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Need hard-working grad students & postdocs in >
∼2013 ... It’ll be worth it!
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Outline

• (1) What is JWST and how will it be deployed?

• (2) What instruments and sensitivity will JWST have?

• (3) How JWST can measure First Light and Reionization

• (4) How JWST can measure Galaxy Assembly

• (5) Predicted Galaxy Appearance for JWST at z'1–15

Sponsored by NASA/JWST
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• (1) What is the James Webb Space Telescope (JWST)?

• A fully deployable 6.5 meter (25 m2) segmented IR telescope for imaging
and spectroscopy from 0.6 to 28 µm, to be launched by NASA >

∼2013. It
has a nested array of sun-shields to keep its ambient temperature at 35-45
K, allowing faint imaging (AB<

∼31.5) and spectroscopy (AB<
∼29 mag).
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Life-sized model of JWST, used to test the deployment of its sun-shield.
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Life-sized model of JWST, at NASA/GSFC Friday afternoon after 5 pm ...
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• (1) How will JWST travel to its L2 orbit?

After launch in >
∼2013 with an Ariane V vehicle, JWST will orbit around

the the Earth–Sun Lagrange point L2. From there, JWST can cover the
whole sky in segments that move along in RA with the Earth, have an
observing efficiency >

∼70%, and send data back to Earth every day.
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• (1) How will the JWST be automatically deployed?

During its several month journey to L2 (shown on a previous page), JWST
will be automatically deployed in phases (as shown here), its instruments
will be tested, and it will then be inserted into an L2 halo orbit.

From an orbit around the the Earth–Sun Lagrange point L2, JWST can
cover the whole sky in segments, have an observing efficiency >

∼70%, and
send data back to Earth every day.
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Edge-to-edge diameter is 6.60 m, but effective circular diameter is 5.85 m.

Cannot cleanly descope aperture without doing major harm to PSF.
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• (2) What instruments will JWST have?

The Near-Infrared Camera NIRCam made by an UofA + Lockheed +
CSA consortium will do imaging from 0.6–5.3 µmusing a suite of broad-,
medium-, and narrow-band filters. NIRCam uses two identical and in-
dependently operated imaging modules, with two wavelengths observable
simultaneously via a dichroic that splits the beam around 2.35µm. Each
of these two channels has an independently operated 2′.2×4′.6 FOV. Both
channels are Nyquist-sampled: the short-wavelength channel at 2µmwith
0′′.0317/pixel, and the and long-wavelength at 4µmwith 0′′.0648/pixel.
NIRCam’s 10 2k×2k HgCdTe arrays will be passively cooled.

The Near-Infrared Spectrograph NIRSpec made by an ESA + GSFC consor-
tium will do spectroscopy with resolving powers of R∼100 in prism mode,
of R∼1000 in multi-object mode using a micro-electromechanical array sys-
tem (MEMS) of micro-shutters that can open slitlets on previously imaged
known objects, and of R∼3000 using long-slit spectroscopy. All NIRSpec
spectroscopic modes have a ∼3.4×3.4′ FOV.
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• (2) What instruments will JWST have?

The Mid-Infra-Red Instrument MIRI made by an UofA + JPL + ESA con-
sortium will do imaging and spectroscopy from 5–28 µm. MIRI is actively
cooled by a cryocooler and its expected lifetime is at least 5 years.

The Fine Guidance Sensor (FGS) is made by CSA and provide stable point-
ing at the milli-arcsecond level. The FGS will have sufficient sensitivity
and a large enough FOV to find guide stars with >

∼95% probability at any
point in the sky. The FGS will have three simultaneously imaged fields of
view of 2.3×2.3′ , one of which feeds a pure guider channel, one feeding a
guider channel plus a long-wavelength R∼100 tunable filter channel with
light split by a dichroic, and another feeding the short wavelength tunable
filter R∼100 channel.

JWST has fully redundant imaging and spectroscopic modes. It will not
be serviced at L2, and therefore will undergo an extensive series of ground-
testing and thermal vacuum testing in 2008–2009, after its main construc-
tion in 2004–2008. The main NASA contractor is Northrop Grumman
Space Technology (“NGST”) in Redondo Beach (CA).
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• (2) What instruments will JWST have?

The Mid-Infra-Red Instrument MIRI made by an UofA + JPL + ESA con-
sortium will do imaging and spectroscopy from 5–28 µm. MIRI is actively
cooled by a cryocooler, so that its expected lifetime is at least 5 years.
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• (2) What sensitivity will JWST have?

