the star-planet system (i.e., before or after the
eclipse). Secondary eclipse observations give information on the planet’s atmospheric
composition, temperature, and albedo. In between primary and secondary transit, the
planet can be seen in different phases depending on its orbit and the phase curve can
reveal the dynamics and thermal and chemical gradients in the planet’s atmosphere.
The first atmospheric composition measurements of exoplanets through transit,
eclipse, and phase curve techniques with Hubble spectroscopy and Spitzer photometry
are now more than a decade old [e.g., 141–143]. The early studies successfully characterized sodium, water, and other features in the atmospheres of larger exoplanets,
revealed winds, and also showed that spectral signatures at visible and near-infrared
wavelengths may be diminished due to the presence of clouds and hazes [144,145]. Recent Hubble and Spitzer observations have continued to take advantage of the transit,
eclipse, and phase curve methods to yield initial constraints (e.g., presence of water
vapor) on the atmospheres of larger exoplanets such as hot Jupiters [e.g., 146], and
have also explored the spectra of some super Earths, which do not exhibit any features
possibly due to clouds and/or hazes or not enough spectral precision [e.g., 147].
The next major frontier in exoplanet research will be brought to light by Webb,
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Figure 10. The three panels in the top row shows the current census of nearby transiting exoplanets and
the middle row shows the expected census after the TESS mission, based on a simulation by [139]. At nearby
distances, the census of transiting exoplanets will be dominated by the 20,000 expected TESS discoveries
(orange points). The blue points in the “cone” are Kepler planets. The panel at the bottom shows the sizedistance relation for these planets and the current census. The symbol areas are proportional to the transit
depth. Many of the nearby TESS discoveries will be bright (indicated by the size of the circle) and produce
higher signals for Webb follow up. Image Credit: Z. Berta-Thompson

which is designed to measure high-precision atmospheric and orbital properties of exoplanets ranging from gas giants to Neptunes to the characterization of super Earths
in the habitable zone of small, cool host stars [e.g., 148–152, and others]. Webb’s sensitivity to many molecules in the infrared spectrum also opens the door for challenging
experiments to search for biosignature gases on nearby exoplanets in extremely favorable configurations [153]. Webb can also make major advances to other themes of
exoplanet research. For example, direct imaging with coronagraphy can enhance our
understanding of the planet formation process by enabling exoplanet discoveries and
imaging of newborn planets and disks.
4.2.1. Transit and Eclipse Spectroscopy and Photometry
The atmospheres of exoplanets contain imprints from many physical processes [e.g.,
140,156–158]; planetary formation (e.g., metallicity content), geology (e.g., exchanges
and mixing with the surface), climate (e.g., weather patterns and clouds), environment
(e.g., impact of stellar irradiation through pressure, density, and compositions), and
potential habitability (e.g., signatures of biological processes). However, disentangling
physical effects from spectroscopic data has proven difficult due to the extremely
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Figure 11. Left – A simulated Webb spectrum using PandExo [152] of the Saturn-mass planet WASP-39b
from 0.8 to 5.0 microns using NIRISS, NIRSpec, and NIRCam. The exquisite quality of the spectrum allows easy
characterization of all of the molecular features across a much broader range than Hubble WFC3/G141 grism
data (orange points; λ = 1.1 – 1.7 microns). These future results can be enhanced further by combining the
Webb infrared data with visible spectroscopy from Hubble and/or large ground-based telescopes [145,154,155]

limited wavelength range and spectral resolution of Hubble and Spitzer, which were
not originally designed for such observations.
Webb will revolutionize exoplanet atmospheric research by enabling access to a
multitude of absorption features in the infrared part of the spectrum, including water vapor, methane, carbon dioxide, carbon monoxide, ammonia, sodium, potassium,
and others. The spectral resolution will be an order of magnitude better than previous infrared studies of molecules, and the sensitivity beyond Hubble’s λ = 1.6 micron
wavelength cutoff all the way out to 5 microns in the near-infrared (12 microns with
slit spectroscopy in the mid-infrared) can help lift degeneracies and assumptions that
plague current studies (e.g., haze properties, equilibrium chemistries, thermal structures). As one example, Figure 11 shows a simulated Webb spectrum of the Saturnmass planet WASP-39b. With such high-quality data, unknown atmospheric properties
can be marginalized to derive constraints on the carbon-to-oxygen abundance ratio,
metallicity, and other properties to over an order of magnitude better precision than
with current infrared-only data [e.g., see 151]. In the Webb era, it is likely that such
detailed information about exoplanet atmospheres for gas and ice giant planets will
become routine. This opens the door for extensive surveys to assess the demographics
of planetary atmospheres and their relation with stellar environments, and also to
relate measured metallicities of planets to formation scenarios [e.g., 156]. The wide
wavelength range of Webb can also characterize the general spectral shape and probe
energy redistribution in the atmosphere. More ambitious Webb observations can measure detailed atmospheric properties of smaller rocky exoplanets, thereby launching an
entirely new area of research. These projects will especially benefit from the discovery
of nearby rocky exoplanets in favorable conditions from missions like TESS.
Beyond static measurements of atmospheres, Webb’s increased efficiency can open a
new dimension in temporal characterization of exoplanets. Time-resolved spectroscopy
tuned to different phases of an exoplanet as it orbits its host star can yield new insights
on the global star-planet system by measuring both the day and night-side properties
24

Spectral
Precision
(ppm)

1000
10 hrs.
20 hrs.

Hot Jupiter
Warm Neptune

100

Temperate Earth

Spectral
Precision
(ppm)

10
1000

CH4 at 3.3 μm
10 hrs.
20 hrs.

Warm Neptune

100

Temperate Earth

10
1000
Spectral
Precision
(ppm)

Signal Strength

H2O at 1.4 μm

CO2 at 4.5 μm

Hot Jupiter

10 hrs.
20 hrs.

Warm Neptune

100

Temperate Earth

10
7

8

9

10

11

12

13

14

J Magnitude
Figure 12. Each panel shows the expected precision that Webb can achieve on an exoplanetary transmission
spectra as a function of stellar J magnitude, down to faint limits of J < 14 (i.e., above which TESS is expected
to find thousands of exoplanets). Curves are computed with the Webb simulator, PandExo [152] for either a
10 or 20 hour exposure, assuming no noise floor. The top panel shows the precision at 1.4 microns (location of
water) with the NIRISS instrument’s single object slitless spectroscopy mode [see also 69]. The middle panel
shows the precision at 3.3 microns (location of methane) with NIRCam’s long wavelength grism mode. The
bottom panel shows the precision at 4.5 microns (location of carbon dioxide) with the NIRSpec grism. For
comparison, all calculations were binned to a resolving power of R = 100. The grey lines in each panel shows
the typical molecular signal strengths for a hot Jupiter, warm Neptune, and a temperate (true) Earth analog
orbiting an M dwarf (see Figure 13). Image Credit: N. Batalha

[e.g., 159]. For example, Webb data could establish correlations between stellar irradiance and changes in planetary winds, clouds, temperature structure, and chemistry.
Such studies can also obtain unprecedented spectroscopic data during the secondary
eclipse phase, where current capabilities are largely photometric in nature (or very limited spectroscopy). These observations are ideally suited to constrain the atmospheric
structure (e.g., temperature-pressure profile), circulation (e.g., the large-scale movement of gas throughout the atmosphere), and assess the global energy budget [e.g.,
159–161]. Webb’s exquisite spectroscopic sensitivity at mid-infrared wavelengths from
λ = 5 – 12 microns (>2 orders of magnitude better than Spitzer) will be especially
important to map the 3D thermal structure and molecular composition of exoplanets.
For larger planets on eccentric orbits, phase mapping can provide high-precision tests
to planetary models by constraining radiative, dynamical, and chemical processes in
atmospheres [162–164].
Simulations from [152] in Figure 12 summarize the incredible “speed” of Webb for
exoplanet atmosphere characterization. At host star magnitudes as faint as J ∼ 13,
a limit above which TESS will discover thousands of exoplanets, Webb can achieve
100 parts per million spectral precision for water vapor, methane, and carbon diox25
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ide in just 10 – 20 hours of total integration. As transit events are discrete, this will
involve multiple independent observations during the transiting phases (e.g., 3 – 4
transits) and stacking of the resulting data. This opens the door for quick and accurate characterization of hot Jupiters and warm Neptunes at these magnitudes. At
brighter magnitudes of J < 11, Webb can achieve several 10s of parts per million
precision for carbon dioxide measurement of temperate Earths (orbiting M dwarfs) in
the same integration time. Example simulated spectra from combining Webb NIRISS
and NIRSpec data for a hot Jupiter, warm Neptune, and temperate Earth are shown
in Figure 13. Other simulations in these and different instrument modes are presented
in [69,151,152,165,166].
4.2.2. Direct Imaging
Although extremely valuable, transit spectroscopy and photometry can only be applied
to a small fraction of planets due to viewing geometry and the infrequent cadence of
transits for systems with higher-mass stars. Direct imaging observations of exoplanets
are a complementary technique to study planetary atmospheres, and, like secondary
eclipse and phase curve measurements, probe deeper into the planetary atmospheres
than tranmission spectroscopy. Such data can achieve higher S/N of interesting fea-

26

N

0.5"
E

b

c
e?
d

Keck - 3.5 microns

Keck - 4.5 microns

LOCI bg + Median speckles

Fig. 2.— Left panel: Final image (average of the
Webb - 11 microns
background noise with our new LOCI-based alg
Figure 14. The top-left panel shows high-contrast imaging of the young main-sequence star HR8799 with
median.
Right
panel:labelled
Same
reduction,
but using
the Keck 10-meter telescope. The 3.5 micron imaging
reveals four massive
exoplanets,
b, c, d,
and e
[172,173]. The top-right panel shows the same system observed at 4.5 microns [174]. At the longer wavelengths,
We applied an unsharp mask (median in a 4 × 4λ
the background due to the temperature of the telescope and Earth’s atmosphere increases, and the planets
become difficult to detect. The bottom panels show simulated
coronagraphy
system Gaussian. The
volvedWebb
them
by aobservations
0.5λ/Dof this
width
with NIRCam (left) and MIRI (right) [see 171]. At the same wavelength and contrast measured by Keck (10 ),
the Webb detection of planet d has twice the signal-to-noise
the Keck
observations
(bottom-left).
Theand
MIRI East is left. Ce
scaleas and
FOV.
North
is up
simulation at 11 microns (bottom-right) was made using the best fit models in [175]. These observations are
files
of our
resulting
images aft
impossible from the ground due to the Earth’s thermal
background,
and highlight
the newmedian-combined
discovery space that
Webb will enable for exoplanet discovery.
processing (black full line) or a median (red dash
plotted with 1σ error bars along with the planet
tures [169,170].
Webb - 4.5 microns

