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Outline: Koo-l Panchromatic Astronomy: Past, Present, & Future

PAST: David Koo’s multi-band KPNO 4m work in the 1980’s.

PRESENT: Recent panchromatic imaging with the HST WFC3.

New tools to measure Galaxy Assembly from z≃8–10 to z≃0.

[See also talks by S. Faber, G. Illingworth, and many others here.]

FUTURE: Panchromatic near–mid-IR imaging with JWST:

• (1) JWST update: >
∼75% of hardware procured or completed.

• (2) How JWST can measure First Light (z=10–20) & Reionization.

• (3) Conclusions

• Appendix 1: Predicted Galaxy Appearance for JWST at z≃1–15.

Sponsored by NASA/JWST & HST



Koo 1985, AJ, 90, 418 &

Koo 1986, ApJ, 311, 651

4m Mayall plates with

with four filters: UJ+FN,

reaching UJ+∼24 mag,

and FN∼23–22 mag.

Panchromatic galaxy counts understood as changing type mix vs. epoch.



Koo (1985, 1986): UJ+FN can disentangle SED-type and redshift for z≃0–1.



Koo (1985, 1986): UJ+FN actually disentangles SED-type and z for z<
∼0.5.



Koo (1985, 1986): first believable photoz’s with σ(∆z)/(1+z)<
∼0.05.



PRESENT: Panchromatic Astronomy with the HST WFC3: Galaxy Assembly

10 filters with HST/WFC3 & ACS reaching AB=26.5-27.0 mag (10-σ)
over 40 arcmin2 at 0.07–0.15” FWHM from 0.2–1.7µm (UVUBVizYJH).

JWST adds 0.05–0.2” FWHM imaging to AB≃31.5 mag (1 nJy) at 1–
5µm, and 0.2–1.2” FWHM at 5–29µm, tracing young+old SEDs & dust.
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Lyman break galaxies at the peak of cosmic SF (z≃1-3; Hathi ea. 2010)

• JWST will similarly measure faint-end LF-slope evolution for 1<
∼z<

∼12.



Measured faint-end LF slope evolution (top) and characteristic luminosity
evolution (bottom) from Hathi et al. (2010, ApJ, 720, 1708).

• In the JWST regime at z>
∼8, expect faint-end LF slope α≃2.0.

• In the JWST regime at z>
∼8, maybe characteristic luminosity M∗ >

∼–19?

⇒ Could have critical consequences for gravitational lensing bias at z>
∼10.



Panchromatic Galaxy Counts from λ ≃0.2–2µm for AB≃10–30 mag

Data: GALEX, ground-based GAMA, HST ERS ACS+WFC3 + HUDF
ACS+WFC3 (e.g., Windhorst et al. 2011, ApJS 193, 27):
Filters: F225W, F275W, F336W, F435W, F606W, F775W, F850LP,
F098M/F105W, F125W, F160W.

• No single Lum.+Dens evol model fits over 1 dex in λ and 8 dex in flux.



JWST ∼2.5× larger than Hubble, so at ∼2.5× larger wavelengths:

JWST has the same resolution in the near-IR as HST in the optical.



(1) JWST update: >
∼75% of hardware procured or completed as of 8/11.

• After launch in June 201? with the Ariane-V, JWST will orbit around
the the Earth–Sun Lagrange point L2, 1.5 million km from Earth.

• JWST can cover the whole sky in segments that move along with the
Earth, observe >

∼70% of the time, and send data back to Earth every day.



Ball 1/6-model for WFS: diffraction-limited 2.0 µm images (Strehl>∼0.85).

Wave-Front Sensing tested hands-off at 45 K in 1-G at JSC in 2012–2014.

In L2, WFS updates every 10 days depending on scheduling/SC-illumination.











(1b) JWST instrument update: US (UofA, JPL), ESA, & CSA.

MIRI & NIRSpec completed 8/11; NIRCam & FGS delivery to GSFC 12/11.



JWST’s short-wavelength (0.6–5.0µm) imagers:

• NIRCam — built by UofA (AZ) and Lockheed (CA).

• Fine Guidance Sensor (& 1–5 µm grisms) — built by CSA (Montreal).

• Both to be delivered to GSFC late Fall 2011.



JWST’s short-wavelength (0.6–5.0µm) spectrograph:

• NIRSpec — built by ESA/ESTEC and Astrium (Munich).

• Fight build completed and tested with First Light in Spring 2011.

Final delivery to NASA/GSFC in early Fall 2011.



JWST’s mid-infrared (5–29µm) camera and spectrograph:

• MIRI — built by ESA consortium of 10 EU countries (ROE-lead) & JPL.

• Fight build completed and tested with First Light in July 2011.

Final delivery to NASA/GSFC in early Fall 2011.





(2) How can JWST measure First Light and Reionization?

NIRCam and MIRI sensitivity complement each other, straddling λ≃5 µm.

Together, they allow objects to be found to z=15–20 in ∼105 sec (28 hrs).

LEFT: NIRCam and MIRI broadband sensitivity to a Quasar, a “First Light”
galaxy dominated by massive stars, and a 50 Myr “old” galaxy at z=20.

RIGHT: Can’t beat redshift: to see First Light, must observe near–mid IR.

⇒ JWST needs NIRCam at 0.8–5 µm and MIRI at 5–29 µm.



• Objects at z>
∼9 are rare (Bouwens+ 10; Trenti,+ 10; Yan+ 10), since

volume elt is small, and JWST samples brighter part of LF.