The NIRCam and MIRI sensitivity complement each other straddling 5µmin
wavelength, and together allow objects to be found to redshifts z=15–20
in ∼105sec (28 hrs) integration times.

The left panel shows the NIRCam and MIRI broadband sensitivity to a
Quasar, a “First Light” galaxy dominated by massive stars, and a 50 Myr
“old” galaxy, all at z=20. The right panel shows the relative survey time
versus wavelength that Spitzer, a ground-based IR-optimized 8-m (Gemini)
and a 30-m telescope would need to match JWST.
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240 hrs HST/ACS in Vi’z’ in the Hubble UltraDeep Field (HUDF)
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6.5m JWST PSF’s models (Ball Aerospace and GSFC):

NIRCam 0.7 µm 1.0 µm(<150 nm WFE) 2.0 µm(diffr. limit)
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<
∼20 hrs JWST NIRCam at 0.7, 0.9, 2.0 µm in the HUDF
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240 hrs HUDF Vi’z’) (≡truth) <
∼20 hrs JWST 0.7, 0.9, 2.0 µm
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• Can’t beat redshift: to see First Light, must observe near–mid IR.

⇒ This is why we need NIRCam at 0.8–5 µmand MIRI at 5–28 µm.
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i-band drops in the HUDF: Most are confirmed at z'6 (Malhotra et al.)

35



• (3) How JWST can measure First Light and Reionization

ACS
HDF

UDF shows that luminosity function of z'6 objects (Yan et al. 2004a, b)
may be very steep, with faint-end Schechter slope |α|'1.6–2.0.

⇒ Dwarf galaxies and not quasars likely completed the reionization epoch
at z'6. This is what JWST will observe in detail.
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ACS
HDF

• HST/ACS has made significant progress at z'6, surveying very large ar-
eas (GOODS, GEMS, COSMOS), or using very long integrations (HUDF).

ACS can detect objects at z<
∼6.5, but its discovery space A.Ω.∆log(λ)

cannot map the entire reionization epoch. NICMOS similarly is limited to
z<
∼8–10. JWST will be able to trace the entire reionization epoch.
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• With proper survey strategy (area AND depth), JWST can trace the
entire reionization epoch, i.e. detect some of the first star-forming objects.

• For this to be successful in realistic or conservative model scenarios,
JWST needs the quoted sensitivity/aperture (A), field-of-view (FOV=Ω),
and wavelength range (0.7-28 µm).
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• In more optimistic scenarios, the surface density may be >
∼10× higher at

z>
∼10, but JWST design must assume that objects at z'20 are rare, since

volume element is small and JWST samples brighter part of LF at z>
∼10.
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Sum of 49 isolated i-drops: ACS light-profile, PSF and sky-error:
=5000 hrs HUDF z-band. Deviates from exp. disk at re

>
∼0′′.25

[' 330 hrs JWST 1 µm] ⇒ Dyn. age (z'6) ' 100-200 Myr

HST/ACS cannot accurately measure individual light-profiles at z'6.

JWST can do this well for z>
∼6 in very long integrations.

Dynamical timescale ' SED timescale ⇒ Bulk of SF at zform '7.0±0.5??
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• A steep LF of z'6
objects (Yan & Windhorst
2004) could provide enough
UV-photons to complete the
reionization epoch at z'6.

• Pop II dwarf galaxies may
not have started shining per-

vasively much before z'7–8,
or no H-I would be seen in the
foreground of z>

∼6 quasars.

• JWST will measure this nu-
merous population of dwarf
galaxies from the end of the
reionization epoch at z'6
into the epoch of First Light
(Pop III stars) at z>

∼10.
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• (4) How JWST can measure Galaxy Assembly

One of the remarkable discoveries of HST was how numerous and small
faint galaxies are — the building blocks of the giant galaxies seen today.
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• (4) How JWST can measure Galaxy Assembly

• Galaxies of Hubble types formed over a wide range of cosmic time, but
with a notable phase transition around z'0.5–1.0:

(1) Subgalactic units rapidly merge from z'7→1 to grow bigger units.

(2) Merger products start to settle as galaxies with giant bulges or large
disks around z'1. These evolved mostly passively since then, resulting in
the giant galaxies that we see today.

• JWST can measure how galaxies of all types formed over a wide range
of cosmic time, by accurately measuring their distribution over rest-frame
structure and type as a function of redshift or cosmic epoch.
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HST image Fourier model

Fourier Decomposition is a robust way to measure galaxy morphology
and structure in a quantitative way (Odewahn et al. 2002):

• (1) Fourier series are made in successive concentric annuli.