−4

As described in Section 3, Webb’s instruments include coronagraphy modes at several wavelengths ranging from 1.7 to 22.75 microns. These modes enable direct deWithout
LOCI
background
tection and characterization of exoplanets and
allow for the
the study
of their
disk envi- subtracronments in the early formation process.tion,
While none
coronagraphs
large ground-based
of theonplanets
would have been
telescopes can achieve smaller apparent separations at the same planet-to-star contrast
detected (right panel, signal-to-noise ratio
ratio, Webb offers unique opportunities to image planets and debris disks at longer
(SNR)
forground
d is less
than
With
infrared wavelengths. Here, sky backgrounds
from the
are high
and2).
so there
arethe LOCI
currently no directly observed exoplanetsbackground
(i.e., at λ > 5 microns).
A
simulation
of
the
subtraction, HR 8799b, c and
nearby HR8799 system, which contains four exoplanets discovered by high-contrast
d The
areplanets
detected
(left
3 the
to 8 SNR).
Keck imaging, is shown in Figure 14 [171].
are easily
seenpanel,
with both
NIRCam coronagraph at 4.5 microns andPlanet
with MIRI
at 11 microns.
e non-detection
is probably due to
At near-infrared wavelengths, [49] show that Webb can image planets with oneboth sequences not being acquired through
tenth Jupiter mass and separations of 50 AU in favorable cases. More massive planets
amount
near Jupiter-mass can be seen orbiting transit,
M dwarfs thus
out to limiting
a few tensthe
of AU
at mid-of speckle
infrared wavelengths. Direct imaging surveys
withbeing
Webb are
likely to characterize
noise
removed
at small the
separations
distribution of planets as functions of mass and orbital distance in this regime and
from[e.g.,
the“core
median
subtraction.
help constrain giant planet formation models
accretion”
vs “hot start”; We tried
176,177]. Specifically, Webb observationsto
can apply
measure aboth
the carbon
to hydrogen
more
advanced
LOCI algoand carbon to oxygen ratio to characterize formation zones within planetary disks and
rithm (Lafrenière et al. 2007; Marois et al.
test migration scenarios [e.g., 178,179]
2008b,
2010b)
to improveasteroids,
the speckle reFor debris disks (i.e., collisional material
formed from
early planetesimals,
and comets), mid-infrared imaging from duction,
Webb can spatially
resolve
thermal
emission
but as the FOV rotation ranges
generated from dust in systems ranging in mass from brown dwarfs to solar-mass

were small for both nights, no contrast gain
was
27 achieved.

stars. These maps are powerful clues to infer the presence of planets [e.g., Beta Pic
and Fomalhaut discoveries; 180,181], and to constrain theories of the middle to late
formation process for terrestrial planets. Webb can spatially resolve a large number
of debris disks and measure their sizes and spectral energy distributions [182], and
help usher in a new generation of models that can distinguish grain properties (such
as size, composition, and shape) in these systems. Webb’s study of debris disks in the
mid-infrared is very synergistic with submillimeter maps of the thermal emission in
the same systems from telescopes such as ALMA. Taken together, these measurements
can yield the albedo of the disk and the composition of the dust. Related information
on this research theme is described in § 4.3.1.
4.2.3. Summary of Webb Opportunities for Exoplanet Research
Webb’s capabilities for studying exoplanets include many methods such as transit light
curves, phase light curves, transmission spectroscopy, emission spectroscopy, and direct
imaging, and the targets include gas giants, intermediate mass objects, super Earths,
and terrestrial planets [165]. The combination of these applications and targets make
possible a multitude of science investigations ranging from physical structure studies,
day-to-night emission mapping, spectral band diagnostics, atmospheric compositions,
temperature measurements, and more. An excellent quantitative summary of the major
opportunities for advancing transiting exoplanet research with Webb is given in [151].
4.3. Milky Way Stellar Populations and Nearby Galaxies
Astronomy is largely a study of the Universe through observations of light, and that
light is dominated by populations of stars with different characteristics including evolutionary state, mass, and chemical composition. It is only for nearby systems that
we can resolve the individual stars in stellar populations and subject them to detailed
analysis. It is also for these populations that we can directly observe and characterize
the formation environments (e.g., molecular clouds) and end products (e.g., planetary nebulae, supernova remnants) that complete the stellar lifecycle. In this way, our
understanding of light from different stellar populations in distant galaxies in the Universe is anchored on the detailed study of resolved stars in the Milky Way and Local
Volume galaxies.
One of the most important diagnostic tools for stellar astrophysics research is the
color-magnitude diagram (CMD). At fixed age and metallicity, the relation between
a star’s color and magnitude represents the foundation upon which stellar models
are tested and calibrated. In turn, these models are applied to understand resolved
stellar populations in the Milky Way and nearby galaxies, and also serve as crucial
ingredients to population synthesis models used to measure complex star formation
and abundance histories in distant galaxies [e.g., 183].
Today, the gold standard for establishing benchmark color-magnitude relations is
high-precision photometry of Milky Way star clusters and other co-spatial populations with Hubble [e.g., 184–186]. Webb offers significant gains in general technical
capabilities that will positively impact discovery and characterization of stellar populations through the infrared CMD. For example, the better sensitivity and stability
of Webb enables high-precision photometry across the full spectrum of stellar masses
(from failed stars such as brown dwarfs to massive post-main sequence stars) and evolutionary stages (from newborn pre main sequence stars to dead white dwarfs). By
easily reaching 30th AB mag, Webb can image faint low-mass dwarfs out to the edge
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of the Milky Way stellar halo, and image brighter populations in more distant galaxies with different environments than the Local Group. The higher resolution of Webb
over current instruments can provide exquiste infrared image separation to overcome
crowding in nearby stellar populations and enhance dynamical studies based on proper
motions. This also helps discriminate blended and confused sources to greater depths
in more distant galaxies. The significantly higher spectral resolving power of Webb
(up to R ∼ 3000) over Hubble and Spitzer (R < 200 at near-infrared and R ∼ 600
at mid-infrared wavelengths) can achieve better characterization of spectral energy
distributions, abundances, and kinematics. The broad infrared wavelength sensitivity
of Webb allows penetration through extincted regions in the Milky Way plane (e.g.,
star forming environments) and the bulges of nearby galaxies for deeper studies of
the luminosity function and improved characterization of the dust properties around
newborn and evolved stars in the mid infrared. The multiplexed spectroscopy of Webb
enables the first population studies of chemical and dynamical stellar properties at
high spatial resolution.
4.3.1. The Formation of Stars
Space-based observatories with infrared sensitivity such as Spitzer, Herschel, and
WISE, as well as ground based sub-millimeter telescopes, have established complete
inventories and demographics of protostars out to several kpc in the Milky Way [e.g.,
187], and detected the first mid-infrared molecular features in individual protoplanetary disks [188–190]. However, many key questions on the detailed physics of the star
formation process remain to be answered and require the full application of infrared
diagnostics. Webb can enable this at mid-infrared wavelengths that are not observable
from the ground, by exceeding Spitzer (and all previous) capabilities by two orders
of magnitude in sensitivity and several times higher spectral resolution. Integral field
spectroscopic data can resolve disks and envelopes and give tremendous insights into
the physical structure of the warm dust, the geometry of the systems, the level of fragmentation in disks and cores, the properties (abundance, temperature, distribution)
of the molecules, and much more. Webb can resolve many infrared molecular features
to map the abundance and spatial distribution of volatiles such as water and other
organic materials [191], and perform such analysis of disks spanning the entire stellar
and substellar mass range within several kpc. Key questions that Webb is poised to answer relate to the flow of matter from the inner core regions to the disk to the star, the
origin and distribution of different chemicals, and the level of feedback of protostars on
their surroundings. Webb can also provide the data needed to understand how these
overall characteristics change with stellar mass and evolutionary stage. The study of
star formation through Webb is highly complementary to observations of disks from
the ALMA, which offers similar angular resolution and can survey the cold outer parts
of young stellar systems.
On larger scales, Webb can assess how star formation impacts its broader environment. In massive star forming environments of the Milky Way and Large and Small
Magellanic Clouds [such as the Tarantula Nebula; see 192], Webb can build large-scale
and high-resolution mosaics of the gas and dust structure and catalog the huge populations of newborn stars embedded within the nebula. With Hubble we are only able to
see these stars after they have accreted most of their mass, and so we are missing a crucial piece of information. Webb can open this window. Specific diagnostics, including
narrow and medium-band imaging, can isolate different chemical species while broadband imaging at different wavelengths can both penetrate and illuminate the dust
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content. These observations can track the interplay of shocks, outflows, and cavities in
a wide range of environments. The study of star formation and its environments with
Webb will be highly complementary to future high-resolution infrared surveys with
missions such as Euclid and the Wide Field Infrared Survey Telescope (WFIRST).
4.3.2. The Distribution of Stellar Masses
The output of the star formation process is the distribution of masses forming in
galaxies. Webb can make the most precise measurements of this “initial mass function”
[e.g., 193] to date, and test its uniformity across a wide spectrum of ages, chemical
abundances, and interstellar medium densities and pressures. In young nearby starforming regions such as Orion, Webb’s infrared sensitivity enables detection of freefloating Jupiter-mass objects. Surveys with Webb can characterize the complete stellarplanetary census in star forming regions, including the study of thousands of disks in a
variety of environments and evolutionary states. Webb can also map the stellar mainsequence down to near the hydrogen burning limit in any Milky Way dwarf galaxy
(see Figure 15). These types of measurements can test for small variations in the
initial mass function in systems that vary by over several orders of magnitude in age,
metallicity, and environment [e.g., 194,195].
4.3.3. Resolving the Chronology of Galaxy Growth
The halo of the Milky Way and other nearby galaxies are populated with some of the
oldest generations of stars in the Universe. Establishing high-precision ages for these
stars is a major pursuit of stellar astrophysics, as it sets up a powerful and independent
technique to measure the timescale of baryonic structure formation in the Universe
and to test simulations of galaxy formation at high-redshift. Most age constraints
of the halo involve reconstructing features such as the main-sequence turnoff on the
color-magnitude diagram of halo sightlines, either through shallow wide-field studies
from ground-based surveys such as the Sloan Digital Sky Survey [e.g., 200] or through
pencil-beam deep exposures of globular star clusters and ultra-faint dwarf galaxies
[e.g., 201–204]. These studies, largely based on Hubble observations of visible-light
color-magnitude diagrams, have established old metal-poor populations as forming
most of their stars 11 – 13 Gyr ago. However, the uncertainty on these measurements
is still at the 10% level, and largely driven by “fitting” uncertainties from taking
models and applying them to the observational frame [205].
Webb can enable multiple breakthroughs in establishing cosmologically interesting ages for nearby stellar populations, based on fully exploiting the infrared colormagnitude diagram and its rich features. For example, the dramatic inversion of the
color-magnitude relation in infrared colors is orthogonal to the effects of distance, and
therefore gives a new lever arm to shrink the uncertainty in age derivations to sub-Gyr
ages [e.g., 206]. Webb can greatly expand this technique due to its much higher sensitivity, greater extension into the infrared, higher resolution, larger field of view, and
greater multiplexing. Webb can exploit such diagnostics in systems that are not just
the nearest ones to the Earth, but to target specific populations that are believed to
be the most ancient fossils in the Milky Way galaxy. Webb can reach below the mainsequence “kink” in any population in the Milky Way halo and out to several hundred
kpc in the Local Group (Figure 15). Webb’s infrared imaging can also “stretch” the
color-magnitude relation of brighter stars that are just exhausting their hydrogen supply (i.e., the “turnoff feature”) from .1 micron to &2 micron, and therefore establish
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Figure 15. A mix of stellar populations in the near-infrared CMD, stretching from massive main-sequence
(MS) stars and bright dust-enshrouded red giant branch (TRGB) and asymptotic giant branch (AGB) star
phases down to lower mass objects. This includes the lower main-sequence down to the expected location of
brown dwarfs (BD) as a red sequence [196,197] and dead white dwarfs (WD) as a blue sequence [198]. The
observed stellar populations at Ks < 3 come from the VISTA Magellanic Cloud Survey and 2MASS [199] and
are color coded by typical stellar age, with redder labels indicating older features. Horizontal grey bands mark
the distance out to which Webb can measure the various populations in the CMD in ambitious programs (i.e.,
the tip of the red-giant branch in galaxies out to 50 Mpc, the old main-sequence turnoff in Sculptor Group
galaxies at a few Mpc, M dwarfs below the MS kink out to the edge of the stellar halo of the Milky Way at
150 kpc (i.e., grey band labelled “MW Satellites”), and the brightest brown dwarfs and faintest white dwarfs
in globular clusters out to 5 kpc (i.e., grey band labelled “Nearby Clusters”). Other labels are Milky Way
field stars (MW), helium burning stars (HeB), red clump (RC), horizontal branch (HB), background galaxies
(Galaxies). Image Credit: P. Rosenfield, D. Weisz, B. Williams, L. Girardi