⇒ JWST needs its sensitivity/aperture (A), field-of-view (Ω), and λ-range
(0.7-29 µm). [See Garth’s talk, this conf.]

• With proper survey strategy (area AND depth), JWST can trace the
entire reionization epoch and detect the first star-forming objects.





• ∼10–40% of Y-drops and J-drops appear close to bright galaxies (Yan
et al. 2010, Res. Astr. & Ap., 10, 867).

• Expected from gravitational lensing bias by galaxy dark matter halo dis-
tribution at z≃1–2 (Wyithe et al. 2011, Nature, 469, 181).

• Need JWST to measure z>
∼9 LF, and see if it’s fundamentally different

from the z<
∼8 LFs. Does gravitational lensing bias cause power-law LF?



Wyithe ea. (2011, Nature, 469, 181): With steep faint-end LF-slope α>
∼2,

and characteristic faint M∗ >
∼–19 mag, foreground galaxies (z≃1–2) may

cause significant boosting by gravitational lensing at z>
∼8–10.

• This could change the landscape for JWST observing strategies.



Conclusions

(1) David Koo’s work in the 1980’s: First real panchromatic astronomy.

(2) HST ACS+WFC3: panchromatic work at λ≃0.2-2µm to AB<
∼30.

(3) JWST Project is technologically front-loaded and well on track:

• Passed Mission Preliminary Design Review (PDR) in 2008, & Mission
CDR in 2010. No technical showstoppers. Management replan in 2011.

• More than 75% of JWST H/W built, & meets/exceeds specs as of 08/11.

• JWST is designed to map the epochs of First Light, Reionization, and
Galaxy Assembly in detail.

(4) JWST will have a major impact on astrophysics later this decade:

• Current generation students, postdocs will use JWST during their career.

• JWST will define the next frontier to explore: the Dark Ages at z>
∼20.



SPARE CHARTS



Risk ending up like SSC (left). Canceled project funds never returns!





JWST underwent several significant replans and risk-reduction schemes:

•
<
∼2003: Reduction from 8.0 to 7.0 to 6.5 meter. Ariane-V launch vehicle.

• 2005: Eliminate costly 0.7-1.0 µm performance specs (kept 2.0 µm).

• 2005: Simplification of thermal vacuum tests: cup-up, not cup-down.

• 2006: All critical technology at Technical Readiness Level 6 (TRL-6).

• 2007: Further simplification of sun-shield and end-to-end testing.

• 2008: Passes Mission Preliminary Design & Non-advocate Reviews.

• 2010: Passes Mission Critical Design Review — Reviewing Testing.



Some results of the Wide Field Camera Early Release Science data:

Galaxy structure at the peak of the merging epoch (z≃1–2) is very rich:
some resemble the cosmological parameters H0 , Ω, ρo, w, and Λ, resp.

Panchromatic WFC3 ERS images of early-type galaxies with nuclear star-
forming rings, bars, weak AGN, or other interesting nuclear structure.

(Rutkowski et al. 2011) =⇒“Red and dead” galaxies aren’t dead!

• JWST will observe all such objects from 0.7–29 µm wavelength.



WFC3 ERS 10-band redshift estimates accurate to ∼4% with small system-
atic errors (Cohen et al. 2010), resulting in a reliable redshift distribution.

• Reliable masses of faint galaxies to AB=26.5 mag, accurately tracing the
process of galaxy assembly: downsizing, merging, (& weak AGN growth?)

ERS shows WFC3’s new panchromatic capabilities on galaxies at z≃0–8.

• HUDF shows WFC3 z≃7–9 capabilities (Bouwens+ 2010; Yan+ 2010).

⇒ WFC3 is an essential pathfinder at z<
∼8 for JWST (0.7–29 µm) at z>

∼9.

• JWST will trace mass assembly and dust content 3–4 mags deeper from
z≃1–12, with nanoJy sensitivity from 0.7–5µm.



Appendix 1: Predicted Galaxy Appearance for JWST at z≃1–15

• The rest-frame UV-morphology of galaxies is dominated by young and
hot stars, with often significant dust imprinted (Mager-Taylor et al. 2005).

• High-resolution HST UV images are benchmarks for comparison with
very high redshift galaxies seen by JWST, enabling quantitative analysis of
the restframe-λ dependent structure, B/T, CAS, SFR, mass, dust, etc.



App. 1. Predicted Galaxy Appearance for JWST at z≃1–15 (w/ Conselice)
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With proper restframe UV-
optical benchmarks, JWST
can measure the evolution of
galaxy structure & physical
properties over a wide range
of cosmic time:

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

∼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, etc.,
are visible to very high z.



(4) How to launch JWST while minimizing impact on NASA Space Science?

NASA HQ Reorg: JWST budget no longer comes directly from SMD/Ap.



NASA Space Science has external budget pressures independent of JWST.



Launching JWST as early as possible helps keep “blue lake” bottom intact.



NASA Great Observatories had enormous impacts last two decades:
NASA must keep a healthy mix of big, medium and small space missions.



US and NASA must have major future facilities to remain competitive.



• References and other sources of material shown:

http://www.asu.edu/clas/hst/www/jwst/ [Talk, Movie, Java-tool]

www.asu.edu/clas/hst/www/ahah/ [Hubble at Hyperspeed Java–tool]

http://wwwgrapes.dyndns.org/udf map/index.html [Clickable HUDF map]

http://www.jwst.nasa.gov/ and http://www.stsci.edu/jwst/

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/guider/
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