• (2) Even Fourier components indicate symmetric parts (arms, rings)

• (3) Odd Fourier components indicate asymmetric parts (bars etc).

• (4) JWST can measure the evolution of each feature directly.
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BBP

53W02

HDFS

NGC 4618 (VATT, B) NGC 3664 (WFPC2) UGC 5028 (HST,Cyc9)

Massive Star Formation: Near and Far 

z=0.6−0.7 z=0.6−0.7

z=0.623z=0.743

Fourier Decomposition of nearby and distant galaxies in JWST images will
directly trace the evolution of bars, rings, spiral arms, and other structural
features. This measures the detailed history of galaxy assembly in the epoch
z'1–3 when most of today’s giant galaxies were made.
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Total Ell/S0 Sabc Irr/Mergers

REDSHIFT

25<I<26

24<I<25

23<I<24

22<I<23 • JWST can measure
how galaxies of all Hubble
types formed over a wide
range of cosmic time, by
measuring their redshift
distribution as a function
of rest-frame type.

• For this, the types
must be well imaged for
large samples from deep,
uniform and high quality
multi-wavelength images,
which JWST can do.

Driver et al. 1998, Astrophys. J. Letters, 496, L93
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• The uncertain rest-frame UV-morphology of galaxies is dominated by
young and hot stars, with often copious amounts of dust superimposed.

• This makes comparison with very high redshift galaxies seen by JWST
complicated, although with good images a quantitative analysis of the
restframe-wavelength dependent morphology and structure can be made.
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(5) Predicted Galaxy Appearance for JWST at z'1–15

HST z=0 JWST z=2 z=5 z=9 z=15

HST λ = 0.293 µλ = 0.293 µλ = 0.293 µ

z = 0z = 0z = 0

JWST λ = 0.879 µλ = 0.879 µλ = 0.879 µ

z = 2z = 2z = 2

JWST λ = 1.76 µλ = 1.76 µλ = 1.76 µ

z = 5z = 5z = 5

JWST λ = 2.93 µλ = 2.93 µλ = 2.93 µ

z = 9z = 9z = 9

JWST λ = 4.69 µλ = 4.69 µλ = 4.69 µ

z = 15z = 15z = 15

HST λ = 0.293 µλ = 0.293 µλ = 0.293 µ

z = 0z = 0z = 0

JWST λ = 0.879 µλ = 0.879 µλ = 0.879 µ

z = 2z = 2z = 2

JWST λ = 1.76 µλ = 1.76 µλ = 1.76 µ

z = 5z = 5z = 5

JWST λ = 2.93 µλ = 2.93 µλ = 2.93 µ

z = 9z = 9z = 9

JWST λ = 4.69 µλ = 4.69 µλ = 4.69 µ

z = 15z = 15z = 15

HST λ = 0.293 µλ = 0.293 µλ = 0.293 µ

z = 0z = 0z = 0

JWST λ = 0.879 µλ = 0.879 µλ = 0.879 µ

z = 2z = 2z = 2

JWST λ = 1.76 µλ = 1.76 µλ = 1.76 µ

z = 5z = 5z = 5

JWST λ = 2.93 µλ = 2.93 µλ = 2.93 µ

z = 9z = 9z = 9

JWST λ = 4.69 µλ = 4.69 µλ = 4.69 µ

z = 15z = 15z = 15

HST λ = 0.293 µλ = 0.293 µλ = 0.293 µ

z = 0z = 0z = 0

JWST λ = 0.879 µλ = 0.879 µλ = 0.879 µ

z = 2z = 2z = 2

JWST λ = 1.76 µλ = 1.76 µλ = 1.76 µ

z = 5z = 5z = 5

JWST λ = 2.93 µλ = 2.93 µλ = 2.93 µ

z = 9z = 9z = 9

JWST λ = 4.69 µλ = 4.69 µλ = 4.69 µ

z = 15z = 15z = 15

HST λ = 0.293 µλ = 0.293 µλ = 0.293 µ

z = 0z = 0z = 0

JWST λ = 0.879 µλ = 0.879 µλ = 0.879 µ

z = 2z = 2z = 2

JWST λ = 1.76 µλ = 1.76 µλ = 1.76 µ

z = 5z = 5z = 5

JWST λ = 2.93 µλ = 2.93 µλ = 2.93 µ

z = 9z = 9z = 9

JWST λ = 4.69 µλ = 4.69 µλ = 4.69 µ

z = 15z = 15z = 15

HST λ = 0.293 µλ = 0.293 µλ = 0.293 µ

z = 0z = 0z = 0

JWST λ = 0.879 µλ = 0.879 µλ = 0.879 µ

z = 2z = 2z = 2

JWST λ = 1.76 µλ = 1.76 µλ = 1.76 µ

z = 5z = 5z = 5

JWST λ = 2.93 µλ = 2.93 µλ = 2.93 µ

z = 9z = 9z = 9

JWST λ = 4.69 µλ = 4.69 µλ = 4.69 µ

z = 15z = 15z = 15

With proper restframe-UV
training, JWST can quan-
titatively measure the evo-
lution of galaxy morphology
and structure over a wide
range of cosmic time:

• (1) Most disks will SB-
dim away at high z, but most
formed at z<

∼zform '1–2.

• (2) High SB structures are
visible to very high z.

• (3) Point sources (AGN)
are visible to very high z.

• (4) High SB-parts of
mergers/train-wrecks are
visible to very high z.
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HST  z=0
FOV=75"
λ = 0.293 µλ = 0.293 µ JWST  z=1

FOV~1.0"
λ = 0.586 µλ = 0.586 µ JWST  z=2 λ = 0.879 µλ = 0.879 µ

JWST  z=3 λ = 1.17 µλ = 1.17 µ JWST  z=5 λ = 1.76 µλ = 1.76 µ JWST  z=7 λ = 2.34 µλ = 2.34 µ

JWST  z=9 λ = 2.93 µλ = 2.93 µ JWST  z=12 λ = 3.81 µλ = 3.81 µ JWST  z=15 λ = 4.69 µλ = 4.69 µ
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The galaxy merger UGC06471-2
(z=0.0104) is a major and very
dusty collision of two massive disk
galaxies.

It shows two bright unresolved
star-bursting knots to the upper-
right of the center, which remain
visible until z'12, beyond which
the cosmic SB-dimming kills their
flux. These are more typical for
the small star-forming objects ex-
pected at z'10–15.

This is the NOMINAL JWST =
(GOALS+REQUIREMENTS)/2.
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HST  z=0
FOV=75"
λ = 0.293 µλ = 0.293 µ JWST  z=1

FOV~1.0"
λ = 0.586 µλ = 0.586 µ JWST  z=2 λ = 0.879 µλ = 0.879 µ

JWST  z=3 λ = 1.17 µλ = 1.17 µ JWST  z=5 λ = 1.76 µλ = 1.76 µ JWST  z=7 λ = 2.34 µλ = 2.34 µ

JWST  z=9 λ = 2.93 µλ = 2.93 µ JWST  z=12 λ = 3.81 µλ = 3.81 µ JWST  z=15 λ = 4.69 µλ = 4.69 µ
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The galaxy merger UGC06471-2
(z=0.0104).

This is the BEST CASE JWST.
It assumes that all GOALS are
met, and that texp=100 hrs. The
whole object (including the two
star-forming knots) is recogniz-
able to z'15.

This does not imply that observ-
ing galaxies at z=15 with JWST
will be easy. On the contrary,
since galaxies formed through hi-
erarchical merging, many objects
at z'10–15 will be 101–104×
less luminous, requiring to push
JWST to its limits.
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Conclusion: JWST must not be descoped to a 4 meter! Arrows indicate:

Top: 6m JWST/Keck; Middle: 6m JWST/30m gb; Bottom: 4m JWST/30m gb
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• References and other sources of material shown:

http://www.jwst.nasa.gov/

http://www.stsci.edu/jwst/

http://www.jwst.nasa.gov/ISIM/index.html

http://ircamera.as.arizona.edu/nircam/

http://ircamera.as.arizona.edu/MIRI/

http://www.stsci.edu/jwst/instruments/nirspec/

http://www.stsci.edu/jwst/instruments/nirspec/mems.html

http://www.stsci.edu/jwst/instruments/guider/

Gardner, J., Mather, J., Clampin, M., Greenhouse, M., Hammel, H., Hutch-
ings, J., Jakobsen, P., Lilly, S., Lunine, J., McCaughrean, M., Mountain,
M., Rieke, G., Rieke, M., Smith, E., Stiavelli, M., Stockman, H., Wind-
horst, R., & Wright, G. (“the JWST Flight Science Working Group”) 2004,
Proc. SPIE, Vol. 4014, p. 001–012, in press “The Science Requirements
of the James Webb Space Telescope” (and references therein).