a much better mapping between small changes in luminosity and temperature and
observed differences in magnitude and color. For old stellar populations, near-infrared
color-magnitude diagrams with Webb should result in a factor of three improvement
in stellar ages.
Beyond these standard techniques to establish the chronology of stellar populations
in galaxies, Webb can vastly improve and also open up new diagnostics that are only
possible for very cool and low luminous stars. For example, theory predicts a “gap”
between the luminosity of the lowest mass hydrogen burning stars and brown dwarfs
(i.e., failed stars with M . 0.08 M are not massive enough to ignite hydrogen in their
cores). This “gap” is a direct age indicator as the brown dwarfs cool and fade over
time [207]. Webb’s exquisite sensitivity at near-infrared wavelengths is the ideal tool to
photometrically characterize the gap in nearby stellar populations (e.g., see Figure 15
– noting that the brown dwarfs will be much brighter in redder Webb filters). Webb
can also exploit the white dwarf cooling method in more distant clusters [e.g., 208].
These stellar remnants have exhausted all of their hydrogen supply, and cool by simply
radiating their stored thermal energy into space. Over an age range between 10 and
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13 Gyr, the older and cooler white dwarfs will be 2.5× fainter. Webb can measure the
cooling function of these stars out to greater distances than currently possible, and
target truly ancient and metal-poor clusters.
In the Webb era, individual stellar populations in the nearby Milky Way galaxy can
be studied using all of these age diagnostics. When combined with Gaia constraints
on distances from the brightest giants, and a wealth of spectroscopic data from large
ground-based telescopes for abundances, ages of the oldest stars in the Milky Way can
be established to a precision of well under 0.5 Gyr, providing firm limits on when such
populations formed in the Universe. For ultra-faint dwarf galaxies and other interesting
sightlines in the Milky Way halo, the improved resolution of these age diagnostics can
lead to stringent tests of the effect of cosmic reionization on star formation histories
[e.g., 203,209]. With future WFIRST observations, these types of diagnostics can be
extended to large contiguous areas of the Milky Way halo.
4.3.4. Other Webb Opportunities for Stellar Astrophysics Research
Separate from the few examples discussed above, Webb can make a transformative
impact on many other stellar population themes. For example, astrometry with Webb’s
high-resolution imagers over single fields can measure the positions of thousands of
stars to precisions of 0.3 milliarcsec. Webb will push existing studies into the crowded
centers of stellar populations and also extend baselines established with Hubble [e.g.,
210,211]. These surveys will advance studies of the dynamical states and shapes of
star clusters, reveal the reveal the mass-to-light ratios, test formation and dynamical
models, probe for the presence of intermediate mass black holes (core), and search for
tidal effects (outskirts). When combined with next generation radial velocities from
future large ground-based telescopes, the joint data sets can yield full 3D intrinsic
velocities. This not only resolves the anisotropy by providing both the tangential and
radial components, but also introduces independent distance measurements. For more
distant systems, Webb can establish the orbits, dynamical masses, and shapes of stellar
halos [e.g., 212–214], which, when combined with star formation histories, can be used
to perform high-precision studies of the influence of environment on galaxy evolution
[215].
As shown in Figure 15, Webb can also image galaxies through their bright and
red stellar populations out to much further distances than Hubble. This can enable
spatially-dependent star formation histories across disks, bulges, halos, and streams
in galaxies out to many 10s of Mpc. Combined with synergistic multiobject spectroscopic programs from Webb and ground-based 8–10 meter and future 20–40 meter
telescopes, these observations will establish the most accurate relations between stellar age and metallicity to date. Webb can also provide exquisite characterization of
detected substructure in the halos of nearby galaxies [e.g., 216] Such relations, over a
broad parameter space, inform simulations of hierarchical galaxy formation processes
that inform the formation and assembly timescales of different components of Milky
Way type galaxies [e.g., 217]. Such investigations will be greatly aided in the future
by WFIRST wide-field infrared surveys of the full extent of all nearby galaxies.
In nearby galaxies, Webb can resolve and image evolved stars on the red giant
and asymptotic giant branch in the infrared to characterize their dusty envelopes,
yielding compositional studies, measurements of the dust-to-gas ratios, and mass loss
rates. These stars are among the most important contributors to dust in galaxies [e.g.,
218,219], and play a vital role in shaping the infrared luminosities that are used to
infer total masses and star formation rates [220]. To date, most such studies have
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been confined to the brightest stars in the nearby Magellanic Clouds [e.g., the Spitzer
Surveying the Agents of Galaxy’s Evolution – SAGE survey; 221,222]. With Webb,
for the first time, these studies can be extended to fainter stars in the Magellanic
Clouds and to different galaxies in the Local Volume out to 10s of Mpc (e.g., see
limits in Figure 15) to enable fundamental tests on stellar evolution theory in post
main-sequence phases at different ages and metallicities. For example, multi-color and
spectroscopic near-infrared surveys with Webb can easily separate carbon-rich and
oxygen-rich populations, and mid-infrared bands can efficiently sample peaks in the
spectrum caused by dust grains with specific compositions. As these evolved stars
represent a large fraction of the infrared light seen in distant galaxies [220], Webb’s
near-field observations will have numerous applications to refine measurements of the
properties of distant galaxies.
Webb can uniquely map to high-precision the cold interstellar medium in Local
Volume galaxies. By using the spectral energy distribution of stars as a tracer, the
amount and properties of foreground dust can be measured [e.g., 223]. This not only
serves as an input ingredient into star formation models (i.e., it impacts heating and
cooling rates), but also calibrates our methods of interpreting colors of distant galaxies.
At the ideal ∼10 pc scale for probing the interstellar medium [e.g., 224], Spitzer and
Herschel were only able to survey the Magellanic Clouds at high resolution [225,226].
Webb can produce higher quality quality dust maps for all galaxies in the Local Group,
through sensitive near and mid-infrared diagnostics that ideally sample features in the
spectrum of different dust grains.
4.4. Galaxy Formation and Evolution Across Cosmic Time
Understanding the history of the Universe is a fundamental pursuit of science, and
galaxies are the visible building blocks that allow us to reconstruct its past events and
evolution. By observing the sizes, shapes, spectral energy, and spatial distribution of
galaxies at different distances, we can measure the fossil history of the Universe across
different eras and test theoretical models and simulations that predict how galaxies
form and evolve. Today, our fundamental picture is one of hierarchical merging, where
smaller systems form first and then are accreted due to the influence of dark matter
and gravity into larger galaxies [e.g., 227,228]. As this bulk galaxy assembly proceeds,
generations of star formation and their resulting feedback shapes the observed properties of galaxies. As a result, the mean properties of galaxies vary by large amounts
at different look back times and measuring and correlating these changes with galaxy
type, evolutionary state, and environment represents key observables in understanding
galaxy formation and evolution [229].
Many ground and space-based observatories have made important contributions to
understanding galaxy assembly out to redshifts of ∼6 (i.e., over the last 12.5 Gyr of the
Universe’s evolution). For example, we know that 75% of the Universe’s stars formed
1 – 5 Gyr after the Big Bang and we’ve tracked the peak of the star formation rate to
∼3.5 Gyr after the Big Bang [e.g., 230]. The slope of the early ramp up and more recent
ramp down of the star formation rate on both sides of this peak has also been measured
[see 231, and Figure 16], and the correlation and (small) scatter between the rate and
the stellar masses of galaxies has been established at different look back times [e.g.,
232,233]. The cause of the recent decline of the star formation rate in galaxies has been
linked to decreases in the amount of fuel available [i.e., the molecular gas fraction; 234]
and the resulting fading and quenching of galaxies over this epoch has been directly
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Figure 16. The shape of cosmic star formation rate density across cosmic time shows an increase from early
times up to a redshift of 2, and then a rapid decline to present times [230]. The slope of the relation at higher
redshifts of >8, largely derived from Hubble deep field observations as referenced in the Figure, has large
uncertainties and is based on a small numbers of galaxies. The lack of observational constraints provides little
leverage to test models with different assumptions on star formation efficiency and feedback. As an example,
the models of [238] and [239] are shown and diverge by large amounts at higher redshifts. The first Webb
extragalactic surveys will resolve the differences in these models by extending measurements of the cosmic star
formation rate to higher redshifts and with robust samples of galaxies. Figure adapted from the compilation
by [240]. Image Credit: S. Finkelstein

observed [e.g., 235]. These types of diagnostics have been correlated with quantitative
measurements of galaxy structures and morphologies [e.g., 236]. Nearby, we’ve found
that systems with higher star formation generally exhibit distinct spiral arms, knots
with young populations, and central starbursts. The diagnostics have also been used
to measure the growth rate of different classes of galaxies. For example, we’ve observed
that massive, but, compact, red galaxies show rapid growth at late times [237] and
that it’s the smallest star-forming galaxies at a given mass that quench first.
Despite the tremendous achievements in our understanding of galaxy assembly
through countless extragalactic observations and surveys [e.g., see 231,241], many fundamental questions in this vast field remain open [242] and have served as a primary
motivation for a telescope with the capabilities of Webb. The superb sensitivity and
resolution of Webb can detect and characterize the smallest building blocks of nearby
galaxies and also greatly enhance morphological studies at larger distances (i.e., earlier
times). Deep field observations can reach two magnitudes fainter than current Hubble studies and yield excellent constraints on the luminosity function of high-redshift
galaxies. The spectroscopic capabilities can provide much more sensitive characterization of spectral energy distributions and emission lines for redshift and chemical
enrichment measurements, and the broad infrared coverage introduces far greater diagnostics in systems out to larger redshifts and also probe dust and gas content that
is not possible from previous generation visible-light observatories and/or lower resolution infrared instruments. Taken together, Webb’s observations of galaxy properties
can disentangle the complex interplay of stars, gas, dust, metals, dark matter, and
active nuclei that shape the basic foundation of galaxy assembly and evolution from
the earliest systems in the Universe to those in the present era.
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4.4.1. Searching for the Universe’s First Light
The first stars and galaxies in the Universe seeded everything we see today, and represent the initial conditions for the study of galaxy evolution. Unfortunately, detecting
this “first light” has proven to be very challenging, and has led to a gap in our view of
the Universe between the early epochs probed by cosmological studies of the cosmic microwave background by COBE, WMAP, and Planck [243–245] and UV-optical-infrared
observations of distant galaxies (see below). Our insights into this epoch of the Universe are now guided entirely by simulations that attempt to track the evolution of
baryons from the end of the recombination phase at redshift of 30 (100 Myr after the
Big Bang) to the reionization phase [246]. Theory predicts that the first stars formed
during this time in mini dark matter halos with masses of ∼106 M [247,248]. These
stars themselves were likely quite massive [10 – >100 M ; 249] and would have contained purely hydrogen and helium as the Universe itself had no heavy metals at this
time. As these stars completed their life cycles, they fused the first heavy elements
in the Universe and then enriched their surroundings through the first supernova explosions. This process not only began to ionize the Universe through UV radiation,
but also may have sparked fragmentation of collapsing gas clouds and eventual fall
back of enriched gas into the formation of clusters of stars and the first population
II objects. As the dark matter halos grew to the 108 M range, the first galaxies are
believed to have been born with stellar masses of &106 M . Detecting these objects
and understanding their nature represents a key link into our knowledge of structure
formation in the Universe (e.g., how and when it happened).
The Great Observatories Hubble and Spitzer have led the way in finding the earliest
galaxies by successively pushing the study of “deep fields” to new limits. This includes
reaching fainter depths with better detectors, probing earlier times with increased
infrared sensitivity, adding statistical significance with survey observations, and developing new strategies that leverage natural cosmic lenses to magnify distant background
sources. Some of the key studies have been the Hubble Deep Field [8,9], Hubble Deep
Field South [250], Great Observatories Origins Deep Survey [251], the Hubble Ultra
Deep Field [10], the COSMOS field [252], the Extended Groth Strip survey [253], the
CANDELS survey [254,255], the Brightness of Reionization Galaxies Survey [256],
the CLASH survey [257], and the Frontier Fields program [258]. These UV-optical-IR
space-based projects have been aided by synergistic observations at other wavelengths
(e.g., with the Chandra X-Ray Telescope), and also with large investments of deep
imaging and spectroscopy from 8 – 10 meter ground based observatories including
Subaru, VLT, Keck, and others [e.g., 259,260].
Altogether, the current census of redshift ∼4 – 10 galaxies from these legacy surveys
(based on 1000 arcmin2 ) is now >10,000 [261]. Using techniques such as searching for
Lyman breaks with combined Hubble and longer-wavelength Spitzer data, this census
includes a half dozen redshift 10 galaxies [e.g., 261–267]. Most of these highest redshift
galaxies with redshift > 9 lack spectroscopic confirmation.
Analysis of the spectral energy distributions of the earliest detected galaxies in the
current census shows that they are not representative of the primordial or very low
metallicity first light objects, and rather have likely undergone a generation or more
of star formation [i.e., they are the ∼107−8 M descendants of the first galaxies; 268–
270]. The sparse sample of these galaxies is also inadequate to distinguish model-based
predictions of the high-redshift galaxy luminosity function [e.g., 238]. This has led to
large uncertainties in our knowledge of key physical inputs (e.g., the efficiency of the
conversion of gas into stars) as well as the broader characteristics of reionization as
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understood through the number of ionizing photons from the faint-end galaxy luminosity function [271]. Unfortunately, exploring the more distant Universe with Hubble
is difficult. The faintness of the galaxies aside, the Lyman α feature used to discover
high-redshift galaxies moves out to >1.3 microns at a redshift of 10, limiting the number of filters in which such observations can be performed to one or two that are not
well separated in wavelength.
Webb’s tremendous infrared sensitivity can lift the veil on the redshift >9 Universe
by discovering large samples of galaxies in an era when the Universe was only 200 –
500 Myr old [272]. Webb can also spectroscopically confirm them and characterize their
properties. Among the most exciting projects will be those in search of truly primordial first light objects, systems for which we currently have no observations. Theory
predicts that such first light galaxies may exist over a range of redshifts depending on
their luminosities, masses, and environment [e.g., 273]. To find these, Webb can use
multiple diagnostics [see 274]; 1.) detection of strong evolution in the luminosity function predicted by theory [275], 2.) measurement of very low metallicity in individual
objects, and 3.) characterizing spectral energy distributions that show no evidence for
a generation of stars other than the first burst of star formation.
At near-infrared wavelengths, Webb’s imaging sensitivity could easily lead to 100s of
galaxies with M > 108 M at redshift = 9 – 10 through shallow mosaic observations.
This mass corresponds to the upper limit of first generation galaxies in some theoretical
studies; [246]. With large samples, Webb could spectroscopically study the brightest of
these systems in detail (see below). Deep field surveys can extend down to much lower
luminosities than Hubble and much higher resolution than Spitzer (see Figure 17),
enabling detection of dozens of faint galaxies with redshift > 10 and, for the first
time, a multi-band color characterization through NIRCam’s high-resolution short
wavelength channel. Webb can see Lyman-α out to redshift 20 in this imaging mode.
These data can test for the detection of first light by distinguishing between divergent
theoretical luminosity functions that predict the early redshift distribution of galaxies
(e.g., see Figure 16) and also through galaxy color analysis of individual objects to
explore their metal content. As successfully demonstrated on Hubble, Webb will also
take advantage of natural gravitational lensing by massive galaxy clusters to explore
the very high-redshift galaxy census [239,276]. At redshifts >15, deep integrations
with the aid of lensing can reveal an order of magnitude more galaxies than standard
blank fields. In the mid 2020s, the precision of the overall galaxy luminosity function
will be greatly increased through projects such as the High Latitude Survey from the
WFIRST mission. The most exciting discoveries from this census will be prime targets
for detailed Webb follow up.
Webb’s high-precision spectroscopy over a broad wavelength range from λ = 1 –
5 microns with NIRSpec can simultaneously detect redshifted UV and optical metal
emission lines – such as CIV, CIII, NeV, and OIII – which probe the ionizing spectrum
and gas phase metallicity to redshift of 9. The OIII line specifically can establish a
connection between metallicity, luminosity, and line intensity, and can be probed in
dozens of high-redshift galaxies simultaneously using Webb’s multiplexing capabilities.
Webb can also measure Hβ and exploit classical diagnostics in high-redshift galaxies,
to aid in the interpretation of chemical compositions and early nucleosynthesis of
potential first light galaxies at redshift > 10. Observations of Lyman-α with Webb can
reach much lower flux limits than current studies and vastly improve the robustness
of the high-redshift galaxy luminosity function through spectroscopic confirmation.
Spectroscopic observations of these early galaxies at λ = 2.5 – 5.0 microns are beyond
the reach of current and future ground-based telescopes.
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(deep)
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Figure 17. A simulated deep field image from the cosmological simulation Illustris [277,278], over a 2.3 ×
0.9 arcmin area. Illustris applied a comprehensive model for galaxy formation to simulate the evolution through
time of a large slice of the Universe. This shows a projected line of sight through this volume, which yields
a simulated survey of distant galaxies. The top panels show what Spitzer would measure at 3.5, 4.5, and
5.7 microns and the bottom panel shows what Webb would measure at comparable wavelengths of 3.5, 4.4, and
5.6 microns. The Webb image reaches several magnitudes deeper than Spitzer in much less integration time,
and exhibits more than an order of magnitude more faint galaxies. Image Credit: G. Snyder