Mather, J., Stockman, H. 2000, Proc. SPIE Vol. 4013, p. 2-16, in “UV,
Optical, and IR Space Telescopes and Instruments”, Eds. J. B. Breckinridge
& P. Jakobsen (Berlin: Springer)
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B

C D

A

Quantitative Morphology − We can numerically 
describe and identify m=1 galaxies!

Odewahn et.al. 2002   ApJ, 568, 539 

Fourier Decomposition is remarkably good in distinguishing and quantifying
bars and (1-armed, 2-armed) spiral structure. JWST will be able to do this
out to z=5 at least, hence enabling to quantitatively trace galaxy assembly.
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Hα  Kinematics
in  NGC 4618
(Odewahn 1990) 

Substantial departures 
from circular motion 
in m=1 arms, OFTEN
accompanied by large
OB associations (SSC?)

Spatially resolved NIRSpec and MIRI integral-field spectra of distant galax-
ies when compared to the quantitative structure from NIRCam Fourier
Decompositions, will directly trace the physical causes of locally enhanced
star-formation: infall, bulk velocities in excess of regular rotation, etc.
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(5) Details on JWST image simulations:

• All based on HST/WFPC2 F300W images from the HST mid-UV survey
of nearby galaxies (Windhorst et al. 2002,ApJ Suppl. 143, 113).

• WMAP COSMOLOGY: H0=71 km/s/Mpc, Ωm=0.27, ΩΛ=0.73.

• INSTRUMENT: 6.0 m effective aperture, diffraction limited at λ>
∼2.0µm,

JWST/NIRCam, 0′′.034/pix, read-noise=5.0 e−, dark-current=0.02 e−/s,
NEP-Sky(1.6 µm)=21.7 mag/(”2) in L2, Zodi spectrum, texp=4×900s.

Row Telesc. Redshift λ (µm) FWHM (′′ )
1 HST z∼0 0.293µm 0′′.04

JWST z=1.0 0.586µm 0′′.084
JWST z=2.0 0.879µm 0′′.084

2 JWST z=3.0 1.17 µm 0′′.084
JWST z=5.0 1.76 µm 0′′.084
JWST z=7.0 2.34 µm 0′′.098

3 JWST z=09.0 2.93 µm 0′′.122
JWST z=12.0 3.81 µm 0′′.160
JWST z=15.0 4.69 µm 0′′.197
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Angular size vs. redshift
relation in a Lambda dom-
inated cosmology of H0
=71 km s−1 Mpc−1 ,
Ωm=0.27, ΩΛ=0.73.

In the top panel the re-
lation is nearly linear in
1/z for z<

∼0.05 (the small
angle approximation) and
linear in z for z>

∼3 (the
Lambda dominated uni-
verse).

All curvature occurs in the
range 0.05<

∼z<
∼3, which

is coded up in the IRAF
script that does the JWST
simulations.
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The compact high-SB dwarf irreg-
ular galaxy NGC1140 (z=0.0050).

With JWST, this object would be
visible to z'15, but it will be hard
to classify at all redshifts z≥1.

Note that the object indeed
reaches a minimum angular size
at z'1.7.
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The mid-type spiral NGC2551
(z=0.0078) would be visible out
to z'10, but only recognizable
out to z'7.

Its disk is in principle visible to
z>
∼5–7. Hence, if such objects are

not seen by JWST at z<
∼3, then

disks likely form at z<
∼3.

With HST we have seen glimpses
of this, but with JWST these will
become robust conclusions.
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The very high-SB, compact
starbursting dwarf spiral galaxy
NGC3310 (z=0.0033).

The minimum in the Θ-z relation
at z'1.7 and the JWST diffrac-
tion limit at λ ≥2.2µm— com-
bined with the object’s very high
rest-frame UV-SB — conspire to
improve the effective JWST reso-
lution on the mid-UV morphology
of this object from z'2 to z'7.

A rather exceptional case of where
nasty cosmology doesn’t appear
to cost you prohibitive sensitivity,
but gains you resolution!
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The Seyfert galaxy NGC3516
(z=0.0088) has a faint nebulosity
surrounding its AGN in the mid-
UV, while at longer wavelengths
the surrounding elliptical galaxy is
present (not shown here).

The nebulosity surrounding the
AGN is essentially SB-dimmed
away at z≥7, so that at high
redshifts these objects would
look like purely stellar objects
(“quasars”).
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The barred ring galaxy NGC6782
(0.0125) shows that at z'2 to
z'7, the effective resolution on
its high-SB bright star-forming
ring improves with increasing red-
shift, until the (1+z)4-dimming
completely kills it for z>

∼10–12.

Another good case showing why
cosmology is not “WYSIWYG”.
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