Present deep field observations of galaxies in the optical and near-infrared can only
sample the rest-frame UV, and therefore may be biased towards very young, massive
stars populations. Such star formation may be masking an older (more dominant)
component. Webb’s MIRI instrument can enable the first high-precision studies of the
rest-frame near-infrared spectral energy distribution for high-redshift galaxies, and
effectively lift degeneracies between age and dust to yield robust stellar masses. These
mid-infrared observations can also characterize H-α emission in redshift > 10 galaxies
to derive instantaneous star formation rates [279]. For example, MIRI’s integral field
unit can measure a star formation rate of 8 M /yr on a redshift = 10 galaxy in 30
hours [77]. The combined near and mid-infrared colors can establish the amount of
metals and dust in these highest redshift galaxies to test whether they are formed from
pristine material [e.g., see 270,280].
Separate from the detection of first light from galaxies, Webb may also explore detection of the first stars in the Universe as they exploded as pair-instability supernovae
at redshifts of 10 – 25. The lack of metals and, therefore, efficient cooling, results in
these first stars being very massive (and short lived). Due to time dilation, the luminous explosions and resulting afterglow of these stars persists for several hundred
years at the present time. The rate of such explosions and the maximum luminosities
that they reach depend on many factors including the unknown masses of the stars,
so it is still unclear whether they are bright enough (and common enough) for Webb
to see [e.g., 281,282]. Interestingly, since the shape of the high-redshift galaxy lumi37

nosity function is affected by the strength of the energetic feedback that the first stars
imparted to the gas in their host halos, measurements of high-redshift galaxies with
Webb may shed light on the properties of the first stars such as their masses [283]. The
properties of these stars can also be inferred by Webb from studying accretion disks
around the black holes that they form [284].
4.4.2. Galaxy Growth and Evolution
Anchored on first-time measurements of the first galaxies in the Universe, Webb’s full
range of capabilities can be used to tackle forefront research themes in the study of
galaxy assembly across different times and environments. There are many methods
and diagnostics to assess and quantify how the dynamical buildup of small irregular
galaxies at early times to larger systems occurred, as well as what the scatter in galaxy
properties at a given epoch is. These include analysis of the shapes of galaxy luminosity
functions through different redshift slices as well as the interpretation of a large number
of fundamental relations that define trends between galaxy properties such as mass,
size, luminosity, surface brightness, metallicity, and velocity dispersion (e.g., scaling
relations. Webb can provide state-of-the-art imaging and spectroscopic observations of
all types of galaxies across all redshifts, and enable major breakthroughs in many of
these diagnostics.
The properties of galaxies are set both by the merging of structure in the hierarchical
paradigm and by internal processes within galaxies. One of key drivers for the latter
is the interplay between the level of ongoing star formation (i.e., which consumes a
galaxy’s fuel) and the amount of energetic feedback from the galaxy’s populations
to the circumgalactic medium [e.g., through stellar evolution, supernovae, and active
galactic nuclei; see 285]. Theoretical models predict specific changes in the bulk galaxy
luminosity function at different epochs depending on the strength of these processes
[e.g., 286,287], an observable that Webb can test with high-precision photometric and
spectroscopic data. For example, over the redshift = 1 – 3 range, the majority of
the growth of stellar populations results from infrared luminous galaxies that are
dusty and contain super massive black holes. Multi-band mid-infrared photometry
with Webb’s MIRI instrument can increase sample sizes of these galaxies by many
factors over current Spitzer and Herschel catalogs, due to an order of magnitude gain
in both depth and resolution. These data can isolate the features that are caused by
dust from those of star formation [288], and assess whether the powerful black holes
at the centers of these galaxies are responsible for heating and expelling the gas at
recent times and subsequently shutting off their star formation. Webb can also extend
the luminosity function of galaxies with supermassive black holes to higher redshifts
through measurements of high ionization species in near-infrared spectra. Such studies
can chart the growth of black holes from the earliest times and extend scaling relations
between galaxy mass and black hole mass [e.g., 289] to smaller systems.
The mid-infrared capabilities of Webb can also provide breakthroughs in the study of
the structure and star formation of local galaxies, such as those explored by the Spitzer
Infrared Nearby Galaxy Survey [SINGS; 290,291]. Here, the integral field units on
MIRI can spatially resolve dust obscured star clusters and spiral structure to constrain
the timescale of dust-enshrouded star formation. These observations will be highly
synergistic with ALMA which can measure the properties of molecular clouds in the
same systems. Webb can also resolve HII and photodissociation regions in galaxies out
10 Mpc and thereby explore the physics of dust in a range of different physical and
chemical conditions. These detailed studies in the nearby Universe directly impact
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Figure 18. A comparison between an image from the Hubble/WFC3 CANDELS survey in the near-infrared
(left) and Spitzer/MIPS in the mid-infrared (middle) to the expected simulated mid-infrared image from
Webb/MIRI (right). The simulation is based on predicting and scaling the infrared spectral energy distribution
of galaxies based on Hubble, Spitzer, and Herschel colors (where available), and convolving the relevant image
shape through MIRI with derived morphologies from the Hubble data (and adding appropriate noise). The
MIRI image is more than an order of magnitude deeper and an order of magnitude higher resolution than
previous infrared surveys, and easily distinguishes sources and establishes their infrared emission from stellar
populations, dust, and active galactic nuclei. Image Credit: C. Papovich and the CEERS and CANDELS Team

how well we can apply diagnostics to the distant Universe [291,292].
For galaxies where dust attenuation is not a major concern, Webb’s multiplexed
near-infrared capabilities will be transformative to our understanding of galaxy assembly. The NIRSpec multiobject spectrograph can achieve grism-like multiplexing
at the higher resolution needed to characterize a large set of emission lines over λ =
1 – 5 microns (i.e., much broader than the wavelength range of Hubble’s WFC3/IR
instrument and its λ = 1.67 micron cutoff). Webb’s survey of large samples of galaxies
can establish strong links between the bursty or smooth nature of star formation and
how it is regulated by feedback processes, can map similarities and differences in the
chemical composition (e.g., O/H and C/O ratios) of galaxies at different epochs to
constrain nucleosynthesis, can establish how much dust galaxies have at increasing
redshifts (out to redshift > 6), and can characterize UV metals to indirectly set limits
on the ionizing spectrum. As an example, Hα emission spectroscopy with Webb can
yield star formation rates down to 1 M /yr in galaxies out at redshift of 5 or 6, opening up a sensitive new understanding of the scale of early galaxy growth just 1 Gyr
after the Big Bang. It was during this time that the interstellar medium of galaxies was
being heavily polluted by metals and dust through new generations of star formation
and stellar evolution.
Deriving masses for these galaxies can benefit from sampling the peak of the spectral
energy distribution, which, at redshift = 6, occurs at 11 microns. Webb’s sensitivity
at mid-infrared wavelengths can provide masses of galaxies to an order of magnitude
lower limits than explored in the deepest Spitzer observations [77,293]. Across a broad
wavelength range, these high quality spectroscopic data can be subjected to well established techniques to derive accurate masses, metallicities, and dust content. This
research can refine and extend galaxy scaling relations to new limits.
At lower spectral resolutions, Webb can also be used for extensive wide-field grism
surveys to discover and characterize emission line galaxies and study metal enrichment
and dust content through spectral energy distributions. Relative to similar Hubble
programs [e.g., 294], Webb spectroscopy has much higher resolution and covers a redder
and broader wavelength range.
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An important aspect of understanding galaxy assembly is the rate at which galaxy
mergers occur over cosmic time. Although simulations predict mergers to be common
at high redshift [e.g., 295,296], the lower resolution of Hubble and Spitzer infrared
imaging compared to Hubble visible data leads to less discriminating power to measure
galaxy morphologies and search for tidal structure (Figure 18). Webb’s high-resolution
cameras can resolve galaxy morphologies down to kpc scales out to redshift of 7,
and likely enable the first direct evidence of how and when disks and bulges form.
Combining these higher redshift measurements with those of more evolved galaxies
at redshifts = 1 – 7 can establish how the structure of a wide variety of galaxies,
including star-forming, irregular, merging, and quiescent systems, evolves over cosmic
time and with environment [e.g., 297]. Correlating these detailed morphologies with
new measures of the star formation rate with Webb may also provide new insights on
the interplay of the “external” and “internal” processes that drive galaxy assembly
[298]. Taken over different redshift slices, these high-precision imaging results from
Webb can help us understand how and when the Hubble sequence formed, and, more
generally, what controls galaxy shapes and why some of them quench [as observed
through massive red galaxies that are bulge-dominated at lower redshifts; 299]. This
research theme will be greatly aided by adaptive optics imaging on the next generation
large ground-based telescopes, which can achieve higher angular resolution than Webb
(over much smaller fields of view).
4.4.3. Dark Energy, Dark Matter, and Gravitational Waves
Separate from the study of first light and galaxy evolution, Webb can enable new
breakthroughs in many areas of extragalactic astronomy due to its increased sensitivity
and imaging and spectral resolution. Webb can extend the rate of type Ia supernovae
discovery through wider area, deeper, and redder surveys compared to current Hubble
studies. Such samples can reduce the uncertainty in measurements of the Hubble
constant and therefore constrain dark energy [300,301]. Webb’s supernovae surveys
out to redshift > 2 can also better constrain a number of potential systematic effects
in the measurements [302]. For dark matter, Webb can image gravitational clusters to
exquisite depths and at higher spatial resolution than Hubble and Spitzer. The resulting
lensing maps from such studies provide constraints on the dark matter distribution
within the clusters [e.g., 303]. More details on these and other examples of dark energy
and dark matter research with Webb can be found in [304].
Webb can also be a powerful facility for emerging scientific fields throughout the
2020s. For example, Webb can follow up the large number of expected gravitational
wave signal detections. With superb imaging and spectroscopic sensitivity, Webb can
characterize properties of the sources responsible for these events. [e.g., 305].

5. Observing Opportunities
As the next Great Observatory, Webb will make possible higher precision photometric,
spectroscopic, and coronagraphic characterization of astrophysical objects throughout
the Universe. The specific scientific motivation flows from the “Astronomy and Astrophysics in the New Millennium” US Decadal Survey [85] [see also 13], which was written
more than a decade ago. To ensure that the observatory is executing the most compelling science in today’s astrophysical landscape (e.g., see examples in § 4), STScI has
developed a science operations framework for Webb that closely follows the philosophy
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that has successfully guided the operation of NASA’s previous Great Observatories.
Within this framework, Webb is fully expected to answer the challenges posed by its
foundational documents, such as characterizing the atmospheres of rocky exoplanets,
revealing newborn stars and planets in the Milky Way, mapping the assembly history
of galaxies across cosmic time, and finding the Universe’s first light.
Anybody in the world can write a proposal to use Webb and all of the data collected
by the mission will be publicly available to everyone through STScI’s Mikulski Archive
for Space Telescopes (MAST). The process of selecting the best Webb proposals will
be based on a peer-review competition each year, where approximately 150 scientists
evaluate and rank the scientific merits of observations proposed by the worldwide
community. This process inspires creativity and collaboration through community engagement, enables a diversity of science ideas to be developed and tackled using innovative observing and analysis techniques, and allows for adaptability in the review and
selection process based on the changing astrophysical landscape as Webb and other
concurrent missions enable new scientific discovery (e.g., Hubble, Gaia, TESS, Euclid,
LSST, WFIRST, multiple 30-meter ground-based telescopes). The “open forum” proposal process will engage a large community and enable science at all scales, ranging
from small projects at individual universities to large 100+ hour programs to international teams. The goal of this framework is to ensure that the observatory returns the
best short and long-term science. The first Webb Call for Proposals will be released
soon.
Information geared towards future Webb users on observing opportunities, proposal
processes and timelines, and policies is provided in Appendix A and B.

6. Conclusion
The Great Observatories are our deepest space exploration vehicles, allowing us to
explore and understand the Universe on all scales at a high level of precision. Their
scientific discovery has sparked a world-wide following of astrophysics and inspired
people from all cultures to seek answers to the most fundamental question about our
origins, “What is our place in the cosmos?”. The tremendous scientific return from
these programs, as well as that from other space and ground-based telescopes, has
led to breakthrough research in many scientific disciplines from discovering planets
orbiting other stars to understanding the global evolution of the Universe. Equally
exciting, the scientific results from these projects reveal new puzzles, the resolution of
which requires more powerful future telescopes.
Webb is the next step in the evolution of space telescopes; an engineering marvel
built from new technologies to enable us to see deeper and sharper into the Universe
than ever before. It is one of the biggest and most visible research programs in the
world and represents the top scientific priority of the astronomical community. Webb
has been motivated, designed, and built over 30 years by three space agencies (NASA,
ESA, and CSA), and several thousand engineers and scientists. The observatory is
now (early 2018) in the final stages of its comprehensive integration and test phase on
the ground and will soon be lifted into space to open its golden eye on the cosmos.
The design of Webb includes state-of-the-art capabilities such as a 6.5 meter segmented and adjustable primary mirror, cryogenic operations in a thermally stable
orbit, and high-precision near- and mid-infrared imagers, spectrographs, and coronagraphs with a high degree of multiplexing. The observatory will operate for a mission
goal of 10 years, and almost all of the observing time (>90%) has intentionally not
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been allocated to allow astronomers to openly compete for access throughout the mission lifetime. Anybody in the world can submit a proposal to use Webb and to access
the data that it collects.
The scientific breakthroughs that Webb can enable span almost all of modern-day
astrophysics. This includes exquisite characterization of nearby objects in our own
solar system, measurements of the composition of the atmospheres of other exoplanet
worlds, analysis of the properties of nearby stellar populations that are at the heart
of defining fundamental astrophysical relations to interpret light from the Universe,
the tracking of how the components of galaxies grow over cosmic time, the search for
the Universe’s earliest visible light, and much more. These discoveries are expected
to reshape our understanding of the Universe, and introduce entirely new research
themes that motivate future generations of scientists and engineers to build even bolder
observatories to advance space science.
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Appendix A. Observing Opportunities
As the next Great Observatory, Webb will make possible higher precision photometric,
spectroscopic, and coronagraphic characterization of astrophysical objects throughout
the Universe. The specific scientific motivation flows from the “Astronomy and Astrophysics in the New Millennium” US Decadal Survey (McKee & Taylor 2001 – see also
Gardner et al. 2006), which was written more than a decade ago. To ensure that the
observatory is executing the most compelling science in today’s astrophysical landscape (e.g., see examples in § 4), STScI has developed a science operations framework
for Webb that closely follows the philosophy that has successfully guided the operation of NASA’s previous Great Observatories. Within this framework, Webb is fully
expected to answer the challenges posed by its foundational documents, such as characterizing the atmospheres of rocky exoplanets, revealing newborn stars and planets
in the Milky Way, mapping the assembly history of galaxies across cosmic time, and
finding the Universe’s first light.
A.1. Access and Proposal Process
Anybody in the world can write a proposal to use Webb and all of the data collected by
the mission will be publicly available to everyone through STScI’s Mikulski Archive for
Space Telescopes (MAST). Such an open forum enables access to a diverse community
and invites a wide range of science ideas of varying scales. The process of selecting the
best Webb proposals will be based on a peer-review competition, where approximately
150 scientists evaluate and rank the scientific merits of observations proposed by the
worldwide community. As on Hubble, the time allocation process will involve multiple
mirrored panels covering broad subject areas to minimize bias and ensure expertise
across diverse astrophysics disciplines. The time allocation process will be repeated
once every year (“cycles”) to ensure that knowledge from the changing astronomical landscape (due to Webb’s discoveries, and those of other concurrent missions) is
continuously incorporated into the review and selection process.
For Webb specifically, the proposal process ensures that the observatory returns the
best short and long-term science, and is built on several principles.
• Creativity through Community Engagement – Webb is a much more complex
telescope than previous Great Observatories, and offers a wide range of new
observing modes at both near and mid-infrared wavelengths (see § 3). An oversubscribed and open competition model inspires creativity and collaboration
in the broadest scientific community. Successful Webb users will develop novel
ideas and strategies built on robust theoretical frameworks, and will use innovative observing techniques and analysis algorithms to maximize scientific return.
Webb observing teams are expected to be diverse and include experts from many
research and technical areas.
• Adaptability – The original science ideas that seeded Webb were formulated almost two decades ago. Major themes of astrophysics have evolved since the initial
science case was established (e.g., the discovery of exoplanets). Annual competitions for Webb observations ensure flexibility to tackle a diverse set of leading
questions that are at the forefront of astrophysics in that era.
• Enabling Science at all Scales – The Webb observing time allocation process
will enable a range of science that includes small, medium, and large programs
through dedicated categories. Hundreds of programs in each year of the mission
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will involve focused scientific investigations requiring observing times of a few
to dozens of hours each. These “small” programs represent the backbone of individual principal investigator research projects at universities. Complementing
these smaller projects, the observing program will solicit dedicated large projects
that often involve international collaborations of many dozens of investigators.
These types of programs can be allocated 100 hours or more for each scientific
investigation, and have previously resulted in some of the most visible scientific
discoveries that helped define the legacy of the Great Observatories.
• Maximizing Synergies – Within the Webb 10-year science mission goal, major
new ground and space-based observatories will see first light. This includes the
TESS exoplanet mission, the Euclid dark energy mission, the LSST synoptic
survey telescope, multiple 30-meter class telescopes in the U.S. and Europe, the
Wide Field Infrared Survey Telescope (WFIRST), and others. The flexible time
allocation process with annual cycles allows the scientific community to plan
synergistic Webb observations with these other facilities, and to quickly respond
to new discoveries that require higher resolution or higher throughput Webb
follow up.
Proposals submitted for Webb observations will use STScI’s “Astronomer’s Proposal
Tool”,8 the same software used for Hubble and similar to other Great Observatories.
As on all Great Observatories, only a small fraction of the proposals submitted to
Webb are likely to be selected given the demand for telescope time and resulting
oversubscription. At least initially, for many proposals,9 the successful team will be
given one year exclusive access to the data. STScI is adopting a Spitzer-like proposal
process for Webb, including both single-stream submission a framework based on predefined templates for individual instrument modes.10 This is designed to minimize
the time between each year’s proposal deadline and the start of the next observing
cycle, thereby increasing the amount of Webb data that is available in the archive for
users to plan and learn from. The change will require most proposers to specify full
lists of targets, specifications (filters, exposure times, dithers, observational sequence),
and other user-specified scheduling constraints such as roll angle and timing at the
initial proposal submission. Of course, some proposals, such as those that require
pre-imaging for follow up spectroscopy or involve target of opportunity observations,
will be exempt from this requirement. Proposers can request help in preparing their
observations through STScI’s help desk and related knowledgebase. More information
on planning Webb proposals is available in the online STScI documentation system.11
A.2. Types of Programs and Science Timeline
Webb observing time will be scheduled against wall-clock time in hours. In each cycle
(i.e., year), the total amount of time available is therefore 8760 hours for science
observations, calibration programs, and overheads involved in executing observations
and maintaining the observatory (see § B.1).
8 See

online article by B. Blair – http://newsletter.stsci.edu/webb-proposing-support-tools
classes of proposals have zero exclusive access period, such as large, treasure, and Director’s discretionary proposals.
10 See online article by A. Moro-Martı́n – http://newsletter.stsci.edu/proposal-submission-process
11 https://jwst-docs.stsci.edu/display/JPP/JWST+Observation+Planning+Documentation
9 Some
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A.2.1. Director’s Discretionary Proposals
Similar to Hubble, up to 10% of the available total time on Webb will be at the
discretion of the STScI Director for strategic projects. These can include projects for
rapid follow up of in-cycle opportunities through the mission lifetime, opportunities
to seed high-impact legacy programs, support for other NASA missions that doesn’t
come through the regular process, and other related opportunities. For Webb’s Cycle
1, a large fraction of the Director’s Discretionary time is being used for the Early
Release Science program (see below).
A.2.2. General Observer and Guaranteed Time Observer Proposals
Other than time for calibration programs to characterize Webb’s instrumental signatures and overall performance (<10% each cycle), the remaining observing time
is divided between General Observer (GO) programs and time already allocated to
Guaranteed Time Observers (GTO). The latter is an international community that
includes the Principle Investigators of the Webb science instruments, a telescope scientist, and several interdisciplinary scientists. A total multi-year allocation of ∼4020
hours of Webb observing time was made to the GTOs in recognition of their decadelong contributions to developing Webb. The GTO time represents 10% of the total
observing time available in the 5-year prime mission. The remaining (large fraction) of
time on Webb is available to General Observers through the annual Call for Proposals.
In the spring of 2017, the GTOs requested ∼95% of their available time in Cycle 1 of Webb. The overall program includes 20 proposals totaling 2100 observations
by almost 200 worldwide astronomers. The GTO programs include observations of
the solar system, exoplanet spectroscopy and direct imaging with coronagraphy, low
mass stars and brown dwarfs, protostellar disks and young stellar objects, debris disks,
star clusters and stellar populations, nearby galaxies, galaxy clusters, distant galaxies,
quasars, deep fields, and more. As a result, the GO and GTO allocation will be approximately the same in Cycle 1 with 3800 hours going to each pool. With very limited
GTO observations remaining, Cycle 2+ of Webb will offer nearly >7500 hours for the
GO community. In comparison, Hubble offers 3500 orbits (3100 hours) of observing
time in a typical cycle. The specifications of all of the GTO observations have been
made public on the STScI website and Astronomer’s Proposal Tool templates based
on these programs were released with the Webb Cycle 1 Call for Proposals to General
Observers.12
A.2.3. Early Release Observations
Following launch, the commissioning phase of Webb will last ∼6 months (see § 2.2)
after which the Cycle 1 calibration and science program begins. As with every Great
Observatory, one of the first science programs on Webb will be designed to engage the
broadest public audience by showcasing beautiful images and spectroscopy captured
through all of the observatory’s instruments. Considering the goal, these Early Release
Observations (EROs) are not selected through rigorous scientific evaluation as is the
case for science programs. The ERO program is led by NASA through a committee
that includes NASA, ESA, CSA, STScI, and instrument team representatives with a
range of backgrounds in science, engineering, and public outreach. The total size of
the ERO program is expected to be ∼100 hours.
12 https://jwst-docs.stsci.edu/display/JSP/James+Webb+Space+Telescope+Call+for+Proposals+for+Cycle+1
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A.2.4. Early Release Science Proposals
The first opportunity to propose for Cycle 1 Webb observations for the GO community
was announced by STScI at the Jan 2017 American Astronomical Society Meeting.
Following the advice of the JSTAC, the STScI Director allocated most of his Cycle
1 Director’s Discretionary time (up to 500 hours) to make possible an Early Release
Science program on Webb (DD ERS).13 The DD ERS program is distinct from the
first GO call for proposals in several ways. The DD ERS program will be executed
very early in Cycle 1, and all of the observations will be immediately available with no
exclusive access period in STScI’s MAST archive. The program is designed to populate
the Webb archive with scientifically compelling data from Webb’s primary observing
modes, and will serve as a training set for the community to prepare for observations in
subsequent cycles. The successful teams for Webb DD ERS programs will be required
to design and deliver science-enabling products to help the community understand the
observatory’s capabilities. The program allows the entire community to engage with
Webb observations early in the mission, as the Cycle 2 call for proposals will occur
just 5 – 6 months after Cycle 1 begins (and most Webb programs will have 1 year
exclusive access period). The DD ERS program will also yield among the first scientific
discoveries from the mission. In Aug 2017, a total of 106 proposals with more than
3000 scientists from 38 countries were submitted to STScI for the DD ERS program.
Thirteen of these proposals were selected by a peer-review committee and allocated
460 hours, and cover a broad set of science topics including solar system, exoplanet,
stellar, galactic, and extragalactic astrophysics.14 As intended by the program’s goals,
the DD ERS projects cover observations in all of Webb’s major observing modes.
A.2.5. Cycle 1 Timeline for General Observers
The Webb Cycle 1 GO call for proposals will be released several months before launch,
and is expected to engage a large fraction of the worldwide astronomical community. To help the community prepare proposals, template files based on the GTO and
successful DD ERS programs have been made available through the STScI website.
Theory proposals related to Webb observations and/or science themes and funded
archival studies based on available data in MAST (e.g., the DD ERS program) can
also be requested. The time allocation committee will meet after the proposal deadline to evaluate the GO proposals and select the Cycle 1 observing programs. The
time allocation committee will include appropriate representation from the USA, ESA
countries, and Canada, and the observing time allocation for Europe and Canada is
expected to meet or exceed their 15% and 5% respective contributions to Webb.
For all successful Webb proposals, STScI will assign both a program coordinator
and contact scientist. These individuals are experts on Webb’s planning and scheduling
system and on the capabilities of the instrument(s) being used for the observations. The
staff will work with the principal investigators to get the most out of their approved
program by answering technical questions and by suggesting ways to improve efficiency
and on-source integration (i.e. vs spending time on overheads). Requests from the
principal investigators for other types of modifications, for example different strategies
to achieve the science goals or adjustments in the allocated time because of new insights
on instrument performance will have to be approved by a Telescope Time Review
13 See online article by J. Lee – http://newsletter.stsci.edu/webb-directors-discretionary-early-release-sciencedders
14 https://jwst.stsci.edu/news-events/news/News%20items/selections-made-for-the-jwst-directorsdiscretionary-early-release-science-program
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Program Type

Call for
Proposalsa

Proposal
Deadlinea

Announcement of
Cycle 1
Cycle 2
Successful Proposalsa Hours Available Hours Available

Calibration
Variousb
Before Launch
Early Release Obs.
2017b
TBD
Early Release Sci.c
May 19th 2017 Aug 18th 2017
Director’s Discret.
Various
Various
Guaranteed Time Obs. Jan 6th 2017
Apr 1st 2017
General Obs.
TBD
TBD
Total
.....
......
a All

Before Launch
Early in Cycle 1
Nov 2017
Various
Jun 15th 2017d
TBD
......

750 (8.5%)
∼100 (1.1%)
∼500 (5.7%)
376 (4.3%)
3800 (43.4%)
3234e (36.9%)e
8760 (100%)

750 (8.5%)
0 (0%)
0 (0%)
876 (10%)
220 (2.5%)
6914 (78.9%)
8760 (100%)

dates are for Cycle 1.

b These
c The

programs do not have a public call for proposals. This date marks the beginning of the planning process.

Early Release Science program is a Cycle 1 program supported entirely by Director’s Discretionary Time.

d GTO

time allocation was pre-approved by NASA, ESA, and CSA. This date marks the public release of the
specifications of their planned observation.
e Efficient scheduling of Webb observations requires an oversubscription of available targets. Therefore, the first call
for proposals will offer up to 6000 hours for General Observers, and some programs will be executed in the second
year of Webb operations.

Table A1. Webb Cycle 1 Schedule of Observing Opportunities and Cycle 1 and 2 Observing Time Availability

Board and the STScI Director for all programs. All such modifications will need to be
scientifically justified and have minimal impact on the Webb long range schedule.
The different Webb observing opportunities are summarized in Table A1.15 More
information on proposal opportunities is available in the online STScI documentation
system.16

Appendix B. Science Policies for the Astronomical Community
A number of science policies for Webb have been carefully crafted by NASA, ESA,
CSA, and STScI. Their application impacts the scientific community proposing to use
Webb. Complete information on the science policies is available in the online STScI
Webb documentation system.17 A brief summary of a few of these policies that most
users should be aware of is given below.
B.1. Overheads
Every science program has an associated set of telescope slews, mechanism motions and
detector preparations associated with the observations. In addition, like all other telescopes, Webb must devote a fraction of the time to housekeeping activities, including
momentum management and calibration observations. Those activities are essential
to supporting all observational programs. Consequently, every program is assigned an
indirect overhead associated with those activities.
The total wall-clock time allocated to Webb programs will be inclusive of 1.) the
time spent collecting photons from astronomical objects, 2.) the direct overheads associated with making these observations (e.g, guide star acquisition, filter changes,
dithers, detector readouts), 3.) other overheads related to preparing the observatory
for the observations (e.g., slews to the target from the previous target), and 4.) indi15 See

online article by I. N. Reid & J. Lee – http://newsletter.stsci.edu/the-webb-science-timeline

16 https://jwst-docs.stsci.edu/display/JSP/JWST+Cycle+1+Proposal+Opportunities
17 https://jwst-docs.stsci.edu/display/JSP/JWST+General+Science+Policies
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rect overheads related to maintaining the observatory (e.g., wavefront sensing, angular
momentum unloads, and calibration).
The direct overheads from executing a science program flow from the specific observational set up and can be easily calculated in the Astronomer’s Proposal Tool.
Overheads related to observatory slews to get to the target are more complicated, and
depend on the overall Webb schedule. These overheads will be calculated based on the
expected number of slews and their duration, for each observing program. The “smart
accounting” will factor in the likelihood that observations will be scheduled together.
For Cycle 1, the average slew time for different slews will be based on simulations and
factored into a statistical overhead. In subsequent cycles, the overhead will be based
on data from previously executed programs. These direct and indirect overheads will
be calculated in the Astronomer’s Proposal Tool and a detailed summary will be provided to each user. The overheads related to observatory maintenance are unrelated
to specific science programs. To calculate this, a statistical estimate will be made by
adding the two overheads above and dividing them by (1-f ), where f is the fraction
of wall-clock time that is previously spent on these activities. For Cycle 1 proposals, f will be based on simulations of a year-long Webb long-range plan that covers
the range of science that is expected in Cycle 1. This indirect overhead rate will be
communicated to all proposers through the call for proposals.
The efficiency of different Webb science programs will vary greatly depending on
the integration times and observational set up. Based on an analysis of Webb’s design
reference mission, the overall Webb efficiency is expected to be ∼65%.
More information on Webb overhead policy and its implementation is available in
Lee et al. (2014) and in the Webb science policies documentation.
B.2. Parallel Observing
Parallel observations with multiple science instruments simultaneously have proven to
increase the scientific productivity of Hubble and to lead to unique research. There have
been >6000 parallel orbits allocated since Cycle 11. This is over 2 years of observing
over a 10 year baseline, for a 20% efficiency gain. Many of Hubble’s legacy programs,
such as recent deep fields (e.g., Bouwens et al. 2010; Illingworth et al. 2013), the Frontier Fields program (Lotz et al. 2017), the Panchromatic Hubble Andromeda Treasury
(PHAT) program (Dalcanton et al. 2012), the Cosmic Assembly Near-infrared Deep
Extragalactic Legacy Survey (CANDELS) program (Grogin et al. 2011), the Cluster
Lensing And Supernova survey with Hubble (CLASH) program (Postman et al. 2012),
and others would not be possible (or would be significantly more time consuming) in
the absence of parallel capabilities.
Webb was initially designed to use parallel observations only for calibration purposes. This is not surprising, as parallel imaging on Hubble became very popular only
after the recent availability of the two wide-format imaging instruments WFC3 and
ACS (e.g., all of the legacy programs cited above). Recognizing the importance of
science return on a limited life mission with multiple wide-field and high-resolution
instruments, STScI, NASA, ESA, and CSA developed a concept to enable science parallels beginning with Cycle 1 on Webb. Most parallel programs will be “coordinated
parallels”, where the same proposal team aims to use multiple instruments in a single,
coherent science program (e.g., to increase field of view, observe at multiple wavelengths, or multiplex imaging and spectroscopy). The location of Webb’s instruments
in the focal plane span ∼13 arcmin, so each instrument will observe a different field on
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the sky. For extended or intrinsically large objects such as nearby star forming regions,
star clusters, galaxies, and galaxy clusters, parallel observations can therefore effectively target multiple fields to explore different environments. Parallel observations of
extragalactic deep fields also increase the statistical significance of the measurement
being made. Such proposals can be constructed in ways that a second epoch of the initial observations would execute at 180 degree orientation, so that the two instruments
are “flipped”. In this way, the primary and parallel instruments would each observe
both fields. Such programs can be designed in the Astronomer’s Proposal Tool using
pre-defined templates. Both the primary and parallel observing requests must be scientifically justified in relation to the core objectives of the proposal, and the parallel
observing must be approved by the time allocation committee and the STScI Director.
For Webb Cycle 1, five different combinations of parallel observing will be allowed; 1.)
NIRCam imaging + MIRI imaging, 2.) NIRCam imaging + NIRISS wide-field slitless
spectroscopy, 3.) MIRI imaging + NIRISS wide-field slitless spectroscopy, 4.) NIRCam imaging + NIRISS imaging, 5.) NIRSpec multi-object spectroscopy + NIRCam
imaging. Additional parallel combinations will be developed for Cycle 2 and beyond.
A second mode of parallel observations on Webb will be called “pure parallels”.
These are observations where the prime and parallel observing requests come from
separate programs with separate teams. In this case, the scientific goals of the parallel observations are unrelated to that of the primary observations, and the parallel
observation cannot dictate how the primary will be structured. The time allocation
committee will review all pure parallel observing requests and select a subset that
STScI will then match up to primary opportunities.
Within the framework described above, parallel observations will have several limitations. For example, certain types of observations (even with one instrument) over
long periods of time can fill Webb’s data volume limits (58.8 GB) and therefore not allow for parallel instrument use. The Astronomer’s Proposal Tool will calculate the data
rate for observations and alert users of such scenarios. Pure parallel science observations will also have a lower priority than Webb calibration programs. More information
on parallel observing is available in the Webb science policies documentation.
B.3. Duplications
The duplication policy for Webb is designed to maximize the scientific productivity
of the observatory by flagging and evaluating any requested observations that closely
match ones that are already allocated or available in the archive. Formally, a duplication on Webb is an observation of the same target using the same instrument mode
with an on-target exposure time within a factor of four of the previously scheduled
observation. For cases where a duplication is identified, the time allocation committee
will evaluate the justification for the repeat observations and make a recommendation
to the STScI Director. The Director must explicitly approve all duplications. Note,
the duplication policy is not intended to protect specific science programs; different
observations are frequently used to address similar science goals.
The sequence of Webb observing programs defines how duplications will be identified. For example, Director’s Discretionary Early Release Science and Cycle 1 GO
programs can not duplicate Cycle 1 GTO programs (all of which are published online).
Similarly, Cycle 2 GTO programs can not duplicate Cycle 1 GO programs, and so on.
More information on the duplication policy, including example cases of scientifically
motivated duplications and the application of the policy to modes such as NIRSpec’s
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multi-object spectrograph, are described in the Webb science policies documentation.
B.4. Time Critical and Target of Opportunity Observations
Two classes of Webb proposals that require non-standard setups are time critical and
target of opportunity observations.
Time critical refers to an observation of a known object that must occur within a
specific temporal window. For example, this can include an observation of an eclipsing
binary star at a specific phase, a transiting exoplanet during transit, a solar system
object at a favorable location, etc. These observations need to be specified as regular
targets in a Webb observing proposal, but with specific timing requirements. Additional
overheads will be applied to situations that force “dead time” of the observatory to
get ready for such an observation. For example, observations with timing within a 1
hour window will have an additional overhead.
Target of opportunity refers to an observation of an object that must be executed
rapidly due to an astrophysical change in its characteristics. This can include the
serendipitous discovery of new objects that will evolve quickly (e.g., a comet, supernova, gamma ray burst, or gravitational wave source) or an object that is already
known but is seen to go through an unpredictable change (e.g., a dwarf nova). Most
target of opportunity observations are likely to involve follow up of interesting sources
that are predicted to be discovered from ongoing wide-field and transient surveys during a Webb cycle. The proposals for such observations will be evaluated by the regular
time allocation committee, and successful proposers will be able to “activate” an approved target of opportunity at any time throughout the Webb cycle using on online
STScI-provided interface. Requests with a turnaround time more than 14 days are considered “non-disruptive” and easier to schedule without impacting Webb’s schedule.
More rapid turnaround, to within 2 days, can also be scheduled but such opportunities will be limited to the most deserving science cases to avoid significant impacts
to Webb’s schedule and efficiency. Such requests will be assessed additional overheads
as they will likely disrupt a visit that is being executed. These programs will need
to be explicitly approved by the STScI Director. Requests for target of opportunity
observations where an approved proposal does not already exist can also be submitted
for Director’s Discretionary time, and STScI will arrange for a rapid evaluation and
decision to make possible frontier science.
More information on time critical and target of opportunity observations is available
in the Webb science policies documentation. This includes the rules and responsibilities
that the proposal team must follow to successfully trigger a target of opportunity and
information on tools that can be used to quickly predict visibility windows of such
targets.
B.5. Funding
One of the foundational principles behind NASA’s Great Observatories is to “fund the
science”. US investigators that are successful in the highly competitive time allocation
process are given robust funding to dedicate resources for analysis, publication, and
communication of their scientific data. This funding is a part of the NASA operations
budget for the observatories. For Hubble, one-third of the $98 million annual budget
goes back to the astronomical community in the form of research grants to get the
science out. Over its 28 year life, over $750 million has been invested into the commu50

nity. This funding has provided training for over 1000 graduate students and has led
to more than 600 PhD thesis.
Webb’s operations budget will include research grants to fund US-based teams on
scientific analysis and publication of new observations, analysis of archival observations
for new science, and theoretical support of Webb programs. Similar to the single-stream
proposal process discussed above, the allocation of funding for successful Webb science
programs will be streamlined relative to the current paradigm on Hubble. In Cycle 1, all
successful proposers will submit a separate budget to a financial review committee that
outlines the resources needed to turn their scientific data into published results. The
budget request can include funding for students, postdocs, and more senior researchers,
equipment such as computers and other computational resources, travel to scientific
conferences to present results from the program, journal publication charges, and other
eligible expenses. The financial review committee will evaluate all budget proposals
and work plans and assign a level of funding to each one based on the complexity
of the science program. After Cycle 1, STScI will calibrate the decisions made by
the financial review committee into a formula to assign a base level of funding for
successful proposals in future cycles. Requests for additional funding over the base
level will be allowed, but will be subject to a full budget proposal review by a financial
review committee. The goal of this change is to allocate budgets to successful programs
shortly after proposal acceptance so teams can rapidly begin building up resources to
analyze Webb data.
The specific level of grant funding for Webb has yet to be decided and will depend
on the cost of operations.

Appendix C. Instrument Modes on Webb
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Imaging

λ
(microns)

Pixel Scale
(arcsec)

NIRCama
NIRCama
NIRISS
MIRI

0.6 – 2.3
2.4 – 5.0
0.8 – 5.0
5.0 – 27.5

0.032
0.065
0.065
0.11

Coronagraphy

λ
(microns)

Pixel Scale
(arcsec)

NIRCam 210R (round)
NIRCam SW (bar)
NIRCam 335R (round)
NIRCam 430R (round)
NIRCam LW (bar)
MIRI 4QPM1
MIRI 4QPM2
MIRI 4QPM3
MIRI Lyot Spot

2.1
1.7 – 2.2
3.35
4.3
2.4 – 5.0
10.65
11.4
15.5
22.75

0.032
0.032
0.065
0.065
0.065
0.11
0.11
0.11
0.11

0.40
0.13 – 0.40
0.63, 0.81
0.63, 0.81
0.29 – 0.88
0.33
0.36
0.49
2.16

Aper. Mask Interfer.

λ
(microns)

Pixel Scale
(arcsec)

Inner Working Angle
(milliarcsec)

2.41 – 3.14, 3.73 – 3.93,
4.18 – 4.40, 4.67 – 4.97

0.065

70 – 400

Single Slit Spect.

λ
(microns)

Resolving Power
(λ/∆λ)

Slit Size
(arcsec)

NIRSpec

0.6 – 5.3

MIRI

5 – ∼12

NIRISS

Field of View
(arcmin)

λNyquist Sampling
(microns)

×
×
×
×

>2
>4
>4
>6.25

2.2
2.2
2.2
1.23

4.4
4.4
2.2
1.88

Inner Working Angleb Field of View
(arcsec)
(arcsec)
20
20
20
20
20
24
24
24
30

×
×
×
×
×
×
×
×
×

20
20
20
20
20
24
24
24
30

0.4 × 3.65, 0.2 × 3.2,
1.6 × 1.6
∼100 at 7.5 microns
0.51 × 4.7
100, 1000, 2700

Slitless Spect.

λ
(microns)

Resolving Power
(λ/∆λ)

Field of View
(arcmin)

NIRISS
NIRISS
NIRCam
MIRI

0.8 – 2.2
0.6 – 2.8
2.4 – 5.0
5 – ∼12

150
700
1130 – 1680
∼100 at 7.5 microns

2.2 × 2.2
single object
2.2 × 2.2
single object

Multi-object Spect.

λ
(microns)

Resolving Power
(λ/∆λ)

Field of View
(arcmin)

NIRSpec

0.6 – 5.3

100, 1000, 2700

3.6 × 3.4

250,000

0.2 × 0.46

λ
(microns)

Resolving Power
(λ/∆λ)

Field of View
(arcsec)

Image Slices

Integral Field Spect.

Slice Width
(arcsec)

0.6 – 5.3
4.89 – 7.66
7.49 – 11.71
11.53 – 18.05
17.66 – 28.45

100, 1000, 2700
3100 – 3750
2750 – 3300
1790 – 2880
1330 – 1930

×
×
×
×
×

30
21
17
16
12

0.1
0.176
0.277
0.387
0.645

NIRSpec
MIRI Ch1c
MIRI Ch2c
MIRI Ch3c
MIRI Ch4c
a The

3.0
3.70
4.52
6.14
7.95

short and long-wavelength NIRCam channels can observe the same field simultaneously.

b Quoted
c All

3.0
3.70
4.71
6.19
7.74

Multiplexing Aperture Size
(# shutters)
(arcsec)

values for round masks are the radii and for bar masks are the half-width half-maximum (HWHM).

four MIRI integral field units can observe simultaneously over one-third of their wavelength range [82].

Table C1. Specifications of Webb’s Instrument Modes
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